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An investigation was made of the propagation of a normal-state switching wave and the
establishment of a resistive domain in thin-film superconducting bridges. It was observed that the
nonlinearity of the current—voltage characteristic of the material, using the density of the
superconducting condensate as the parameter, strongly influences the characteristics of dissipative
structures. ©1998 American Institute of Physid$$1063-785(18)00111-4

A superconductor carrying a current greater than a cer- Pn T>T,,
tain critical level is in a metastable state with respect to fairly i(T)|am
strong perturbations which lead to the formation and subse- ;(j T)= Pn( 1— JC_) T,<T<T,, 3)
quent propagation of a normal zohén addition, a resistive ]
(or norma) domain consisting of a localized dissipative 0 T<T,,

structure may form in the superconductor.

Studies of the existence conditions and characteristics Ci;n is the normal-state resistivity of the Superconducj:cis’
dissipative structures in thin-film high-temperature superconthe current densityT, is the critical temperature of the su-
ducting (HTSC) systems must take into account a specificperconductor, and, is the temperature of the transition to
feature of low-dimension superconductors. This shows up age resistive state, which is determined from the condition
significant nonlinearity of the current—voltage characteristicj (T,)=j. The coefficient for the nonlinearity of the
in high-temperature superconducting bridgesused, for ex-  current—voltage characteristic is expressed in the form
ample, by the presence of the BereziltskKosterlitz— g(T)=K(T./T—1), where K is the parameter of the
Thouless phasé in the system. In this case, the coefficient Berezinski—Kosterlitz—Thouless condensate. For simplicity
of nonlinearity is proportional to the density of the e shall assume that the temperature dependence of the criti-

Berezinski—Kosterlitz—Thouless condensate. cal current density caused by bulk vortex pinning is linear:
Here we investigate the influence of the transport current

on the propagation velocity of the switching wave in a high- T
temperature superconducting film, allowing for a nonlinear jC(T):jw( 1- T
dependenc&(j). We examine the influence of the conden- €
sate density on the shape and dimensions of the normal and i :
resistive domains and determine the current—voltage charac- The phenomenologlcal parametélt_sod/(kBTc) IS ex-
teristic of a superconducting bridge containing a domain, Pressed in terms of the vortex eng:-rg)d in a layer of thick-
nessd, whereeq=®g/(167°N\(0)“) is a quantity propor-
tional to the density of the superconducting condensate at
zero temperatured is the magnetic flux quantum ang0)

is the London penetration depth Bt=0). An estimate oK

The heat conduction equation for a superconductingor the typical layered HTSC material BiSCC@+15A,

: 4

MODEL

bridge has the form £0d~3000K=0.25eV,T,=80K) gives a value of order 30
(Ref. 4. It is difficult to estimateK for weakly anisotropic
DSCSa—T=Dsiksa—T+de(T)—W(T), 1) materials suph as YBaCuO because the thickness of the
at X ~oxX current-carrying layed is unknown.

The equilibrium states of the system are described by the

whereDg is the substrate thicknes€s and kg are the spe- ' I
|balance equation for the released and transferred Heat:

cific heat and thermal conductivity of the substrate material
d¢ is the thickness of the HTSC film, an{(T) is the heat .
transfer from the surface of the substrate to a coolant at tem- Q™ (T)=W(T),

peratureTg:

B ) where Q*(T)=d; Q(T) is the heat release per unit area.
W(T)=h(T=To); 2 This equation in the approximatidB) has three roots which
h=ks/Ds is the effective coefficient of heat transfer. correspond to three equilibrium positions, two stable and one
The specific thermal power released in the film isunstable. The stable states are those for whidhl/oT

Q(T)=p(j,T)j? wherep(j,T) is the effective resistivity: >0Q/dT.
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Below we present the main results obtained from nu-ive region. It can be seen that d6increases, the range of
merical analysis of Eq(1) with conditions(2)—(4). In the  currents within which a switching wave can propagate
calculations we used the following values of the superconbroadens appreciably. This situation arises because ins

ductor and substrate parameters: creases, the heat release n€abecomes a weakly increas-
C=1X1PF Ims-K), ke=340WI(m-K), ing function of t.emperature. As a result, thg first equili.brium
. state characterized by the temperatlire T* (j,K)>T, dis-
di=10""m, appears at a higher current densjty,,. The establishment
D,=5X10"*m, T.=92K, of a normal state gt>j,axiS Not described by the autowave
regime.
To=77K, jeo=10A/m% Note that unlike the model with a stepwise heat release,
Vmax IS finite and varies strongly as the paramefevaries.
SWITCHING AUTOWAVES Figure 2 givesV,y as a function oK.

We shall seek a solution of E@1) in the form T(x,t) It can be seen from Fig. 2 that the dependeWgg(K)

—T(x—V1) (switching autowavewith the boundary condi- Nas & minimum fokK=K*. The calculations indicate that
tions T(x=+%,t=0)=T,, T(x=—,t=0)=T, (hereT, this occurs whena(To)~1 holds, which givesK*

and T, are the temperatures of the first and second stabl& To/(Tc—To)=5 (for To=77K and T;=92K). In the

equilibrium positions, respectivelyand JT/ox(x=+o,  rangeK<K* Vg, increases abruptly and fét—0 we find
t=0)=0, with the constraint that the heat fluxes are continu-Vmax—>. Mathematically, this is because fd¢—0 our
ous at temperature, and T,.. problem is equivalent to one with a stepwise heat release, for

Figure 1 gives the autowave propagation velocity as avhich an accurate solution exists, giviMg.—> (Ref. 3.
function of the transport currertfor variousK and also for Note that typical values oV, lie in the range 1m/s
the casea=1 which corresponds to the linear current— <V5,<20 m/s(for 1<K<K*).
voltage characteristic of hard superconductansthe resis- Numerical analysis of the systeiil)—(3) reveals the
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FIG. 2. Maximum propagation velocity,,,, of switching
wave versus parametér.
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existence(for K<K*) of a new type of switching wave, a T(x==*®)=T,, JT/dx(x==*)=0, which are satisfied if
superconducting state—resistive stat8—R) wave. For the finite dimensions of the sample are neglected.

K>50 R-R’ switching waves may also exist. We note that Figure 3 gives the temperature distribution in the domain
the possible appearance RS and R—R’ waves is attrib- obtained resulting from numerical solution of E@) for
utable to the strong temperature nonlinearity of the heat revarious values of the parametérand the same current.

lease, which allowsV(T) and Q(T) to have a triple inter- The increase in the maximum domain temperaflife

section even whed <T,. with increasing coefficient of nonlinearity is easily under-
stood on the basis of the following reasoning. Ksin-

CURRENT-VOLTAGE CHARACTERISTIC OF creases, the “area rule3(T,,) =0 which determineg, is

A SUPERCONDUCTOR WITH A STEADY-STATE DOMAIN satisfied at higher temperature. This can be attributed to the

nore gently sloping dependen@éT) for K=K*. Note that
or K<K* the shape of the domain is almost independent
of K

Since the domain is a dissipative structyvéth finite

In the steady-state case, after dropping the term contai
ing the time derivative in Eq1), we can express this in the
form of an ordinary first-order differential equation:

K d_T 2_ ST ®) resistivity), its presence is accompanied by the appearance of
Sdx| (1), a voltage at the superconductor. The voltage drop at a super-
where the integral conductor with a domain is given dy:
i (M
T dy ch ( jo ))a aT :
= n— L ! ' U=y2 kej| 1—— +pnil 7

S(T) memkS W(T")= 5-Q(T") |dT 6) V2 | pok J 57 P )
characterizes the degree of imbalance between the heat neherel is the size of the normal zone of the domain.
lease and the heat transf&,,=max(T,,T*). Equationg(5) The results of numerical calculations of E@) for vari-

and (6) were derived assuming the boundary conditionsousK are plotted in Fig. 4. The kink clearly visible on the

sofu

FIG. 4. Current—voltage characteristic of supercon-
ductor with domain for various values df: 1 —
K=1;2—K=5;3—K=15;4—a=1.
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logarithmic scale corresponds to the appearance of a normal This work was supported by the Ministry of Science of
zone in the domain which is accompanied by an abrupt inthe Russian FederatiaffProject No. 95—-05)7 State Educa-
crease in voltagéote that this kink is not observed on curve tion of the Russian FederatiqiGrant No. $—0-7.3—178
1, since forK=1 the domain has no normal zone over theand also by the International Center for Potentially Useful
entire range of currents ResearchNizhnii Novgorod, Grant No. B-2-10.

For K>K* the current—voltage characteristic typically
exhibits a section with a positivv_a dif_ferential resistance_. This1A V. Gurevich and R. G. MintsThermal Autowaves in Normal Metals
occurs because above the currp’ht(j*_ :.JC(TO)) the. entire aﬁd éuperconductor[éﬁ Rl.,lSSian,’|VTAN, Moscow (1987, 168 pp.
superconductor goes over to the resistive state with the temza s Fix, 1. L. Maksimov, K. V. Morozov, and V. V. Osipov, IEEE
peratureT* (j,K)>T,, on which the domain will be super-  Trans. Appl. Supercond, 168(1993.
posed. As the current increases further, the size of the dozp- Minnhagen, Rev. Mod. PhyS9, 1001(1987.
main decreases biit increases. As a resullt will increase, gé Bllitztgz’lg/'é;)/' Feigel'baum, V. B. Geshkenbesn al, Rev. Mod. Phys.
since forj>j* the voltage drop will be mainly attributable sm. 0. Lutset and S. V. Kiimov, Sverkhprovodimost' KIAE, 1372
to the resistive region of the superconducting bridge. We (1994.
emphasize that the appearance of a section with a positivelyV- N. Skokov and V. P. Koverda, Sverkhprovodimost’ KIAE 1646
sloping current—voltage characteristic is unrelated to the '
bounded length of the superconducting brid§e. Translated by R. M. Durham
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It is shown that a spatially periodic random field fluctuating rapidly near zero with a fairly small
spatial period may substantially accelerate the diffusion of Brownian particles parallel to
this field. © 1998 American Institute of Physid$S1063-785(108)00211-7

The diffusive spreading of the mean square of the coorwhere statistical averaging is performed over the probability
dinate x(t) of a Brownian particle(x?)=2Dt undergoing densityW(x,t) determined by the Fokker—Planck equation
free diffusion in a viscous medium parallel to thaxis with  (2).
zero initial conditions is well-known. The diffusion coeffi- We can easily findsee Ref. 1 and Ref. 2, p. 36the
cientD determines the temporal rate of spreading of a Gausdellowing values of the drift and diffusion coefficients corre-
ian probability densityW(x,t) with zero average and vari- sponding to the Langevin equatidh):
ance (x?). The corresponding Langevin equation has the

form dx(t)/dt=£&(t), where &(t) is stationary Gaussian D2D§ d , DD, ,

white noise with(£(t)) =0 and{&(t) &(t+ 7)) =2D &(7). Ki)=—" gx ¥ (0: Ko =2D| 1+ =57 47(x) .
The diffusion coefficienD =kT/h, wherek is the Bolt- (4)

zmann constant, is determined by the equivalent temperature

T and viscosityh of the medium. Here we introduce the dimensionless function(x)

Let us now assume that the spreading of Brownian par=!d¢(x)/dx, wherel is some scale. Thus, for an arbitrary
ticles from the initial distributionW(x,0)= 5(x) takes place profile ¢(x) the evolution equations for the moments have
in this medium under the action of additional forces attribut-the form
able to the random potential fiefH(x) {(t), wherel(t) is a

dimensionless Gaussian delta-correlated process(#ftf)) d(x) _ DZDg i 2(x)
=0, ({(t)¢(t+7))=2D,8(7), which is statistically inde- dt 2|2 dx '
pendent of the thermal noisgt). In this case we can write
the Langevin equation as d(x3) D2D,/ de3(x) DD
G 5<x i >+2D 1+—|2§<¢2(x)> .
dx(t)  dd(x) _ b de(x) (5)
1) If the potential functionp(x) is even, by virtue of the

symmetry of the situation, the probability density is also an
where we introduce the dimensionless potential profileeven function W(—x,t)=W(x,t). In this case, we find
@(X)=P(x)/KT. We note that the random proces’) isa  K,(x)=0 (and thereforgx)=0) and only the second equa-

continuous Markov process. tion (5) for the mean square of the Brownian particle coor-
The Fokker—Planck equation fa/(x,t) has the stan- dinates remains.
dard form(see, e.g., Ref.)i As a first example, consider the even sawtooth potential
profile ¢(x) with the spatial periodl shown in Fig. 1. We can
AW(X,t) 9 1 92 easily see thatp(x)=2bx/l holds for O<x=I/2 and find
- o K OW D]+ 5 — [Ka(x HWIX, D], Y2(x) =4b? for all x.
oX

We therefore obtain K,(x)=2D[1+4DD /(b/l)?].
Thus, for zero initial conditions the spreading law for the
mean square of the coordinate of Brownian particles has the
diffusion form (x?)=2Dst, where the effective diffusion
coefficient is given by

2

whereK,(x,t) andK,(x,t) are the drift and diffusion coef-
ficients which can be found from the Langevin equation.
The general evolution equations for the first two mo-

ments of the continuous Markov random proceéy have b\ 2

the form (Ref. 2, § 10.6 Deg=D 1+4DD§( I—) >D. (6)

d(x) d(x?) We note that this result is exact. If there is no fluctuating
dt =(Kax 0, dt =2(XKi D) +(Kox 1), (3) field (D,=0), we arrive atDz=D, as should be the case.

1063-7850/98/24(11)/3/$15.00 833 © 1998 American Institute of Physics
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b FIG. 1. Sawtooth potential profile.
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We also note that for a sawtooth field, as for free diffusion,tential going vertically downwandsituated at the point/2.
W(x,t) is a strictly Gaussian probability density. In this case, the Brownian particles should overcome a po-
Thus, a periodic, sawtooth, rapidly fluctuating randomtential barrier of heighb. It can be shown that the time taken
field acting on Brownian particles accelerates their diffusionto overcome the barriefsee Ref. 3, for instangei.e., the
and this acceleration increases with increasifig i.e., with  time taken for the particles to move up the slope by the
increasing absolute value of the field slope per period. distancel /2 is
Since this potential profile(x) is even and the diffusion
is symmetric in both directions, the probability flux at the
point x=0 is zero and so a reflecting boundary can be sited
at this point and diffusion from the reflecting boundary can

|2
?(eb—l—b).

Tup= 7
=5 ™

be considered only in the direction of positixe The result
(6) remains unchanged. From this it follows that diffusion igken for them to cover the distanb® is
can be accelerated in one directi@way from the reflecting

boundary.

Let us now discuss the physical mechanism for the ac-
celeration of diffusion, confining our analysis to the motion
of Brownian particles over a single period of the field in the

direction of increasing. For simplicity we shall give the
field profile for two cases{=+1 and{=—1 (Fig. 29.

If {=+1 holds, the particles diffuse up the slope and
this motion is slower than that along the horizontal axis. W

shall estimate this time with an absorbing boundéypo-

+b

®(x)

b

FIG. 2. Diffusion of Brownian particles from the initial probability distri-

N

butiont a — slow motion up the slope and fast motion down the sldpe:
initial distribution, 2 — absorbing boundariesdh — general motion of
Brownian particles over a field period.

€

For {=—1 the patrticles diffuse down the slope and the time

2

_ -b
Tdown—w(e -1+ b)<Tup. (8)

It follows from these formulas that fdy=0.5 the diffu-
sion velocity of the Brownian particles down the slope is 1.5
times higher than the upward diffusion velocity, fo+ 2 the
downward diffusion velocity is almost four times higher, and
for b<4 the velocity ratio ise®/b>1.

Since the average of the random functif{n) is zero, its
sign varies continuously and the particles move up the slope
half the time and downward half the time. The difference in
the velocities has the result that the particles cover most of
the path betweex=0 andx=1/2 in the “downsloping”
state and this proportion increases with increasifig The
motion of the Brownian particles betwebf2 andl is exactly
the same, the only difference being that they now move
down the slope fok(t)>0 and up the slope fof(t) <O0.

Thus, the changes in the sign ) make it possible for
the Brownian particles to cover most of the path in the
downsloping statéFig. 2b and they therefore move faster
along thex axis than under free diffusion, which accelerates
the diffusion process in accordance with the effective diffu-
sion coefficient(6).

Let us now consider a second example, a harmonic even
field ¢(x) =bcos(2mx/1)/ with the same periotl In this case,
we have ¢?(x)=4m?b?sir?(2mx/l). However, the second
equation(5) cannot be solved accurately becaWgéx,t) is
non-Gaussian. Using a Gaussian approximationVigx,t)
with zero average and unknown variance, we can obtain the
following nonlinear equation fofx?) from the second equa-
tion (5):

2

4o a(x®yexp(—a(x?))+2D

dat

2
4D°D,

2

[1-exp—a(x*)];, (9

b
x{1+2772DD§(|—
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where a=872/I2. An analysis of this nonlinear equation the molecular motor effect. The difference is that a general

shows that for times such thét?)1/? exceeds the half-period directional transfer of material is observed in the case of a

of the field @(x?)>1) we have molecular motor whereas in our case, the effective coeffi-
b2 cient of “ordinary” diffusion increases as a result of fast

1+ 2772[)[)5(_) ) (10) modulation of the field, which is unrelated to the temporal
I characteristics of the spreading of the probability density on

Thus, for a cosinusoidal fluctuating field this approximatescales of the field period.

effective diffusion coefficient has the same order of magni-  This work was supported by the Russian Fund for Fun-

tude as that for the sawtooth fielf), maintaining an accel- damental ResearctGrants Nos. 96—-02-16772-a and 96—

eration of the diffusion which increases with increasit. =~ 15-967183.

Analysis shows that the diffusion acceleration effect de-

scribed above is not related to the sawtooth or cosinusoidal

profile of the field fluctuating rapidly about zero. The effect 1y gisken The Fokker-Planck EquatiotSpringer-Verlag, Berlin 1989

will evidently occur for any periodic or aperiodic field con- 472 pp.

sisting of fairly steep up- and downsloping elements of arbi- >A. N. Malakhov, Cumulative Analysis of Random Non-Gaussian Pro-
trary profil e cesses and Their Transformatidiis Russian, Sovetskoe Radio, Moscow

. . (1978, 376 pp.
The so-called molecular motor mechanism or stochasticsy, v. agudov and A. N. Malakhov, 1zv. Vyssh. Uchebn. Zaved. Radiofiz.

ratchet has recently been studied intensiglye Refs. 4—-8  36(2), 148(1993.

and the literature cited ther@inThis effect essentially in- A P. Nikitin and D. E Postnov, Pis'ma Zh. Tekh. Fi24(2), 47 (1998
YO'VGS the existence of a direCtional_ diffusion flux of _Brov,vn_ Sgeé.h'l?':):{r;vl_,e:?gGh:ILili:iLt?néaa]ﬁd V. S. Anishchenko, Pis'ma Zh. Tekh.
ian particles caused by the formation of asymmetric diffu- Fiz. 22(9), 24 (1996 [Tech. Phys. Lett22, 352 (1996].

sion conditions as a result of some type of modulation of a®M. Bier and R. D. Astumian, Phys. Rev. Le®6, 4277(1996.

periodic (asymmetrig field at a frequency determined by the _M- Bier, Phys. Lett211, 12(1996.

diffusion time on scales of the field period. The proposed Y -U6Zk& R Bartussek, and P.itggi, Europhys. Lett31, 431 (1995.

diffusion acceleration effect is merely externally similar to Translated by R. M. Durham

(x*)=2Dgt, Deg=D
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Results are presented of a mathematical modeling of the influence of the shape of the cathode
“notch” in the semiconductor structure of a Gunn diode on the characteristics of the

domain dynamics. It is shown that processes whereby the domain escapes from the notch into
the active region and its leading edge approaches the highly doped region near the anode

play a major role in the formation of the second harmonic component in the spectrum of the Gunn
diode current. ©1998 American Institute of Physid$$1063-785(08)00311-5

At present, the maximum frequencies of Gunn oscilla-width was 3xm in all the calculations and the total length of
tors with n-type gallium arseniden-GaAs diodes operated the entire semiconductor structuravas 5um. The dc volt-
at the fundamental drift frequency do not exceed 60-ageU,was chosen as 4 V. In order to eliminate the influence
70 GHz. Experience gained in recent years suggests that tl the external circuit and also to simplify the calculations,
most preferable method of increasing the operating frewe used a regime which shorted the ac signal, i.e., the volt-
guency of Gunn diode oscillators involves separating theage on the diode was assumed to be constant and equal to
power into harmonics of the fundamental frequehéythe  U,.
characteristic s of the domain formation process, the dynam- The calculations were based on the local field model in
ics of its propagation through the active region and drift towhich, for the one-dimensional case, the electron dynamics
the anode, and ultimately the profile of the Gunn diode curin the semiconductor structure are described by the equation
rent depend to a considerable extent on the doping profile gif continuity, the Poisson equation, and the total current
the semiconductor structure. This dependence shows up pa&quation:
ticularly strongly in diodes with shoriess than um) ac-
tive regions where the times taken for formation of the do-
main and its drift to the anode become comparable with the
period of the drift oscillations.

The characteristics of Gunn diodes and oscillators have ()=, (x,t)+eeodE(x,1)/dt, ©)
been investigated as a function of the doping profile in vari-
ous studies~° Most of these were concerned with oscilla- where j,(x,t)=qn(x,t)v(E(x,t))—qDdn(x,t)/ox is the
tors operating at the fundamental frequency. The influence ofonvection current densityj(x,t) and q are the electron
the doping profile on the operation of harmonic oscillatorsdensity and the absolute value of the electron chaggis,
was only examined in a few cas&s’and this aspect cannot the dielectric constant, andandt are thespatial coordinate
be considered to be sufficiently well studied. and the time. The relative permittivity of GaAs és=12.5.

Here we use mathematical modeling to investigate thd'he electron drift velocity (E(x,t)) was assumed to be a
relationship between the carrier dynamics in the semicondudocal and instantaneous function of the electric field
tor structure of a Gunn diode and the shape of the cathode=E(x,t) and was given by the analytic expression
“notch,” a narrow region near the cathode where the doping
level is lower than the active region. The doping profile 0(E)=[saE+va(E/EL) N[ 1+(E/E))"], )

Np(x) of the semiconducting structure of an"—n~—n  \yhere pa=9000 cr?/V-s, v,=0.8x10 cm/s, and E,
—n"-GaAs Gunn diodéwheren™ is the notch shown sche- =3 g kv/cm are the parameters of the approximation of
matically in Fig. 1a was approximated by a piecewise linear,(E) at 300 K. The diffusion coefficierd was assumed to
function. The donor density in the highly doped cathode anghe constant, 300 chhs.

anoden* regions was X 10'® cm 3 and that in the active The model equations were approximated using finite-
n-region was 3.6 10" cm 3. The doping level in the notch difference schemes and were solved numerically under the
Ny (the notch depthwas varied between 1D and 2.6 following boundary and initial conditions:

X 10' cm™2 in the calculations and the notch widi was
varied between 0.1 and 1/6m. These ranges of variation of _ _ L _

the width and doping level in the notch were selected 1@ =No(0), - n(L,H)=Np(L), fo E(x,dx=Uo,
ensure that stable drift oscillations were always achieved.

The sum of the length of the activeregion and the notch n(x,0)=Np(x), E(x,00=Ug/L. 5)

gon(x,t)/ot=—9j . (X,t)/dx, D

JE(X,t)/ox=q[n(X,t)—Np(X)]/eeq, 2

1063-7850/98/24(11)/3/$15.00 836 © 1998 American Institute of Physics
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Np(x) 1,71,
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n+ n” n n+ 03 |

e 0,2 B
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FIG. 2. Relative amplitude of the second harmonic component of the current
1, /14 as a function of the notch widW and depthiNy : solid curve —, /1
versusW for Ny=2X 10" cm™3; dashed curve —,/1, versusNy for
W=1pum.

FIG. 1. a — Doping profileNp(x) of semiconductor structure in Gunn

_diode t_)— currentl versus time and d'istributio'n of electron density(x) proaches the highly dopelf’ region near the anode, the

in semiconductor structure of Gunn diode at tintets, t;, t5, andt. field in the Gunn diode structure becomes redistributed and
increases in the active-region, which ultimately causes a
drop in the currentsection 3—4);

The first two conditions model the contacts between the  d) as the electron-enriched part of the domain drifts into
highly dopedn™ regions and the metal contacts of the struc-the highly dopech* region near the anode, the current in-
ture and in fact imply that the layers of the" regions in  creases to a principal maximu(aection 4—5).
contact with the metals, directly adjacent to the metals, are  All these processes are then repeated. Analysis revealed
neutral and have no space charge. that the formation of the second harmonic component of the

The problem was solved for a given voltagl. The  current was directly related to the dynamic processes in the
timestep and mesh spacing were selected to give a matiunn diode structure which are responsible for the appear-
ematically stable solution and were smaller than the correance of a local maximum in secti@3—4 of thd (t) curve
sponding characteristic quantities, the Maxwellian relaxatiori.e., escape of the domain from the notch and the beginning
time and the Debye length. The results of the modeling aref the drift of its leading edge into the anode. Figure 2 gives
plotted in Figs. 1 and 2. the relative amplitude of the second harmonic component of

Figure 1b gives the profile of the currenfand the dis- the Gunn diode current as a function of the wid#olid
tribution of the electron density=n(x,t) over the structure curve) and depth(dashed curveof the cathode notch. The
of the Gunn diode at various timésluring a single period of reasoning put forward above indicates that when the depth of
the drift oscillationsT obtained for a notch depth of 2 the notch is small and thus there is little difference between
X 10 cm™2 and width 1um. Analysis of the domain dy- the field in the notch and in the active region, the velocity of
namics and the profile of the Gunn diode currents revealthe heavy electrons in the rear enriched part of the domain
that the following main processes can be identified in théncreases less on entering the active region compared with
semiconductor structureof the Gunn diode during a singlevhen the depth is large. Thus, the amplitude of the second

period of the oscillations: harmonic caused by escape of the domain into the active
a) a domain forms at the notch, i.e., the current decrease®gion increases as the notch depth increases. At large depths
(section 1—-2 on the time dependence of the cujrent the amplitude of the second harmonic decreases since a tran-

b) the electron-enriched rear part of the domain escapesition takes place to a regime with a static domain at the
from the notch into the active region with an enhanced donocathode and the drift oscillations cease.
density; in this case, the velocity of the heavy electrons in-  As the notch width varies, the difference between the
creases since the electric field in the active region is lowefield in the notch and that in the active region varies slightly.
than that in the notch and thus the current incre@sestion  However, as the width decreases, a transition is observed to a
2-3); regime with a static domain at the anode and consequently,
¢) as the front electron-depleted part of the domain apthe amplitude of the second harmonic decreases. As the
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notch width increases, a time may arise when the domaienriched part into the active region may take place simulta-
length and the length of the active region become approxineously.

mately the same and the process of escape of the enriched

part of the domain from the notch may take place almost

;lmultaneously with the.on.set of the drift of its leading edgellN. A.Vasilev, V. S. Lukash, V. V. Murav’ eet al, Izv. Vyssh. Uchebn.
into the anode. The coincidence of these two processes inzaved. Radidkektron. 28(10), 42 (1985.

time leads to a reduction in the amplitude of the secondzA. S. Kosov and V. G. ElenskiZarub. Radiokektron. No. 2, 54(1987.
harmonic. The modeling showed that for semiconductor o B- Poresh, A. S. Tager, and A. A. Kal'falektron. Tekh. Ser. 1,
tructures with the selected dimensions and dopin theaEIEKtron' SVCh1O, 19 (1976.

5 ru‘? ] : p _g’ A. A. Kal'fa, S. N. Konoplyannikov, S. B. Poresh, and A. S. Tager,
maximum relative amplitude of the second harmonic is ob- Fiz. Tekh. Poluprovodnis, 1359(1981 [Sov. Phys. Semicond.5, 784

served when the notch width is approximately half the length (1981]. .
of the active region 5Yu. V. Arkusha, A. M. Popov, and ED. Prokhorov, Radiotekh. Elektron.

. . . . 35,1552(1990.
Thus, the optimum notch profile for Gunn diodes used in 6J. Ondria and R. I. Ross, iGathering World Through Microwaves,

oscillators emitting at the second harmonic should be se- Proceedings of the SBMO International Microwave Symposiia de
lected with allowance for at least the following two points. 7Janeir0,kﬁ98l7, V0|-d 1san Pau|0%|1987p- 173. -

; . I. Mikhailov and V. B. Panfilov, ininteraction of Electromagnetic
First, the notch should be deep enough to produce the largest, /o i sqiids. Proceedings of the Third All-Union School-Seminar
pos_SIbIe e_Iectnc field drop on transition from the notch to the saratovin Russiai, Saratov University Press, Sarate93, p. 132.
active region. However, the depth should not be so large thatA. 1. Mikhailov, and V. B. Panfilov, inAbstracts of the Seminar “Non-

a transition takes place to a regime where a static domain islinear High-Frequency Phenomena in Semiconductors and Semiconduct-
established at the cathode. Second, the notch width shoul ”gv(s)i”“lcggrlespag%ﬁrgzggsﬂOf Using Them in Microwave Electronics
th be so '.Sma-” so that no transition tak(?S place to a regimen. |. Mikhatlov and V. B. Panfilov, Izv. Vyssh. Uchebn. Zaved. Radio-
with a static domain at the cathode; but it should also be ncl>0é|ektron.35(;), 76 (1992. . )

more than half the length of the active region of the Gunn™% 2 Zlug‘iv(';gggnd Yu. A. Tsvirko, tektron. Tekh. Ser. 1, lktron.
diode, because if it is greater than this the drift of the de- o ‘

pleted part of the domain into the anode and the escape of itBanslated by R. M. Durham
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Calculations are made of the parameters of a phenomenological model of the permittivity of bulk
and film samples of potassium tantalate as a function of the applied field and temperature.

The correlation parameter needed to allow for the influence of the size effect is also calculated.
Good agreement is obtained between the theoretical calculations and the experimental

results. ©1998 American Institute of PhysidsS§1063-785(108)00411-X

INTRODUCTION W(T):(GFMTO /1+(4T/0F)2_11
Many experimental studies of the virtual ferroelectric
potassium tantalate KTaChave appeared quite recentiy’ &(E)= /§§+(E/EN)2,

This material has lower microwave losses than the widely
used strontium titanate SrTiQwhich has been modeled

fairly accurately. However, no reliable model description has ~_ _ [2€00 . 1 @
yet been obtained for single-crystal or thin-film potassium ah’ 2N\’

tantalate. When the thickness of a ferroelectric film is com-

parable with its correlation radius, the permittivity of the film \yheren is the thickness of the ferroelectric layer.

is a function of its thickness. This phenomenon is described  The function 7(T) is an approximation of the Debye
as the size effect and is a consequence of the correlation mtegral and reflects the temperature dependenegqof The

the ferroelectric polarization. ~ function £(E) is introduced when averaging the ferroelectric
The aim of the present study is to develop mathema“cabolarization.

models for a reliable description of the permittivity of potas- The values of the model parameters are given in Table .
sium tantalate films forming part of a film capacitor, allow- igyre 1 illustrates the experimental and model dependence

ing for the influence of the size effect. ee(E,T) of single-crystal potassium tantaldte.

The parametea introduced in formulg3) describes the
1. PERMITTIVITY OF THIN-FILM KTaO5 SAMPLES. measure of influence of the size effect on the effective per-
SIZE EFFECT mittivity of the material. The size effect suppresses the per-

mittivity of the material. Numerical values of the model pa-
‘rameters for the experimental data from Ref. 3 are given in

; : : A “Table I. It can be seen that the values of the parameters are
ngonshwe equafud"r? for the. ferroelectric polarization ob- - giniiar for the bulk samples and the film samples except for
tained from a series expansion of the free energy. the Curie—Weiss constai@=¢gqT.. For the bulk sample

_ A modified form of the f‘_’”d?‘mi%”ta' differential equa- e payec—4.96x 10" and for the filmC=13.26< 10". For

tion for the ferroelectric polarizationis strontium titanate the Curie—Weiss constant for the single

The dependence of the permittivity on the applied elec
tric field and temperature is modeled using the Ginzburg

d’P(x) D(x) D3(x) crystal and the film also diffefs:'° Figure 2 gives the ex-
—2\q >t =) + ——=goE(x). (1) perimental points and theoretical dependence of the permit-
dx Dy tivity of the thin film (film thickness h=300nm on the
The boundary conditions for metal electrodes are temperature and applied field. The error of the approximation
calculated using the formula

P(X)|x=+n2=0, 2
whereh is the thickness of the ferroelectric field. n m

After solving Eq.(1) with the boundary condition§2) 5= \/JZO ;0 [(e(T, !Ei)_sj,i)zsiiz]/nm,

(the solution of this equation and the derivation of the for-
mula for ¢ are given in Refs. 8—10, which also refer to
previous studigs we obtain an expression for the permittiv- where¢;; are the experimental values of the permittivity,
ity allowing for correlation effects: ande(T;,E;) are the calculated values for the same tempera-
_ 2, 312, 123 ture and field, is5=2% forU=0 and6=3.7% forU=2 V.
eeir=oool [ (€7 77) T ] The theoretical curves were calculated using E8sand(4)
+[(&24 p®) Y- £]2P— p+a? L, (3)  for the values of the parameters given in Table I.

1063-7850/98/24(11)/3/$15.00 839 © 1998 American Institute of Physics
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TABLE |. Values of model parameters. 500 : r
E(kV/cm) 5 (100]
P t 1-0
arameters 3 867 . [1=295
Sample T, K 6, K e & En, kViem a  §lg_, % 450 ; 91
0
Bulk (Ref. 2 325 170 1390 O 15.6 - 3 Tele o 6 e/K‘
Bulk (Ref. 1) 31.6 187 1706 O - - 7 400 —— ~ 3 ea2
Film (Ref. 3 34 200 3900 3 16.5 7 2 . ) \\ 0.0 o,i . 02
al® = k, A7
€ 350 Lot —~— "
= SN \
2. CALCULATION OF THE CORRELATION PARAMETER X\ \4\
. . 300 ]
The numerical values of the correlation parameter "N
can be determined by analyzing the phonon spectra obtained \
by inelastic neutron scattering in the soft mode of a potas- 250
sium tantalate crystal.
The dispersion equation for a cubic medium has the
formt213 200
o 50 100 150 200 250 300
{[wgr(0T) — 0+ sl(ak’— w®) —k*{}? T.K
X{[w(Z)L(O,T) — w2+ s,_](a,_kz— wz) —k* E}: 0, (5) FIG_. 2. Temperature depgndeiice of the permittivity of titin—film KT &
various values of the applied fiel, and experimental points from Ref. 3.
where Inset: dependence of the frequency of the transverse optical mode on the
wave vectol* at various temperatures.
1
=——N\3051(0,T),
St AT 3 or(0,T)

_3800(85(T)_8w)

2
SL_ ES(T)(SOO+2) )\leL(OiT)a

1 ¢
v2 ?Ong(O,T) 02,

FTAM

2_3800(85(1-)_800) €0 - 2
e M) p O ©
A(T)=(e-+2)/3(es(T) — ), ()

es ande,, are the values of the permittivity corresponding to
the frequenciesn<w; and w> w;, wherew; is the natural
frequency of the ionic component of the polarization. For

5000 I
E(kV/em)

4500 1-0

\ 1 2.3
4000 \ 3-15
3500

KTaO; we finde,,=30; s, is a parameter having the dimen-
sions of velocity, which for KaT@ is s=(4.5+0.3)
x 10 cn?/s? (Ref. 13.

By solving Eq.(5), we obtain transverse mode equations

for the three directions of the wave vectdr:

ook _y Aok
[ 100} wi(0T) AT’
w?(k,T) )
k[110]: = k?;
[110) w2r(0,T) 2A(T)
a)z(k,T) )\1_)\2+)\3
K[111]: =1 . 8
[11] w2 (0.T) TG S ®

An analysis of the experimental d&tan the frequency
of the transverse optical mode as a function of the wave
vector (inset to Fig. 2 and the temperature dependence of

3000 [—== A o ) . .
£ "\ the permittivity of single-crystal potassium tantafatesing

2500 AN
N

2000 ‘\\\
1500 \\.
AbA 3 o 4 3
%I
500
0

0 10 20 30 40 50 60 70 80

A1=53.7x10 °m?,

A3=0.47x10 °m2,

Egs. (7) and (8) yields the following values of the param-
eters:

\,=50.4X 102,

Since no data are available on the dispersion of the op-

T.K tical mode in thd110] and[111] directions, the values of;

FIG. 1. Temperature dependence of the permittivity of single-crystal KTaO

and\, were estimated. Since potassium tantalate and stron-

for various values of the applied fielfl, and experimental points from UM tit?-nate beiorig to th? same group of ferroelectrics their
Ref. 2. properties are similar, so it may be postulated that the depen-
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dence of the transverse mode frequency on the wave vector The author is grateful to Professor O. G. Vendik for
for different directions of propagation should show the sameassistance with the implementation and discussions of this
behavior in KTaQ as in SrTiQ. work.
Thus, the contribution of the size effect to the permittiv- | , _

it n be determined by two methods: bv analvzina the G. V. Belokopytov, I. V. lvanov, and I. Yu. Syromyatnikov, Fiz. Tverd.
ity ca y W - by yzing Tela (Leningrad 32, 1795 (1990 [Sov. Phys. Solid Stat@2, 1045
dependence of the permittivity on the temperature and the (1990].
controlling action(experimentally; or by calculating this, G. V. Belokopytov, Ferroelectrict68 69 (1995.
knowing the correlation parametas. The value of the pa- YU A(' Bog‘o"' Z. G. Ivanov, A. L. Vasiliewet al. Appl. Phys. Lett67,

. . " o0 o 2708(1995.
rametera calculated _usmg _EC[.4) ()‘1253'7_>< 100" m and “R. S. Klein, G. E. Kugel, and B. Hennion, J. Phys.: Condens. M&ter
h=300nm,a=5.2), is similar to that obtained by minimiz-  1109(1996.

ing the approximation erraisee Table )l °V. L. Ginzburg, Zh. Ksp. Teor. Fiz19, 36 (1949.
SA. F. Devonshire, Philos. Magl0, 1040(1949.
70. G. Vendik and L. T. Ter-Martirosyan, Fiz. Tverd. T¢Bt. Petersburg
36, 3343(1994 [Phys. Solid Stat&6, 1778(1994].
80. G. Vendik and S. P. Zubko, Zh. Tekh. F&7(3), 29 (1997 [Tech.
CONCLUSIONS Phys.42, 278(1997].
90. G. Vendik, S. P. Zubko, and L. T. Ter-Martirosyan, Fiz. Tverd. Tela
To sum up, the significant difference between the per- (St. Petersbung3s, 3654 (1996 [Phys. Solid Stat@8, 1991(1996].

mittivity of bulk®*?and film samplebof potassium tantalate °O. G. Vendik and S. P. Zubko, J. Appl. Phy2, 4475(1997).
11w, R. Abel, Phys. Rev. B}, 2696(1971).

is determined by the mfluen_cg of the size effect When ZerqzV. G. Vaks, Introduction to the Microscopic Theory of Ferroelectrida

boundary conditions are satisfied for the ferroelectric polar- ryussia, Nauka, Moscow(1973, 328 pp.

ization at the electrodes of a thin-film sandwich capacitor. *20. G. Vendik and I. G. Mironenko, Fiz. Tverd. Teleeningrad 16, 3445
These quantitative characteristics can be used to modg)(1974 [Sov. Phys. Solid Stat#6, 2230(1974].

controlled potassium tantalate devices operating in the mi- > O Axe: Phys. Rev. B, 1227(1970.

crowave range. Translated by R. M. Durham
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It is shown that after a porous layer has been formed electrochemically on a silicon surface at
elevated anode currents, the silicon—porous-silicon system is in a quasisteady
nonequilibrium state from which it may be transferred under the influence of fairly weak
adsorption effects. €1998 American Institute of Physid$1063-785(108)00511-4

A silicon—porous-silicon system has recently attractedransfer currenC flows exclusively through the “bottoms”
close attention among researchers because of the extremadf/the pores.
encouraging prospects for using it in optoelectrohfend in At high positive ¢, Cg increases rapidly as a result of
chemical sensor technolody. Here we draw attention to the formation of a strong accumulation layer in {Si. In
characteristics of this system which are attributable to thehis range ofp. the capacitanc€, is mainly determined by
manner in which it forms, that is the strong nonequilibriumthe capacitance of the silicon space charge region. Figure 1
of the anodization process, the nanocrystalline fractal strucshows that the initial structure and also the Si—porous-silicon
ture of porous silicon, and also the presence of a developestructure formed at low anode current with the same poten-
mechanically stressed interfaté\s a result, strongly non- tial ¢, have approximately the same values@f. It has
equilibrium quasisteady states may be established in the Sibeen shown that the bro&z}(¢.) maximum observed in the
porous-silicon system with substantially enhanced sensitivityange —0.7 V<¢.<0.7 V for an Si-—electrolyte system
to external influences. without a porous silicon layer is attributable to defects at the

For the experiments we employed structures fabricate&i—oxide interface. The absence ofCa maximum for the
using p-Si with resistivity 1Q)-cm. Layers of porous silicon structures with a porous silicon layer indicates that no oxide
1 um thick with 60—-70% porosity were prepared on anphase is present at the “active” Si—electrolyte interface
Si(100 surface by anodization using a 1:1 mixture of 48% (near the bottoms of the podedhis promotes closer contact
HF solution and 96% ethanol at current densities between the adsorbed molecules and the “active” surface of
=1-50mA/cnt. In order to conserve the nonequilibrium the silicon and is responsible for the high adsorption sensi-
state of the Si—porous-silicon system as well as possibldijvity of the Si—porous-silicon—electrolyte system.
after anodization electrolytic contact was established on the In those cases where the -currenf exceeded
porous silicon side using an aqueous 0.01 N KBr solution10—15 mA/cm during the preparation of the porous silicon
The electrode potentiap, of the silicon was varied in a layer, the dependencg,(¢,) revealed a substantidgmore
sawtooth fashion relative to a platinum reference electrode @han 0.1V shift to the left along thep, axis. Thus, under
a frequency 0.005 Hz and the differential capacitance of théhese conditions negative charge builds up on the silicon
semiconductor—electrolyte systedy was recorded. The ca- surface. The magnitude of this charge increases with the cur-
pacitanceCg was measured by a pulsed method with charg+ent density during the preparation of the porous silicon in-
ing pulses of length 4Qs, repetition frequency 10 Hz, and creases. In particular, fog=40—50 mA/cni the shift of the
pulse current density of at mostifA/cm?. The range of Cq(¢e) curve along thep, axis was 0.7-0.75MFig. 1,
variation of o, was selected so that the current density acrossurve 3).
the silicon—electrolyte interface was less than a few  Quite clearly, the strong nonequilibrium of the anodiza-
wAlcm?. To stimulate transfer of the system from the non-tion process at elevatdg gives rise to structures with many
equilibrium quasisteady state we used alizarin moleculesstrained and broken bonds in the Si-porous silicon transition
which, because of their structure, could act as either electrolayer. Some of these defects function as acceptor electron
donors or acceptors. All the measurements were made &taps at which negative charge is localized. This state of the
room temperature. system is quasisteadiit may persist for a few daysbut

Figure 1 shows typical dependenc€g(¢,) for two  nonequilibrium. After 0.2 mmol/l alizarin is added to the
structures with porous silicon layers of the same thicknesslectrolyte solution, the system leaves this state and the
obtained at different anode currents. Also plotted for com-C¢(¢.) curve gradually shifts 1.2V into the anode region
parison is theC () curve for the initial Si—electrolyte sys- (Fig. 2). The slowed kinetics of the process is evidently at-
tem without a porous silicon layer. The similar values of thetributable to the impeded diffusion of the alizarin molecules
minimum capacitance for all the structures indicate that inin the porous silicon layer. We stress that when alizarin was
accordance with published datahe nanocrystalline matrix adsorbed on a structure formed at loy, the shift of the
of the porous silicon does not participate in the electricalC¢(¢,) curve under the same conditions was several times
transport because of the carrier depletion, and the chargamaller.

1063-7850/98/24(11)/2/$15.00 842 © 1998 American Institute of Physics
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FIG. 1. Differential capacitance of Si—electrolytd) and Si—porous- A%
silicon—electrolyte system@, 3), as a function of electrode potential. An- (p(’

ode current density during preparation of porous layer: 1 mA/eh and
50 mA/cn? (3). FIG. 2. Differential capacitance of Si—porous-silicon—electrolyte system as

a function of electrode potential in initial nonequilibrium stétg, and also
1h(2) and 25 i3) after adding alizarin to the electrolyte solution.

Two mechanisms may be responsible for the influence oféarangements, modification of the energy spectrum, and

adsorption on the charge state of an Si—porous-silicon sy&harge transfer of the silicon surface.

tem. The first is a purely electrophysical mechanism involv-14 _culiis, L. T. Canham, and P. D. J. Calcott, J. Appl. PI3s909

ing the charging of donor trapping centers created by the (1997.

alizarin molecules. The energy levels of these states at é\\; *:Aangm'ts,g' Phﬁs-gegﬁgl(?g?-h £ | Dobrenk is N
. . . . . emiaovicn, . . emiaovicn, . 1. Dobrenkova, an . .

negatively charged surface are substantially higher thany .0 “oicro 70 Terh. Fiag(14), 57(1993 [Sov. Tech. Phys. Lett,

those in the absence of this charge. Thus, the magnitude ofig 459(1992].

the adsorption effect is appreciably higher in the first case. A’G. M. O'Halloran, M. Kuhl, and P. J. Trimp, Sens. Actuatorss 415

second possible mechanism for this effect is a change in thgg9g7)l-_ b, Bellet. and C. Faivre. Phvs. Rev.a 17 919(199

mechanical stresses in the Si—porous-silicon transition re- ~ "M P Bt and . Favre, Fhys. Rev.o, (1996.

gion induced by the adsorptiGnyhich stimulates structural Translated by R. M. Durham
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Results are presented of an investigation of the electrical and optical characteristics of a pulsed
transverse discharge ignited in a>62.0X 0.7 cm volume of an Af 4%SiH, mixture.

Studies were made of general spectra of the plasma radiation and the temporal and service-life
characteristics of the radiation from the degradation products of the silane molecules.

This type of discharge is of interest for obtaining porous silicon coatings over large areas.

© 1998 American Institute of Physids$1063-785(18)00611-9

When pulsed volume discharges in Freon {C&re used nated. Figure 1 gives the emission intensity of the 288.2 nm
in plasma chemistry to etch photoresist filfrthe chemically ~ Sil line and the H line as a function of the number of dis-
active degradation products of Freon molecules exhibit higltharge pulses for a pulsed volume discharge in an AySiH
efficiency. It is also of interest to use these discharges tonixture. Thex =288.2 nm Sil line can be used for diagnos-
obtain semiconducting silicon-based porous coatings. Thitics of the excited silicon atoms in the discharge plasma. Its
silicon films are usually obtained using low-current silanedependence on the number of discharge pulse has two peaks.
discharges [(SiH,]<10%cn®) with a low electron density The first was always observed at the beginning of discharge
(ne=10°cm®) (Ref. 2, or by deposition of Si atoms from a ignition in the freshly prepared mixturen&0) and the sec-
gas onto a substrate heated to 300—400 °C, using a higlend was observed after=(2—3 % 10° pulses. When the en-
power excimer laset? The use of a pulsed volume discharge ergy deposited in the discharge increased by a factor of four,
can increasen, by five or six orders of magnitude and the the magnitude of the peaks increased, their width decreased,
silane concentration by more than one order of magnitudeand the peaks were shifted toward loweiThe first intensity
This is important to speed up the deposition of silicon-peak of the Sil radiation as a function ofwas caused by
containing coatings. It is particularly interesting to study thedegradation of the initial Sifimolecule and the second was
conditions for obtaining large silicon-containing clusters, in-caused by degradation of silane derivativesHior SibHg,
cluding fullerene-like ones (§Hqo), in a transverse dis- which form efficiently in a silane molecular plasfahe Hg
charge plasma, which is important for the development ofine typically showed an increase in intensity with increasing
optoelectronic devices based on porous silicon luminescenca, which indicated that K atoms formed as a result of the

Here we present results of an investigation of the degradegradation of silane molecules and their derivatives. The
dation of silane molecules in a pulsed volume discharge igsaturation of the I3 radiation intensity also depends on the
nited in an Ar-4%SiH, mixture at pressur® = 1-10kPa. energy deposited in the discharge and indicates that SiH

Experiments to study the degradation of silane mol-molecules and more complex compounds of silicon atoms
ecules were carried out in the emitter of an excimer lasewith hydrogen present in the bulk of the discharge are almost
pumped by a transverse discharge with automatic sparkompletely decomposed.
preionizatior® The discharge volume was 52.0x 0.7 cm. Figure 2 shows oscilloscope traces of the current and
The main storage capacitance of the pulse voltage generatdischarge radiation at different stages in the degradation of
was 40nF and the peaking capacitance was 34nF. Then Ar/SiH, plasma. At low active-medium pressures, an ap-
switch was a TGI1 1000/25 thyratron. The system used tgreciable mismatch was observed between the impedances of
record the discharge characteristics was similar to that usethe plasma and the pump generator, which resulted in the
in Ref. 7. The residual pressure in the discharge chamber wagppearance of three or four current—pump waves with a half-
=10 Pa. Before admission of the mixture, the chamber wasvave duration of 50—-100ns. The width of the radiation
repeatedly flushed with helium and an Ar/Qihhixture. pulses on the 288.2 nm Sil transition was greatest initially,

In the general spectrum of the discharge plasma radiabut its maximum was reached only after the second current—
tion the broad-band radiation of the AfHmolecules in the pump half-wave. With time the duration of the leading edge
250—400nm range with\,,,=300nm (Ref. 8 and the of the SFI radiation pulse decreased and the pulse became
N,(C—-B) bands exhibited the highest intensity. Among theshorter. This behavior is consistent with the profile of the
atomic degradation products of SiHhe A\=288.2nm Sil  service-life characteristic of this Sil line. The emission on the
line (3p?'D,-4s'P}) exhibited the highest intensifyHy-  Hy line was of =500 ns duration and exhibited the highest
drogen is represented by the=486.1nm H line in the intensity forn=10° pulses. These temporal characteristics of
discharge radiation spectrum with isolated weak Arl and Sillthe radiation indicate that different mechanisms are respon-
lines also being observed. At the initial instants of dischargesible for the formation of excited silicon atoms with increas-
ignition, emission lines of excited silicon atoms predomi-ing n. A reduction of the Ar/Sij mixture pressure by a
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0 3 6 fxt0; put in a pulsed volume discharge has shown that at high, SiH

FIG. 1. Emission intensity of the degradation products of silane moIecuIe?ressureS%1016cm_3) andne= 10%cm ™’ a homogeneous

as a function of the number of discharge pulses in an AysiH discharge is obtained suitable for preparing a porous silicon-

=4.6/0.19kPa mixture at)3=15 (1,2 and 7.5kV (',2'): 1,7 —  containing coating on a working surface of large ar& (

288.2nm Sil (p—4s); 2,2 — 486.1nm H. <30x60cm). The 288.2 nm Sil line may be used for diag-
nostics of the degradation of silane moleculasd its deriva-
tives) and to obtain a porous silicon-containing coating.

factor of three did not cause any appreciable changes in the
behavior of the S and H; radiation with time or increasing )
n. A reduction in the charging voltage to 7.5kV resulted in *Yu. D. Korolev, G. A. Mesyats, and A. M. Yarosh, Khim. Vysn&rg.21,

the appearance of two or three peaks of 50 ns durdfam  ,464(1989. . .
A. F. Stekol'nikov, O. M. Ivanov, A. E. Pereverzet al, in Proceedings

n.;4>< 103) on _the trguln_’ng edge of th_e em'_s_s'on pulses of the of the Eighth All-Union Conference on Physics of Low-Temperature
Si* atoms. This emission on the*$itransition may be at- Plasmas Minsk, 1991, Part {in Russiaf, p. 27.
tributed to the contribution of different channels for dissocia- °V. Yu. Baranov, V. M. Borisov, and Yu. Yu. Stepanoglectric-

tive excitation of the silane degradation productsHsiand Discharge Excimer Lasers Using Rare Gas Halides Russian, Ener-
goatomizdat, Moscow, 216 pp.

SiHg. _ ] . %S, A Batishche, A. A. Kuz’muk, and N. A. Malevich, ipaser Physics
After the emitter had been filled 10-15 times with and Spectroscopy, Proceedings of the Third Conference on Laser Physics

Ar/SiH, mixture (P=5-10kPa and subjected each time to _and SpectroscopMinsk, 1997, Vol. 1[in Russiad, p. 59.

; . SYu. Yu. Neimet, A. K. Shuaibov, V. S. Shevegt al., Zh. Prikl. Spek-
10* pulses, the transverse discharge electrodes and the mne?:oskﬁs’ 337(1990).

surface of the discharge chamber were coated with & porousyy, yu. Neimet, A. K. Shuaibov, and V. S. Shevera, Prib. TekksiE,
layer (~0.5mm) of brown silicon compounds. Batishche p. 203.
et al* obtained similar products of silane synthegigporous A K. Shuaibov, Pis'ma Zh. Tekh. Fi24(1), 85(1998 [Tech. Phys. Lett.

: . L 24,38(1998].
brown film on a quartz substratasing a laser spark in mix 5T. Moller, M. Beland, and G. Zimmerer, Chem. Phys. Leli8g 551

tures of rare gases and Sittholecules P=1-20atm. An (1987.

x-ray structural analysis of the coating made in the presenfA. R. Striganov and G. A. Odintsovajandbook of Tables of Spectral

study showed that its structure (= 50—100 nm is similar Lines of Atoms and lonsn Russiar, Energoatomizdat, Moscowd982,
312 pp.

to that of silicon crystals.
To sum up, an investigation of the degradation of silaneTranslated by R. M. Durham
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Investigation of the influence of residual stresses on the thermophysical
and thermoelastic properties of silicon nitride ceramic by photothermal
and photoacoustic methods

K. L. Muratikov, A. L. Glazov, D. N. Rose, and J. E. Dumar

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted June 19, 1998
Pis'ma Zh. Tekh. Fiz24, 40—-48(November 12, 1998

Photodeflection and photoreflection microscopy have been used to show that residual stresses do
not influence the thermophysical parameters of silicon nitride ceramic. It was demonstrated

that photoreflection microscopy can provide information on the thermophysical properties of
ceramics at the level of individual grains. It was established that the theory of photoacoustic

signal formation with a piezoelectric recording method based on the Murnaghan model with
allowance for the stress dependence of the thermoelastic coupling coefficient can

qualitatively explain these experimental data and can be used to estimate the thermoelastic
parameters of the ceramic. @998 American Institute of PhysidS1063-785(18)00711-3

Studies of residual stresses in various materials and theethods and we also used a photoacoustic method where the
development of methods of recording them have attractedignal was recorded with a gas microphone. A distinguishing
considerable attention. Among the most important methodfeature of these methods is that they are only sensitive to the
used to solve this problem, mention may be made othermophysical parameters of the obj&ttn addition, the
ultrasound, Raman spectroscopy’ x-ray* and neutron sample was investigated by a photoacoustic method with a
diffraction>® magnetic method$and also methods based on piezoelectric method of recording the signal, which is also
holographic interferometr§.° Such methods have proved sensitive to the elastic parameters and the coefficient of ther-
highly efficient for the recording of residual stresses, al-moelastic coupling of the material.
though each has specific limitations associated with the na- The experimental investigations were carried out using
ture of the physical processes used. silicon nitride ceramic prepared by hot pressthgields of

In view of this, serious attention has recently been paidesidual stresses were created in the ceramic by means of
to studying the possibility of using the thermoelastic effectVickers indentation using loads between 5 and 15kg. An
for the diagnostics of mechanical stresses in sdfid An image of the part of the ceramic being studied was obtained
important advantage of the thermoelastic method is that it iBy scanning the sample along two coordinates withand
universally applicable and can be used for objects of varioustep. Thermal waves and acoustic vibrations were excited in
types. Various experimental data have already been obtaingbde sample using LGN-503 argon laser radiation modulated
for metal$®**Sand ceramic$?**®which confirm this pos- with an ML-201 acoustooptic modulator. Radiation from a
sibility. However, the mechanism responsible for the influ-Meles Griot 05-LHP-151 He—Ne laser was used for readout
ence of mechanical stresses on the results of thermoelastitc the photodeflection and photoreflection methods.
measurements has not been sufficiently well explained. In  Figures 1 and 2 show images of the region near the
Ref. 14, for example, Qian proposed a model for the formaindentation zone in silicon nitride ceramic obtained by the
tion of the thermoelastic signal which essentially attributesphotodeflection and photoreflection methods. It can be seen
its dependence on the mechanical stresses to a dependencehat the image formed using the normal component of the
the thermophysical parameters of the material on thesphotodeflection signal accurately reproduces the structure of
stresses. In Ref. 17, however, Muratikov explained the bethe subsurface lateral cracks and is basically similar to the
havior of the thermoelastic signal using the nonlinear meimages obtained by the gas microphone method. In the im-
chanical model of a solid proposed by Murnagh&itgking  age obtained by the photoreflection method the granular na-
into account a possible dependence of the coefficient of theture of the ceramic structure shows up much more clearly,
moelastic coupling on the mechanical stresSes. although both images were obtained at the same exciting

In this context, the main aim of the present study is toradiation frequencies. We note that this characteristic is not
identify the nature of the formation of the thermoelastic sig-caused by optical differences when the readout radiation is
nal in solid-state objects with internal stresses. A complexeflected from different grains in the photoreflection method,
approach based on using several photothermal and photosince the optical image of this part of the ceramic formed at
coustic methods at the same time was used to make an ettie same time as the photoreflection image was fairly homo-
perimental determination of the mechanism responsible fogeneous. The ceramic inhomogeneities shown in Fig. 2 are
the formation of the thermoelastic signal. The photothermatherefore of a thermal nature and may be caused by a spread
methods used included photodeflection and photoreflectionf the thermophysical parameters of the grains and grain
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FIG. 1. Image of area of silicon nitride ceramic near Vickers indentation
zone obtained by recording the amplitude of the normal component of the

photodeflection signal. Load, 10 kg; size of image, 2240 xm; modula- . o . ) . .
tion frequency of exciting radiation, 10 kHz. FIG. 3. Image of area of silicon nitride ceramic near Vickers indentation

zone obtained by a photoacoustic method with the signal amplitude recorded
by a piezoelectric method. Load, 10 kg; size of image,>3220 xm; modu-
lation frequency of exciting radiation, 113 kHz.

boundaries. This characteristic of the images obtained by the

two thermal wave methods is attributable to the different

resolution of the thermal wave microscopy systénts. | parameters on the mechanical str nd is mainly at
Figure 3 shows an image of the region near the sam r?b ptaball te?hs 3 ﬁd r?c affha SI eiises ? m f ) a né’ ti_
indentation zone as in Figs. 1 and 2 obtained by the photoa- utable 1o the dependence ot the e1astic parameters a €

: : . : . coefficient of thermal expansion on these stresses.
ic method with the signal recor iezoelectri . . : :
coustic method with the signal recorded by a piezoelectric In Ref. 17, Muratikov derived the following expression

technique. The most characteristic feature of this image is th f the piezoelectric sianal for moderatelv hiah modulation
presence of bright regions near the ends of the vertical crac P! gr rately g .
‘equencies of the exciting laser radiation and no nonlinear

which correspond to a substantial increase in the photoacou e . .
tic signal. In Ref. 23, Cantrekt al. noted similar character- geometric distortions of the sample under deformation:

istics in images of Vickers indentation zones obtained by(w)=i Ckp?w?
electron acoustic microscopy and showed that these bright

regions near the ends of vertical cracks correspond to zones y Yo(1+ BU33) ATy

of residual stresses. It can be seen from Figs. 1 and 2, and 4 © 372
also from the photoacoustic images obtained using a gas mi- K+ zu+ltg +(21Upp+ (4m+n)Us)]
crophone method of signal recordifiythat similar charac-

teristics are not observed on any of these images. This sug- @)

gests that the photoacoustic signal in silicon nitride ceramigvhereC is the proportionality factor determined by the pa-
is not formed as a result of a dependence of the thermophystameters of the piezoelectric elemedtis the angular modu-
lation frequency of the exciting radiatiopy is the density of

the solid,« is the thermal diffusivity,y, is the coefficient of
thermoelastic coupling for the undeformed solgljs a co-
efficient which determines the dependence of the thermoelas-
tic coupling on the initial deformatiorl);, is the initial de-
formation tensor of the solid and . are the bulk modulus
and the shear modulus, respectivélym, andn are the Mur-
naghan constants{) is the component of the stress tensor
associated with the initial deformation, aand ¢ are the tem-
perature fluctuations of the sample surface. Expresgipn
can be used to estimate the influence of the internal stresses
on the piezoelectric signal. In particular, we can use the de-
pendence of the amplitude of the piezoelectric signal on the
indentation load.

Figure 4 shows typical behavior of the photoacoustic
signal as a function of the load. The values plotted in Fig. 4
are the maxima in the bright regions averaged over the four
y - ) ) ) _ regions near the ends of the vertical cracks and normalized to
FIG. 2. Image of area o_f silicon nltrlFie ceramic near Vickers |ndentat|0nthe average signal from the sample. It can be seen that in the
zone obtained by recording the amplitude of the normal component of the . . L
photoreflection signal. Load, 10 kg: size of image, 3&20um; modula-  fange being studied the dependence of the photoacoustic sig-
tion frequency of exciting radiation, 10 kHz. nal on the load is fairly close to linear. In accordance with
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0.6 posed in Ref. 17 agrees qualitatively with the experimental
® results for silicon nitride ceramic.
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Influence of gas compressibility on the critical conditions for instability
in the electrostatic field of a bubble in a dielectric liquid

A. N. Zharov

Yaroslavl State University
(Submitted April 20, 1998
Pis’'ma Zh. Tekh. Fiz24, 49—-54(November 12, 1998

It is shown that unlike the case of a liquid droplet, the critical strength of a uniform electrostatic
field required for instability of a gas bubble in a liquid dielectric decreases as the
compressibility of the gas in the bubble increases. 1898 American Institute of Physics.
[S1063-785(108)00811-9

The problem of instability of a gas bubble in a uniform eccentricitye?. This is accompanied by a change in the vol-
electrostatic fielcey is of interest in connection with studies ume of the bubble. We shall assume that as a result of the
of the electrical breakdown of liquid dielectrics since, at thebubble being pulled into a spheroid, the radiusof the
instant of breakdown, a region of reduced density forms aequivalent bubble is greater by a factor of{K) than the
the cathode, which is taken as being the appearance of a gastial radiusry, i.e.,

(vapoi microbubble! The electrical breakdown of the di-
electric may be caused by the buildup of electrostatic insta- r=ro(1+K). 2
bility of this bubble in the fieldE,. The gas pressure, in accordance with the basic equation

Like the instability of a droplet, the instability of a  of molecular kinetic theory, will be determined by the vol-
bubble may be caused by its splitting into two daughterume of the system and the temperature. Assuming that the
bubble$ or by the ejection of a large number of highly temperature of the liquid does not change and taking account
charged daughter bubbles from the tips of the parent bubblef Eq. (2), we find the dimensionless gas pressurén the
two orders of magnitude smaller tharf R The establishment bubble using the definition of the isothermal coefficient of
of a particular type of instability is determined by the physi- compressibilityy (Ref. 6):
cal properties of the liquid and the gas, such as the conduc-
tivity, permittivity, temperature, compressibility, and so on. = po— ———

The following analysis will focus on the second type of (XPa)
instability, which may occur when a bubble has highly con-\yith 4 suitable choice of, Eq. (3) can describe either a gas
d_u_ctlng walls. The _bupble_ walls may exh|b|t good conduc-q, 4 liquid. For a gas we havgP,~1, and for liquids
tivity as a result of ionization of the gas in the bublgfer-

mation of a plasma bubble in the presence of loca Although the bubble changes shape and volume, the

breakdown and also because carrietboth positive and ressyre balance condition should be satisfied at every point
negative ionsfrom the liquid, whose surface mobility may o jts walls, especially at the pole point and on the equator
appreciably exceed the bulk mobility, are deposited on thga of the bubblé:®

walls. We write expressions for the Laplacian pressure at the

Let us assume that a spherical gas bubble of initial radi“%quatorPeq and polePP of a spheroidal bubble which has

ro is formed in the absence of an electric fidlg in a di- changed its volume as given by E@) (Refs. 4 and ¥
electric with permittivitye. The free surface of the dielectric

is exposed to the action of atmospheric presfyse The gas

((1+K)3-1). ()

((Par 1074

a(l—e2)5’6/ 1

e

in the bubplg is characterizgq by the isothermal coefficient of Pe= ro(1+K) \ (1-e?) )

compressibilityy and the initial gas pressure exceeds atmo-

spheric by a factor ofty. The phase interface has the surface 20

tensiono. The dimensionless pressugg in the bubble is PP= T (4)
given by ro(1+K)(1—e%)

The electrical pressure at the equalff and polePg of a

po=1+ 20 _ (1) spheroidal bubble with conducting walls may be writteh as
Pafo
PE%=0, Pg °Ege’ ©)
To estimate the maximum initial pressure we tdkg E_ Y E™ o2 2
~10° dyn/cn?, o~50 dyn/cm, and ,=10"°cm. Expression 8m(1-e%) (arctante—e)
(1) then givesug~11. Using expressiongl) and (3)—(5), we can easily write

In a uniform electrostatic fieldty, the bubble is pulled two equations which express the pressure balance conditions
alongE, into a spheroid of revolution with the square of the at the equator and pole of a spheroidal bubble. Solving these

1063-7850/98/24(11)/2/$15.00 849 © 1998 American Institute of Physics
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0 1.2 M W FIG. 2. Critical value of the Taylor paramet®, versus dimensionless

initial pressureu, in bubble forl — droplet yP,=10"%; 2 and3 — gas

FIG. 1. Square of the eccentrici? versus the Taylor parametw for a  bubble withyP,=1 andxP,=4, respectively.
dimensionless initial pressure in the bubhlg=2 for various situations:

1 — droplet yP,=10"%, 2 and 3 — gas bubble withyP,=1 and yPy,

=4, respectively.

crease should reduce the internal gas pressure in the bubble
or the droplet liquid byAPy~ — (eEq- AEg)/(47). This re-
Yuction of the internal pressure in the bublftopled is
caused by a relative increase in the volume of the bubble

equations jointly, we obtain a system of equations which ca
be used to determine the square of the eccentridignd the
value of K as a function of the Taylor parametét/

=(eE3r,)/ o for the bubble: (dropley by
Weﬁ AV SEo'AEO
16m(1—e?)?(arctanh(e) —e)? Vo X am ®)
1 [ 1 (1-e?)% 1
- (1+ K)[(1_62)2/3_ 2 {1+ (1-ed)||’ ©) Equation(8) shows that the relative increase in the volume
of a liquid droplet is approximately four orders of magnitude
(1+K)4 less than that for a gas bubble because of the different values
[,uo— 1+ (1+K)— —— of y for liquid and gas, i.e., the bubble expands substantially.
XPay XPat In this case, the Laplacian pressure decreasesABy,
(,uo—l)(l—ez)5’6[ 1 ~—[ol(Vo)¥®] (AVIV,). Thus, as the electrical pressure
- > [1+ 1=e =0. (7)  increases, the internal pressure of the droplet liquid or the

gas in the bubble decreases as a result of an increase in

Calculations using Eqs6) and (7) show that for a cer- volume, which is infinitely small for a droplet. However, as a

tain value of W the derivative e2/9W becomes infinite result of the increase in volume, the Laplacian pressure only
(Fig. 1. It was noted in Refs. 4 and 7 that when a bubble isdecreases for the gas bubble. This factor reduces the critical

n)(alue of the Taylor paramet&Y,, for a gas bubble compared

elongated to an eccentricity corresponding to the maximuni
g y P g with a droplet.

Taylor parameteWV,,, it becomes unstable.

Figure 2 givesW,, as a function of the dimensionless
initial pressure in the bubble,. It can be seen that for a
droplet the critical value of the Taylor parameter does not
depend on the initial pressure in the droplet. The value ob- o _ _
tained,W,,= 2.64, shows good agreement with that obtained \z/évl.ocglg(zfggj,)o. A. Sinkevich, and P. V. Smirnov, Teplofiz. Vys. Temp.
by Taylor, W= 2.63 (Ref. 7). Figure 2 also shows that the 23 b sherwood, J. Fluid Mectiss 133(1988.
increased compressibility for a gas reduds. We shall  3A. 1. Grigor'ev, V. A. Koromyslov, and A. N. Zharov, Pis'ma. Zh. Tekh.
qualitatively compare the process of elongation of a liquid 4(':;2&323((319){ 60 (13927) EeCh-lf_hf- '—e“'f& 7(?0(1997)2]-11 166
droplet and a bubble in order to explain this behavior. ;2 = FEChR B0 5 KOS S, TR T ok, Ser. Mek
We assume that the strength of the electric field in which zhidk. Gaza No. 2, 31994
the bubble(drople) is situated has increased ByE,. This L. D. Landau and E. M. LifshitzFluid Mechanics 2nd ed.(Pergamon
leads to an increase in the electric field pressure at the wallgPress. Oxford, 1969Russ. original, Nauka, Moscow, 1964, 568 jpp.
of the Conducting bubblédropleb by APE~(8EO-AEO)/ G. |. Taylor, Proc. R. Soc. London, Ser.280, 383(1964).

(47). However, for an equilibrium bubbl@ropled this in-  Translated by R. M. Durham
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New possibilities for x-ray diagnosis of atherosclerosis using a phase contrast method
V. A. Bushuev and A. A. Sergeev

M. V. Lomonosov State University, Moscow
(Submitted May 13, 1998
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The internal structure of materials with a low scattering power and small density gradient was
investigated using a new method of phase contrast x-ray introscopy. Model calculations

were made of the contrast image using dynamic x-ray diffraction theory. The object of the
investigation was a capillary containing a blood clot, which modeled a blood vessel with a
thrombus. As a result, it was shown that the new method has distinct advantages over the
conventionally used absorption method in obtaining completely satisfactory images.

© 1998 American Institute of Physidss1063-785(018)00911-3

One of the most important problems in modern medicineratory animals without fixing in formalin may attain 25% and
is the early diagnosis of atherosclerosis. It is known thatl2%, respectively.
when the body’s equilibrium is disturbed and the blood con-  Here we use model calculations based on the dynamic
tains an increased concentration of lipoproteins, cholesterdgheory of x-ray diffraction to demonstrate that phase contrast
depositgatherosclerotic patches, blood clots or thronti®-  imaging is highly sensitive in detecting thrombus-like depos-
gin to form at the walls of the blood vessétteries, veing  its on the walls of blood vessels.
and their growth leads to narrowing of the vessels, resulting Figure 1 shows the x-ray system of the phase contrast
in stenocardia, myocardial infarction, and thrombophlebitis.imaging method. An object is placed in a quasiplane wave

At present, the main methods of studying the internafformed by preliminary reflection of the x-rays from a crystal
structure of noncrystalline objects, including biomedicalmonochromator. A crystal analyz&ris mounted behind the
ones, are radiography and tomography based on the absobject in Bragg geometry. The image is recorded on photo-
tion of x-rays? However, for objects with a fairly uniform graphic film or other coordinate-sensitive detector, using the
density distribution there is the problem that the image ob+eflected bean3.
tained has a very low contrast. This is attributable to the low We shall analyze the diffraction of a wave packet
absorption coefficient in the soft tissue of biological speci- Eq(r)=Aq(x)exp(k-r) at a crystal analyzer, where
mens and to the smalt(r) difference in different parts of k=2a/\. The fieldEy(r) is formed as a result of the x-rays
the specimen Au<0.1-0.5cm?! for radiation at wave- passing through an object having a nonuniform distribution
lengths\~0.5—1 A). The contrast obtained for an image of of absorption coefficient(r) and refractive index(r). The
an object having the dimensionss1-10 mm is only a few amplitude of the field may be given in the formy(x)
percent, which reduces the efficiency of absorption methods: exp(—o)exp(®), where
almost to zero. A barium or iodine-based contrast solution is
usually introduced into the blood to improve the contfast, a(x):o_sj u(x,2)dS, ®(x)= —kf 8(x,z)dS. (1)
subjecting the body to an additional, not completely safe,
load. Hereo(x) is the absorption factop (x) is the change in the

A new method of phase contrast imaging, based on thehase of the wavefront relative to the medium in which the
refraction of x-rays, has appeared comparatively recently andbject is placed; integration is performed in thelirection
can substantially improve the image contfaétThe basic and thex axis is directed along the surface of the crystal
principle of the method is shown in Fig. 1. As a result of analyzer. The relation€l) are valid forr>(\L)?, wherer
passing an x-ray wave through an object having the refracs the transverse dimension of the object &rid the distance
tive indexn(r)=1-4(r), the phase of the wave changes, between the object and the analyzer. In this case the image is
causing the radiation to be deflected from its initial directionrecorded in the geometric shadow of the object, and wave
of propagation through anglgs~ 5. Sinces~10"°, we find  effects accompanying the diffraction of the x-rays from the
B~0.1"-0.6". The angular distribution of the x-rays behind object may be neglectédIn practice, this implies that
the object is investigated by diffraction reflection from ar>210um.
high-quality crystal analyzer. Since the widthdg of the The absorption imagd 4(x)=exd —20(X)] recorded
diffraction reflection curve from single crystals is compa-when the detector is mounted directly behind the object is
rable with the angles of deflection of the refracted rays, theidetermined only by the absorption and by the size of the
reflection from the analyzer at different points on the reflec-object, and does not depend on the phase of the wave. The
tion curve can improve the contrast of the image by arounémplitude of the wave reflected by the analyzer for an arbi-
20-80%(Refs. 3—9. Ingal and Beliaevskayaobserved that trary distribution of the incident field\q(x) may be ex-
the phase contrast of the image of arteries and veins in labg@ressed in the following integral forfit'°

1063-7850/98/24(11)/3/$15.00 851 © 1998 American Institute of Physics
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1.0
1 0.8
06 FIG. 1. Schematic of experiment to record phase-contrast
\ 3 : image:1 — object,2 — crystal analyzer3 — photographic
0.4 film (coordinate-sensitive detecipiPg(A¥) — curve of
, : symmetric diffraction reflectio422) of Ag K -radiation
/‘, 0.2 from silicon single crystal of widtlA 95=0.72".
' - 00!
2 10 00 10

A0

In order to estimate the sensitivity of phase contrast im-
Ah(x):f G(&) Ao(x— &)explikyoA 9¢)/d, (2)  aging to the presence of a thrombus in a blood vessel, we
shall consider a model object in the shape of a capillary,
wherer , andr, are the outer and inner radii of the capillary,

. 61, mq and é,, u, are the coefficients of refraction and ab-
G(g):(ky0/2w)f R(a)exp(—ikyoad)/da. (3 sorption of the capillary walls and the interior liquidlood),
respectively. We represent a thrombus-like formation on the
inner wall of the blood vessel as the comm@hrombus
{adius andr ,, with the maximum thrombus thicknedsWe
shall characterize the thrombus material by the refraction co-

where

Here G(¢) is the Green’s function of the Bragg diffraction
problem for bounded beamB(«) is the amplitude coeffi-
cient of reflection of a plane wave incident on the analyzer a
the anglea relative to the Bragg anglélg, vo=sin(dg -, ) o
+4), ¢ is the angle of inclination of the reflecting planes to €fficient 85 and the absorption coefficiepts. _
the surface of the crystal, an9 is the fixed angle of rota- Results of calculations of the phase contrast image
tion of the analyzer. The explicit form of the Green’s func- (Curvesl and?2) and the absorption imageg(x) (curves3
tion (3) for a thick single crystal is given in Ref. 10. and4) are plottgd in Flg. 2 for two cases where a thrombus is
It follows from Eq. (2) that the distribution of the re- Presentin the rightFig. 23 and lower(Fig. 20 parts of the
flected intensity in the phase contrast imaging method blood vessel. For comparison curv2sind4 give the inten-
=|An(x)|? is determined not only by the amplitude of the sity distributions in the absence of a thrombus. The calcula-
incident wave but also by its phadg(x), given by(1). If the  tions were made for the following values of the parameters:
transverse dimension of the objectris=Af=Nmy,Adg F1=2MmMm, r,=rz=1.6mm,d=1.2mm; density of vessel
and the angles of refractig®(x) = (1/ky,) dd/dx satisfy the ~ walls, blood, and thrombup=1.1, 1.056, and 1.15 g/cin
conditiond 8/dx<ky,A 93, it can be showh®from Egs.(2) ~ respectively;®** refraction coefficientgin units of 10°°):
and(3) that the change in the phase of the wave shows up i1=0.52, §,=0.496, 6;=0.57; absorption coefficientgi,;
the dependence of the reflection intensity on the ang(e$: =0.69, u,=0.66, u3=0.76cm ! (AgK,-radiation, \
|(X)=14(x)Pr(A9— B), wherePg=|R|? is the curve of the =0.56 A) (Refs. 8 and 1)L We shall assume that the blood
diffraction reflection from the analyzer. Typical valuesiof  vessel is in muscle of density 1 g/éms,=0.47x10"°, and

are 5—-3Qum. 1o=0.63cm ! (Refs. 8 and 11
I(x) a I(x) b
1.0 — 1.0
08 08 FIG. 2. Intensity distribution on phase contrastirves
1 and 2) and absorptioncurves3 and 4) images of
06 0.6 blood vessel with thrombus in riglie) and lower(b)
: — parts of vessel. The dashed cunesnd4 show images
of a blood vessel without a thrombus. Radiation —
04 0.4 Ag K,, Si(422 analyzer, angle of rotation of analyzer
’ ) A9=0.38, outer radius of blood vesse]=2 mm, in-
ner radiusr,=1.6 mm, thrombus radiusz=1.6 mm,
02 0.2 and thickness 1.2 mm.
ool——1 1 0 by oolbt 1t 1 101
-2 -1 0 1 2 2 -1 0 1 2
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It can be deduced from Fig. 2 that the contrast of thephase contrast method is one or two orders of magnitude
absorption image?= (I max—min)/!max IS ONly 2—4%(curves lower* than that in the standard absorption technique.
3and4). At the Same_ time, itis easy to see th_at a thrombu_s'lB. Swindel and S. Webb, iithe Physics of Medical Imagingdited by
almost unnoticeable in the preceding case, gives a very sig-S. Webb(Adam Hilger, Philadelphia, 1988p. 138.
nificant contrast in phase contrast imaging~ 50—-70%. V- N.Ingal and E. A. Beliaevskaya, Phys. Medit#(2), 75 (1996.

. . 3V. N. Ingal and E. A. Belyaevskaya, Zh. Tekh. F&7(1), 68 (1997
The outer and inner boundaries of the blood vessel and alsotech, physa2, 59 (1997).

the region of localization of the thrombus are also more*V. A. Bushuev, V. N. Ingal, and E. A. Belyaevskaya, Kristallografiyia
clearly visible 808 (1996 [Crystallogr. Rep41, 766(1996].

R . . 5V. A. Bushueyv, E. A. Beliaevskaya, and V. N. Ingal, Nuovo Cimento D
These possibilities for the detection of thrombus-like de- 19 513(1997.

posits on the walls of blood vessels by phase contrast imag-T- E- Gureyev and S. W. Wilkins, Nuovo Cimento I, 545 (1997).

. . tant i dicine for the di is of ath | V. N. Ingal and E. A. Beliaevskaya, Nuovo CimentolD, 553 (1997).

Ing are important in medicine for the diagnosis of atnerosCle-sy, y hgal and E. A. Beliaevskaya, Surf. Inves®, 441 (1997).

rosis, ischaemic disease, and insult. Moreover, the body iSv. A. Bushuev, V. N. Ingal, and E. A. Belyaevskaya, Kristallografi
not exposed to the risks of introducing a contrast substancg>86 (1998 [Crystaliogr. Rep43 538 (1998

. L . . °A. M. Afanas’ev and V. G. Kohn, Acta Crystallogr., Sect. A: Cryst. Phys.,
into the blood. If the incidence of thrombi can be detected in pifr Theor. Gen. Crystallogr27, 421 (1972.

the early stages of formation, it will be possible to avoid notllF._l\/_l. Khan, The Physics of Radiation Therapgnd ed.(Williams and
only the associated diseases but also surgical intervention. [tVikins, Baltimore, 1994, 351 pp.

is also important to note that the absorbed x-ray dose in th&ranslated by R. M. Durham
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Multiwell laser heterostructures fabricated by liquid-phase epitaxy
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A methodology has been developed for growing InGaAsP/InP multiwell laser heterostructures by
liquid-phase epitaxy. Depth profiling using a secondary ion mass spectrometer was used to
investigate the distribution profiles of the composition of multiwell laser heterostructures. Liquid-
phase epitaxy was used to fabricate InGaAsP/InP multiwell laser heterostructures with

active regions having emission wavelengths of 1.3 and frB%nd their radiative characteristics
were studied. ©1998 American Institute of Physids$1063-785(018)01011-9

Fundamental results in terms of improving the param-smaller cells. The essential feature of the proposed technical
eters of laser diodes using InGaAsP/InP solid solutions havapproach involves the formation of a multiwell heterostruc-
been achieved by utilizing the properties of InGaAs strainedure during a single pass of the substrate relative to the cells
epitaxial layers in laser heterostructures fabricated by MO%ontaining the fluxes, which gives a constant rate of dis-
hydride technology:? In these strained InGaAs layers, the placement of the substrate relative to all the cells and thus
band structure of the semiconductor changes as a result pfoduces quantum wells of the same thickness. The thick-
elastic deformation, reducing the Auger recombination andesses of epitaxial layers of different compositions are varied
optical absorption caused by transitions of holes to the spin-by varying the size of the cells containing the fluxes.
orbit split band® which can improve the radiative character- With due allowance for the requirements of the techno-
istics of laser diodes. logical process, we constructed a graphite cass€ite 1)

The successful development of a technique for liquid-which can be used to fabricate the multiwell heterostructure
phase epitaxy of thin layers of InGaAsP solid solutbbhas  whose band diagram is shown in Fig. 2. The depth distribu-
allowed this to be used to fabricate laser heterostructures. Fdion profile of the composition of the multiwell laser hetero-
laser heterostructures fabricated by liquid-phase epitaxgtructure was investigated by depth profiling using a CAM-
whose thickness and composition are less uniform, it is vitaECA IMS-4f secondary-ion mass spectrometer.
to maintain low internal optical losses as the cavity length  For the primary beam we used 10 ké¥Cs' ions with
increases. By using a multiwell active regiom the laser a kinetic energy of 5.5keV incident on the target at an angle
structure, it is possible to achieve an optimum combinatiorof 42° measured from the normal to the target. The 20 nA
of the properties of thin strained InGaAs layers and separatgrimary beam swept a 460400um crater on the target and
confinement heterostructures with low optical losses. the secondary ions were sampled from a central cratgmé0

Thus, the aim of the present study was to develop an diameter. lonizedkCs (x=Ga, In, As, B clusters were
technique for liquid-phase epitaxy of multiwell laser hetero-selected as the secondary ions, which substantially sup-
structures and to study their properties. pressed the matrix effect during quantitative analy§ihe

One of the methods of fabricating thin epitaxial layersion etching rate was determined by measuring the crater
by liquid-phase epitaxy was taken as the basis of the tectdepth using a DEKTAK mechanical profilometer.
nique for growing multiwell laser heterostructufe$he ba- A quantitative analysis was made using the relative sen-
sic idea involves reducing the time of contact between thesitivity factors RSEcsr/incst (X=In, Ga, As, B normalized
supercooled flux and the substrate by increasing the rate ¢6 the sensitivity factor for an InCscluster. The relative
displacement of the substrate relative to the fluxes usingtomic concentratiorCx (M) of speciesx for steady-state

/i

Rt

\
a
o
NN\
N

3 2

FIG. 1. Schematic of graphite cassette for liquid-phase epitaxy of multiwell laser heterostrutturefixed framework of cassett®, — movable slider,
3 — substrate4 — cells for fluxes of waveguide and emitter layers, &ne- cells for fluxes of quantum-well layers.
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140 We shall also assume that the condition for isoperiodic-
4 ity of the (In, Ga)(As, P) solid solutions in the laser hetero-

130 - structure imposes an additional relationship between the con-
> centrationsC,, andCp (Ref. 9:

K420 — c ~ 1.9378C;,~0.5162
] P 0.9676-0.1244C,,

4

110 — It can be seen that, when profiling an unstrained laser
4 structure containing an InP layer, the two conditig¢8sand
(4) allow this to be used as an internal standard, and by
measuring only the deviation of the currents of two analytic
clusters PCs and InCs, it is possible to estimate the depth
080 T T T T T T T T T T T T T T T distribution of all four atomic components.
0.0 0.5 1.0 15 20 The composition profile of an InGaAsP/InP laser hetero-
X, Jum structure in relative atomic concentrations, measured using
this technique, is shown in Fig. 3. The thickness of the epi-
FIG. 2. Schematic band diagram of multiwell laser heterostructure. taxial |ayers forming the quantum wells is 100_13OA and
the thickness of the intermediate layers is similar. The thick-
ness of the transition layers is of the order of 40—50 A, which
is close to the limiting values for epitaxial layers grown by
modified liquid-phase epitax§/Thus, it is difficult to obtain
I ves (M)/RSEcst/incst (M) thinner epitaxial layers of a few tens of angstrom by liquid-
Cx(M)= : (1) phase epitaxy.
2lyes (M)/RSRcstincst (M) The photoluminescence properties of these multiwell
wherex, y=In, Ga, As, P, and,c<- (M) records the current heterostructures were also investigated. Figure 4 shows pho-
of ionizedxCs" clusters. Then, for an InP matrix, assuming toluminescence spectra of different types of multiwell het-

1.00 —

sputtering of a matrix with composition M is given by

thatC,,= Cp=0.5, we have erostructures. In the first type of heterostructure the compo-
sition of the semiconducting solid solution in the quantum
Ipcs (INP) wells of the active region was the same. In the second type of

RSFcs mes+ (INP) = e (INP) @ heterostructure the band gap of the semiconducting solid so-

lution in the quantum wells differed bYE=15 meV. In the
Neglecting in a first approximation the dependence ofhird type of heterostructures two quantum wells were fabri-
the relative sensitivity factors on the matrix composition, wecated for whichEg differed by AE=30meV depending on
obtain the following relation for an M(In, Ga)(As, P) solid  the composition. The profile of the photoluminescence spec-
solution: tra suggests that quantum wells with different solid-phase
compositions are present.
Ce(M) — lpcs (M) lincs (INP) (3) The technigue developed to fabricate multiwell hetero-
CinM) 1 et (M) Tpeg (INP) structures by liquid-phase epitaxy was used to fabricate laser

Q a.u. ;
0.5

FIG. 3. SIMS profiles of the composition of an In—-Ga—
As—P multiwell photoluminescence heterostructude—-
etching depth

0 200 400 600 800
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design modification of a laser heterostructure with additional
heterojunctions inserted does not lead to increased internal
optical losses. Thus, this technique developed for liquid-
phase epitaxy of multilayer heterostructures can be used to
fabricate laser heterostructures with between two and four
wells.

To sum up, we have obtained the following results:

1. A technique has been developed to fabricate multiwell
InGaAsP/InP heterostructures by liquid-phase epitaxy.

2. Single-mode mesastripe InGaAsP/InP laser diodes
have been obtained with a multiwell active region.

The authors are grateful to T. N. Drokina, N. D.
I'inskaya, N. F. Kadoshchuk, and E. A. Kukhareva for as-
sistance with preparing the samples.
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structures.”
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The idea of a semiconductor electrical voltage converter with optical coupling between the
primary and secondary circuits is proposed. Despite its poor efficiency, this converter may prove
effective in various specific applications. €998 American Institute of Physics.
[S1063-785(108)01111-2

The idea of a semiconductor electrical voltage convertethat a cascade of series-connecpedn junctions has been
with optical coupling between the primary and secondaryused in high-voltage solar ceft€.In this case, the required
circuits is proposed. The primary circuit uses a semiconducasymmetry was achieved by means of metal joints between
tor light-emitting diode or laser, or arrays of these. The secthe p—n junctions. The use of these joints is equivalent to
ondary circuit comprises a cascade pf —i—n" diodes connecting the isolated photoelements in series and can yield
coupled vian*p* tunnel junctions in which only thé-  a fairly high voltage(hundreds of volf§. We note, however,
regions are illuminated. The voltage multiplication factor for that this type of integration produces additional opposing
this converter is~N, whereN is the number op*—i—n* Schottky barriers at the metal contacts, which lowers the
elements in the cascade. The converter output voltage mégperating efficiency of the cascade.
reach>1CP V with currently attainable degrees of integra-  Here we suggest using a cascadepof-i—n"-diodes
tion. The use of optical coupling allows the secondary angVith highly dopedn™ and p™ regions. When connected
primary circuits to be electrically decoupled and makes thghese diodes form low-resistivity "p™ tunnel contacts.
device capable of stepping up voltage over a wide range ofvhen thei regions are illuminated, the optlc_:al_ly generatgd
frequencyf = 0—100 MHz with a constant multiplication _electr(_)ns a_nd holes are separated by the built-in electr_lc field
factor. in thei-region and the total current flows from left to right,

The converter is shown schematically in Fig. 1. The pri-ToM n" top”, in the direction opposite to the applied volt-
mary circuit consists of a semiconductor light-emitting diode@98(Fig- 2b. But in the tunnel junctions the direction of the

or laser, or parallel arrays of these. The secondary circuili)u“t'in electric field is opposite to the field in theregion
compris1es a cascade of vertical p*—i—n*-diodes inte- and under illumination, and the current in these junction

grated onto a single crystal wafer and connected in serie%IOWS in the direction opposite that in thieegions, reducing

The primary and secondary circuits are coupled optically. th‘ .total outpu't voltage of the cascade. I+n orc.ier to ensure
. e efficient operation of the cascade, thé to p* regions must
The converter operates on the following principle. By

applying an input voltage to the light-emitting diode, we be protected from light by means of maskSg. 1). The

. . : ' . carriers generated in tHeregions are pulled by the electric
convert the electrical energy into optical energy, which is_ o4 . ; .

. ) . field to the p™n™ tunnel junctions and recombine there,
then absorbed in thei regions of the cascade of

p*—i—n"-diodes and converted back into electrical energy
at a higher voltage. The input voltadg needed to supply
the light-emitting diode is of the same order of magnitude as N
the band gaj4/e and is 1-10V depending on the semicon- AN
ductor used, and the output voltage will be of order ¢
N Eg/e. Thus, the voltage multiplication factd, for this '
device will be~N and at the currently attainable degrees of
integration>10° cm~ 2 may reachk,>1CF.

The key element in this converter is the secondary cir-
cuit, which consists of a voltage step-up cascade o
p"—i—nT"-diodes. An essential feature for the operation of
the cascade is the presencei-@égions which create asym-
metry relative to current reversal in the cascade. This asymrr
metry is necessary for the operation of a cascade of an
elements. Thus, for example, a simple series integration c:

p—n regions_ does. not step up the voltage in the cascadgig, 1. schematic diagram of convertér:— light source2 — substrate3
compared with an individual element. However, it is known— insulating films, such as SiQ and4 — mask.

R e e R N S O N A
A S S AN S A A A
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thereby closing the complete cascade circuit. The entire cas-
cade must be illuminated uniformly to achieve continuity of
the current.

The current—voltage characteristic neglecting carrier re-
combination in tha-regions and the resistivity of the tunnel
junctions has the form

J=S(unNo+ wpPo) (eg—€VIN)eXp( —&4/kT)
X X[exp(eVINKT)—1]/di{1—exd (eVIN—gg)/kT)]}
—e(Weg){{1+exd (eVIN—gq)/KT)]}/
{1-exd (eVIN—gg)/KT)]} —2kT/(eq—eVIN)},

pn’ dtda  d;

+E whereng andp, are the electron and hole concentrations in
the n- and p regions, u, and u, are the electron and hole
mobilities in thei-region,e is the band gag\ is the number
of elements in the cascad#, andS are the width and cross
sectional area of théregion, andW is the power of the
radiation incident on the cascade.

Figure 3 gives the calculated current—voltage character-
istic of a converter wittN=10° elements in a silicon cas-
cade. It can be seen that in principle, the converter can pro-
X duce high voltages up t0>810° V.

The speedr of the device is determined by the sum of

FIG. 2. Energy diagram of device witho(# and with illumination(b): E, the times,rl+ 2, whererl is the carrier separation time in

E,, andE, ar the conduction band, valence band, and Fermi level, respec;, _: : ; . . S
v g ’ ’ 3

tively; d;, d,, andd, are the width of natural region and highly dopet- a singlei region andr; is the tunneling and recombination

o A d )
and p*-regions, respectivelyy,, V,, andJ are the directions of average UME€ IN thep™n JunCt'on- Usuallyr, 'g‘ much greageg than
drift velocities of electrons and holes, and current through the structurer, and 7 can be estimated as=7,~el/uEy= 10 (678) g,

respectively. wherel is the size of theé-region, « is the carrier mobility in
the i-region, andg, is the band gap. Thus, the device can
step up voltage in the frequency ranfge 0—100 MHz with
a constant conversion factor.
The efficiency of a real converter is determined by the
product of the emitter efficiency, the efficiency of light ab-
sorption in the secondary circuit, and the efficiency of carrier

x10

FIG. 3. Current—voltage characteristic of ideal Si cas-
cade:1 — without irradiation,2 — with 1 kW irradia-
tion. Cascade parameters:N=10°, ny=pg
=10Pcm 3, d;=1um, S=10"8 cn?, T=300 K.

A

0.5[' a

-1 1 1 1
10 12

x10°
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separation in théregions. A preliminary analysis of various This work was partially supported by the Russian Fund
methods of implementing this device suggests an efficiencjor Fundamental ReseardPRroject No. 96—02—-17825%nd
of order 5%. One possible method involves using siliconby the Program “Physics of Solid-State Nanostructures”
films insulated from the substrate by SIMOX technology in(Project No. 1001
the secondary circuit and using light-blue GaN light-emitting
diodes to reduce the light absorption path.

Despite its low efficiency, this voltage converter may ig a. Andryushin and A. P. Silin, Usp. Fiz. Nadié1(8), 129(1993) [Sov.
have various specific applications, such as in physics experi-Phys. Usp34, 705(1991].
ments, portable high-voltage detectors for ionizing radiation,*A- P Landsman and D. S. Strebkov, Fiz. Tekh. Poluprovafri922
interference-free fiber-optic fuel ignition devices for rockets -270 [Sov Phys. Semicond, 1647(1970].
and aircraft, and also in electronic ignition devices for cars.Translated by R. M. Durham
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Influence of nonuniformity of the ion background on the oscillation frequency
of a virtual cathode

V. G. Anfinogentov and A. E. Khramov

“Kolledzh” State Educational-Scientific Center, Saratov State University
(Submitted May 12, 1998
Pis’'ma Zh. Tekh. Fiz24, 74—80(November 12, 1998

The oscillation frequency of a virtual cathode in a diode gap is investigated as a function of the
density of the anode ion layer. It is shown that when the densities of the ion layer are

high, a stable electron bunch forms in the flux, which leads to an increase in the oscillation
frequency. ©1998 American Institute of PhysidsS1063-785(108)01211-7

It has been established that the generation of electromaghe limiting casex,/L=1, n=1 (classical Pierce diodeve
netic oscillations in a virtual cathode devigeircator is  find a,= 7 (Ref. 10 andn=0— a,=4/3 (Ref. 9.
caused by two mechanisms, that is to say, oscillations of This system is of considerable interest in connection
electrons in the “cathode—virtual cathode” nonlinear poten-with the possibility of describing the flux dynamics in micro-
tial well and oscillations of the virtual cathode as a singlewave devices such as a plasma-anode vircatate note
entity1~* Suppression of the first mechanism as a result othat the approximation of a fixed ion background quite sat-
electrons reflected from the virtual cathode being transferre@sfactorily describes the effects taking place in this system
from the interaction space back to the injection pfahean
improve the quality of the spectrum and the efficiency of
conversion of the flux energy into microwave radiation in the 4.00 —
vircator. The frequency of the virtual cathode oscillations is

i — 12 {1/ GHz

determined by the plasma frequeney = (poe/Me€g) = of
the electron flux on entering the interaction spade’
wherep, is the unperturbed space charge density of the flux,
e andm, are the electron charge and mass, respectively, and
€0 is the dielectric constant. Kadish, Faehl, and Sngive
the following estimate of the virtual cathode oscillations as a
single entity:

1.93< (u/wp< 2.31.

It is conventionally assumed that the oscillation frequency of
a virtual cathode can only be varied by varying the frequency

w,, of the electron flux. 0.00 — n |

Here we consider a simple model of a virtual cathode— 0.00 1.00 2.00 3.00 4.00
diode system penetrated by a multienergy electron flux with
supercritical current. The grids confining the system are 4.00 o b — 2000
equipotential. Inside the system the density of the fixed ion OLS/TC | - P
background is distributed very nonuniformly, occupying a . L 1600
region near the injection plan@node plasma The control 3.00 * L
parameters of the system are the Pierce parameter . L 1200

L 2.00 e ° o _ F

a wpvo, i .. s o _ 800
which is proportional to the injected beam currerit éindv 100 L 400
are fixed, the ratio of the anode plasma dengityto the 1 -
space charge densipy of the electron bearm=p,/po, and 0.00 . | — . — 0
the thickness of the anode plasma layg(in this studyx, is 0.00 1.00 200 3.00 4.00
fixed andx,/L=0.25). HereL is the length of the interac- n

tion space and g is the unperturbed flux velocity. When . . . )

. FIG. 1. a — Oscillation frequency versus ion layer densitfor various
a>ag, holds, the single-flux state of the flux becomes Un-peam currentsy: 1 — @=0.75, 2 — @=1.20,3 — a=1.75.4 — a
stable with respect to small perturbations of the charge den=2.13,5 — «=2.25: b —effective value of Pierce parametey (®) and
sity and a virtual cathode forms in the syst&Mote that in  space charge densip(n) (O) versus ion layer density.

1063-7850/98/24(11)/3/$15.00 860 © 1998 American Institute of Physics
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FIG. 2. Oscillations of maximum space charge density
in drift space, power spectrum of electric field oscilla-
tions, and space—time diagram of electron flux for con-

b ditions with low ion layer density=0.25(a) and high

1240.00 0.00 a0 600 9.0 ion layer densityn=2.5 (b) for «=1.375.
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since the ion mass i8;,>m,. The nuclear mass of hydro- we observe an increase in the oscillation frequency sisce
gen, for example, is=1800m, so that the time over which increases with increasing (we assume that, and L are
the ion concentration becomes significantly perturbed isonstank
fairly long, amounting to approximately 150—-200 periods of =~ When the density of the ion background reaches a cer-
the virtual cathode oscillations, which is greater than the curtain valuen.(«), the oscillation frequency shows an ap-
rent pulse duration. It is difficult to obtain an analytic de- proximately twofold jump compared with the frequency in a
scription of the nonsteady-state processes in this system bdiode with the same current amd=0. It can be seen from
cause of the detours and reflections of the charged particleBjg. 1a that as the frequency increases, the critical dengity
and so we used a particle simulation to analyze théncreases withe. Note that at high beam currents the system
processe¥’ goes over to stochastic oscillations with a continuous spec-
Figure la gives the oscillation frequency of the systemtrum asa increases. For smadt the system is transferred to
as a function of the plasma density parametdor various a state of complete transmission with a highly nonuniform
values of the beam curreni. It can be seen that at low charge density distribution.
anode plasma densities the oscillation frequency varies very This increase in the oscillation frequency in the flux may
negligibly. This variation is caused by a change in the effeche explained by analyzing the physical processes in the in-
tive value of the flux plasma frequenay, as the density of teraction space. In the first regime with a low base frequency
the anode plasma increases. As the beam cusrémtreases, in the spectrum, i.en<n.(«), the flux has only one elec-
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tron bunch or virtual cathode and the dynamics of the system To sum up, when a highly nonuniform ion background is

differs little from the case whem=0 (see Ref. 1B The presentin a system with a virtual cathode, a secondary elec-

oscillation frequency of the virtual cathode is determined bytron bunch forms, promoting the buildup of space charge

the plasma frequency, and the motion in the system is near the virtual cathode. This strongly influences the growth

nearly regularFig. 23. rate of the electrostatic instability which determines the for-
The situation changes drastically when the density of thenation of the virtual cathode, so that the oscillation fre-

anode ion layer is high. In this case, as a result of the highlguency of the system can increase.

nonuniform plasma filling of the region<Ox<x,, we ob- This work was supported by the Russian Fund for Fun-

serve a buildup of particles frozen near the virtual cathode. Alamental Research, Grant No. 98—02-16541.

stable, continuously existing, fairly high-density bunch

forms in the flux which can be clearly identified on the | _

space—time diagrartFig. 2b. This bunch is formed of par- ngg Davis, R. R. Bartch, T. J. T. Kwasat al, Phys. Rev. Lett62, 75

ticles which remain in the interaction space for several peri-2 N pidenko, Dokl. Akad. Nauk SSSR21 727 (1993 [Sov. Phys.

ods of the virtual cathode oscillations and then quit the in- Dokl. 36, 844 (1991)].

teraction space. Figure 1b shows the increase in the timeiT. J. T. Kwan and L. E. Thode, Phys. Fluiég, 1570(1984.

. . 4S. C. Burkhart, R. D. Scarpetti, and R. L. Lundberg, J. Appl. PB$s28
averaged space charge densjtyin the diode gap as a  (jgg5 P g ppl. Pogs

function ofn. It can be seen that as the density of the anodesH. A. Davis, R. R. Bartsch, T. J. T. Kwaet al, IEEE Trans. Plasma Sci.

plasma layer increases, the charge accumulated in the inter6, 192(1988. _ _

action space fom>2.25 is approximately twice that for A. N. Didenko, and V. I. Rashchikov, Fiz. Plazmy, 1182(1992 [Sov.
L ) . . J. Plasma Phy<8, 616(1992].

n=0. The oscillation frequency in the flux with a virtual 7 yjn w. Chin' W. Liuet a?_,]J_ Appl. Phys68, 2038(1990.

cathode is determined by the growth rate of the electrostati€A. Kadish, R. J. Faehl, and C. M. Snell, Phys. Fluig 4192 (1986.

instability, which in turn depends on the effective Pierce pa-°High Power Microwave Sourcesedited by V. L. Granatstein and

rameteras. An increase inxg increases the oscillation fre- 103‘ AF!;Xrﬁg (JArtAe;; H;#;;g Bgf;%iiamhap' 13

quency of the_ virtual cathode. We calculated the para_lmefcenvl D. Selemir, B. V. Alekhin, V. E. Vatruniret al,, Fiz. Plazmy20, 689

ag near the virtual cathode and the results are plotted in Fig. (1994 [Plasma Phys. Re[20, 621(1994].

1b. For lown we find as=a, although an increase mleads 12C, K. Birdsall and A. B. LangdorRlasma Physics via Computer Simula-

. . i ion (McGraw-Hill, New York, 1985; B izdat, M 1
to an increase ims. The curveas(n) reveals a steeper jump o0 I(Op;:GraW il New York, 1985; Bergoatomizdat, Moscow, 1989,

at n~2-2.5 compared witlp(n). This is because as the V. G. Anfinogentov, inProceedings of the Fifth International Specialist
space Charge density increases7 the flux is slowed more SubWOI’kShOp on Nonlinear Dynamics of Electronic Systems, NDES'97
stantially near the virtual cathode and thus the parameter™°SeoW: 1997, p. 284.

ag~p/(v), increases. Translated by R. M. Durham



TECHNICAL PHYSICS LETTERS VOLUME 24, NUMBER 11 NOVEMBER 1998

In situ examination of the chemical etching of SiO  ,—Si structures using an atomic
force microscope
A. A. Bukharaev, A. A. Bukharaeva, N. |. Nurgazizov, and D. V. Ovchinnikov

E. K. Zavaskir Physical-Technical Institute, Kazan Science Center, Russian Academy of Sciences
(Submitted May 7, 1998
Pis'ma Zh. Tekh. Fiz24, 81-86(November 12, 1998

First results are reported @i situ visualization of the chemical etching of Fon implanted

SiO,—Si structures in an aqueous HF solution using an atomic force microscope. The rateg of SiO
etching were determined and the kinetics of the photostimulated chemical etching of Si

were investigated. €1998 American Institute of Physid$$1063-785(18)01311-]

An atomic force microscopéAFM) can be used for di- of the main technological processes in microelectronics.
rect measurements in a liqutdThis opens up fundamentally We developed a cell for operation in an HF solution
new possibilities for studying physicochemical processes at asing an atomic force microscope consisting of a P4-SPM-
liquid—solid interface. By systematically obtaining situ ~ MDT probe microscope with a 2615 xm scanning field. In
images of the same section of a surface, we can observe thigis cell the microprobgcantilevej of the microscope is
transformation of a solid surface during etching or dissolu-completely immersed in the liquid which covers the surface
tion in real time. of the sample. The liquid is situated between the sample and

Here we use this method for the first time to makeran quartz glass with a thin transparent film which prevents the
situ study of the etching of Si©>- Si structures in an aqueous glass from being damaged by the acid. The aqueous solu-
HF solution, which is of particular interest since this is onetions contained HF concentrations between 0.1 and 3%,

FIG. 1. Etching of SiQ in aqueous HF solution: time
from beginning of etching in 0.25% solution —(4),
25 (b), 45 (c), and 75 min(d); scale of AFM images,
Y: 1 um, Z: 0.1 um; e — kinetics of etching of initial
(1, 2) and implanted3, 4) SiO, in 0.25% (1, 3) and
1004 2@ 0.5% HF solution(2, 4) (h — step heightt — etching

p time).

3 .
A
AAAAANALALABAA. o

0O 20 40 6 80
Z, min
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FIG. 2. Photostimulated etching &Si in 0.5%
aqueous HF solution: time from beginning of etch-
ing — 2 (a), 7 (b), 13 (c), and 23 min(d); scale of
AFM imagesX, Y: 1 um, Z: 0.1 um; e — etching
kinetics ofaSi on exposure to light of different in-
tensity (1, 2) and without light(3).

which barely damaged the tip of the;Si, cantilever. The height could be determined by recording only a few profiles
vertical deflection of the microscope cantilever was recordedcross the structure so that the time taken for a single mea-
from the deflection of a semiconductor laser be@®m0nm, surement did not exceed a few seconds. Curves 1 and 2 in
1 mW) reflected from the cantilever arfBy positioning the ~ Fig. 1e show that the rate of etching of unimplanted S
laser beam at the end of the arm where the cantilever tip i8lmost constant, being 1.6 and 2.8 nm/min, respectively, for
located, we can ensure that some of the laser radiation e 0.25% and 0.5% HF solution.
incident on the scanned section of surface. For the samples implanted with" Rons (curves3 and4

The samples were cut from anSi(100 wafer with re-  in Fig. 16, the rate of SiQ etching was initially more than
sistivity 4.50Q-cm on which a structure with a period of three times higher than that for the unirradiated sample. Af-
3 um was formed by photolithography, consisting of sepa-ter the SiQ thickness had decreased to 20—40 nm, the rate of
rate SiQ stripes 0.1um high and 1.5um wide distributed etching was appreciably lower. This behavior is attributable
over the Si. The samples were bombarded with 40kéV P to the distribution of radiation defects in the implanted
ions in an ILU-3 ion accelerator at a dose ofins/cnt,  layer? whose maximum depth of occurrence is determined
which exceeds the amorphization threshold of silicon. by the maximum projected range of thé Rons in SiQ

Figures 1a—1e show AFM images of the same section ofapproximately 70 nm for our cade All these data were
an initial unimplanted structure with protruding Si®tripes,  obtained when the laser radiation of the microscope vertical
obtained systematically at different times from the beginningdisplacement detector was not incident on the scanned part
of etching in a 0.25% HF solution. This series of imagesof the sample.
clearly shows that the SiOprotrusions disappear almost After the SiQ etching process had been completed, the
completely with time. The absence of any step at thesurface of the implanted sample was almost pldfag. 29
SiO,—Si interface at the end of the experiment confirms theand consisted of periodically distributed regions of crystal-
well-known fact that an aqueous HF solution barely dis-line (cSi) and amorphous silicoraSi). ThecSi sections are
solves the surface of crystalline silicdThis allowed us to located at the sites of the etched $i€tripes which pre-
measure the absolute height of the Si@otrusion during the vented the P ions from entering the silicon, and are inter-
etching process to within 2nm and thus obtain data on thepersed withaSi regions amorphized by implantation. It is
SiO, etching kinetics, which are plotted in Fig. 1le. The stepknowrt that unlike cSi, aSi dissolves in HF, although the
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sample would need to be held for several days in a 3% HFprocess were more complex since the photostimulated etch-

solution to obtain 90 nm deep groov€d0 nm is theaSi ing of cSi was also accompanied by dissolution of Si0he

thickness at the doses and implantation energies®uskd AFM images showed that after the silicon has been exposed

was found that if the laser radiation acts on the scannetb light for 50 min(after the SiQ had completely dissolved

section of the sample during etching, th8i is etched many a porous structure forms with a highly developed microrelief.

times faster(Fig. 28. Moreover, as a result of the nonuni- To sum up, the proposed method can be used to study

form distribution of the laser radiation intensity, the growth the kinetics of chemical etching processes in real time and to

rate of the steps at theSi—aSi interface differs in different observe the transformation of the surface of multiphase

parts of the scanning field. The curves plotted in Fig. 2e arstructures induced by ion and laser irradiation.

in fact a continuation of curve 4 in Fig. 1, where curves 1  This work was supported by the Russian Fund for Fun-

and 2 were obtained when the surface was exposed to ligllamental ResearctiGrant No. 98—03—-32753and by the

of different intensity and curve 3 was obtained without illu- programs “Physics of Solid-State Nanostructure@3rant

mination. Judging by the profile of curves 1 and 2 and theNo. 96—1034 and “Promising Technologies and Devices in

height of the relief, we postulate that the change in the rate oMicroelectronics and Nanoelectronics” (Grant  No.

aSi etching under the action of lighrelative tocSi) is  02.04.143.

caused by the distribution of implantéatoms in the sili-

con. Figures 2b and 2c show that on exposure to lig§t,is

etched nonuniformly with the formation of a porous struc- 1g prake, C. B. Prater, A. L. Weisenhoen al, Science?43 1586(1988.

ture. 2A. A. Bukharaev, D. V. Ovchinnikov, and A. A. Bukharaeva, Zavod.
In ex situcontrol experiments using LG-78 He—Ne laser Labor. No. 5, 10(1999. _ ,

radiation(2 mW, 633 nn), photostimulated etching @Si in gé?il\gaglgv, T- M. Makhviladze, and A. V. Rakov, Mikroelektronikeb,

a 0.5% HF solution with the formation of 90 nm high steps 4k. a. valiev, v. A. Danilov, K. A. Drakin et al, Mikroelektronika11,

occurred within 6 min at a laser power density of 0.3 Wicm  323(1982.

Similar experiments involving laser irradiation of unim- °H. Rysseland I. Rugéon Implantation(Wiley, New York, 1986; Nauka,

planted SiQ—Si structures showed that light also stimulates Moscow, 1983, 360 pp.

chemical etching o€Si. Thein situ measured kinetics of this Translated by R. M. Durham
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Investigation of the nature of low-frequency fluctuations of the field emission current
using a two-dimensional distribution function *

S. S. Gots, R. R. Gallyamov, and R. Z. Bakhtizin

Bashkir State University, Ufa
(Submitted April 27, 1998
Pis’'ma Zh. Tekh. Fiz24, 87—93(November 12, 1998

A two-dimensional distribution function in the frequency range 0.03—1 Hz was used to
investigate the statistical characteristics of the fluctuations of the field emission current from
single crystals of tungsten ampltype silicon. In order to determine the type of nonlinearity
predominating in the low-frequency noise of the emission current, calculations were made

of the two-dimensional distribution function for a Gaussian random process subjected to a given
type of nonlinear transformation and the profiles of the experimental two-dimensional
distribution functions were compared with dependences obtained by numerical methods. It was
established that fluctuations of the effective emitting surface of the cathode, the barrier
transmission, the work function, and of the electric field strength near the emitter surface may
act as primary sources of low-frequency noise in the field emission current.

© 1998 American Institute of PhysidsS1063-785(108)01411-§

One of the undesirable effects accompanying field emisi/f noise of the field emission current using graphs of a
sion is the variability of the emission parameters of field-two-dimensional distribution function, we observed charac-
emission cathodes. The main contribution to the instability oferistic sections associated with a nonlinear transformation of
the emission current is made by the low- and ultralow-the primary Gaussian noiSé. This indicates that a two-
frequency components of the noise, whose mechanism hafimensional distribution function is sensitive to the nature of
not yet been fully clarified. the nonlinear processes in field emitters.

An analySiS of studies of the nature off Ioise in field Here we use numerical methods of measuring the two-
emission devices published so far suggests that the primagimensional distribution function, which for one-
sources of 1/ noise include fluctuations of the following yimensional processes are, by definition, the combined prob-

physical quantities: the work function, electric field strengthabi”ty densityW/[i(t),i(t— 7)] of two argumenté:the noise
near the cathode surface, transmission of the potential baE‘urrenti(t) and the noise current delayed by timei(t

rier, effective surface area of the emitter, or the number of _ 7). The sampling size was 1010 measurements. A
emission centers. All these parameters of the emission propyg, 158 matrix was used to map the distribution function.
cess are taken into account gnalytically in the form qf arguy, the modeling process the primadycorrelated noise sig-
ments of the Fowler—Nordheim equatibmyhich describes nal with Gaussian statistics was formed by summing random
Hbmbers with equally probable statistics obtained using a
random number generator. To test the combined instrumental
and program system, we made measurements for a Gaussian
(1) random process obtained using a G2-57 noise generator.
During studies of 1/ noise in field emission devices, we
observed three types of fluctuations: quasicontinuous, single

specific nonlinear dependence which differs from the otherd?U!Ses against a continuous noise background, and packets of
Thus, in order to determine the sources dfridise, it would ~PUlses. We showeédhat pulse fluctuations lead to the so-

be advisable to use methods which could identify the natur&@lled multitude type of two-dimensional distribution func-
of the electrical nonlinearity of the noise. The constructive-tion, whereas continuous fluctuations correspond to a unitary
ness of this approach may at first glance seem illusory, sinci/Pe of distribution.

an investigation of the nature of the nonlinearity is no less  The results of measurements of the distribution of the
involved that studying the nature of thef Hoise itself. Suf- emission current fluctuations fromrtype silicon (Fig. 1a

fice it to say that the use of conventional speétrmahd and tungster(Fig. 10 show that the unitary type of two-
correlatiorf methods of analysis for i/noise does not give dimensional distribution function exhibits characteristic de-

the desired result. viations from a normal distribution law, in the form of asym-
A key direction in solving the problem of fi/noise  metry relative to the peak, which shows up as regions of
could involve using a multidimensional statistical analysis,nonzero probability in the direction of increasing arguments
which would provide a more comprehensive description ofand localized along the coordinate axes. Unlike/pe sili-
fluctuation processésin earlier studies of the statistics of con (Fig. 18, the regions of nonzero values of the two-

density and the quantitids, ¢, a, andb:

b(P3/2

j(F,go,a,b)=aF2ex;{ -

Each of the arguments, ¢, a, andb of Eq. (1) expresses a

1063-7850/98/24(11)/3/$15.00 866 © 1998 American Institute of Physics
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FIG. 1. Experimentally determined two-dimensional distri-
bution functions of low-frequency fluctuations of the field
Walt), 1(t—v)) “ b emission currenta — for p-type silicon b — for tungsten.

o

dimensional distribution function for a tungsten single crys-
tal are more extended but narrowéfig. 1b), which we  fluctuationsF(t) andH(¢) of the work function fluctuations
attributed previously to the appearance of nonlinear effects.¢(t), it was necessary to use the sum of linear and exponen-
For the simulation we used the dependefibeas the most tial dependences
natural form of the nonlinear transformation of primary
Gaussian noise for metal and semiconducting field emitters. = F<0
Note that the nonlinear dependence féa,b,F,¢) is only ' '
preserved for the last three arguments, although it was im- H(F)= F+aF2 ;{_ CO”STQ) F~0- (©)
portant to ensure continuity of the functiéh(X(t)), which X ' '
describes the nonlinear transformation of the fluctuation pro-
cessX(t). This situation arose because in order to obtain a
function with a particular profile, it was necessary to use two
regions of variation of the argument and two analytic func- o%? (4)
tions which determine the form & (X(t)). <p+aexp{ B constz) ¢=0.
For the fluctuating parametérthe functionH(b) con-
sisted of a linear function set which changes to exponentlal[:rom the point of view of the physical mechanism for the
b b<0 occurrence of the fluctuations, the difference between the
' ' forms of Eqgs.(3) and (4) compared with Eq(2) may be
F< b J) (2)  explained by the fact that the fluctuatioRi§t) and ¢(t) are
exp ——| -1 b>0. . - L
const ' local, whereas the fluctuations of the barrier transmission
b(t) embrace to the complete emitting surface of the cath-
For the nonlinear transformatioi$(F) of the electric field ode. Thus, the equivalent electrical circui8 and(4) com-

H(b)=
( ) const IX
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FIG. 2. Two-dimensional distribution functions calculated
numerically for a system with different Fowler—Nordheim
nonlinear transfer characteristieig X(t) ] for a normal type
of primary fluctuation processa — using the nonlinear
characteristicsH(F) for the fluctuations of the field

W({L), Ut-1) P b strengthF; b — using the nonlinear characteriski€ ¢) for
N £ the fluctuations of the work functiop.
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prise a parallel-connected linear resistatmaresponding to  “Surface Atomic Structures” of the Ministry of Science and
the nonfluctuating part of the emitter at a given im@d a  Technology of the Russian FederatigRroject No. 96—
nonlinear resistanceéts fluctuating pait 2.27).

Figure 2 gives the results of calculations of the two-
dimensional distribution function obtained for nonlinearity
of type (3) and (4), respectively, and a comparison shows
that they agree to within statistical error. A similar two-
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and tungsterib). Thus, any of the nonlinear dependences can Noise in Physical Systems and 1/f Fluctuatiodinius, 1996, p. 263.
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Analytic model of the current—voltage characteristic of a small probe in a magnetic field
V. A. Rozhanskii and A. A. Ushakov
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An analytic model is proposed for a small wall prolsehose dimensions perpendicular to the
magnetic field are smaller than the ion Larmor raflinsa completely ionized plasma.

The structure of the current collection regions is described and an analytic expression is obtained
for the current—voltage characteristic of the probe. It is shown that a model with a classical
diffusion coefficient gives results close to the experimental values19@8 American Institute of
Physics[S1063-785(18)01511-0

1. INTRODUCTION (see also Ref.)2 Similar ideas are also discussed in Ref. 5.
When the probe is positively charged, it collects electrons

Electrostatic probes are widely used to determine the d the ol density is reduced i linsoidal h
plasma parameters in nuclear fusion facilities. Nevertheles&Nd th€ plasma densily IS reduced in an elipsoldal zone nav-

the theory of a probe in a magnetic field is still far from Ihg characteristic di.me.nsiorasandl“.perpen.dicular and par-
completion. Despite nhumerous theoretical and experiment !Iel tq the magnetic field, respectlvgly. Smcel the probe ra-
studies, various questions still have not been answered, su usais smaller than.the Larmor radius O.f the lons, they can
as the absence of saturation of the ion and electron branchg},ove freely perpendicular to the ma'gnet|c field substantlally
of the current—voltage characteristic, the dependence of tht%ISter than the .elec'Fronls. Thus, the lons .ShOUId be trapped in
current on voltage in the transition section of the probe charJE e electron e_II|p30|d, Le., the ‘?'ec”'c field should be l:_ual-_
acteristic, and the relatively low ratio of the saturation elec-anc_ed _by the lon pressure g_rad|ent, and a Boltzmann distri-
tron and ion currents compared witm(/m,)*2 Here we bution is established for the ions
propose an analytic model which describes the electron T, n
branch of the current—voltage characteristic of a small probe ¢~ ™ 5 |“n_0 T, @
in a completely ionized plasma in a magnetic field. We as-
sume that the transverse dimension of the probe is smalld¥here¢; is the plasma potential. The electron flux density
than the ion Larmor radiug,; (the opposite case of a large I'e=nu, can be obtained from the force balance equation
probe was considered in Ref) fut larger than the electron —Vp+enve—enux B+ Ry =0, 2
Larmor radiusp... We show that the saturation electron _ o
current is given by the Bohm formula with a classical trans-Whe_re R.i is the frictional force between the electrons and
verse diffusion coefficient. The results of calculations usinge ions:
the proposed analytic formula for the transition section of the  R_.= —knmu oi(us—u;). (3)
current—voltage characteristic agree with the results of nu- ] o
merical modeling by SanmartfThe fact that no saturation 1h€ numerical coefficient has values 0.51 andk=1.0 par-
of the electron-branch current is observed experimentally caflle!l @nd perpendicular to the magnetic field, respectively.
be attributed to an increase in the thickness of the spacg™m Eds.(1)—(3) we obtain expressions for the density of
charge layer near the probe. The analytic model shows redhe longitudinal electron fluX'g; and the transverse electron
sonable agreement with the experimental results obtained Jix ey :
the TdeV tokamaR. on
FeH:FiH_D:”E’ I =—De Vyn, (4)
2. MODEL
_ whereDg=(T.+T;)/(0.5Ime) is the effective longitudi-
We shall analyze a homogeneous plasma of demgjty g coefficient of electron  diffusion, De, =(Te
and temperatur@ =T;=T in a magnetic field. For sim- | 1), ./(m,0?) is the classical transverse coefficient of
plicity, we initially g:on_3|der the case qf cylindrical Symmetry gjectron diffusion, andw., is the electron cyclotron fre-
when the magnetic field is perpendicular to a circular wallyyency. The effective longitudinal coefficient of electron dif-
probe of radiusa (Fig. 1). (The case of an inclined magnetic fsjon is inversely proportional to the plasma density
field will be considered subsequently in similar fashioA  \yhereas the transverse diffusion coefficient is directly pro-

positive voltage is applied to the probe relative to the SUrportional ton. Substituting Eq(4) into the equation of con-

rounding walls. The wall potential is taken to be zero and thg;jnyity for the electronV - T',=0, we obtain
probe potential will be denoted hy,, .

When the plasma is completely ionized, we can adopt an Ei (9_” +i D* (9_n_r_ o 5
approach similar to that used for a weakly ionized pladsma roor &L or az\ el 9z i) == ®)

1063-7850/98/24(11)/4/$15.00 869 © 1998 American Institute of Physics
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4z, B correspond to the Boltzmann distribution for the electrons
and should therefore decrease on approaching the probe. The
X electron flux to the probe can be expressed in terms of the
3 potential differencep™ — ¢,

[ T, *—
Fg=n* Zame ex;{ — e((pT—e%)> . 9)

Then, substituting the maximum of the potentidl (8) into
Eq. (9), we obtain

1 T, (n*\ T. (n* Te
——Inl—|——=In| =—\/5—
e e Ly V2mm,
Most of the electron currerlt, to the probe is collected far
from the probe where the plasma density is weakly per-

5 7' |<-2a ->| turbed. Thus, the nonlinear equati@® may be replaced by

the corresponding linear orieaplace equation

=pp—¢t. (10

FIG. 1. Structure of electron and ion current collection regidns: probe,
: i : - i 1 9( an\ DX(ng) én
2 — wall, 3 — electron collection region, ardl— ion collection region. ( ) e|\''o _

—_— — r_
ror Dei(No) 922

e (11

Neglecting the divergence of the longitudinal ion flux, which The problem may be solved analytically by imposing the
is permissible outside the ion collection zone at distancegoundary conditom=n* at the surface of the prohghus

from the probe greater thas,;, we obtain neglecting the longitudinal dimension of the ion ellipsoid
19/ nan w2, 7 (ngon| compqred Wlth'the' Iongltudlnal dimension of the electron
——lr—=—|+—=——— ——|=0. (6)  ellipsoid). In this linearized case, the electron curregt
Far\ No dr/  0.5Wg(ng) 92\ N 9z should be a linear function of the plasma density at the

Equation(6) is similar to that solved numerically in Ref. 2 layer boundary

and yields an expression for the characteristic longitudinal N N
dimension of the electron ellipsoid n =1— w (12)
n sal
IH=a(wce/vei). (7) ° Ie
If the electron current to the probe is lower than theWe shall assume that the ion current to a positively charged
saturation electron current, the longitudinal potential profileProbe corresponds to the Bohm current with the plasma den-
in the plasma should be nonmonototfiég. 2). This effectis Sty N*: 1, =en*cSyope=1{N*/Ny, where co=((Te
known as “overlap.?4 In most of the electron ellipsoid the + Ti)/m;)*?is the ion acoustic velocity arBlpeis the pro-
potential profile corresponds to a Boltzmann distribution forjective area of the probe parallel to the magnetic field. The
the ions(1). The potential in this region increases from the €lectron current to the probe ig=el'¢Syone. The satura-
plasma potentiap; at infinity to its maximume*, which is  tion electron currentff“is calculated by solving the Laplace
related to the plasma density at this point equation(11) with zero boundary conditions at the probe
. . surface, similar to the case of a weakly ionized plaSma:
e*=—(Tile)In(n*/ng)+ ;. (8)

Near the probe, however, there must be a region where the o =k2mengyDjDe C=k2.8mengpicsC,
electrons are trapped, since their flux must be less than ther-

mal. Consequently, in this region the potential profile should Pci=Csl @i - (13
The nonlinearity of the initial equatio(®) is taken into ac-
(0] count by introducing a coefficiektof order unity. The func-
tion C is a geometric factor determined by the size and shape
‘ (p*, n* of the probe and corresponds to the capacitance of a conduc-
' tor of the same shape as the probe but whose longitudinal
?, : dimension is D3 /D, )"? times shorter. For the most inter-
! ¢, N, esting cases the value @fcan be obtained analytically. For
1{2 ! 3 a disk probe of radius the coefficient isC=2a/7. When
: the magnetic field forms an angte with the wall, the col-
0 ! 1 4 lection of the current is determined by the projection of the
I probe parallel to the magnetic field. For a disk probe this
FIG. 2. Potential distribution parallel to magnetic field— probe,2 —  Projection is an ellipse with the semiaxasandb=asina.

space charge layer, arid— electron collection region. The corresponding value @ is
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FIG. 3. Electron current at problk, versus applied potentiap, (¢,=0 . . . .
when the probe potential is equal to the wall potehfiat various magnetic FIG. 4. Comparison between the experimental probe characteristic obtained

fields. Results of the numerical model of Sanmartidashed curvdsare for the TdeV tokamaKdashed curveand results of an analytic solution of

compared with those obtained by an analytic solution of the proposed moddf'® Proposed mode(l5), (16) (solid curve. The dot-dash line gives the
(15) (solid curves. maximum attainable electron currell’gi“.

(15 where the temperature was selected so that the experi-

a 2 d(lD !
C=——r—=—, K= J —. (19 mental and theoretical curves agreed over most of the tran-
K(V1-b%/a% 0 \1-&sie sition section. The plasma density was recalculated from the

An expression for the transition section of the current—Saturation ion current for the temperature thus obtained. Our
e . - i - - 8m—3
voltage characteristic is obtained by substituting Erg) ~ method givesT=24 eV andn=4.0x10*m~2. The corre-

into Eq. (10) sponding saturation electron current =27 mA.
) The proposed simple model can be refined by taking into
1- le) €NoSprobe | T account the following factors.

52t le 27wm, 1. For probe potentials substantially higher than the
plasma potential the electrons is the layer may no longer be

|iO 2 e(@r— @p) trapped. Thus, Eq9) is no longer valid and should be re-
=|1- [t D(T) (15  placed by the condition that the electron flux is equal to the

e

thermal flux. Consequently, expressi@tb) for the electron

In Fig. 3 the probe characteristics obtained from @) are  branch of the current—voltage characteristic only holds for
compared with a numerical solution of the nonlinearcurrents lower thanl'™=|S3(1+(132-1%)/1])<15® (1]
problent for the casea=b. (Since an isolated probe rather =SprobE MoV Te/2mmg). At high applied potentials the elec-
than a wall probe is considered in Ref. 2, the saturation curtron currentl . is simply equal td M For plasma and probe
rent15® given by Eq.(13) should be doubled We show that ~ parameters for which!™ is substantially less thalf®, the
good agreement is achieved for a numerical coefficlent saturation electron current is reduced accordingly as a result

=0.7 over a wide range of magnetic field. of this effect. The maximum attainable electron currt{'ﬁ}
For a magnetic field almost parallel to the wall€1), s also plotted in Fig. 4dot-dash curve
expression(13) can be simplified K=0.7) 2. For high positive probe potentials the thickness of the
space charge layed depends on the potential drop in the
158 2 e ngpeiCe a Iayerd~rd(e¢p/_T)3’4. The effective collecting area of the
K(J1-b?%a?) probe therefore increased:or the casex<<1, for instance,
for high probe potentials the minor semiaxis of the ellipse
~enpec 2ma (16) should be taken to be rather tharb). This effects leads to
508 a2 sina) the absence of saturation of the electron curtgfiand1i™ .

Figure 4 shows the electron branch of the current—
voltage charapterlstlc calculated using 'EC{B'S) gnd (16?, 3. CONCLUSIONS
and the experimental probe characteristic obtained using the
TdeV tokamak® This experiment has the parameteBs An analytic model has been proposed for a wall probe
=14T, «=3°, a=0.95mm, the temperature calculated having dimensions perpendicular to the magnetic field much
from the exponential section 2" 27 eV, and the plasma smaller than the ion Larmor radius. We have shown that a
density obtained from the saturation ion currei®®=3.6  model with a classical diffusion coefficient gives results
% 10"¥m™3. The solid curve in Fig. 4 was obtained from Eq. close to the experimental ones.
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Optical excitation of surface waves and photopiezoelectric resonance
in a photorefractive crystal
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Resonant optical excitation of surface waves of a photorefractive ciygE) was observed for

the first time when a hologram was recorded by an oscillating interference pattern. The
vibrations of the surface relief observed are caused by oscillation of the space charge field and
the inverse piezoelectric effect. @998 American Institute of Physics.

[S1063-785(108)01611-5

Photorefractive crystals exhibit both electrooptic and pi'Asz= /,]Ag , where\/7 is the diffraction efficiency, i.e As,
e;oelgctric effects..Thus, holograp.hic- recording ir? these meg the phase conjugate &f.
dia with the formation of an electric field grating is accom- When the photodetector was positioned ®)8 or
panied not only by variations of the refractive index but also(@)4, the two-wave mixing signal and the phase-conjugate
by deformations in the sample. As a result, if the crystal ispeam were recorded, respectively, but in a transmission ge-
suitably cut, a periodic surface relief appears, which may bemetry, i.e., as a result of diffraction at the refractive index
regarded as a reflection hologram, since the surface displacgrating. Figure 2 gives the output signals as a function of the
ments in the linear approximation should be linearly relatednodulation frequency)/27 for the phase-conjugate beams
to the interference pattern of the light incident on the crystalin transmission geometry, and reflection geometrls,. The
This type of hologram was observed experimentally for thedependence of these signals on the external Eglt cubic.
first time in a photorefractive crystal under static conditions ~ To make a quantitative theoretical analysis, we need to
in Bi;,TiO4 (Ref. 1) and a theoretical analysis of the surfaceanalyze the so-called Kukhtarev equatidnshich describe
relief for uniaxial crystals was made in Refs. 2 and 3.the formation of an electric charge and field grating in a
Stepanowet al* used two-wave mixing for the first time to photorefractive crystal and the elastodynamics equdtialks
record the diffraction of light from this type of hologram in lowing for the contribution of the piezoelectric effect. Here
Bi;,SiO, with two coherent beams used for recording, onewe shall confine ourselves to a qualitative interpretation of
of which was periodically phase-modulated. the results.

Here we also recorded a ho]ogram when one of the Itis kr'IOWn7 that the amplitude of an electric field grating
beams was phase-modulated, but in addition to recording th@r & hologram recorded by the drift mechanism involving a
two-wave mixing involving the first negative diffraction or- Phase-modulated beam, and also assuming that the contrast
der, we also observed the first diffraction order, which isOf the interference pattem is low and the amplitude of the
phase-reversetphase-conjugajewith respect to the appro- Phase modulatiow is low, has the form
priate recording beam. Recording the phase-conjugate wave Eg(t)=—-mEy(1+F'+iF"), )
allows us to directly record the frequency dependence of the
crystal surface waves and to determine whether surface
waves, including photopiezoelectric resonance, are present +U

The apparatus is shown schematically in Fig. 1. The ho
lographic gratings were recorded by beafsand Ag with
the phase of beayz modulated using an electrooptic modu-
lator. The light source was a Compass-206;530 nm laser
with a 200 mW output power. The measurements were mad
using a(110-cut Bi;,SiO,q crystal and an electric fiel&,
was applied along thg01] axis. The front and rear faces of
the crystal were nonparallel so that the beams reflected frot 2
these faces could be clearly separated.

If the photodetector was positioned @)1, the two-
wave mixing signal was recordéthe reflected bear, plus
the first negative order diffraction of the beatw). If the
photodetector was positioned #@J)2, the first positive dif-
fraction order was recorded for the reflected beam. We notgi 1. gyperimental geometry— electrooptic modulator, Il — BiSiOs
that the complex amplitude of the beam diffracted@)2 is  crystal.

1063-7850/98/24(11)/2/$15.00 873 © 1998 American Institute of Physics
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, 6gd cog Qt+ ) and hence _the waves of the elg_ctrlc fle_ld gratlng and the
(2)  photorefractive waves, are amplified, which is recorded us-

T 1r201-dd) 1 gi 1t dd)?

hered=KLy, K=27/A, whereA is the period of the inter-
ference pattern, q is the carrier drift velocity (,><Eg), v is
the phase which depends oft, g=Q7y,, 7y is the
Maxwellian relaxation time, and an expression fof is
given in Ref. 7. We find that to within terms of ordéf,

14=1s®(r;j)m*EZF’, (3)

ing beaml,. Since the fieldEg(t) undergoes resonant am-
plification, the amplitude of the surface waves also has a
maximum as a result of the inverse piezoelectric effect.
Thus, a maximum should be observed fgrat the same
frequency as fot 4.

This mechanism also describes the cubic dependence of
I, andl, on the external field. However, the maximum is
shifted experimentally relative to tHg maximum by 70 Hz.

where ®(rj;) is a coefficient which depends on the elec- This may be caused by the frequency depend&i¢@) and
trooptic tensorr;;, andls is the intensity of the S beam. by the different value of, near the surface and in the bulk
However, we can assume that since the surface deformation$ the crystal, since,,, depends offis inversely proportional

are linearly related to the electric grating fiei(t), we
have

l,=1sR3M?EZ|(D(0)+D(Q)F'+iD(Q)F")|2. (4)

Here R, is the amplitude reflection coefficien(0) and

to) the intensity of the recording light and this intensity is
highly nonuniform over the crystal thickness because of ab-
sorption. In some experiments we observed an additional
maximum for thel, beam at frequencies near 500—-600 Hz,
which may be attributed to the natural vibrations of the sur-

D(Q) are coefficients which depend on the piezoelectriciyce |ayer of the sample. The resonance maxima observed for
constant, the elastic constants, the grating period for zerge reflected beariy, may be described as photopiezoelectric

frequency, and, respectively. In generaD({}) can be a
complex quantity. Then, to within terms of ordéf we have

l,=1sR3MESD(0)(ReD(Q)F'—ImD(Q)F"). (5)

resonance, since they occur as a result of the resonant optical
excitation of surface waves in the crystal caused by the pi-
ezoelectric effect.

Here Re and Im denote the real and imaginary parts of

D(Q), respectively.

We know from Ref. 7 thaF’ has a maximum at the

frequencyQ =Q,=1/7y(d?+ 1)¥? (for m<1) andF” has a
maximum forQ}=0, if d<1, and forQ=Q,, if d>1.
A comparison of the experimental dependencé,adnd
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Photoluminescence of II-IV-V , and I-llI-VI, crystals passivated in a sulfide solution
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An investigation was made to determine how chemical treatment of the surface of Il I8hrd/
I-1lI-VI , semiconductor crystalsuch as CdSiAs ZnSnB, CuGaSe, andr-AgInS,)

using a solution of ammonium sulfide tart-butyl alcohol influences their photoluminescence
properties. It is shown that the photoluminescence intensity is enhanced substantially
after treatment with the spectral profile and energy position of the band peaks remaining
unchanged. ©1998 American Institute of Physid$$1063-785(18)01711-X]

The ternary semiconducting compounds II-IV-8nd  CuGaSe, and r-AginS, having arbitrary crystallographic
I-1l1-VI,, being structural and electronic analogs of theorientation and average dimensions of 2x 1 mm. Ternary
-V and II-VI semiconductors, have recently started to be||—|vV-V, compounds (CdSiAsand ZnSnp) were grown
actively used in photoconverter technology. It is known thathy directional low-temperature crystallization from nonsto-
the surface properties of semiconductors exert an appreciabighiometric melts and exhibited a chalcopyrite structure with
influence on the characteristics of optoelectronic devicesgrystal lattice parameters consistent with those reported in
The development of methods of modifying the electronicthe literature’ Ternary I-111—-IV, compounds (CuGa$and
properties of the surface is thus an important problem.  AgInS,) were grown by directional crystallization from

The electronic properties of the surface of llI-V semi- near-stoichiometric melts. The growth regime produced
conductors are actively modified by sulfide passivationCuGaSe single crystals with a chalcopyrite structure and
which involves treating the semiconductors with Su|ﬁde-Ag|nSZ single crystals with an orthorhombic structure; the
containing solutions or gases. Sulfide passivation of a semiattice parameters were also consistent with those given in
conductor surface substantially reduces the surface recombi-
nation rate, which enhances the photoluminescence inténsity
and improves various characteristics of many semiconductor
devices?™ The use of low-permittivity alcohols as solvents
to prepare the sulfide solutions can also substantially en- vy =1.54 eV
hance the passivation efficiency of a GaAs suffamed of
InGaAs/AlGaAs laser mirror§.

Nelsonet al® recently showed that treatment of the sur-
face of CulnSe (a chalcopyrit¢ using an aqueous solution
of ammonium sulfide leads to passivation of the surface
states and weakens the anchoring of the Fermi surface level.

In order to achieve more efficient electronic passivation,
we treated the surface of lI-IV—\and I-IlI-VI, crystals
with solutions of ammonium sulfide itert-butyl alcohol.

The samples were electrically homogeneous single-
crystal wafers of the ternary compounds CdSiAZnSnB,

J a.u.

TABLE |. Electrical and luminescence properties of ternary semiconduc-
tors.

T=300K T=77K J\
Semiconductor  p, cm® ,LSOOK,cn?/(v.s) hvom, eV I/l 1 h

CdSiAs 3x10° 350 1.54 6.0 14 1.5 1.6 1.7

ZnsSnB 8x 106 45 1.425 5.0

CuGaSe 5x 10V 20 1.475 2.3 E,eV

r-Agins, 2X10' 35 2.015 4.0
1.910 1.8 FIG. 1. Photoluminescence spectrum of chalcopyrite CdS$kwle crystal
1.720 1.2 before (a) and after(b) treatment with a solution of ammonium sulfide in

tert-butyl alcohol atT=77 K.
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v UL T T served in these crystals are caused by radiative transitions
involving various lattice defect levels, but forAginS, the
shortest-wavelength peak may be juxtaposed with the inter-
band radiation.

An analysis of the results suggests that sulfide passiva-
tion of the surface of CdSiAs (Fig. 1), ZnSnR, and
CuGasSe crystals enhances the photoluminescence intensity
but the band profile and the energy positions of their peaks
remain unchanged. Table | gives the increase in the photolu-
minescence intensity for these crystals relative to the inten-
sity of the nonpassivated semiconductgt/| .

Sulfide passivation of the surface BfAgInS, increases
the intensity of all three photoluminescence bands, but to
different degrees¢Fig. 2, Table ). The largest increadéour-
fold) was observed for the high-energy bafmbak energy
2.015 eV attributed to interband luminescence. The longer-
wavelength bands with peak energies of 1.91 and 1.72eV,
attributed to radiative transitions in donor—acceptor pairs or
between local defect levels and combined bands, also in-
crease but to a lesser extent compared with the edge(bsnd
factors of 1.8 and 1.2, respectivelfFig. 2, Table ).

The experimental results indicate that sulfide passivation

:J,a.u.

1415 16 1.7 18 1.9 20 21 of crystals of two different classes of ternary compounds
with different atomic composition using a solution of ammo-
E,eV nium sulfide intert-butyl alcohol substantially reduces the

surface nonradiative recombination rate. The fact that the
FIG. 2. Photoluminescence spectrum of orthorhomb#ygInS, single crys- profile and position of the peaks remain unchanged under
tal before(a) and after(b) treatment with a solution of ammonium sulfide in . . . - . .
tertbutyl alcohol afT =77 K. sulfld_e passwatlon indicates that thg surface rt_acombmatlon
rate is reduced without any change in the dominant mecha-
nism of radiative carrier recombination.

the literature® The crystals were grown without intentionally To sum up, sulfide passivation with alcohol solutions,

introducing any impurities and possessetype conductiv-  Which has be<37n successfully used to passivate IlI-V
ity. The concentrations and Hall mobilities of the holes aresemiconductor§,” can substantially improve the electronic
given in Table I. properties of the surface of lI-IV—yand I1-1l11-VI, crystals

Sulfide passivation was carried out using a solution ofand can be used to enhance the efficiency of devices made
ammonium sulfide (Ni),S in tert-butyl alcoholt-C,H,OH  using these semiconductd.
at room temperature. The passivation time differed for dif-
ferent crystals, ranging between 10 and 100 min. 1B.hJ. Scromme, C.(J. S;):mdroff, E. Yablonovich, and T. Gmitter, Appl.

; . . Phys. Lett51, 2022(1987.

. Photoluminescence was excited by He—Cd Ias.er radlaiP. D. Moulin, S. P. Tobin, M. S. Lundstrom, M. S. Carpenter, and M. R.
tion (A\=0.44um, P=15mW); the depth of absorption of  Melloch, IEEE Electron Device Letd, 368 (1988.
the radiation was 10°-10°cm. The photoluminescence °R.N.Nottenburg, C.J. Sandroff, D. A. Humphrey, T. H. Hollenbeck, and
spectra were recorded using an MDR-3 monochromator with45~ fhgaaﬁzp'kpggé;ft% ﬁﬂlgl_(all?sg ingrey, D. Landheer, J-FINoe
an FEU-62 photomultiplier. The spectral resolution was at ,n4'z W Ly, J. Vac. Sci. Technol. A3, 792(1995. T
least 1 meV. The measurements were made at liquid nitrogeBa. J. Howard, C. I. H. Ashby, J. A. Lott, R. P. Schneider, and R. F.
temperature. Initial crystals for which the parameters of the Corless, J. Vac. Sci. Technol. 22, 1063(1994. _
photoluminescence spectra were highly reproducible from XélNéﬁisszo;g\f(fégé Konenkova, and M. V. Lebedev, J. Vac. Sci. Tech-
one point to another were selected by probing the surfacey. N, gessolov, M. V. Lebedev, Yu. M. Shernyakov, and B. V.

with exciting focused radiation(spot diameter around  Tsarenkov, Mater. Sci. Eng., 84, 380(1977.

0.1 mm. 8A. J. Nelson, C. R. Schwerdtfeder, G. C. Herdt, D. King, M. Contreras,
The experimental results are as follows. The photolumi- ﬁ'gggma”atha”' and W. L. O'Brien, J. Vac. Sci. Technol18, 2058
nescence spectra of the nonpassivated CdSikgy. 1), 9Handbook of Physicochemical Properties of Semicondu¢torRussiar,

ZnSnB, and CuGaSecontain a single band and the spec- Nauka, Moscow(1978, 340 pp.

trum of nonpassivated-AgInS, (Fig. 2) contains three 10Yu. V. Rud’, Fiz. Tekh. Poluprovodr28, 1105(1994 [Semiconductors
bands for which the energy position of the maxiimg,, is 28, 633(1994)

given in Table ). Most of the photoluminescence bands ob-Translated by R. M. Durham
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Influence of uniaxial compression on the photoconductivity of highly compensated
Si(B, Mn)
M. K. Bakhadyrkhanov, Kh. M. lliev, and Kh. F. Zikrillaev

Tashkent State Technical University
(Submitted May 6, 1998
Pis’'ma Zh. Tekh. Fiz24, 23—28(November 26, 1998

It was observed that the photosensitivity limit and the increase in the photoresponse depend
fairly strongly on uniaxial elastic deformation in compensate@®3¥in) crystals.
© 1998 American Institute of PhysidsS1063-785(108)01811-4

A characteristic feature of the photoconductivity spectraincreases very abruptly in these samplasve 1). The pho-
of highly compensated @, Mn) (i.e.,|1—k|<1, wherekis  toconductivity spectra of the samples under uniaxial elastic
the degree of compensation of the matgrialthat near the compressior(curve 2) were obtained under identical condi-
fundamental absorption region the photocurrent increasesons. The photoconductivity spectrum under compression is
very steeply. Bakhadyrkhanbwoted that the anomalously shifted toward longer wavelengths and the photocurrent in-
high photosensitivity of highly compensated(E8iMn) is  creases slightly more steeply compared with the spectrum in
caused by the manganese atoms forming various multiplthe absence of compression. Compression increases the pho-
charged clusters which act as sensitizing centers. These cetocurrent by almost three orders of magnitygeintsa and
ters are barely screened because of the absence of any ed)-and when the compression is removed, the photocurrent
librium carriers in the highly compensatedB&iMn) and the  returns to its level before compression. Similar results were
lifetime of the nonequilibrium carriers in this crystal be- obtained for all the highly compensatedBiMn) samples
comes asymmetric. We can postulate that changes in theithin the elastic compression range. Preliminary calcula-
state of these charged clusters, induced by any external méens of the photocurrent sensitivity to uniaxial elastic com-
chanical influences which alter the symmetry of the crystapression within the fundamental absorption region indicate
lattice, should be observed in the photoconductivity spectrathat this is appreciably higher than the strain sensitivity of

In this context, it is interesting to study the influence of silicon caused by a change in its resistivity. This indicates
uniaxial elastic compression on the spectral dependence dfiat S{B, Mn) samples can be used to fabricate a strain
the photoconductivity near the fundamental absorption regauge having a sensitivity several orders of magnitude better
gion in highly compensated &, Mn) samples. than that of commercial silicon strain gauges.

These investigations will allow us not only to determine Figure 2 shows spectral dependence of the relative
more accurately any change in the silicon band gap undezhanges in the photocurrent of these samples under the con-
uniaxial elastic compression but also to assess the possibilityition {Iph||X||[100]} for degrees of compressioiX=2
of using the photoconductivity of uniaxially compressed, x 10°%, 4x10®, 6x 10, and 8x 1% Pa. It can be seen from
highly compensated &, Mn) to record infrared radiation Fig. 2a that the maximum of the photocurrent corresponding
and strain. to photon energies in the fundamental absorption region

For the investigations we used a batch ofBSMn) shifts toward longer wavelengths as the degree of compres-
samples with different degrees of compensation and thsion increases. It should be noted that as the compression
[111], [110], and[100Q] crystallographic axes directed along increases, the range of maximum photocurrents becomes
the large edge. The initial material was KDB-10 industrial-more gently sloping, which leads to broadening of the fre-
grade silicon into which manganese was introduced by difgquency range of the photosensitivity. Thus, mechanical com-
fusion from the gas phase in the temperature range 1000pression can be used not only to broaden and shift the fun-
1150°C. The photoconductivity spectra of theB5iMn)  damental absorption region of the samples but also to
samples under uniaxial elastic compression were investibroaden the frequency range of their sensitivity. Similar in-
gated using an IKS-21 infrared spectrometer and a specialestigations of highly compensatedBiMn) samples under
cryostat which could produce mechanical stresses up tthe  compression  conditions {I,X|[110]}  and
2x10%kg/en? in 4x1x 1 mm samples at temperatures be-{l ,i|X|[111]} revealed qualitative agreement with the shift
tween 80 and 300K. of the photoconductivity spectra for compression in the di-

Figure 1 gives the spectral dependence of the photocurection of the[100] crystallographic axis but quantitatively
rent near the fundamental absorption region for highly comthese shifts were smaller.
pensated $B, Mn) samples withp=10°Q-cm with and The qualitative agreement between the experimental re-
without uniaxial elastic compression Xt=8x10°Pa and sults obtained for the photoconductivity spectra under the
with the compression conditidfh | X[[[ 100]}. It can be seen  compression condition$l .| X||[ 1001}, {I,4|X[[[110]}, and
that in the fundamental absorption region the photocurrenfl ;| X|[111]} indicates that the observed shifts are caused
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FIG. 1. Spectral dependence of the photoconductivity of highly compenFIG. 2. Spectral dependence of the relative changes in the photoc(arent
sated SiB,Mn) under uniaxial compressidft | X[ 100]} at T=77 K: 1 — and the band gap of Si under uniaxial elastic compresdiinl — X=2
X=10° Pa,2 — X=8x 1P Pa. X 10 Pa,2 — X=4x 1% Pa,3 — X=6x10° Pa, and4 — X=8x10% Pa.

in the direction of thg100] crystallographic axis, the band

) . _ gap shows the largest decrease and thus, the shift of the
by a reduction of the band gap. This is also evidenced by thghoconductivity spectra in this direction is greater than that
low-energy shift of the red limit of the photoresponse as §,nger compression in thel10] and [111] directions. The
function of the degree of compression under the conditiony,creased steepness of the photocurrent spectrum is evidently
{1 dlX|[[100]} plotted in Fig. 2b. From this figure we can cased by a change in the degree of filling of the deep man-
infer that the Si band gap decreases under uniaxial elaStﬁanese level under elastic compres$iarhich leads to a
compression agg(x)=Eg(0)—a X. change in the degree of compensation of the samples and the

The exper.imental resu'lts' were usecli' to determine the;gss section for capture of electrons and holes at ionized
pressure coefficients of variation of the silicon band gap UNanganese centers.

der the conditions {I,JX|[[100]}, {I.4|X[[110]}, and
{IodlX[I[111]}, which are respectively:

1 s . .
— 5x 10”11 M. K. Bakhadyrkhanov, Author's Abstract of Doctoral Dissertatiom
¥[100] 4.25¢10 “eV/Pa, Russian, Leningrad(1982.
2 . .
— 5x10-11 P. I. Baranski V. P. Klochkov, and I. V. PotykevichSemiconductor
[110] 2.75¢10 ~eV/Pa, Electronics[in Russiani, Naukova Dumka, Kiev1973, 703 pp.
3 : : . .
a[111]:2-25>< 10‘11eV/Pa, A. L. Polyakova, Deformation of Semiconductors and Semiconducting

Devices[in Russian, Energiya, Moscow(1981), 168 pp.

and are of the same order of magnitude as the data obtaine4d<h- M. lliev, Author’s Abstract of Dissertation for Candidate’s Degfie
in Refs. 2 and 3 Russian, Tashkent(1991).

It is knowr?® that when silicon crystals are compressedTranslated by R. M. Durham
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Radiation resistance of the internal memory of programmable logic devices
Yu. A. Kotov, S. Yu. Sokovnin, and V. A. Skotnikov

Institute of Electrophysics, Urals Branch of the Russian Academy of Sciences, Ekaterinburg
(Submitted December 1, 1997
Pis’'ma Zh. Tekh. Fiz24, 29—-32(November 26, 1998

An investigation was made of the radiation resistance of the internal memory of programmable
logic devices. It was established that the internal memory of CMOS devices shows

enhanced sensitivity to ionizing radiation when their outputs are shorted together. Information
stored in the internal memory of the devices is erased at an absorbed dose substantially

below the level at which the device fails. It is suggested that this effect may be used as a method
of erasing information. ©1998 American Institute of Physid$$1063-785(18)01911-9

Programmable logic device®LDs), especially micro- grams could be written, followed by operation in a real de-
controllers, are now widely used in the design of electronicvice.
devices. These PLDs can be used to construct new devices We established that information in the internal memory
by programming their internal memory, which is simpler, of the PLDs is completely preserved up to the absorbed dose
faster, and cheaper than the usual method. Commercialkgvels at which they are known to start malfunctioning
available emulation tools can be used for computer modelinghigher than 1000 Gy(Ref. 2. However, we found that the
of the functions of the PLD itself and the electronic deviceinformation could be erased when the PLD was wrapped in
being constructed before writing the program in the internapluminum foil so that all the microcircuit contacts were reli-
memory of the PLD. However, the problem of the radiationably shorted. In this case, the following results were ob-
resistance of the PLD internal memory and also the possibiltained:
ity of re-use arises in many applications. These PLDs are 1) Information in the internal memory of all the PLDs
fairly expensive and recently manufacturers have abandonetfas completely erasefising ten of each typeafter irradia-
the use of expensive ultraviolet-transparent windows on PLEBON for S0 min(absorbed dose around 380)Gy
chips. These windows made it possible to re-use PLDs by 2) At half the dose needed for total erasure, most of the
erasing the internal memory with ultraviolet light. mformguon was erased, except for a few randomly distrib-
We know that radiation, including bremsstrahlung, cantt€d Pits;

be used to monitor the quality and modify the properties of 3) After the first erasure, all th_e E’LDS were suitable for
microcircuitst The effect of ionizing radiation on the mate- 'S¢ after the second erasure this figure was 80%, and 50%

of the microcircuits withstood four cycles.

rials and design of in-circuit memory chips has been thor- These results differ appreciably from those reported in
oughly studied, although we could find no investigations of Ref. 2 where it was shown that 1802 microprocessors fabri-

:Eg :ﬁggﬁg resistance of PLD internal memories reported Ir(]:ated by CMOS technology failed at doses above 130 Gy.
Thus we.investi ated the action of bremsstrahluna fro However, these microprocessors had substantially thicker
' 9 9 rTbelow—gate insulators compared with our PL{2® increase

a pulsed h|gh-currer!t electron beam on the lnt'ernal. MEMOTY, thickness substantially reduces the radiation resistance of
of a PLD. The experiments were carried out using Zilog 286microcircuit§)

and Intel 87C196KR microcontrollers. The radiation source Writing to a memory cell of a CMOS PLD is performed

was a URT-0.5 acceleratbfelectron energy 0.5 MeNop- by applying a specific negative critical voltage at which a
erated as a bremsstrahlung generator at frequency 50 Hggarge forms at the interface of the nitride and silicon diox-
which delivered an average absorbed dose rate of 7.64 Gyde |ayers and a high logic level “1” is established. When a
min at a distance of 0.5cm from the target where the PLD%ositive critical voltage is applied, a low logic level “0” is
were located, with a maximuigper puls¢ absorbed dose rate ggtaplished. Thus, to erase the PLD the charge must be re-
of 6.36 kGyl/s. duced from logic “1” to logic “0.” The mechanism for

The microcontrollers were monitored and written as fol-gissipation of charge under irradiation can be either a surface
lows: Z86 using the manufacturer's programmer-emulatoir a bulk one. At x-ray intensities higher thar?I®y/s, as in
and 87C196KR using a “Sterkh-710" programmer, “Bond” our case, the densities of the injection and bulk currents be-
Scientific-Industrial Organization, Berdsk. come comparable-10~7 Alcm? (Ref. 2.

PLDs with test patterns written to all locations or work- The fact that the PLD outputs must be electrically con-
ing programs loaded were irradiated until the internalnected to erase information confirms that leakage currents
memory was completely erased. The PLD was periodicallyplay a major role in removing the charge, since a CMOS
monitored during irradiation. After irradiation, the PLDs transistor memory element circtiassumes no connections
were examined to determine whether test and working probetween the write, read, address, supply, and ground busses.
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However, this complicates the current dissipation path if These data on the possible number of PLD erasure
there is no connection between the busses. cycles can be used to estimate the absorbed dose level at
However, our intensities were not sufficiefthreshold  which these PLDs begin to malfunction, above 700 Gy.
10° Gy/9) for the evolution of the photovoltaic effect where This effect can be used as a method of erasing informa-
the voltage drop changes at the below-gate insulator thuson written in the internal memory of PLDs so that they can
shifting the threshold voltage. be reused.
To check out the erasure mechanism, we irradiated writ-
ten 87C196LK PLDs with?°Co radiation at a dose rate of | _ _ - o _
around 0.2Gyls. The information in the PLDS was com- 'Y, Yaulow & b corr, S Oaniet o Kedalon bebece
pletely erased at an absorbed dose of 500 Gy, which confirmsg4 pp.
that the dose rate has no or very little influence in the range’Vv. s. Pershenkov, V. D. Popov, and A. V. Shaln@&urface Radiation
studied 0.2—6360 Gy/s. Effects in Elements of Integrated Microcircuif;n Russiar, Energo-

. . atomizdat, Moscow1988, 256 pp.
To sum up, we h,aYe established that, the mte!‘na.l r.nemor}éYu. A. Kotov and S. Yu. Sokovnimiccelerator for Commercial Applica-
of CMOS PLDs exhibits enhanced sensitivity to ionizing ra- tion URT-0.5, Proceedings of 11th IEE International Pulsed Power
diation when its outputs are shorted. Information stored in Conference1997, Baltimore, USAin press.
the internal memory of the PLDs is erased at an absorbedS: V- Yakubovski et al, Textbook of Analog and Digital Integrated
dose substantially below the level at which the PLD mal- "icrocireuits[in Russiad, Radio i Svyaz', Moscow 1984, 432 pp.

functions. Translated by R. M. Durham
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lon energy cost in a combined inductive—capacitive rf discharge
S. V. Dudin, A. V. Zykov, K. I. Polozhil, and V. I. Farenik

Kharkov State University Scientific Physicotechnological Center, Kharkov
(Submitted November 11, 1997
Pis'ma Zh. Tekh. Fiz24, 33—39(November 26, 1998

Experimental measurements were made of the ion energyscasta function of the parameters

of a combined rf inductive—capacitive discharge at low pressyreslQ 2 Torr). It was

established that does not depend on the power supplied, it has a minimum as a function of
pressure, and also decreases when an rf potential is applied to the electrodes. The results
can be used to find the optimum parameters in terms of energy efficiency of ion formation and
may be useful for refining the theoretical models of a combined rf inductive—capacitive
discharge. ©1998 American Institute of Physids$1063-785(18)02011-4

An rf induction discharge has been widely used as the  With this definition of the ion energy cost, the valuepf
plasma-forming stage in various ion plasma processor an rf inductive—capacitive discharge can easily be ex-
systems™ In these systems the fixed self-bias potentialpressed in terms of parameters which can be directly mea-
formed at the electrodes to which rf voltage is appliesl  sured experimentally;, the power absorbed by the discharge
frequently used to accelerate the ions from the induction disP,, the amplitudep of the rf voltage between the electrodes,
charge plasma to the surface being treated. In this case, tlaad the ratio of the electrode aredg45>1). In a pure in-
gas discharge combines the bulk nature of the processes in dnction discharge we fingd=0 and P;=P,. When ¢#0,
electrodeless induction discharge with the important role ofve find P,=P,—P,, whereP, is the power dissipated in
the electrode layers typical of a capacitive discharge, and iacceleration of the ions. The value Bf , which depends on
in fact a combined rf inductive—capacitive dischafge. é and g, can be calculated using the theoretical model of the

Although many studies have dealt with the physics ofpower balance in an rf inductive—capacitive discharge de-
induction dischargéd and electrode layers® and patents scribed in Ref. 6. Using the results of this study, we can
have also been publishét!? the combined rf inductive— easily derive the following expression fgrin a combined rf
capacitive discharge has been little studied. We investigatedischarge:n=e(Py—P,)/l, whereP,=y(d)- ¢-1, and the
this type of discharge in Ref. 6 where they analyzed thdunction y(5) allows for the influence of the ratio of areas of
power distribution at low pressure and determined the optithe rf electrodes on the power distribution in the discharge.
mum ratio of system parameters in terms of energy input téAt low pressures when the “3/2-power” law holds for the
the ion flux to the target. We used the approximation of apositive ion current in the rf electrode layéfs-®the voltage
constant ion energy cost although we know that this value ratios between the plasma and the electrodes are inversely
depends on the discharge paramet@idere we propose to proportional to the ratio of the fourth powers of their areas
measure this dependence experimentally for a low-pressuand y(8) = 8(6%— 6+ 1)/(1+ 6*) (Ref. 6.
rf inductive—capacitive discharge. Experiments to determing and its functional depen-

Different authors define the ion energy cost differently,dence on the parameters of an rf inductive—capacitive dis-
depending on the particular problem. For example, in theoeharge were carried out using an apparatus equipped with a
retical studies, such as Ref. 9, this value characterizes thgingle-grid source of low-energy iofisThe source is shown
total energy losses by the electrons as a result of elastic armthematically in Fig. 1. An rf voltage of frequency
inelastic collisions with the formation of a single ion in the 13.56 MHz was supplied by a UV-1 generator via a matching
bulk of the discharge. In technical applications such as iordevice to an internal screened inducBand the cylindrical
sources, the ion energy cost is defined as the ratio of the totélousing of the gas-discharge chamierwhich also func-
power supplied to the ion beam curréiractical experience tioned as the rf electrode. The grounded electrode was a grid
shows that the most convenient characteristic for comparindg. The geometric dimensions of the ion source were as fol-
the efficiency of the ion-forming stages of various ionlows: length 80 mm and diameter 250 mm, i.e., this design
plasma process systems is the valgeeP;/l, where | had §~3. The range of variation of the working parameters
=¢5j(£€)d€ is the total ion current to the walls of the gas of the ion source was as follows: pressure in gas discharge
discharge chambe$ is the surface area of the electrodeschamber p=10"4-102Torr, voltage at rf electrode
confining the plasmaj is the ion current density at the ¢=0-500V, and rf power supplied = 0.2—1 kW. The ion
plasma boundary, and; is the power absorbed in the bulk, current density at the walls of the discharge chamber and at
which includes the electron energy losses in elastic and inthe grid was measured using a single planar préhmsder
elastic collisions, and also the unavoidable losses of energgonditions of ion current saturation. Measurements of the
transferred by the charged particle fluxes to the plasmaurrent density distribution showed that fpc10~2 Torr,
boundary as a result of their thermal motion. this was almost uniform over the plasma surface and thus we
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4

An analysis of the results of the measurements showed
that in an inductive dischargep&0) 7 does not depend on
the power deposited in the discharge over the entire range
studied ( is proportional toP,). However, we established
that » depends strongly on the pressure in the gas-discharge
chamber. Figure 2a gives results of experimental measure-
ments ofj and also values ofy calculated using these, plot-

Il ted as a function op for various ¢. The curves typically
show a minimum ofy at p~103Torr or, in other words,
there is an optimum pressure range in terms of ion formation
efficiency both for an inductive discharge and for an rf
5 inductive—capacitive discharge.
The results for a pure inductive discharge=0) show
good agreement with the theoretical calculattSmsade us-
FIG. 1. Schematic of rf ion sourcé — grounded grid electrode —  jng the approximation of a Maxwellian electron energy dis-
connecting flange of vacuum chamb8ri— screened two-turn inducto#, . . . .
— metal housing of gas-discharge chambier matching device, Il — rf  tribution function. In this case, the energy flux transferred by
generator5 — working gas inlet, and — single planar probe. the charged particles to the walls of the discharge chamber is
proportional to the electron temperatufg, which depends
only on the pressurp and the characteristic system dimen-

assumed =j$ in the calculations. To determine the power Siond, thatisz is uniquely determined by the paramefet.

P, deposited directly in the discharg®{=P—P,), We In the graphs plotted in Fig. 2a we also draw attention to

measured the electrical power loBg. in the inductor and the decrease im when a potential is applied to the rf elec-

the matching device. The ion energy cost was calculated ugtodes. In order to identify the laws governing this effect at

ing the experimental data and the formula given above.  fixed p and Py, we measured the dependenggp) and the
Systematic investigations were made of the dependend@sults are plotted in Fig. 2b. It can be seen thatam-

of  on Py, p, ande in a combined discharge using argon ascreases, the ion energy cost decreases monotonically from

the working gas. The use of other gases such as air, Freom~80 eV/ion in a pure inductive discharge€0) to the

nitrogen, and oxygen revealed no qualitative differences irminimum 7~ 30 eV/ion ate>300V.

(L |

the dependence off on p and ¢, with only the absolute On the basis of theoretical models of a capacitive rf
value of » varying (the difference was less than 30% discharge’'°we postulate that the reduction of the ion en-
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FIG. 2. lon energy cosy and current density to prolgeas a function of a—pressugein the gas discharge chamber for a pure inductive dischagge (
=0V) and for an rf inductive—capacitive discharge=300V) and b—as a function of the potential at the rf electrode at constant presspre5.5
X104 Torr, P,=400 W.
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Influence of diffusive processes on the formation of the radial structure of an electric
arc in metal vapor

I. L. Babich, A. N. Veklin, V. A. Zhovtyanskii, and A. Yu. Pan’kin

Taras Shevchenko University, Kiev
(Submitted May 27, 1998
Pis’'ma Zh. Tekh. Fiz24, 40—-45(November 26, 1998

The role of diffusive processes in the establishment of the radial structure of a free-burning
electric arc was investigated experimentally and numerically. It is shown that the increased content
of plasma-forming particles in the peripheral region of arcs observed in many experiments

arises from the inadequacy of the assumption on the plasma equilibrium state. This effect can be
attributed to the plasma nonequilibrium established as a result of resonant radiation from

the hotter axial region undergoing absorption and reemission at the edge of the arc.

© 1998 American Institute of PhysidsS1063-785(18)02111-9

An arc was struck in air between 6 mm diameter un-in fact reflect the distribution of the copper atom density.
cooled copper electrodes with an interelectrode gap of 2— The influence of diffusive processes was taken into ac-
8 mm. In order to avoid droplet formation, the arc was gen-count by simulating them numerically, assuming that the
erated by a current of up to 100A amplitude and 30 mscopper—nitrogen plasma of a free-burning electric arc is axi-
duration, which was superposed on an arc-sustaining lowsymmetric and consists of electrons, Cull ions, Cul atoms,
current discharge. The investigations were carried out at thand nitrogen molecules N
guasisteady stage of the process. As a result of the spatial _
and temporal instability of the discharge, we used a method (Udrdr(rT'cy =Sy, @)
of one-shot tomographic recordihgf the radial intensity ~whereSc,= S, 1+ Scy i is the density of the copper erosion
distribution of the 510.5 and 521.8 nm copper spectral linesource and’c, is the copper diffusive flux. The value 8¢,
which were used to determine the plasma temperature profilé related to the discharge current via the coefficient of elec-
T(r). The electron density distributioN(r) was measured trode erosion, whose value for copper was taken tdpe
from the absolute intensity of the 465.1 nm line. =10"“*g/C (Ref. 4. The boundary conditions were taken to

The equation of state assuming local thermodynamid®€ zero derivatives on the arc axis and zegg at the ab-
equilibrium was used to calculate the radial profiles of theSOrbing wall separated from the axis by the distafge.
total density of copper atoms and ioNg(r). When con- Equetion(l) was supplemented by the Saha, Dalton, and
verted to the relative contente,=Ng, /SN (whereSN is ~ duasineutrality equations. o _
the total density of heavy particles in a copper—air plasma We selected the following approximations for the radial
these profiles show an increasexig, at the edge of the arc, proﬁ!es of the temperature and the density of the copper
as in Refs. 2 and 3. It is generally assumed that this increadd 9S!0n Source:
is ceused_by separ_ation_ of Fhe components of_ t_he p_Iasma— T(r)=(To—Taexd — (r/Rp)?]+T,,
forming mixture during diffusionknown as “demixing” in
the English language literatyren our case, the only char- Scu(1) =Sy exf — (r/Rg)], 2

acteristic feature is that this inerease is far more_noticeaple\,here-ra: 300K is the temperature of the surrounding me-
and is almost an order of magnitude greater than in the axig}iym_ The first of these approximations is generally accepted
region. This is evidently caused by the different type of arcq, an electric arzand the values of , andR; were selected
free-burning here as opposed to wall-stabilized in Refs. 3, give the best agreement with the experimental results. It
and 3. In any case, this result is physically meaningless. \yas found that the choice of functicd,(r) is unimportant;
We used laser absorption spectrometry to attempt to €xn the limits Rs< Ry the result of the calculations is almost
pand the region of investigation in the radial direction. Thisindependent of the value &s.
involved recording the “shadow” from the arc at the entry The diffusion coefficients of the multicomponent mix-
slit of a spectrometer using a parallel beam from a coppefure were defined in terms of the coefficients of binary
vapor laser. The coefficient of self-absorptieg thus deter-  diffusion® which in turn were defined in terms of collision
mined at the center of the 510.5 nm spectral line was appréntegrals as a function of the interaction potentials between
ciable in a spatial region whose radius was several timethe corresponding components allowing for the temperature
larger than the size of the arc emitting zoffég. 1). Since  dependences. Ambipolar diffusion was also taken into ac-
the energy of the lower level of the transition responsible forcount in the calculations.
the absorption on the 510.5nm line is only 1.39eV, the  Since Eq.(1) is nonlinear, we cannot apply the maxi-
populations of this level and the ground level are closelymum principle, whereby the solution can only have an ex-
related and the results of measurements of the self-absorptidreme value at the boundarié$levertheless, the results of

1063-7850/98/24(11)/2/$15.00 884 © 1998 American Institute of Physics
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FIG. 1. Radial distributions of the absorption coefficien§
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05F section of a free-burning arc between copper electrodes with cur-
4 rent 30 A and interelectrode gaps of&@ and 8 mm(b).
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the calculations for various values of the parameters in Eqtself and on the structure of its outer region. When the dis-
(2) reveal extremes of the behaviorxf, only at the edge of tanceR,, between the wall and the axis is lar¢ecm), the
the arc emitting zond€Fig. 2); no local maximum is ob- results agree with the measurements of the spatial profile of
served, as in Refs. 2 and 3. Note that the substantial increadige absorption coefficient at the center of the 510.5nm Cul
in the absolute values dfic(r) observed in Fig. 2a with spectral lingFig. 1). The calculated profil&l (r) also shows
increasing distance from the axis is caused by the purelgatisfactory agreement with the experimental values.
temperature-induced increase in the gas density at constant Thus, an unconventional approach to the study of a
pressure. On the whole, Fig. 2 illustrates the freezing infludense electric-arc plasma, combining spectroscopic measure-
ence of the absorbing wall on the copper content in the arments with the simulation of diffusive processes, has re-
vealed that, contrary to the generally held opinfdrihe dif-
fusive separation of the mixture components is not a decisive

QE M T N ' factor in the establishment of the radial distribution of the
o 40>~\ 110 metal vapor. The situation is broadly similar to the results
@ Y\ obtained in Ref. 8 where Zhovtyansket al. showed that
e \ 108 under different physical conditions using different methods
é 0r 1 . of investigation, diffusive processes play only a negligible
= \ 106 o role in the afterglow of a high-current pulsed discharge
20} \ ‘_ plasma in inert gases.
| \‘ . 0-4z° The problem of a catastrophic increase in the metal va-
10k \ por content in the peripheral region of an arc arises because
102 of the inadequacy of the assumption that local thermal equi-
\ é 3 librium applies to the entire arc. Babic al® showed that
%0 0'5 0‘4 QIS 0.8 . 10 00 resonant radiation from the hotter axial region of the dis-

charge, undergoing absorption and reemission at the edge,
“imposes” populations in excess of equilibrium for the local
temperature on the resonant transition of the copper atoms.
. . . . . By systematically applying the model of partial local thermal
equilibrium using the radiation transport equation, we can
obtain physically substantiated distributions of electric-arc
plasma components when making interpretations of the spec-
troscopic measurements.

xCu ’%
[=]
£

o
o

IA. N. Veklich and V. A. Zhovtyanskj Zh. Prikl. Spektrosk50, 565
(1989.

2A. M. Rahal, B. Rahhaoui, and S. Vacquie, J. Physl)1807(1984.

3H. OQuaijji, B. Cheminat, and P. Andanson, J. Phys19)1903(1986.

4C. W. Kimblin, Proc. IEEE56, 546 (1971).

5B. E. Paton, V. S. Gvozdetdkiand D. A. DudkoMicroplasma Welding

%% 0z os¢ os

08 10 [in Russian, Naukova Dumka, Kie¥1979, 248 pp.
r.cm SYu. V. Lapin and M. Kh. Streletsinternal Flows of Gas Mixturegin
b ’ .
Russian, Nauka, Moscow(1989, 368 pp.
. . . _ V. S. Vladimirov, Equations of Mathematical PhysicM. Dekker, New
FIG. 2. Results of calculations of the radial profiles of the density (a) York (1971); Nauka, Moscow(1981), 512 pp.

and the contentc, (b) of copper vapor in a copper—nitrogen plasma allow- 8y, A zhovtyanski and O. M. Novik, Zh. Tekh. Fiz599), 186 (1989
ing for diffusive processes for various distances between the absorbing wall [Sov. Phys. Tech. Phy84, 1075(1989].

and the discharge axi&,,=0.3 cm(curvel), 0.5cm(2), and 1cm(3). The o | Bapich, A. N. VeKlich, V. A. Golovkina, and V. A. ZhovtyangkiZh.
dashed curve gives the profile of the relative electron derf$ity The Prikl. Spektrosk56, 323 (1992.
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Investigation of strained In ,Ga; _,As/InP quantum wells fabricated by metalorganic
compound hydride epitaxy
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and |. S. Tarasov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted February 25, 1998
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An investigation was made of the possibility of using reduced-pressure MOC hydride epitaxy to
fabricate highly strainedcompressive stres$n,Ga, _,As/Ing 58G& 47AS quantum wells on

indium phosphidg100) substrates. The photoluminescence properties of these heterostructures
were investigated. It was shown that these heterostructures are potentially useful for laser
diodes emitting in the 1.5—2m range, which is important for environmental monitoring. 1998
American Institute of Physic§S1063-785(18)02211-3

The development of strained-layer semiconducting hetfrom metalorganic compounds and hydrid&OC hydride
erostructures for use in laser diodes has recently been studiegitaxy at reduced pressurd 00 mbaj using a horizontal
intensively. These structures have attracted interest becaussactor with an rf-heated graphite substrate holder. The
of the substantial improvement in the emitting characteristicgrowth temperature, determined from the readings of a
compared with those using lattice-matched matefials. platinum—platinum—-rhodium thermocouple, was 600 °C. We

When quantum wells compressively strained in the hetknow that a low growth temperature is preferable for grow-
erojunction plane are used in the active region of a laseing strained indium-containing quantum wells in order to
structure, this leads to substantial rearrangement of its energginimize the indium segregation from the heterojuncfion.
band structure. The heavy hole subband becomes higher thd@ime substrates were (106B80" oriented indium phosphide
the light hole subband and the effective mass of the heavwafers. Before being loaded into the reactor, the substrates
holes also decreases appreciabhhis reduces the density of were degreased by boiling in toluene and acetone, and were
states in the valence band, which helps to establish carridreated with potassium bichromate—hydrogen bromide
inversion conditions at lower levels of excitation, and thusetchant to remove the damaged layer. The carrier gas was
the threshold laser current density can be attained at lowdrydrogen purified by diffusion through a multistage palla-
current densities. dium filter. The initial reagents were trimethylgallium, trim-

Strained materials formed by quantum wells in In—Ga—ethylindium, arsine (Ask), and phosphine (P}l diluted in
As—P are widely used in lasers for fiber-optic communica-hydrogen. The molar concentration of trimethylindium in the
tions at wavelengths 1.3 and 1,6%. It is known that the carrier gas stream was maintained at>61D ° while the
use of strained InGaAs quantum wells in the active region ofrimethylgallium concentration was varied in the range
a laser structure can extend the range of emitted wavelengtti8.8—3)x 10" °, depending on the composition of the
to around 2um. This range is of interest for molecular spec- In,Ga _,As solid solution.
troscopy and for monitoring atmospheric pollution, since it  The grown samples were intentionally undoped hetero-
includes the absorption spectra of gases such ag CB, structures, formed by a 0/2m thick InP buffer layer, fol-
CO, NH;, HF, HBr, and HCI. However, strained heterostruc-lowed by a 0.2um thick Iny s5Ga, 4/AS lower barrier layer
tures in In—Ga—As—P emitting at unconventional wave-lattice-matched with the substrate, a 20-100A thick
lengths between 1.6 andudn have not yet been investigated In,Ga _,As quantum well with an indium content between
in detail in the literature. 0.6 and 0.85, and a 0g2m thick Ing 54Ga&, 47AS upper layer.

In order to extend the emission range of InGaAs/The stresses in the quantum well caused by the mismatch of
INnGaAsP/InP lasers toward2m, the active region must in- the lattice parameters were between 0.5% and 2% depending
corporate highly strainedcompressive stregsslayers of  on the indium content in the well. The ratio of group V and

InGaAs ternary solid solution with a high indium content. 11l elements in the reactor volume was 300 for growth of the
The present paper is concerned with the fabrication anéhP layer and 60—-85 for growth of the solid solution layer.
investigation of InGa, _,As quantum wells with an indium Although the height of the energy barriers was insuffi-

content between 0.6 and 0.85. Although a set of quantuniient to achieve efficient photoluminescence, the barrier lay-

wells is generally required in the active region to obtain ef-ers were formed by the substrate-matched ternary solid solu-

ficient laser structures, single-well structures are more corntion to avoid any indeterminacy of the composition at the

venient for studying the growth conditions and the quality ofbarrier—quantum well interface caused by intensive substitu-

the heterostructure. tion of arsenic and phosphorus atoms in the group V sublat-
Here the samples were grown by vapor-phase epitaxyice at each heterojuncticif:

1063-7850/98/24(11)/2/$15.00 886 © 1998 American Institute of Physics
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FIG. 1. Wavelength\ at the maximum of the photoluminescence spectrum
(300 K) of In,Ga _,As/Ing s:Ga, 47AS quantum wells as a function of the FIG. 2. Wavelength\ at the maximum of the photoluminescence spectrum

thickness [,): 1 — x=0.69, 2 — x=0.73,3 — x=0.76, and4 — (300 K) of In,Ga,_,As/Ing5G& 4As quantum wells as a function of the
x=0.81. Solid curves — calculated data from Ref. 1 and dashed curves —solid-solution compositior: triangles —L,=75 A, squares —,=50 A,
experimental data from Ref. 5. and circles —,=30A.

The samples were investigated by the photoluminesferent thickness obtained at 77 K as a function of the solid
cence method at room temperatu(@00K) and liquid-  solution composition in the well. An analysis of Fig. 2 re-
nitrogen temperatur€/ 7 K). The source of exciting radiation veals that in order to obtain an emission wavelength of the
was a\=0.488um argon laser. Figure 1 gives the maxi- order of 2u.m, the active region must contain highly strained
mum of the photoluminescence wavelength ofguantum wells with a mismatch of around 2%0.82) and
In,Gay _AslIng s{Ga 4,As quantum wells as a function of thicknesses around 100 A.
their thickness. The dashed curves with indium contents We have investigated highly strainetcompressive
x=0.8 andx=0.65 in the well show the theoretical calcula- stres$ In,Ga _,As/Ing s6Ga 47AS quantum wells grown by
tions forn=1 electron—heavy hole transitions from Ref. 1. reduced-pressure MOC hydride epitaxy. The results have
In their calculations Thijgt al! used an InGaAsP quaternary shown that this heterostructure is potentially useful for laser
solid solution with\=1.15um as the barrier layers. The diodes emitting in the range 1.542n.
solid curves show the experimental results from Ref. 5. The  This work was partially supported by Project No. 96-
symbols represent our experimental data for indium content®2005 under the Russian National Program “Physics of Solid-
in the quantum welk=0.81, 0.76, 0.73, and 0.69, respec- State Nanostructures” and by Grant No. 98—02-18266 from
tively. The smaller slope of our curves can easily be exthe Russian Fund for Fundamental Research.
plained if we bear in mind that when a substrate-matched
Ing 548G 47AS (A=1.6 um) solid solution is used as the bar- *P. J. A. Thijs, L. F. Tiemeijer, J. J. M. Binsnet al, IEEE J. Quantum
rier layers, we have a substantially shallower quantum wellzgleftfg?f:r’] 47;r(11292év &, 96491991
and for thin wells Fhe first 5|ze-quf';mt|zed level is falrly cl_ose ™ l\./Iesrine,g:J. M);s.sies,.E. Vanelkgt al. .Appl. Phys. Lett.71, 3552
to the energy position of the barrier. The appreciable differ- (1997,
ence between the results of Refs. 1 and 5 can be attributed tov. Taskinen, M. Sopanen, H. Lipsanet al, Surf. Sci.376, 60 (1997).
the nonideal nature of the heterojunctions caused by indium’J- Dong, A. Ubukata, and K. Matsumoto, Jpn. J. Appl. Phys., P&6, 2
segregation. Figure 2 shows our experimental findings for 5468(1997).
the photoluminescence wavelength of quantum wells of dif-Translated by R. M. Durham
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Field ion microscope examination of the action of an intense ion flux from a laser
plasma on tungsten
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Results are presented of field ion microscope examinations of the structure of tungsten samples
exposed to the action of a high-intensity ion flux {0?? ions/cnt-s) from a lead laser

plasma. It was observed that the surface layer becomes amorphized and the defect spectrum was
established. The limiting mechanical properties of irradiated tips were determined. Promising
directions for further research are indicated. 1®98 American Institute of Physics.
[S1063-785(08)02311-9

Studies of the interaction between a laser plasma and accompanied by the formation of a characteristic sphere as a
solid surface are of interest because this can simulate thesult of capillary surface forces.
degradation of materials in nuclear fusion facilities currently  In all cases, the samples underwent additional elec-
under construction. An important factor is that these experitropolishing to taper the apex before their structures were
ments allow us to study the action of short, high-intensity ionanalyzed using a field ion microscope. The field ion micro-
current pulses on structural materials until they fail com-scope investigations of the defect structure were carried out
pletely. by a standard technigliaising calculations and computer

The aim of the present study was to use a field ionmodeling® The microscope images of many surface atomic
microscopé to examine the defect structure of tungstenlayers near the initial apex of the tip revealed complete dis-
samples exposed to the action of a lead plasma produced loyder, although they indicated the presence of some structure
a pulsed CQ laser. During the experiment the lead targetnuclei (Fig. 1). An analysis of these images suggests that an
was inclined at a small angle to the axis of the laser beamappreciable surface layer of the samples has become amor-
and the laser flare was directed onto standard field ion miphized. This is evidently caused by the ultrafast cooling of
croscopy tips. The distance between the lead target and thgart of the tip after the end of the ion pulse. Estimates
irradiated surface of the tips was varied between 4 andghowed that the apex of the tip was cooled mainly by radia-
14 mm. All the samples were irradiated simultaneously. Theion rather than by heat transfer through the solid part of the
lead ion fluence at the tips was 10%ions/cn? per laser material, and this was aided by the high specific surface area
pulse at a distance of 4mm anrd10®ions/cnf at 12mm.  of this region. We assume that the rate of cooldiydt is
Most of the ions had an energy of around 0.5keV. approximately

The irradiation parameters were calculated using a
quasi-two-dimensional hydrodynamic model of an expand- dT/dt=20T*(3kngRy),
ing laser plasnfafor the CGQ laser used in the experiments
(laser beam energy 3 J, diameter of focusing spetl mm, where T is the sample temperaturer is the Stefan—
pulse length=1 us). This model has been successfully usedBoltzmann constant is the Boltzmann constanty is the
to calculate the charge state of the ions in an expanding laseumber of tungsten atoms per unit volume, &glis the
plasma’ the temperature of a laser plasfhand various re- radius of the tip. At the melting point of tungste
combination effects.Calculations for collector experimefits ~3700K) and R,<0.5um the cooling rate can exceed
have shown that although the quasi-two-dimensional moded T/dt>10’ deg/s, which is sufficient to prevent crystalliza-
simulates the lateral plasma flow only very roughly, it istion, even of pure metafs.
suitable for calculating the ion current density in an expand- As many surface atomic layers are evaporated by the
ing plasma to within a factor of 1.5-2.0. field, the images increasingly reveal a crystal structure be-

When the distances between the samples and the leaginning with layers approximately 0.5—1.0n from the ini-
target were short4—8 mm), their external form in an optical tial irradiated surface. In this case, a broad spectrum of de-
microscope clearly reflected the mechanical and thermal adects can be identified, beginning with isolated point defects
tion. The mechanical action showed up as plastic bendingvacancies and interstitial atoms in complexes with impurity
and fracture at the tip apexes with the fracture surface coratoms? and complexes of low multiplicity, and extending to
responding to brittle fracture. Increasing the distance bedislocations, dislocation loops, and microcracks. The signifi-
tween the tips and the lead target to 10—14 e, reduc- cant disorder of the sample structure decreased and ulti-
ing the powey had the result that the tips exhibited no mately, for most samples we obtained images demonstrating
fracture, but a thin fused surface layer appeared at the tips high-quality crystal structure.

1063-7850/98/24(11)/3/$15.00 888 © 1998 American Institute of Physics
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FIG. 1. Typical field-ion image of the surface of an irradiated sample show-FIG. 3. Field-ion image of the structure of an irradiated sample at a depth of
ing amorphization of the structure near the irradiated surface. ~0.3um from the irradiated surface.

Figure 2 shows a typical field-ion image of the transition average wasr;=2100 kg/mrd, which clearly exceeds that
region of an irradiated sample. Arrow indicates a mi- o ynirradiated samplé& ~ 1950 kg/mmA).

cropore, arrow? indicates a dislocation with the Burgers To sum up, plasma treatment of tungsten tips can seri-

vectorb=a[ 100] near the central pol@11), and the arrows ously degrade their structure to depths-68.0.m but may

3 indicate a grain boundary. The average depth of the trans|sq have a positive influence on some properties of the ma-
sition region was 1.0-3,0m. Figure 3 gives an example of terjg| |rradiation of tips will clearly be useful for studying

a field ion image of a more perfect structure. Only the uppeogsiple nonlinear processes in solids by field ion micros-
right section reveals a micropore with average linear d|menéopy_ In addition, a laser plasma can be used to simulate the

sions of 2.0-6.0nm, which is clearly elongated in [0 jnteraction between the bow section of spacecraft and plan-
crystallographic direction. We emphasize that most of theary atmospheres. This is because the characteristic velocity
micropores observed exhibited similar elongation, p055|bl3(~106 cm/3 of the ions in a laser plasma is the same as the
attributable to the initial texture of the samplegre bla_mks)._ escape velocity. By varying the distance between the target
In some cases the field ion images of the irradiatednq the objects being studied, it is possible to create an ion
samples revealed some “rotation” of various sections off density in the laser plasma equivalent to the gas flux

atomic planes. This may well be caused by the formation ofensity on the bow section of a spacecraft traveling at escape
vacancy-type dislocation loop nuclei {1101} planes* The _ velocity at an altitude of 30—100km above the surface of
mechanism for their formation as a result of the condensanomametS similar to Earth.

of point defects was examined in detail in Ref. 12. In conclusion, the authors are extremely grateful to A. N.
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Shear viscosity in a binary system with a spinodal
E. V. Kalashnikov and A. G. Ambrok

Institute of Problems in Mechanical Engineering, Russian Academy of Sciences, St. Petersburg
(Submitted June 15, 1998
Pis’'ma Zh. Tekh. Fiz24, 58—63(November 26, 1998

An analysis is made of the temperature—concentration dependence of the viscosity of a binary
liquid in contact with a solid wall. The region of liquid—wall contact is analyzed using

the multilayer Ono—Kondo model. It is shown that in the temperature—concentration range
bounded by a spinodal, the viscosity increases abruptly.1988 American Institute of Physics.
[S1063-785(108)02411-2

1. One quantity associated with irreversible effects andriscosity under conditions of strong instability such as con-
especially with energy dissipation effects, is the viscosityditions where the system moves below the spinodal require
Dissipation of energy accompanies various types of internadlifferent approaches, which allow the viscosity behavior to
motion in a system and also processes involving the formabe analyzed independently of the diffusion.
tion and evolution of structures in the system. In this respect, In our view, an approach based on Newton's law is a
the viscosity cannot be considered independently of the inpossibility® In this approach, viscous friction forcés= are
ternal structure of the system. The structure determines thereated between layers of liquid moving at different veloci-
viscosity of the system and the viscosity determines the evaies. These forces are proportional to the velocity difference
lution of the structure in the system. This interrelationshipV,—V; and are inversely proportional to the distance be-
shows up particularly clearly in strongly correlated systemstween the layersy,—n;. In this case, the viscosity may be
To be specific we shall talk of a binary liquid consisting of regarded as the reaction of the system to an external pertur-
two types of atom#\ andB. In critical effects we know that bationAF:
the correlation length increases as a certain critical “upper”
temperature is approached. In this case, the viscosity also 7=A(Nz=Ny)/(V2= V) AT, “)
increases:? However, calculations of the viscosity in sys- whereAf is the contact area of the layers.
tems near the critical temperatures are based on fluctuation 2. The form of relatior(4) suggests a modéFig. 1) that
theory whose validity is controlled by the Ginzburg relafion can be used to analyze the viscosityas a function of tem-

<(X—Xo)2><XS 1) perature gnd composition. This is the Ono—Koanq model of

' monatomic layersused to analyze the characteristics of the
where x is the order parameter, i.e., the concentration offormation of an interface Let us assume that a binary liquid
componenB in a binary systenA—B. This condition states at rest is bounded by a planar solid wall. Let us then divide
that the deviation of a fluctuating quantityshould be small the region of liquid adjacent to the wall into layers such that
compared with the averageof this quantity. In this case, the in each monatomic layer the atoms of componekisnd B
expression for the viscosity; reduces to the well-known are distributed randomly. Depending on the interatomic in-
Einstein—Stokes relatioh? teraction energy and its ratio to the temperature, the number
_ of monatomic layers filling the region of liquid forms a tran-
7=T/(6RD), @ sition zone> This zone is described by the dependence of the
which links the viscosity and the diffusion, wheTeis the  concentration of atoms of componeBtin the t th layer on
absolute temperatur®,is the correlation length, arid is the  the concentration of atoms of the same component in the
interdiffusion coefficient. In many cases however, conditionbulk (or average concentratiph In the (t+1)th layer, the
(1) is violated and relatiori2) is not satisfied. These condi- concentration is the same as the bulk value. Figures 2a and
tions are violated when the system contains a spiffoalal 2b show isotherms of the number of layers forming the tran-
whose boundaries the system is unstable. In general, the digition zone and the/ energy of “interphase” attraction be-
fusion coefficientD can be expressed in terms of the secondween the liquid and the solid wall as a function of the av-
derivative of the thermodynamic potenti@lwith respect to  erage concentratior. The spinodal and binodal are plotted
concentratiorf:’ in terms of the isothermg. These curves demarcate the

D~ 52G/ ax2 3) thermodynamic states of a homoggneous liquid sol_ution into

' stable, metastable, and unstalliebile). We shall shift the
Below the spinodal we find<0. This yields negative val- liquid (Fig. 1) with the same momentump=AF/(VAf) for
ues of the viscosity, as given by E®), which are physically each average composition and temperature. Then, assuming
meaningles8. Condition (1) does not determine the that the velocityV, of the first layer {=1) adjacent to the
temperature—concentration bounds within which the condiwall is zero, we can write an expression to calculate the
tion for smallness of the fluctuations is satisfied. Analyses o¥iscosity of the system in the form

1063-7850/98/24(11)/2/$15.00 891 © 1998 American Institute of Physics
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-»>p liquid is destroyed. The formation of interfaces is forbidden
because of the characteristic form of the van der Waals de-
pendence ofy (Fig. 2 at temperatures below the critical
value T, (below the spinodady/dx>0). The increased vis-

—_——— e —— — ¢

S &

g cosity prevents the system from leaving the spinodal, leaving
2 it strongly correlated, without any interfaces, and inhomoge-
1 neous. If the system lies in the region of metastable or stable
states, the correlation length is sm&lin this case, the vis-
n cosity completely obeys the Einstein—Stokes relatidhin-
der these conditions a “good” interface exists between the
FIG. 1. Model of contact between liquid solution and waH= liquid, Il — binary quuid and the wall. This implies thaty/ 9x<0 and

wall. The liquid boundary layer is divided intomonatomic layers; layer

t=1 is in contact with the wall. for each compositiox the first layer {=1) is anchored to

the wall andV;=0. In the region of metastable states, this
interface may also be supplemented by other interfaces
7=(N;—Ny)P. (5  formed between solutions between which equilibrium is de-

Figure 2d gives the temperature—concentration depens-cnbed by the. binodal. . .
dences of the viscosit§B) calculated using the temperature— 3 The existence of ftempergture—concentrgtlon regions
concentration dependences of the numbers of monatomf&f dlfferenF thermodynamic sFab|I|ty in asystem_ is extremely
layers forming the transition zorEigs. 2a and 2b A com- important in structure formation effects. In particular, a sub-
parison of the curves plotted in Fig. 2 reveals that in thestantial increase in viscosity within the limits bounded by the
temperature—concentration range enclosed by the spinod&iinodal is an important criterion for glass-forming
the viscosity increases abruptly, approximately by an ordesystems:™ The existence of a spinodal leads to strong con-
of magnitude. In this region the system is stronglycentration inhomogeneity but the increase in viscosity pre-
correlated® The ensuing concentration inhomogeneity em-vents the formation of interfaces associated with separation
braces the entire system immediately, forming no interfacesand crystallization. This analysis of viscosity is not confined
Not only are no interfaces formed, which would corresponcto a binary liquid solution—wall system. The model can also
to the equilibrium coexistence of the solutions described b)be app“ed to mu|tic0mp0nent and Sing|e-c0mp0nent Systems
the binodal, but also the interface between the wall and thggnsidered in the “hole” approximatiohThe latter presup-
poses that the model can be applied to a saturated vapor—
substrate system.

The first author was partially supported by the Russian
Fund for Fundamental Researn@wde 96—-03-3239@nd an
Integration GrantNo. 589, Lead Organization, Institute of
Problems in Mechanical Engineering, Russian Academy of
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Dosimeter for real-time monitoring of nuclear radiation energy (dose)
using a metal—gas-insulator—semiconductor structure

P. G. Kasherininov and A. N. Lodygin

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted January 15, 1998
Pis’'ma Zh. Tekh. Fiz24, 64—69(November 26, 1998

A new type of semiconducting dosimeter is proposed for real-time monitoring of nuclear
radiation energydose. This dosimeter produces an electrical output signal directly proportional
to the incident radiation dos@nd not its intensityand its sensitivity to this radiation dose

can be controlled. ©1998 American Institute of Physid$$1063-785(08)02511-7

In Ref. 1 we described a new type of photodetector usindgrom Fig. 1 that in this structure the electric fiel), in the
metal—gas-insulator—semiconductor(MGIS)  structures gas gap is an order of magnitude greater than that in the
which produces an output signal proportional to the energygrystal E; (Eo=1.6X10"V/m, E;=0.9x10°V/m) and is
(dosg of the illumination incident on its working surface. close to the critical valu&,, (for a gas gap of thickness,

Here we examine the possibility of using this type of struc-=8x 10" °>m, Bogoroditski et al? give E,,=2.7x 10" V/m).
ture to fabricate a dosimeter for real-time measurements dVhen the detector is irradiated, free carriers of the appropri-
nuclear radiation energidose. ate sign generated by the radiation in the crystal collect at the

We investigated MGIS structures with a layer of air ascrystal—gas-layer interface under the action of the electric
the gas insulator using insulating bismuth silicate,8i0,,  field. This reduces the electric fielﬂi in the crystal and
(BSO) crystals having dark resistivitp=102-10"*Q)-cm  causes a corresponding increase in the field in the gas layer
(AE=3.28¢V, free carrier mobility u,,=2x10 2cn?  from the dark valueE, to the critical levelEy=E,,. This is
-V~ l.s7! and lifetime 7,=10"%s. The MGIS structures accompanied by an increase in the voltage drop in the gas
were fabricated using plane-parallel wafers measurindgayer and a reduction in the crystal W= (E.—Eg)do.
10x 10X 2 mm. On one of the 1010 mm crystal surfaces The electric field in the crystdt is then given by(Fig. 2b
we attached a 2010 mm mica plate of thickneds-30—100
um with a 5—7mm diameter aperture. The structure was
sandwiched between glass plates on which transparg@t In

electrodes were deposited. A dc voltage source Voo
V0=0.6—3 kV was connected to the electrodes of the MGIS l
structure(Fig. 13. In the absence of illumination, the applied = T

voltage is distributed between the structure layers according
to their capacitances:

ﬁ:&:@ﬁ (1) / /
Vo Ci doey’

whereV,, Cy, &, andd, are the voltage applied to the gas b 6
layer, and the capacitance, permittivity, and thickness of the 10°
gas layer, respectively, and;, C,, £,, andd; are the volt- -
age applied to the semiconducting layer, and the capacitance, 8

permittivity, and thickness of this layer, respectively, where L 0
Vo+V1=Vq. The electric field strengths in the gas laj®yr %)

and in the crystaE; are described by expressiof® and

E
(3), respectively: 103 1)

- gt
Eo=Voo/do(1/(1+&0d;/£1d)), 2 102 1
E1=Voo/d1(1(1+&1dg/eqdy)). 3 0 .1 .2

X, cm

Figures 1a and 1b show the distribution of the electric
field in the BSO crystaE; and in the gas layeE, of this  FIG. 1. Distribution of electric field strength in irradiated MGIS structure:
MGIS structure for parameters of the semiconducting Iayeﬁ?d:fgtfam of S"Utcnffett o 2!;30 Zr,ytSt_%'Zt,— 'a]}/elf 0‘; ?"f!”lsdu'a;to@;_

_ - 3 . . _ optically transparent electrodds— distribution of electric field strength in
e1=40, d1;2X 1,0 m and the gas m.sma‘Fdlal_r) eo=1, structure in the darkin the crystalE; and in the air gafE,, respectively
do=8X10 m, n the abser_‘ce of illumination aV,  and under irradiation just before the onset of gas breakdawthe crystal
=2100V, as given by expressiof® and(3). It can be seen E;=E}) and in the air gafE,=E,,, respectively.

1063-7850/98/24(11)/3/$15.00 893 © 1998 American Institute of Physics
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SOURCE 7-Co%° {10’
(ACTIVITY OF 400 Ci)  |yq

s—
F,PULS/s

CAPACITY OF DOSE , R/hour
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DISTANCE OF THE SOURCE, cm

FIG. 2. Recording ofy radiation energy(dose from
Cd®® y source using dosimeter formed by BSO crystal
MGIS structure a — experimental dependence of cur-
rent pulse frequency in dosimeter circuit as a function
of distance from radioactive sourc@rossef solid
curve — calibration curve oy radiation dose rate as a
function of distance from C8 y source b — photo-
L=02m graphs from oscilloscope screen showing profile of cur-
rent pulses in dosimeter circuit at distance=0.2 m

Vo = 2100V from the source {yo=2100V); c — the same at dis-
tanceL=0.25m.
b
L=02m
V, = 2100 V
".¢'\<\.'9‘-: . . o, : ]
RSP 2Ee e e RS C
0o %0 100 150 200
t, ms
E}=E;— (Eq—Eg)do/d; (4)  The radiation energy incident on the surface of the structure

during the time between two successive pulses is determined

and isE}=0.75x 10° V/m. .
by the voltage applied to the structure and does not depend
When the structure is illuminated, the energy of the elec- y ge app P

o . ) on the radiation intensity.
tric field in the gas gapgas condensgincreases bAA: These structures were tested as dosimeters irradiated by

AA=0.5Cd3(E.,— Eg)?=0.5odg(E,— Eg)?. (5)  a400CiC8source ofy activity positioned at the bottom of

For the structure geometry described above with® water-filled tank. The dosimeter in a sealed capsule was

Vgo=2100V (Eo=1.6X 107 V/im, E,=2X 107 V/Im) we ob- move_d closer _to the source _at vari_ou; distarlces
tain AA=5.7x 102 J/i?. For Eéz E,, a current pulse ap- Figure 2 gives results of investigating the frequefoyf

pears in the electric circuit of the structure caused by thdhe current pulses in the dosimeter circuit as a function of the
capacitance of a section of the surface of the gas Iéyer dose rate. The solid curve in Fig. 2a gives the calibration
area around1-2x 10"®m?) being discharged through the characteristic of the source and the crosses give the experi-
resistance of the illuminated part of the crystal. After this themental points corresponding to the frequerieyf the do-
electric field in the gas layer drops below the critical value,simeter current pulses &= 2100V for various distancels
the discharge ceases, the field distribution in the structur§om the radioactive source. It can be seen from Fig. 2a that
returns to the initial state, and the process is repeated. the experimental dependenE¢L) is parallel to the calibra-
We showed that cw irradiation of the structure is ac- tion curve, which indicates that the pulse frequency depends
companied by a periodic flow of current pulses in the circuit.linearly on the dose raté(B) in this range ofL. Figures 2b
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and 2c show photographs from the screen of an oscilloscopgighly compensated crystals with an impurity level concen-
which illustrate the profile of the current pulses at distancesration N>10cm3;

L=0.2m (b) andL=0.25m(c) from the source. We con- 5) It has a high signal-to-noise ratio obviating the need
firmed that this BSO crystal dosimeter could record radiatiorfor radiation-sensitive electronics at the dosimeter site;
at dose ratesB=(3x10 2)—(3%x10°) R/s. The radiation 6) Crystals with low values of the parameter

dose recorded by the dosimeter over the interval betweep>10 7 cn?/V can be usednew wide-gap materials, low-

pulses at this voltage i€=(3-4x10 2 R according to quality crystal$;

these photographs. 7) The dosimeter is universal and can be used to record
Thus, MGIS structures using wide-gap insulating crys-a broad spectrum of radiation energy from hardays to

tals can be used to fabricate a new type of dosimeter folight;

radiation from radioactive sources, which is capable of mak-  8) It can be used as a sensor in automatic dose switches

ing real-time measurements of the radiation enemyse  which transmit fixed doses of recorded radiation energy re-

incident on objects with a high radiation background. gardless of intensity;
The proposed type of dosimeter has the following fea- 9) The dosimeter has a simple design and is convenient
tures: to operate because information on the radiation conditions is
1) It can directly record the energgose of the incident  delivered by a series of pules.
radiation;
2) The sensitivity to radiation energylosg can be var-  1p G, Kasherininov and A. N. Lodygin, Pisma zh. Tekh. F2&(3), 23
ied widely by varying the applied voltage; (1997 [Tech. Phys. Lett23, 137(1997)].

3) It can be used to record the ener@mSe Of radloac_ 2N P. BOgOI’OdItSI‘I’I and V. V. PaSynkOVMaterials in Radio Electronics
tive radiation at high dose rat®&=10 2-1C° R/s; [in Russiar), Gosmergoizdat, Moscow1963), 352 pp.

4) It has a high radiation resistance because it use%ranslated by R. M. Durham
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Enhancement of the quantum efficiency of radiative recombination of the fullerene C 70
in a toluene solution
Yu. F. Biryulin, L. V. Vinogradova, and V. N. Zgonnik

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, St. Petersburg
(Submitted May 15, 1998
Pis’'ma Zh. Tekh. Fiz24, 70—-75(November 26, 1993

An investigation of the spectra and quantum efficiency of photoluminescence provided direct
evidence of the presence of{aggregates in a toluene solution. Toluene solutions of

Ceo and G in the proportion 1 g/l and artificial mixtures of these were studied. The hypothesis
is put forward that mixed aggregates of;@nd G exist. © 1998 American Institute of
Physics[S1063-78518)02611-1

The unigue physical and physicochemical properties ofind the relative quantum yiel@.e., the area bounded by
new carbon clusters, the fullereneg,@nd G, have been photoluminescence curueFor comparison we usedsgand
noted by many researchéré.One characteristic feature of Cy, films on silicon deposited by sublimatiénwe estab-
their behavior is the anomalous temperature dependence ki$hed that the photoluminescence intensity and its quantum
the solubility of G in toluené and also the capacity of&  yield for the solid G, films is an order of magnitude lower
molecules to organize themselves into aggregates in variouban the corresponding parameters of the initigj €dlution,
organic solvents. and for G this difference exceeds two orders of magnitude.

In studies of the photoluminescence of toluene solutions In order to compare the effective masses of the
of Cgo, Cyo, and mixtures of these, we observed some spefullerenes participating in the radiative recombination pro-
cific features in various photoluminescence characteristiceess, we made suitable estimates for the films and the solu-
which indicate that these solutions deviate from the criterigions. These took into account the diameter of the optical
characteristic of true solutiorisThese specific features are radiation spot: its depth of absorption (Qin for the film’
discussed here. and around 0.5 mm for the solutiprthe density of the film

Chemically pure toluene which had undergone specialvas taken to be 1.67 g/én(Ref. 8 and the density of the
additional dehydration, was used to prepare solutionssgf C fullerenes in the initial solution was 0.001 g/&nThe calcu-
Cyo, and artificial mixtures of these. Sincedand G, pos-  lations showed that around 19g of fullerenes participate in
sess different solubility in toluene, it was decided to preparg¢he radiative recombination process in the film, compared
the initial solutions in the ratio 1mg per 1 ml. This also with approximately 108 g for the solution. These calcula-
simplified the process of obtaining artificial mixtures. tions show good agreement when the photoluminescence pa-

These initial toluene solutions ofsgand G, were then  rameters of the films and the initialggsolutions are com-
used to prepare artificial mixtures in the following ratios by pared, and differ by approximately 1.5 orders of magnitude
weight: Gyo:C,(=25:75, 50:50, 75:25, 90:10, 95:5, 98:2, for C;5 on account of the higher photoluminescence effi-
and 99:1. In addition, toluene-diluted g£toluene and ciency in the initial solution.

Cyo:toluene mixtures in the ratios 75:25, 50:50, and 25:75  Figure 2a gives the relative intensity of the photolumi-
by weight were also prepared from the initial toluene solu-nescence band at 693 nm and the relative quantum yield of
tions of Gy and G for analysis and comparison of the the photoluminescence spectra for the initigly@nd Gy

results. solutions and their mixtures as a function of the composition
All the prepared solutions were placed in molybdenumof the fullerene solution in toluene. The measurements are
glass ampoules and sealed. plotted in units of the intensity of this photoluminescence

Photoluminescence from the solutions was excited byand and the area below the photoluminescence curve of the
argon laser radiation at 488 nm and at 514 nm. During thénitial C,q solution in toluene. A sharp kink is clearly visible
experiments the specific power of the optical excitationnear 10% G, and 90% G, (1 mol G,; per 10.5 mol G). If
could be varied by two orders of magnitude. All the photo-the behavior of this system was consistent with that of true
luminescence measurements were made at room tempesolutions® this dependence would be linear without any
ture. kinks between 100%¢gand 100% G,. This behavior there-

The photoluminescence spectra of solutions gf, ©-, fore suggests that in the mixture solution interactions took
and their mixtures, obtained under identical conditions, arglace between molecules of two or three of the initial com-
shown in Fig. 1. ponents: G, C;9, and toluene.

The initial points for comparison of the photolumines- In order to check out this hypothesis and eliminate one
cence parameters involved comparing the shape of the phof the components from the analysis, we took toluene-diluted
toluminescence spectra, their intensities at 721 and 693 nnmitial solutions of Gy and of G,. The dependences of the

1063-7850/98/24(11)/3/$15.00 896 © 1998 American Institute of Physics
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FIG. 1. Photoluminescence spectra of toluene solutions;ef1}, Cqq (2),
and their artificial mixtures at 300 K. The;& Cg ratio in the solutions of
the mixtures was 75 : 283), 50 : 50(4) and 25 : 75(5) wt.%.

L 1 A

o c 75025  50:50 2575 toluol
same photoluminescence parameters of these diluted solu- 60
tions are plotted in Fig. 2b. It can be seen that the photoluFiG. 2. a — Relative intensity of the 693 nm photoluminescence band
minescence parameters of the initiaj,Golution obey a lin-  (crosses anc_l _(_:ircl<)esar_1d relative photoluminescen_ce quantum yield
ear dependence with increasing toluene dilution, i.e., they*auares for initial solutions of Go and Gy, and their mixtures; b —

. e . . elative photoluminescence intensity of the initiajoGind G, solutions
satisfy the criteria for true solutiolsThe photolumines- hen diluted with toluene.
cence intensity of the diluted-gsolutions departs from lin-
ear. Thus, in this case the toluene molecules apdrieract,
causing disaggregation of the,{aggregate$. tion between ¢, molecules and the solvent when analyzing

The difference in the behavior ofggand Gg in solu-  their results, or they assumed that it was fairly wéakn der
tions may be considered in terms of changes in the electrowaals interaction*
affinity which characterizes the activity of molecules and at-  Tomiyamaet al? also examined the solubility of &
oms, in the order C, £, and Gy. Data given by Boltalina and G in toluene. They detected no characteristic features
et al? indicate that the electron affinity in these increases inin the solubility and partial volumes ofgg(up to 1.5 mg/ mi
the order 2.5, 2.65, and 2.70 eV. Thus, in this serigesnfst  and Gy molecules(up to 0.5 mg/ ml. This does not contra-
be acknowledged to be the most active in terms of acceptatict our results, since we are concerned witly Eoncentra-
properties. We can postulate from the data plotted in Fig. 2éions of 1 mg/ml or less and we also considered mixed solu-
that this interaction between,gmolecules and toluene ex- tions where the gy and Gy molecules may interact.
tends to the range of concentrations between 100% and 10% Since interaction between;gmolecules has been indi-
Cyo. In this last case, the solution contains 90% But the  rectly demonstrated by Mel'nikoet al* we shall attempt to
photoluminescence spectrum as before only exhibits bandsderstand the essential features of this effect. First, it occurs
assigned to radiative recombination of;@Ref. 10. Thisis  for certain G, concentrations, i.e., interaction between them
probably because as a result of the lower symmetry gf C alone cannot be excluded. Second, the presence of toluene
compared with g, and also as a result of the interaction molecules helps to enhance the photoluminescence quantum
between the solvent molecules aneg,Cthe degeneracy in efficiency of G, (taking into account the reduction in the{C
the G electronic levels is lifted, which helps to increase theconcentration when diluted with toluenérhird, interaction
guantum efficiency of the photoluminescence. This may béetween G, and Gy cannot be excluded from an analysis of
caused by an increase in the equilibrium fraction of the solour results.
vated form of G,. Starukhinet all° neglected the interac- Thus, we can conclude that an increase in the quantum
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yield of C,o molecules in a toluene solution and also in a °R. S. Ruoff, R. Malhota, and D. L. Huesté al, Nature(London 362,

solution of mixed G, and G, may be caused by interaction ,140(1993.
6o Go y y 4A. B. Mel'nikov, A. V. Lezov, and E. |. Ryumtsev, Zh. Fiz. Khirf1, 946
of the Gy molecules and also by the presence of solvent (1997.

molecules and g. That is to say, aggregates may exist, 5c. A. Parker Photoluminescence of Solutions. With Applications to Pho-
including mixed ones. The energies of these interactions aretochemistry and Analytical ChemistriElsevier, New York, 1968; Mir,
fairly low and are not reflected in the form and shape of the ,Moscow. 1972, 510 pp.

c hotol . t = thi infer that if Yu. F. Biryulin, A. Ya. Vul’, I. K. lonova et al, Fiz. Tverd. Tela(St.
7o Photoluminescence spectra. From this we can infer that It g s yry37, 3124(1995 [Phys. Solid Stat@7, 1722(1995].

the Gso:C7o molecular ratio is of the order of 10:1, the com- 7R, w. Pohl,Optik und AtomphysikSpringer-Verlag, Berlin, 1963; Nauka,
position of the mixed aggregates changes, leading to a sub-Moscow, 1966, 552 pp.

. . . .. 8 :
stantial reduction in the quantum efficiency of the, @ho- A F. Hebard, Annu. Rev. Mater. Sci. No. 23, 18993.
toluminescence O. V. Boltalina, L. N. Sidorov, A. Ya. Borschevskit al., Rapid Com-
. : . . mun. Mass Spectron?, 1009(1993.
This work was carried out under the Russian Interbranchoa, N. Starukhin, B. S. Razbirin, A. V. Chugreat al, Fiz. Tverd. Tela

Scientific and Technical Program “Fullerenes and Atomic (St. Petersbung37, 1050(1999 [Phys. Solid Stat&7, 570(1995].

Clusters” as part of the “Polymer” Project 11B. S. Razbirin, A. N. Starukhin, A. V. Chugreet al., JETP Lett60, 451
’ (1994.
127, Tomiyama, S. Uchiyama, and H. Shinohara, Chem. Phys. P68,
IA. V. Eletskii and B. M. Smirnov, Usp. Fiz. Nauk632), 33 (1993. 143(1997.

2V. P. Belousov, I. M. Belousova, V. P. Budt@t al, Opt. Zh.64(12), 3
(1997. Translated by R. M. Durham
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Critical perturbations in a monostable active medium
A. A. Pukhov

Joint Institute of High Temperatures, Research Center for Applied Problems of Electrodynamics, Russian
Academy of Sciences, Moscow
(Submitted May 19, 1998

Pis’'ma Zh. Tekh. Fiz24, 76—80(November 26, 1998

An analysis is made of critical perturbations which initiate the evolution of instability in a
monostable active medium described by a reaction—diffusion equation. A group-theoretical
analysis of the problem yields an analytic expression for the energy of the critical
perturbations. The results may be important for analyses of stability with respect to external
perturbations of a wide range of active media. 1©®98 American Institute of Physics.
[S1063-785(108)02711-9

The initiation of instability buildup in strongly nonequi- state 6= 6,=0), and when the temperatuk exceeds the
librium physical systemsgactive media by external pertur- thresholdé, in a fairly large part of the medium, it under-
bations is a threshold proces®erturbations of sufficiently goes runaway self-heating. This factor is responsible for the
high energye>e. excite the buildup of instability in a me- particular nature of the nonlinear stage of instability buildup
dium, but the critical energg, depends on the spatial and in a monostable mediumGroup-theoretical concepts can be
temporal extent of the perturbatidi:he most “dangerous” applied to finde, in this cas€:” We shall assume that the
for active media are local and pulsed perturbations havingxponentsn andn are fixed anda andb are the controlling
the minimum critical energy.The action of a local pulsed parameters of the problem. Equatiofi$ and (2) are then
critical perturbation in a whole range of active media is de-invariant with respect to the variable transformation group
scribed by the nonlinear reaction—diffusion equation

t=L2Pt’,
a0
E=A0+f(a)+ecb‘[’(r)5(t), (1 r=_LPr’,
whereA=r"(®~Y(g/gr)rP~(a/or) is the radial part of the o=L9¢",
Laplacian,r andt are the dimensionless coordinate and time, e = 9+Dpg’ 3)
D=1,2,3 is the spatial dimension of the probledf(r) ¢ ¢
=(kqrP 1 718(r), kp is a geometric factor K;=1, k, a=L{1-m-ma-2py

=2, kg=41), §(r) is a delta function, and can be the iy
temperature of the medium, the reagent concentration, the b=L"b",

electric field, and so on, depending on the nature of the disyhich comprise a group of expansions with the scale factor
sipative processsee Ref. 1 and the literature cifedo be |  The exponents of the scale factors of the expansion are
specm_c_, we shall subsequently takdo be the t_emperature. determined by the invariance of Eq4) and (2) under the
The critical energye. and the nature of the nonlinear stage of yransformation(3) so that the nevprimed variables satisfy
|n_stab|I|ty evolution in these systems_ are completely deterne same equationd) and (2). This has the result that the
mined by the form of the source functidif). For example,  groyp of transformationé3) contains the free parametdrs

for bistable systemésee Fig. 1, curvd) a perturbation with p, andq, which can have arbitrary values.

e>e; can destroy the stable state of the mediém6, and Physical reasoning indicates that the critical enexgin
transfer it to the metasjtable state: 05 (Ref. 2. Methods of Egs.(1) and(2) is only a function ofa andb: e.=F(a,b).
approximately calculating. and its dependence on the pa- Thjs relation should be invariant relative to the group trans-
rameters of the problem for this case have now been studiegmation (3), i.e., e/=F(d’,b’) (Ref. 8. We shall seek a

in fairly great gletallz. o ) _solution in the forme xa"b® (Ref. 9, where the exponents
However, in many situations the system loses bistability;nq s need to be determined. We then have
(the dissipation depends strongly on temperature, the differ-

ential conductivity increases abruptly, and so™®n The ec/a'b3=LP@FDITdlimn=lrtizndg /5T (4
gualitative form of the dependengg€d) for this case is given
by curve2 in Fig. 1. In fairly general form the nonlinear
source functiorf () may be written &

and from the condition of invarianag /a"b®=e./a’"b’® we
obtainp(2r+D)+q[1+(m+n—21)r—ns]=0. Sincep and
g in Eqg. (3) are arbitrary, we obtain single-valued expres-
f(9)=ad™(6"—b), (2) sions for the exponents:ir=—D/2, s=[1-D(m+n

wherem, n, a, andb are arbitrary positive quantities ad ~1)/2)/n. Thus, for the critical energg, we have

=65. Such a medium is monostableith a single stable ec.oca” PPpll—b(mtn=1)/2)/n, (5)

1063-7850/98/24(11)/2/$15.00 899 © 1998 American Institute of Physics
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is satisfied, a “thermal explosion” occurs: the temperature
of a fairly large, uniformly heated region of the medium
(diffusion of heat from the boundaries is small compared
with dissipation inside the regidrgoes to infinity within a
finite time X! It can be seen from formuk&) that in this case,
the dependence of the critical energy on the threshold
temperatured,= b'" changes substantially. For example, for

f(6)

m+n—k>1+2D+I1+k(2/D—1) 9

the energye. decreases exponentially with increasifig,
i.e., the stability of the medium deteriorates with increasing
threshold temperature. Note that conditi@ may be more
stringent than conditior{8). The physical meaning of the
' correction in condition(9) is related to the local nature of the
heating of the medium by the external perturbation. The per-
6 ) 93‘-. 6 turbation energy is dissipated not only in heating and ex-
‘ panding the hot-phase regio®= 6,) but also in the diffu-
6. 1. Tvoical desend . . - _ sion of heat from its boundaries. The rapid increase in the
e e e e 1% 7469 41 specifc heat {-0°) and the thermal conductiity () i

pede the formation of a region of hot phase sufficient to

initiate the buildup of instability.

The author is grateful to N. A. Buznikov for useful dis-
A coefficient of proportionality of order unity cannot be ob- cussions of the results.
tained for formula(5) using group concepts. This must be This work was supported by the State Scientific and
determined either by numerical calculatibs by applying ~ Technical Program “Topical Directions in the Physics of
additional reasoning® Thus, a group-theoretical analysis of Condensed MedialProject No. 96088 and the Russian
Egs.(1) and(2) can yield a functional dependence&fon  Fund for Fundamental ReseardProjects Nos. 96-02—
the controlling parameters for any dimensions of the prob18949 and 98—-02-160%6
lem.
It follows from formula (5) that as the threshold tem-
E_eratur@?z: b increases, the stability Of. a m(.)nOStable me- V. A. Vasil'ev, Yu. M. Romanovski and V. G. YakhnoAutowave Pro-
ium with respect to external perturbations increases—for cesqegin Russia, Nauka, Moscow(1987, 240 pp.

moderate values ah andn the critical energye, increases  2A. VI. Gurevich and R. G. MintsThermal Autowaves in Normal Metals
exponentially. We shall discuss this condition in greater de-3and Superconductorfsn Russiar, IVTAN, Moscow (1987, 168 pp.

tall Th|S method Of Calculating the Critical energy can be A. VI Gurewch, R. G. Mints, and A. A. PUkhOV, Dokl. Akad. Nauk SSSR

. . . - Ser. Fiz.301, 1104(1988 [ Sov. Phys. Dokl33, 611(1983].
applied to active media whose specific heat and thermal con«g v petrovski zh. Tekh. Fiz.64(8), 1 (1994 [Tech. Phys39, 747

ductivity depend strongly on temperature and which are de- (1994].
scribed by SA. A. Pukhov, Pis'ma Zh. Tekh. Fi24(11), 12(1998 [Tech. Phys. Lett.
24, 417(1998)].
5N. H. Ibragimov, Transformation Groups Applied to Mathematical Phys-
HKE =V(0'VO)+f(0)+e.8°(r)s(t). (6) ics (Reidel, Dordrecht, 1989 Russ. original, Nauka, Moscow, 1983, 280
pp..
Here we haveV(e'V 0)=r 7(D71)(6'/&I‘)I’Dflﬁl(&ﬁlﬂr). By ’G. W. Bluman and S. KumeiSymmetries and Differential Equations

. . (Springer-Verlag, New York, 1989, 412 pp.
applying the procedure described above to Egsand (6), 8L. Dresner,Similarity Solutions of Nonlinear Partial Differential Equa-
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L. Dresner, IEEE Trans. Magr1, 392 (1985.
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Influence of reduction on the behavior kinetics of optical inhomogeneities in LINbO 3
single crystals

B. B. Ped’ko, E. V. Lebedev, and N. Yu. Franko

Tver State University, Department of Ferroelectric and Piezoelectric Physics
(Submitted March 26, 1998
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An investigation was made of the influence of high-temperature annealing in vacuum on the
optical homogeneity of LiNb@single crystals. It was observed that the residual light transmission
decreased appreciably and the temperature dependence of this parameter almost completely
disappeared. €1998 American Institute of Physid$$1063-785(18)02811-7

Lithium niobate crystals are widely used in optoelectron-light transmission involves descreening of defects when
ics. It is therefore of particular interest to study the propertiesharges are attracted by the pyrofield, while an increase in
of this crystal exposed to various types of treatment in ordethe concentration of thermally activated charge on scales re-
to improve its optical properties. The conventional measurejuired to screen both the charged defects and the influence of
of the optical quality of lithium niobate crystals is taken to bethe pyrofield causes a reduction. The residual light transmis-
the residual light transmission in crossed polaroids whersion decreases exponentially with temperature, as follows
light propagates along the polar axisn general, the pres- from the proposed model, which confirms the assumptions
ence of a residual light flux and its variation with tempera-made. The activation energy for screening of the internal
ture are a negative factor in the operation and fabrication oélectric fields by the thermally activated charge can be cal-
lithium-niobate optoelectronic elements. We reported edrlierculated from the descending section.
that changes in the composition of lithium niobate, especially ~ As we know, electron motion via oxygen vacancies with
from congruent to stoichiometric, lead to changes in the acactivation energies up to 0.5eV plays an important role in
tivation energy of the process responsible for the variation ofhe screening of the internal electric field$According to
the residual light flux with temperature. In stoichiometric our measurementsan increase in the concentration of oxy-
crystals the main process responsible for the behavior dygen vacancies during reduction may enhance the role of this
namics of the optical inhomogeneity is the conductivity mechanism and increase the screening of the internal electric
caused by the presence of oxygen vacanties. fields.

In view of this, it is meaningful to investigate the influ- We have established that the temperature dependence of
ence of reduction and subsequent recovery on the tempertie residual light transmission for VTE samples has two
ture dependence of the residual light flux in lithium niobatepeaks(Fig. 2). In our view, this suggests that in these crys-
crystals using the technique described in Ref. 4, since thigals there are two main thermal activation processes for the
treatment should alter the concentration of oxygen vacanciescreening of the internal electric fields, having different ac-

in the bulk of the crystals. tivation energies. For congruent crystals the temperature de-
The ideas put forward by Blistanat al! and developed pendence of the residual light transmission has a single peak
by us in Ref. 2 form the theoretical basis of this work. but after reduction and recovery, two extrema can be identi-

The samples were congruent crystals and crystals whicfied. For both the VTE and the congruent reduced crystals
had undergone vapor transport equilibratidTE) treatment  the residual light transmission has almost no temperature de-
to change their composition from congruent topendence within experimental error and the values are con-
stoichiometric! The samples were reduced in vacuum atsiderably lower.

600 °C for 40 min and turned a faint gray color. Recovery = We estimated the activation energy of the processes re-
took place at the same temperature for 2 h until the colosponsible for the disappearance of the residual light trans-
disappeared. mission from the descending sections of its temperature de-

The residual light transmission as a function of temperapendence using a technique described in Ref. 2. These
ture for nominally pure congruent LiNhQOcontains peaks energies are 0.62 and 0.7 eV at heating rates of 3 deg/min for
(Fig. 1), which is consistent with earlier results. This is athe congruent crystal and 0.51, 0.21, and 0.3 eV for the VTE
consequence of at least two processes which influence treample at a heating rate of 3 deg/min. The activation energy
screening of the fields of charge defects in the bulk of thecorresponding to the descending section after the first peak
crystal: screening of internal electric fields by thermally ac-on the temperature dependence of the residual light transmis-
tivated charge and migration of these charges in the directiogion for a congruent crystal after reduction and recovery is
of the polar axis as a result of the incipient pyrofield. In this0.91 eV.
case, the top of the peak can be treated as the equilibrium In order to identify the carriers involved in these pro-
point between these processes. The increase in the residuasses, we used the cation substitution model put forward by

1063-7850/98/24(11)/2/$15.00 901 © 1998 American Institute of Physics
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FIG. 1. Residual light transmission versus temperature for congruenkiG, 2. Residual light transmission versus temperature for VTE-treated
LiNbO; crystals: nominally purél), reduced2), and recovered3). LiNbO; crystals: nominally purél), reduced(2), and recovered3).

Nassau and Linesaccording to which the main type of de- tude. This confirms that the presence of oxygen vacancies in
fects for congruent lithium niobate crystals are lithium va-the bulk of lithium niobate has a substantial influence on the
cancies. As the crystal composition approaches stoichiohehavior kinetics of the optical inhomogeneity of LiNHO
metric, some oxygen vacancies may appear. Naturally, thgrystals.

crystal also contains other types of defects, which explains  Annealing reduced crystals in open air almost com-
the appearance of twearely threg rectilinear sections on  pjetely restores the initial properties of the crystals. The tem-
the descending section of the curve$l l|J(1/T). Volk  perature dependence of the residual light transmission for the
et al® discuss the participation of these defects as electrogongruent crystals has two peaks whereas that for the VTE
trapping centers in charge transport in LiNpGcreening of  samples has only one.

the internal electric fields by means of electron motion via  This work was carried out under Project No. 97—02—
deep trapped levels associated with oxygen vacancies is mog§600 of the Russian Fund for Fundamental Research.
likely responsible for the appearance of the second peak on

the temperature dependence of the residual light transmis-

sion. 1A, A. Blistanov, E. V. Makarevskaya, V. V. Geras'kin, O. K. Komalov,

These conclusions were confirmed in the experiments and M. M. Koblova, Fiz. Tverd. TeléLeningrad 20, 2575(1978 [Sov.
using reduced samples. Reduction leads to the appearance dthys. Solid Stateo, 1489(1978].

a large number of oxygen vacancies, which results in almostg' (Ei'g';%d ko and EV. Lebedev, lzv. Akad. Nauk SSSR, Ser. R4, No.
complete screening of the internal electric fields by these3Y’u. S. Kuz’minov, Electrooptic and Nonlinear Optical Lithium Niobate
oxygen vacancies. When reduced congruent samples are anerystal[in Russiai, Nauka, Moscow(1987.

nealed in open air, the initial properties recover but some of4<E3- Fischer,CS-fKapan, FfirégMXi-Qi, and N. ChengpPimceedings of
the oxygen vacancies produced during reduction are regKHﬁ;’s::u a‘;‘ge,\fné gr‘:gs 1. Appl. Physt, 533(1970.

tained, which gives rise to the second peak on the temperast R, volk, S. B. Astafev, and N. V. RazumovskiFiz. Tverd. Tela
ture dependence of the residual light transmission for the (Leningrad 37, 1073(1999 [Sov. Phys. Solid Stat87, 583(1995].
reduced samples. Only a single peak was identified for thé'(zl-QSGéChe”, Y. T. Macchia, and D. V. Fraser, Appl. Phys. L¥8(7), 223
recovered VTE samples. 8F.'S. Chen, Appl. Physi0, 3389(1969.

We have established that for both congruent and VTE-9¢ v. Lebedev, N. Yu. Franko, and B. B. Ped'ko, Abstracts of papers
treated crystals thermal treatment in vacuum causes the temypresented at International Scientific and Practical Conference “Dielectric
perature dependence of the residual |ight flux to disappear97"v St. Petersburfjn Russian, St. Petersburg State Technical University
almost completely in the range 20—200 °C and reduces thePress(1997. p. 171.
residual light transmission by more than an order of magniTranslated by R. M. Durham
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Spectrum of phase noise in the Dulkyn pentagonal ring interferometer and test
experiments to detect a weak periodic signal
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A. F. Skochilov, and Yu. P. Chugunov
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Pis’'ma Zh. Tekh. Fiz24, 86—92(November 26, 1993

Results of the first long-term experiments using a pentagonal interferometer are described. These
experiments were used to refine the detection of a given simulated signal against a noise
background. ©1998 American Institute of Physid$§1063-785(18)02911-5

As part of work on the Dulkyn project to detect periodic signal of amplitudeps and frequency),. The third term
gravitational radiatior:;? a group at the Joint Experimental describes the controlled phase changes introduced by the
Laboratory of Gravitational-Optical Research built, set up,phase modulator of the servosystem for the error signal. Let
and successfully tested a pentagonal two-loop ring laser inds assume that mixt)| is the upper threshold of the unre-
terferometer operated in a passive mdde. duced noise in the interferometer. The stabilizing system can

Since December 1997, the pentagonal interferometer hdix the sum £(t) = @(t) +¥ppy(t) at the level|£(t)|< D,
been used to carry out several series of continuous long-termhere the upper threshold for the reduced ndige¢ is sev-
experiments(up to eight days eag¢ghwhich allowed us to eral orders of magnitude lower than nagt)|.
study its phase noise spectrum in the pentagonal interferom- The spectral density of the fluctuations of the unreduced
eter at frequencies betweenf0and 10 1 Hz. These experi- phase noiseS,(v) =F[{(¢(t)¢(t+7))], where (¢(t)e(t
ments were also used to refine the detection of a given peri+ 7)) is the autocorrelation function anf[...] is the
odic (simulated signal against the background of real phaseFourier transformation operator, is related to the similar
noise, while the phase difference of the interfering beamsunction S,(v) for the reduced noise by
was stabilized by a servosystém.

This extremely low-frequency range, not normally used _ Se(v)

14 I EEEE—
for interferometer research, was selected because the Dulkyn ¢ (1+K(v))?’
project is aimed at the detection of periodic gravitational
raQ|at|on 'from .do.uble relat|V|§t|c .astrophysmal objects, Figure 1 gives the spectral densities of the amplitude of
which emit gravitational waves in this frequency range. For o~
this reason, a phase modulator, used to simulate the detecti}f unreduced noisg(v)=yS,(») (curve 1) and the re-

signal, was inserted in the signal loop of the pentagonal induced nois&(») = Sg(v) (curve?2) plotted against the fre-
terferometer. quencyv, calculated using the experimental data.

It can be seen that the unreduced interferometer noise
has a spectrum characteristic of flicker noise and may be
approximated by the functiog(v)=pory/v with the pa-

The stabilizing servosystem was an analog-digital deviceameters v,=10 °>Hz and ¢o=5x10°rad\/Hz. The re-
using a computer which controlled the stabilization processluced noise in the frequency range between *1@nd
according to a specially developed universal program. Tha0 ! Hz is fairly accurately approximated by white noise:
main component of the servosystem was a special phasgy)=¢,=5x10 °radA\/Hz. The gainK(v») for this fre-
modulatof consisting of a combination of thin dielectric guency range can be given E$v)=povy/&ov—1.
plates which could be turned through small angles about the
vertical g)fls.under comp_uter control. The phgse modulatoE' SEPARATION OF THE SIGNAL FROM THE NOISE
could minimize the amplitude of the phase difference fluc-
tuations @ (t) in the interference pattern to better than Since the frequency of the gravitational waves emitted
®,=10 ?rad (the “stabilization threshold). by double relativistic astrophysical objects such as PSR

From the theoretical point of view, the change in theJ1537 1155 is known with a high degree of accuracy, the
phase difference in the interference field may be given by very familiar cumulative adaptive comb filter can be léi%ed to

: separate the signal from the noise in the Dulkyn detector.

(V)= (1) + @ssin(Qs) +¥(1), @ The operating principle of the filter, which is in many
where the first term in the sum is the unreduced phase noigespects similar to the well-known multichannel multiplex-
¢o(t) of the interferometer which can be observed when théng method, is as follows. The period of the required signal
stabilizing servosystem is disconnected. The second term isB=2#/() is divided into M time intervals of duration
given periodic change in phase, which simulates the usefuht=T,/M. Then, during a single period of the signal at

whereK(v) is the gain in the feedback circuit.

1. SPECTRAL DENSITY OF THE NOISE

1063-7850/98/24(11)/3/$15.00 903 © 1998 American Institute of Physics



904 Tech. Phys. Lett. 24 (11), November 1998
B0), md M
103
102 ”\'/\VVAA .Y
10t M\\’\w
b\\'“wx‘
a : '\'\,m,\
10-1 VA
1072 \V"\V ATV =S y 2 W N
VWS AW
o v«\f\fv\r\ \'\/\,\ww
1074 — oy pr-1 ~a -1 0
10 10 10 10 10 10
v, Hz

10

Agachev et al.

FIG. 1. Spectral density of the amplitude of the
phase noiséstabilizing systeml1 — switched off,
2 — switched on.

timest,,=mAt (m=0,1,...,M) measurements are made of and frequencyw,=1.460<x 0~ 2Hz. In the three diagrams in
the phase® ,,= ®(t,,) which are numbered and entered into Fig. 2 the points indicate the values @f,, (M =3185) and
specific computer memory locations. During the next signathe solid curve characterizes the given signal. In the upper
period the procedure is repeated and the results of the meand middle diagrams the acquisition period was exactly the
surements are added to the appropriate locations. Ultimatelgame as the signal period, whereas in the lower diagram it

after N acquisition periods we will have
N

Pp= 2 ltm))s = 1

M

Ts. )

Substituting Eq(1) into Eq. (2), we formally obtain at
the filter output

)

27—

N
M) 2 Etm):

D ,,=Ngpg sin(

The first term of the sum in Eq3) is the coherently
acquired signal whose amplitude Nstimes larger than that
of the initial signaleg. Sufficient caution must be exercised
when estimating the second term of the sum.

In the absence¢s=0) of any useful signal in Eq1)
the quantity&(t) is a random stochastic function, since the
stabilizing system “works on” the random intrinsic interfer-
ometer noisep(t) and thus the second term of the sum in
Eq. (3) will increase asyN.

In the presence of a periodic signap#0), two vari-
ants are possible: either the signal amplitugeis so small
that the stabilizing servosystem does not sense its presen
and then(t) is a random quantity as before or, if the signal
amplitude is fairly large, the stabilizing servosystem begins
to “work’” and a regular component appears§(t) which is
responsible for compensating for the signal. In the first case
the second term of the sum in EE) will increase asyN,
and after a sufficient number of signal periods the first term
of the sum exceeds the second, i.e., the useful signal will b
detected. In the second case the useful signal cannot be sej
rated from the noise.

These experimental investigations have shown that ir
the Dulkyn two-loop pentagonal interferometer the stabiliz-
ing system does not destroy the useful periodic signal if its
amplitude is at least two orders of magnitude below the sta
bilization thresholdb,. Figure 2 shows typical results for the
operation of the filter for a signal of amplitude =10 *rad
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FIG. 2. Experimental results using the cumulative adaptive comb filter.
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corresponded to the frequen€y=1.461x 10 2Hz. It can 2. The servosystem for stabilizing the phase difference
be seen from Fig. 2 that when the number of signal periodsf the interfering beams in the Dulkyn pentagonal interfer-
wasN=9230 and the frequency corresponded to that of theymeter does not destroy the periodic useful signal until the
detected signal, it could be reliably separatede middle stapjlization threshold is twéor more orders of magnitude

digram from noise whose maximum amplitude is two orderspigher than the amplitude of the useful signal. In this case,
of magnitude greater than the signal amplitudee upper the cumulative adaptive comb filter filter can reliably sepa-

diagram. When the signal amplitudeg approaches the sta- . ) .
bilization thresholdd, the useful signal was destroyed and rate the periodic useful signal from the noise.

the result of its acquisition was similar to the lower diagram
in Fig. 2.

3. CONCLUSIONS
IA. B. Balakin, G. V. Kisun’ko, Z. G. Murzakhanov, and A. F. Skochilov,

1. The curve giving the spectral density of the phase Dokl. Akad. Nauk346(1), 39 (1996 [Sov. Phys. Dokl41, 19 (1996)].
noise reduced by the stabilizing servosystem of the Dulkyn®A. V. Balakin, Z. G. Murzakhanov, and A. F. Skochilov, Gravitation
pentagonal interferometer shows no anomalous increase afosmology3, No. 1(9), 71(1997.

. ) 3 . .
frequencies close to zero; the behavior of the curve at fre- A R- Agachev, A. B. Balakin, G. N. Buov et al, Zh. Tekh. Fiz68(5),
121 (1998 [Tech. Phys43, 591(1998].

quencies below 1Hz is typical of white noise and in this "y \ o ianinoy, . 6. Murzakhanov, and A. . Skochilov, 1zv. Vyssh.
sense differs fundamgntally from the unboundgdly increasing ychepn. zaved. Fiz. No. 2, 24.998.

spectral curves typical of long-base laser-interferometer

gravitational wave detectors. Translated by R. M. Durham
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