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A theoretical model is proposed for describing the accelerated diffusion of boron and phosphorus
impurity in silicon during high-temperature implantation. The model takes into account the
production and diffusion of impurities and point defects and the formation and decomposition of
defect—impurity pairs. The formation of dislocations and an incrédsereasgof their

size during bombardment is taken into account. Dislocations are sinks for defects and impurities.
The computed profiles are compared with existing data. It is shown that dislocations play

an important role as trapping centers. Oscillatory behavior of the impurity profile was observed
near the surface; this behavior is due to impurity implantation and diffusion processes

occurring simultaneously. €997 American Institute of PhysidsS1063-782607)00104-X|

High-temperature implantation is being developed for kq
the purpose of suppressing the accumulation of defects and Mi+dk<ﬁ Pi, (1)
2

decreasing the temperature and duration of subsequent treat-
ments. Under “hot irradiation” conditions the formation of wherei=1 and 2;M, is an impurity boron atomP, is a
defects is determined by the ratio of their rates of introducdefect—boron pairM, is an impurity phosphorus atom, and
tion and annealing as well as the appearance of structur@, is a defect—phosphorus pair. The reactidh describes
imperfections in the form of dislocations. The implantationthe formation and decomposition of pairs. The constants for
of an impurity under these conditions is accompanied bythe forward and backward reactiofi® were estimated ac-
radiation-accelerated diffusion and precipitation of the impu-cording to the formulas
rity on dislocations.

The first experiments on hot irradiation were performed
in Refs. 1 and 2 with target temperatures 600—700 °C.  gnd
The results for a wide temperature range 600—1100 °C are
presented in Refs. 3 and 4. Accurate theoretical calculations Ka(T)=(71) " "exp( —e3/kgT),

of the impurity profiles, reproducing the conditions of hot wherer is the impurity-atom—defect interaction radii,

irradiation, have still not been performed. We note only the;s the diffusion coefficient of defecteg is the binding en-
empirical model proposed in Ref. 5, where the diffusion CO-ergy of a pair, andr, is a rate facto(the number of bond-
efficient is given phenomenologically as a function of thep eaking attempts per unit timeWe took into consideration

coordinate. . in addition the possibility of trapping of an impurity and a
In this paper we present a theoretical model that takeﬁoim defect on a dislocation

into account the multicomponent character of the diffusion

Ki(T)=47Dy(T)roé;

of an impurity in silicon, chemical reactions between the I

components, the possibility of trapping of impurities and d+disl.=d.disl.,

point defects on dislocations, and the increase in the disloca- Ka

tion density and the dislocation loop sizes with the irradia-  P;+disl.= M, —disl. 2)

tion dose. The results are compared with experimental data . ) )
and other models. The constants in the reactiori®) were determined by the

relations

1. MODEL ka(T,x)=2mDRgis(X) &2 /70,
The proposed model is an elaboration of the model in
Refs. 6 and 7, where the problem of radiation-accelerated
diffusion of boron during high-temperature treatment of awhereR((X) is the radius of the dislocation loopBy, is the
silicon target with protons was solvéd. diffusion coefficient of pair$, with boron atoms oP, with
According to modern ideagsee, for example, Refs. 10 phosphorus atoms, respectively; agg, &,, andé; are at-
and 11, the diffusion of impurity boron or phosphorus oc- tachment coefficients. High-temperature ion bombardment
curs with the aid of the diffusion of pairglefect—impurity  gives rise to a high supersaturation of point defects above
and chemical decomposition and formation reactions betheir equilibrium densities at a given temperatuihis dif-
tween componest— a point defectd, an impurity atom ference between the equilibrium and nonequilibrium densi-
M; at a site of the silicon lattice, and a pd®¥ (defect— ties can reach two to four orders of magnitude for boron and
impurity) — according to the scheme phosphorus, respectivelyThey decrease via several chan-

Ka(T,X) =2mD pRyis(X) €3 /10,
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nels — recombination of interstices with vacancies, trapping
on dislocations, and production of new dislocations. This is 5Cp(X=0I)=0,
indicated by the experimental data of Refs. 3 and 4. As a
result of ion bombardment, the impurity atoms are arranged Cy4(x=L,t)=0.
either at the sites of the silicon latti¢ghe impurity atoms do The initial conditions for the system of equations are
not diffuse because of the high energy bajriar they form
pairs (which do diffuse. In the most general case it would Cq(x,t=0)=C° Cp(x,t=0)=0, CeonfX,t=0)=0,
also be necessary to take into account all charge states in the o L ~0
system, which greatly increases the dimension of the prob- RaX,t=0)=Ro, CaisX,t=0)=Cqs
lem but does not lead to any qualitatively new results. For
this reason, we can write the following system of equationsz' METHOD FOR CALCULATING AND ESTIMATING
for the densitiesC, and C,, of impurities occupying lattice 1= PARAMETERS

s p p pying

sites and in pairs, respectively: The system of equatior(8)—(8) was solved numerically
ICq 0 JICyq . by an implicit scheme. The time d_erivatives were approxi-
Zt = x|\ P +0q—(Cy—C")/ 74— k,C4Cyq mated to first-order accuracy. The time step was chosen so as
X X to increase in time with incremerdt"/ 8t""1=1.1. A con-
+kyCp—k3CyCuis, (3)  servative scheme on a nonuniform grid of second-order ac-

curacy was used to approximate the spatial derivatives. The

dC, 9 dCy nonlinear system of equations was solved successively by
Tt~ ox| Prgx | T80t KiCaCsmkaCpmkaColaiss g sweep method using the solution from the preceding it-
(4) eration. The computational accuracy was no worse than
0.1%.
dd(is =(1-£)gp—kiCqCot ksC,p, (5) The following considerations were used to estimate the
parameterk, ,k,, 74, Dg, Dy, C,9q4, 9p,dgs: B1, a1,
Coic and V1 The Arrhenius law was gssumed for the diffusion
= — B1(— B1Cuis— 914id X)), (6) coefficientsDy andD,, . 'I_'he ac.tlvat1|30n energy was assumed
to be 1.7-1.9 eV for interstic¥s™ and 1.2-1.5 eV for
3Coon vacancies>'*°For this reason, just as in Ref. 6, the value
T:kACpCdis- (7) 1.5 eV was used to estimal;. The preexponential factor
Do Was calculated from the condition that near the melting
dRye point Dy is close to 410~ * cn?/s.!® Since the pair diffu-
at =Dgya1(T)(C4—C®% — y1(T)DgCsi, (8) sion coefficientD, is not an impurity diffusion coefficient

and it cannot be estimated experimentally, it was assumed
whereCy, C°, Cp. Cs, Ceom: Cais» andCg; are the density that the pair diffusion coefficient must be close in order of
of point defects and their equilibrium density at the targetmagnitude to the defect diffusion coefficieBt,~Dy. To
temperature and the density of pa{rsobile componen)s calculate the pair decay constank,, the values
concentration of stationary site impurity atoms, impurity at-7; *=10"2f, (where f,=10'*s™! is the characteristic
oms trapped on dislocations, the dislocation density, and thetomic vibrational frequengywere used. The pair binding
density of silicon atoms in an ideal latticByg; is the self- energies were assumed to be 1.1 eV for boron and 1.4 eV for
diffusion coefficient of silicon atomsgy(x), gp(x), and  phosphorus®!’ The experimental valuéb r4=10"" s and
gai(X) are the rates of generation of defects, impurities, ang3;=10"* s™* were used for the defect lifetimey and the

dislocations dislocation velocityB;; the interaction radius was assumed
3 2 , to bery=1.2x10"" cm. The equilibrium density of point
9a(x) = (2/m) " oEi /(Erora)exd — (x—Ta)/ovq )], defects was calculated according to the formula
5. o~ Ef /KT _ ; ;
)= (22 o Joexd — (X—r1-)/ 21 Co=5x10%e E/KT where E;=3.6 eV is the formation
95(x)=(2/m) Hol orpexid = (x=1p)l oy )'] energy of point defectS''’ The parameters for the functions
9aisX) = (2/m) Y gl ogiexd — (x—r g)/ ogis )?], dds 9p, andggis are presented in Table I. The tables pre-

. . - . sented in Ref. 19 were used to calculate them.
wherel is the beam current, is the position of the maxi-

mum of the elastic lossesy,q is the width of the elastic-
losses peaky s is the width of the peak in the rate of gen-
eration of the dislocation densit§,; are the total inelastic 3. COMPUTATIONAL RESULTS AND DISCUSSION
energy losseg;; is the threshold formation energy of a Fren-
kel’ pair in silicon, r, is the position of the maximum of the
generation rate of impurity atoms, ang,, is the variance in
the generation rate of impurity atoms.

The boundary conditions for the system of equations:[
presented above are

The calculations were performed for implantation of bo-
ron with energy 45 keV and phosphorus with energy 100
keV and beam current density=10"% A/cm? in a silicon
arget heated up to temperature- 900 °C.

Several models employed in the literature for predicting
the impurity profile in the case of implantation into a heated
Cy(x=04)=0, Cy(x=L,t)=CP, target are compared in Fig. 1.
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TABLE I.

Impurity rg, €M g, CM M CM o, CM Ej, keV Eg, eV O giss CM
Boron 1.0666K10°° 5.3x10°% 1.470<10°° 5070<10°°% 136  20.0 %1075
Phosphorous  0.8910°° 4.86x10°° 1.245x10°° 4.62x10°® 488  20.0 10°
Model 1 is described by the diffusion equatidn), We note that the specific weight of phosphorus trapped

where the constants are assumed to be zero. The value of tba dislocation sinks is very smalless than 1%and there-
diffusion coefficient was taken from the experimental data infore dislocations have virtually no effect on the formation of
Ref. 3. the impurity density profile. In the case boron, taking ac-
Model 2 is described in Ref. 5. It is based on prescribingcount of the trapping of boron on dislocations determines the
phenomenologically the diffusion coefficient by an exponen-impurity density at large distances from the position of the
tial function of depth maximum of the impurity distribution profile. In the case of
a high dislocation density the diffusion impurity flux de-

Di(x)=Dio exp(=X/Lig), © creases substantially, since some boron atoms are trapped by
where the index denotes the boron € 1) and phosphorus these dislocations.
(i=2) impurities. The parametei3;, and L;y were taken The numerical results obtained for boron and phos-
from Ref. 5. phorus using the model described above are presented in

Model 3 is the above-described model in the completerigs. 2—6.
formulation(3)—(8). Here the smoothed experimental data of ~ After a short timet=10"3 s (which is much longer than
Ref. 3 are presented. As one can see from the figure, thiée lifetime 74 of point defects a stationary distribution pro-
behavior of an impurity cannot be described in a wide rangeile of point defects is established in the system. It is deter-
of distances by a single diffusion equation. Radiation-mined by the lifetimery and generation ratgy(x) of de-
accelerated diffusion plays an important roleompare fects. The presence of diffusion results in broadening of the
curve 4 for D=8x10"2cn?/s and curve 3 for  profile by the amounty=(D474)¥2 This stationary distri-
D=2x10 " cn¥/s in Fig. 1; Ref. 20 The use of the co- bution of the defect profile starts to change when a suffi-
efficientD;(x) in the form(9) somewhat improves the agree- ciently high dislocation density accumulates in the system.
ment with experiment but it does not reproduce the experiThe defect lifetime will then be determined not by the
mental data deep in the substrate. Only the madtlet(8),  vacancy—interstice recombination time but rather by the
proposed above, makes it possible to describe satisfactorilyavel time of a defect to the nearest dislocation
the impurity distribution profile not only near a peak but also

deep in the substrate. _
P Taa = KaCais= 27D gRyis(X) €2+ Cyis/ T -
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FIG. 1. Phosphorus impurity density profile for different models. Dose:
10%cm2. 1 — Experimental data;2 — model 3; 3 — model 1, FIG. 2. Phosphorus pair density for different irradiation doses,%n —
D=2X10 % cn?/s; 4 — model 1,D=8x10"*2 cn?/s; 5 — model 2. 108, 2 — 10", 3 — 10'
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FIG. 5. Phosphorus impurity concentration profile for different irradiation
doses, cm? 1,1 — 10 2,2 — 3x 10" 3,3 — 10 4,4 — 106,
This instant of time occurs when the dislocation density bed—# — experimental datal’—4" — computational results.
comes of the order of $8cm™2 and higher, and the radius

of the dislocation loops becomes T0cm and larger.

The profiles of pairs(defect-impurity and interstitial gt the pointr, and its amplitude increases with the dose.

impurity phosphorus atoms, respectively, are presented ifjext, the position of the peak in the pair profile shifts in the
Figs. 2 and 3 for different values of the irradiation dose. Folgjrection of the surface and is broadened because of diffu-

short irradiation times, the impurity distribution profile re- sjon, pair diffusion occurs in both directions away from the
produces the rate distribution profil,(x) of the atoms in-  pointr , the pairs decompose, and the density of interstitial
troduced into the volume. This distribution has a maximumaiom increases near the surface. Because of the redtjion

the pair density will then beging to increase. As a result, the
peak shifts toward the surface.
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FIG. 4. Boron impurity concentration profile for different irradiation doses,
cm 2 1,1 — 2x10" 2,2 — 5x10% 3,3 — 10'% 4,4 — 3x 10" FIG. 6. Radius of dislocation loops in the case of irradiation of silicon with
1-4 — experimental datal’'—4' — computational results. boron for different doses, cn: 1 — 10'%, 2 — 104 3 — 10'°.
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In the case of interstitial impurit{Fig. 3), in addition to  preparing the manuscript.
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Effect of electron and neutron bombardment on the orange luminescence spectra of not
specially doped and copper-doped cadmium sulfide single crystals

G. E. Davidyuk, V. S. Manzhara, N. S. Bogdanyuk, A. P. Shavarova,
and V. V. Bulatetskil

Lesi Ukrainki VolynskiState University, 263009 Lutsk, Ukraine
(Submitted March 20, 1996; accepted for publication April 24, 2996
Fiz. Tekh. Poluprovodr31, 390—392(April 1997)

CdS single crystals which were not specially doped and which were doped with copper
(Ng,=10" cm™3) have been investigated. It is concluded on the basis of an analysis of the dose
dependences of the orange luminescence intensjjy=605 nm of “pure” and doped

samples upon bombardment by electrons Vii@ta 1.2 MeV and by fast reactor neutrons that the
centers responsible for this luminescence are complex in nature. They consist of interstitial
cadmium atoms and oxygen atoms. Electron bombardment of CdS:Cu single crystals results in the
formation of new centers which are responsible for luminescencenyjth 570 and 545 nm.

© 1997 American Institute of Physids$1063-782807)00204-4

In Ref. 1 it was shown that interstitial cadmium ions The O-luminescence intensity in pure samples and some
(Cd) play a large role in the formation of orange lumines-doped crystals, in which the initial orange luminescence is
cence centers\y =605 nm in CdS single crystals. How- very weak, increases with the irradiation da$ég. 2). In
ever, being shallow donors, they cannot be luminescenc€dS:Cu single crystals in whid® luminescence dominates,
centers: For this reason, different authdr§ propose com- the intensity of the luminescence decreases with irradiation.
plex models of O-luminescence centers with the participatiorThis case is illustrated in Fig. 1.

of Cd: The nonlinearity and saturation of the dose dependence
of the O radiation(Fig. 2) and the decrease in the lumines-
(Cd"—Vgy), (Cd"— Cugy), (Cd"—Aggy. cence intensity ford>3x 10" electrons/crh attest to the

complicated nature of th® centers. Furthermore, the lower

In Ref. 7 it is concluded on the basis of an investigationrate of introduction of orange-luminescence centers in
of the symmetry ofO centers that the photoluminescence CdS:Cu single crystalé=ig. 2, curve2), and in some doped
centers are trimers which consist of interstitial copper or sil-samples the decrease in t@eluminescence with irradiation
ver atoms and deep acceptors. Therefore, the nature of tl®se, apparently suggest that Cu atoms are not constituents
O-luminescence centers in CdS has by no means been estaif-O centers (\,=605 nm).
lished, and the methods of radiation physics may be helpful  If it is assumed, as done in many work$,that intersti-
in clarifying it. Such methods make it possible to introducetial cadmium atoms are responsible for thduminescence,
characteristic lattice defects in a controlled manner at comthen the dose dependence of tBeradiation can be ex-
paratively low temperatures and to study their interactiorplained by the formation of complexes of radiation-produced
with one another and with different impurities. Cd with atoms of some uncontrollable impurity, which is an

In our work we investigated CdS single crystals whicheffective sink for Cd and is present in both the pure and
were not specially doped and which were doped with coppedoped samples. Oxygen atoms can play the role of such an
(Ng,=10" cm™3). The synthesis conditions of the material impurity. In many technological work$1* oxygen, which
studied are described in Refs. 8—11. Bombardment with 1.Zis present in the lattice of CdS single crystals, is considered
MeV electrons was performed in a linear accelerator; theéo be responsible for th® luminescence. In pure samples
irradiation temperature did not exceed 20 °C. Neutron bomwith a very low initial Cd density, most oxygen atoms are
bardment was performed in a vertical channel of a nucleafree and, interacting with Gd they formO centers. For this
reactor in specially evacuated quartz cells with a cadmiunteason, at the initial moment of irradiation the highest rate of
filter. The average energy of the fast reactor neutrons wamtroduction of orange-luminescence centers is observed in
E=2 MeV. The temperature during irradiation did not ex- these crystal§Fig. 2, curvel). At high doses, a large frac-
ceed 70 °C. tion of the oxygen atoms is trapped by radiation-produced

The spectral characteristics and dose dependences of tkel (saturation of the sinks occyrand the rate of introduc-
O-luminescence intensity of cadmium sulfide single crystalgsion of O centers decreases. Further irradiation
were investigated. Before and after irradiation wide lumines{® >3x 10 electrons/crf) with a nearly constant concen-
cence bandgFig. 1) with A =605 nm(peak ) were observed tration of O centers results in the formation of other radiative
in the “pure” and doped single crystals. The form of the and nonradiative recombination centers, which redistribute
luminescence and its excitation spectra, as well as the polaamong themselves a substantial fraction of the recombination
ization characteristics did not change after irradiation, whictflux,® decreasing the intensity of th@ luminescence.
suggests that th® centers formed by radiation are identical It is well knownt® that when cadmium sulfide single
to the O centers before irradiation. crystals are doped with copper, the density of Cdhich
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FIG. 1. Luminescence spectra of CdS:Cu single crysflls {7 K) before degrges .Of po!arlzatlon corresppn@ng to_the m?')“ma in the
(1) and after iradiation by electrons witE=1.2 MeV and dose polarization diagram characteristic for isotropic centers
d=2x10" cm™2 (2, 3), 2 — before annealing3 — after annealing at  Which could consist of distributed donor—acceptor pairs. The
t=150 °C(10 min). valuesPg,= —0.03 (P, is the degree of spontaneous polar-
ization) and P(0°)=P(90°)=—0.04 agree with the values

. . . _obtained in Ref. 7 in an investigation of not specially doped
can be trapped by oxygen atoms, increases. This explains tIz,edS samples. The inequalit?(0°)| #| P(90°)| holds on
high O-luminescence intensity in the initial doped crystalsthe high-energy section of the orange band of CdS:Cu single

?nld the I.owdr.atte gf introduction dcﬂ) (t:k? r::]ers when the crys- crystals. This attests to the anisotropy of the centers respon-
ais are radiated as compared wi € pure samifiégs sible for the radiation in this region.

2_). In some CdS:Cu single crystals with a domin@némis- _ In doped crystals, besides thg,=605-nm bandpeak
sion band, _all_ oxygen atoms are apparently saturated wnB, there is probably also a band witf, =570 nm (due to

Cd af‘d (tjhelg |\r/)retad|at|(§)n leads fit :Ee _m:ts{m{ thiztrheasons anisotropic centers, peak)llwhich is more noticeable after
lexamne a OF' ola ecrease In the ntensity ot the orange; 4 giation and especially after the irradiated samples are an-
uminescencerig. 1). nealed(Fig. 1. Irradiation of the doped crystals also results

ol It .ShOUId be tno;ed_ g(])%t the r{ahdlatlo“-prct)dglcedm the appearance of a weak yellow-green band with
-luminescence centers; = nm are thermally stable Am =545 nm(peak lll), whose intensity increases somewhat

and essentially do not anneal up to temperatures 25Ff- after annealingFig.1). It should be noted that we observed
3. Polarization measurements showed that @vband Iu- the formation of a band WiFh a maximum located nearby
. i - (Ay =537 nm upon annealing tt>100 °Q samples bom-
minescenceX =605 nnj of CdS single crystals satisfies the : ;
condition |P(0%)| = | P(90°)|(|P(0°)| and |P(90°)| are the barded by electrons without any special doping.

Neutron bombardment of CdS and CdS:Cu single crys-
tals always resulted in almost complete vanishing of the or-
ange luminescence, irrespective of the iniaradiation in-
tensity, although other luminescence lines were clearly
identified.

As is well known'® when cadmium sulfide single crys-
tals are irradiated with fast neutrons, clusters of defects,
which are good sinks for impurity atoms, are formed. Appar-
ently, they are also good sinks for oxygen atoms, decreasing
their density in the volume of the crystal and, correspond-
ingly, the O-luminescence intensity.

In  summary, the dose dependences of the
O-luminescence intensity in CdS and CdS:Cu single crystals
upon electron and neutron bombardment can be explained by
assuming that complexes consisting of interstitial cadmium
atoms and an uncontrollable impurity, whose role can be
played by oxygen atoms, are responsible for @heenters.
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Effect of lateral transport of photoinduced charge carriers in a heterostructure
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It is shown that the nonequilibrium charge carriers produced by a local optical disturbance of the
heterostructure with a two-dimensional electron gas are transported in the plane of the

structure over an extremely large distance from the excitation location, which greatly exceeds the
diffusion length in the bulk. The effect is attributable to the fact that the photogenerated
electrons and holes are separated by the built-in electric field of the heterojunction to opposite
edges of the buffer layer, where they are transported along parallel planes. The distance

over which the nonequilibrium carrier density spreads reaches large values becauseeohith
conductivity of two-dimensional electrons) the barrier for electron—hole recombination,

and 3 hole drift in the electric field produced by the charge of nonequilibrium carriers in the plane
of the structure. ©1997 American Institute of Physid$1063-7827)00304-9

1. The effects produced by optical action on semicon- 2. Let us consider a GaAs/AlGaAs-type heterostructure
ductor structuregsuch as photoluminescence and photoredlluminated with a beam of light which is absorbed mainly in
flection) are extremely important as a physical basis forthe buffer layer consisting of a narrow-gap material. The
contact-free methods of investigation of these structures. Ogeometry and energy diagram of the structure are shown in
dinarily, attention is focused on uniform illumination. How- Fig. 1. The electrons and holes generated by the light in the
ever, interest in local optical action on a heterostructure, fobuffer layer are separated by the built-in electric field of the
example, by a focused laser beam, has increased in recemeterojunction, as shown in Fig. 1. The electrons enter the
yearst™® This interest stems from the development of 2DEG layer and the holes are compressed by the field
contact-free methods of diagnostics with spatial scanninggainst the opposite surface of the buffer layer, which is
and new physical phenomena which appear under locabrdinarily separated from the substrate by a superlattice
illumination conditions. One of the most interesting phenom-layer. In this manner, a nonequilibrium potential difference
ena is that the effect of optical action is observed over exV(r), which depends on the coordinatén the plane of the
tremely large distances from the excitation location in theheterostructure\(— 0 asr —x), arises between the edges of
plane of the heterostructure. For example, in Ref. 7 it waghe buffer layer. This gives rise to a photoinduced electric
determined that when part of the surface of a selectivelfield that possesses a component in the plane of the hetero-
doped heterostructure is illuminated, the effect of the illumi-structure. This tangential fiel; is maximum near the back
nation, measured according to the reflection of a probe lighsurface of the buffer layer and minimum in the 2DEG layer
beam, was observed in a shadow at a distance of up to 3 mrhecause of the high conductivity of the layer. The figld
As it turned out, this effect arises in the presence of a higltauses the holes to drift along the back surface in a direction
electron mobility. The effect has still not been explained, butaway from the light spot. If the conductivity of the 2DEG is
it is the basis for applications in the contact-free determinasufficiently high, hole transport is accompanied by a change
tion of the mobility or conductivity of a two-dimensional in the surface charge density of the 2DEG that locally com-
electron gag2DEG). pensates for the nonequilibrium hole charge. In other words,

In this paper we propose a mechanism for this phenomtogether with the holes, the charge of their mirror image is
enon. The mechanism is that the photogenerated electrodso transported. In this case, the lateral transport of the elec-
and holes are separated by the built-in electric field of thérons and holes is limited only by recombination, which is
heterojunction to opposite surfaces of the buffer layer andimpeded by the presence of a potential barrier which in-
being separated, they are transported in the plane of the hatreases away from the light spot. Of course, in-plane charge
erostructure. The nonequilibrium carriers are transportedarrier transport arises not only because of the drift in the
over large distances because of the long lifetime of the sepahotoinduced tangential field, but also because of diffusion.
rated electrons and holes and because of the high mobility ofhe ratio of the drift and diffusion fluxes depends on the
the 2DEG. The lateral transport length depends on the magiensityAp of the nonequilibrium holes, since the drift flux
nitude of the band bending of the heterostructure, temperadepends nonlinearly ofip (roughly speaking, quadratically
ture, density of surface states, and rate of surface recomblpecause the tangential field increases i For this rea-
nation on the buffer layer surface near which the holes moveson, for a high light intensitywhich under real conditions is
It can reach several centimeters in magnitude. quite weak in absolute magnitudéhe drift flux predomi-
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i.e., the Debye length, which for the indicated densities is of

z|- the order of 10° cm, so thatApg is of the order of
-1 E 10°-10%cm 3. Because of the electrical neutrality,
= Ang=Apg; i.e., Ang is much less than the typical 2DEG
- density, which is of the order of #cm~2. In the calcula-
- ® tion we assume that the light intensity is moderately high, so
- \ that Ap<N, and the perturbation of the 2DEG density is
e ® negligible. The photoinduced voltage can then be much
- \ greater tharkgT/e (kg is Boltzmann's constant, antdis the
- temperaturg
E—— - | —® A further simplification of the problem involves the
- N ® thicknessd of the buffer layer. In reality, the layer is 0.5-1
5 > - |e—a um thick. This is much greater than the thickness of the
;§ ] 1 gl ®la y 2DEG layer but much less than the lateral transport distances
—|— of interest to us. Since light absorption and the distribution of
= «— @ nonequilibrium electrons and holes by the built-in field of the
. - @ heterojunction occurs over the entire thicknds#n studying
- - carrier transport in a direction transverse to the buffer layer
= ® we ignore the thickness of the 2DEG layer and treat it as an
:- / ) equipotential surface on which surface recombination oc-
_ ® curs: Holes recombine with 2D electrons directly and via
- / surface states. The fact that we disregard the thickness of the
- 2DEG layer also means that the electron and hole tunneling
f ‘ lengths under the heterojunction barrier are small compared
2D elactrons holes with d. This makes it possible to use local densities to de-

scribe carrier transport, though in so doing the interband re-
FIG. 1. Geometry of the structure and the charge distribution in it undercombination coefficient can depend on the electric field as a
illumination and the flux lines of the photoinduced electric field. result of tunneling effects. However, this effect is small for

the degree of modulation of the electric field considered in

nates over the diffusion flux. Diffusion becomes dominant att.he present work. No_netheless, for generqlﬂy, we ‘?"aV.V a dis-
low densityAp. tinction between the interband recombination coefficigim

2.1. A complete quantitative description of the effect is athe volume of the buffer layer, where the field is weak, and

difficult problem, which includes the equations governingthe hole—2D-electron interband recombination coefficient
the transport of the photoinduced charge carriers in ands: . .
across the buffer layer, the Poisson equation for the electric The fact that the thickness of the buffer layer is small

field, and the equation governing the transport of electrons ir(for‘[](pargd W'thbtlhe characterlstlr(]: Ia‘l‘t;aralntrans.port SIS:]&I’]CGS
the 2DEG layer, taking into account, in general, the change@"jl es It possible to separate the “fast” motion of charge

in the shape of the well that localizes the electrons. In thé:arriers in a direction transverse to the layer and the “slow"

present paper we employ a simplified model, which makes i[notion in the plane of the layer. In addition, the standard

possible to demonstrate lateral transport under close to e)gua&equmbrlum approximation can be used to describe car-

perimental conditions and to establish its basic laws. rier transport in a direction transverse to the laffer., it can

We assume that the conductivity of the 2DEG is high, SObe assumed that the Fermi quasilevels of the electrons and

that under illumination of the structure the layer of two- holes do not depend on the transverse coordjnatee cal-

dimensional (2D) electrons remains an equipotential. We culathns ShOW_ that this approxmatlor_] h(_)lds wedince
also take into account the fact that the thickndssef the there is no straight-through current flowing in the layéut

buffer layer is small compared with the characteristic IaterapnIy at sufficiently high temperatures. The quasiequilibrium

transport distances. In this case, it is sufficient to follow onlycomgt'on br(TaKs ‘?'OVtVr’]‘ at fIOW temtp_e:agurtes% irlv high t

the hole transport, since the electrons are transported in the ur analysis is therefore restricted 1o fairly hign tem-
2DEG layer and locally compensate for the nonequilibriumperatures and low light intensities. Specific estimates are pre-
hole charge. The disturbandeng of the 2DEG density can sent;ozl bFeIow._ licit hall : di ional
be assumed small, even if the disturbance of the hole densit <. FOr SIMPIiCity, We shall examine a one-dimensiona
is large. Indeed, the nonequilibrium hole density should b eometry of lateral carrier transport in thajlre_cnon n th_e
assumed large, if it is comparable to the impurity density inplane of the structure. This corresponds to a light beam in the

the buffer layer. Ordinarily, these are acceptors with densit);orm of a strip_ perpendicular to this directi_on.
Na=10M—10% cm3. If Ap=N, near the back surface of . In the stationary state, hole transport in the buffer layer
the buffer layer, where the hole density is highest, then thdS described by the equation

total number of nonequilibrium holes per unit area of the . .

buffer layer isAps~Nalp , wherel 5 is the distance at which 1 ( dlpx  Ilpy

the holes are concentrated at the back boundary of the layer, e\ dx * ay ) Glx.y)~B(np=np). @

330 Semiconductors 31 (4), April 1997 Sablikov et al. 330



Here it is assumed that interband transitions are the dominaniuction band. In this approach to the description of
recombination mechanism. The following notation isn(x, y), we neglect the photoinduced potential difference on
adoptedn,; is the intrinsic carrier densitys(x,y) is the rate  the 2DEG layer, which is completely justified, since our

of optical generation of carriers analysis is limited by low light intensities.
The equation governing hole transport in the plane of the
a’lo(x) _ . L .
G(x,y)= o e, layer can be obtained by integrating Hd) over dy from
14

y=0 toy=d and using Eqgs(3) and (4). For the quantities
I, is the light intensityhv is the photon energy, ang is the averaged over the thickness of the layer we therefore have
absorption coefficient of light. The hole current dengjjys d _ dp| — B (d 5
a sum of the drift and diffusion currents. At the boundaries &(ﬂpExp_ Dpd_;):G(X)_ afo dy(np—ny)
of the buffer layerj, is determined by surface recombina-
tion. At the boundary with the 2DEG 1 _
- a[] py(xvd) —J py(XvO)]x

(1/8) ] py(x,y=~0) = —Bgnd p(X,0) = Po(X,0) ]
—S,[p(x,0)— po(x,0)], whereu, andD, are tfﬁmobility and diffusion coefficient
of the holes. The density(x) averaged over the layer can be
whereBg is the hole—2D-electron recombination coefficient, expressed in terms of the hole density at the back surface of
S, is the rate of recombination via surface states, andhe bufferlayep(x, d) = p(x)
po(x, 0) is the equilibrium hole density at the boundary with —
the 2DEG. The hole current at the opposite boundary of the P(X)=Ap(x),
buffer layer fy=d) is determined by recombination via sur- wheres depends on the distribution of the potential over the
face statesgfor simplicity, monoenergetjc coordinatey near the back surface of the buffer layer. For
. _ simplicity, we assume that the spatial charge of the hetero-
(1/8)] py(x,d) =Cpnip(x,d) = Cp(Ni =)y, @ junction is distributed over the entire buffer layer, whose
whereN; is the density of surface states, is the electron thickness is much greater than the Debye length
occupancy of the surface stateg,is the hole trapping coef- 1= JVekgT/(47€®N,), wheree is the permittivity. Then the
ficient, p;~N, exp(—¢,/ksT) is the Shockley—Read factor space charge density near the back boundary equals approxi-
for thermal activation of holes into the valence basds the  mately —eN, and the solution of Poisson’s equation, to-
energy of traps above the top of the valence band,Nin$  gether with Eq(3) gives8~Ip/d. The quantityE,p can be
the effective density of states in the valence band. Assumingeplaced byE,p, interpretingE, as the field near the back
for simplicity that under nonequilibrium conditions the sur- surface of the buffer layer whemy) is largest. We find the
face states are almost completely filled with holes, we refield E, as the derivative- dV/dx, using the formula for a

write Eg. (2) in the form flat capacitor, one plate of which is the 2DEG and the other
np— 2 is the layer of thickness of the order lgf at the back surface
(1e)jpy(x,d)=S, L where the photoinduced positive charge is concentrated, to
P+Pr find V(x). Taking into account the charge due to the free

where S, =c,n, is the surface recombination rate, carriers and the carriers localized in surface states, we obtain
pr=p1t+niC,/cy, andc, andn, are the trapping coefficient 4med p(X)
and Shockley—Read factor for electrons. V(X)~ — W
The equation1) can be simplified, if it is assumed that P Pr
the desired quantitieghe carrier density and the figld¢ary ~ The potential ¢(x,d) appearing in Eq.(3) is Vo—V(X),
much more rapidly in a direction perpendicular to the layerwhere V, is the height of the barrier without illumination
than along the layer. In this case it can be assumed that &ee Fig. 2
quasiequilibrium state is established in a direction perpen- As a result, we obtain the following equation fofx) in
dicular to the buffer layer, i.e., the hole and electron Fermithe dimensionless form:

Bp(x)d+ Ny : ®

guasilevels do not depend on We can then express the N 05
hole density in terms of the potentig(x, y) in the buffer __ 1+p| 1+ 9 ”_p
layer, measured from the playe=0, (p+9)? d¢
p(X,y)=p(x,d)expe[ #(x,d) = d(x,y)1/(ksT)},  (3) ~ o \_. |_ Np
. . =-G(H+|1+———|pexgpt+t=—-r|, (6)
where p(x, d) is the hole density at the bottortback p+g p+g

boundary of the buffer layey=d. Since the electron gas is ~ N 12 2 _ .
nondegenerate in virtually the entire buffer layer, we haveWhere p=p/p*, p* =Nalp/(Bd%),  N=N/(5dp"),

— * — "
for the electron density the analogous expression 9=pr/p*, £=x/1, 1=VpBDyr,
_ SN
n(x,y)=n(x,0)expled(x,y)/(kgT 4 =

(x.y)=n(x,0expled(x,y)/(kgT)} (@) = BN BATS)
with the difference that the density(x, 0) is low and is
virtually independent ok. It can be assumed that(x, 0) T= d exp(eVo/kgT) G |o(X)T(1_e,ad)
~ N., whereN_; is the effective density of states in the con- BN.d+Bns+S;’ hvp*d ’
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y/ ® 1 — 200,2 — 250,3 — 300. The parameterf,, S;,S,, andN, are the
same as in Fig. 3. Dashed line — light intensity distribution.
0' 3‘ :i p The contribution of the drift mechanism as compared

with the diffusion mechanism is determined by the quantity

, L p[1+Ng(p+g) 2] on the left-hand side of Eq6). This

aHnGd'fg'r Eg;r%ged;iz%]rta&;:(sa:ﬁt:ﬂs&ucmre under illuminagiwiid ling quantity depends on both the nonequilibrium carrier density
and the density of surface states and their energy position. As
one can see, this quantity can reach large valuep as

The equation(6) is presented in a simplified form for the creases. In the limit of low densitigs, i.e., for low light

case where the densify(x) is much greater than the ther- intensity or far from the light beam, drift transport becomes

modynamically equilibrium hole density,(d) at the back unimportant and the asymptotic behavior is reached in the

boundary of the buffer |ayer_ limit x—oo: p:exp:(—x/e)(lJra/g)l’z]. Therefore, the char-

3. The nonequilibrium hole density distribution in the acteristic length is of the order o1+ o/g) Y2 If P is not
plane of the heterostructure, obtained by solving ®ynu-  small(in Fig. 3, as the light beam is approacheitie depen-
merically for GaAs at temperature 200 K, is presented in Figdence ofp on x is determined by the change in the barrier
3. The figure also shows for comparison the light intensityheight e[Vo—V(x)], on which the effective lifetime de-
distribution employed in the calculation and it displays thepends, and by the increase in the role of drift.
distributionp(x) in the case where hole drift in the photoin- ~ As the temperature decreases, carrier transport in the
duced field is neglected. As one can see, in-plane carrigplane of the heterostructure strongly intensifies as a result of
transport is connected with both drift and diffusion of the @ decrease in the probability of recombination of electrons
holes. and holes separated by the barrier. The distributiop(cd)

and of the photoinduced voltage are shown in Figs. 4 and 5
for different temperatures for the case in which the level of
7’L the surface states lies 0.5 eV above the valence band. The

z, mm

FIG. 3. Nonequilibrium carrier density distributiop in the plane of 1 1.2 14 1.6 18 2

the heterostructur¢l — total lateral transport effect an?l — transport z, mm

due to diffusion. Dashed line — light intensity distribution. Parameters:

lo0=10"* W/cn?, T=200 K, $;=S,=10 cm/s, N,=10° cm 3, V, FIG. 5. Distribution of the photoinduced voltaye The labelsl-3 and the
=0.225 V. computational parameters are the same as in Fig. 4.
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15 p<<N,), assuming that the space charge region occupies the
vL entire buffer layer d<Ip(2eV,/kgT)*? V. is the contact
potential difference between the strongly doped wide-gap
0™k semiconductor and the volume of the buffer semiconductor,
provided that it is thick
-
‘g n” eV, 1/d 2 N
: 2l g
0"t As one can see, the height of the recombination barrier de-
pends on the thickness and the doping of the buffer layer.
Vi IncreasingV,, for example, by increasing, results in a

strong increase in the lateral transport length.
4. In the model examined above, the lateral transport

FIG. 6. Nonequilibrium hole density distributignfor different densities of length is an exponential function of the quantéy, /ksT,

surface states and surface recombination rates on the back surface of tH{1ICh characterizes the separation of the photoinduced elec-
buffer layer with T=200 K, £,=500 meV,l,=10"W/cm 2. 1 — No  trons and holes. However, a more detailed analysis shows
surface state; the values of the parametérs cm™2, andS,;=S,, cm/s:  that this result is valid only ieV,/kgT does not exceed a
2—10and 10, 3 — 18 and 100. value which depends on the light intensity. The point is that
increasingeV,/kgT, for example, by decreasing the tem-
i . . . erature, at fixed light intensity results in breakdown of qua-
lifetime of the photoinduced carriers will then be 4.8, 1.07,p. IR gntir Y results In breax 10Tg
siequilibrium in the carrier density distribution in a direction

and 0.44 ms foil =200, 25.0’ and 300 K, respectively. . transverse to the buffer layer, which made it possible to ob-
The effect of the density of surface states and their po;_. . ; .
e . : . tain Eq.(6) without the potentiatp(x, y). To show this and
sition in energy on lateral carrier transport is determined t.)y%l?rify the consequences of a breakdown of gquasiequilib-
the charge accgmglated on them, W.h'Ch decreases the he'.grfum, let us examine the carrier density distribution in a di-
of the recombination barrier and increases the tangential .. . . .
. . L : rection transverse to the buffer layer under uniform illumi
field, and directly by recombination via surface states. In'nation The electron density distribution satisfies the
creasingN,, ¢, and the surface recombination r&dg de- e uati;)n
creases the transport lengthigs. 6 and Y. The surface re- q
combination rateS; at the heteroboundary with the 2DEG d do dn
has a much weaker influence on the effect because at this d—<ﬂnnd—y+Dnd—y) =R(n,p)—G(y), (7)
boundary the recombination of holes with the 2DEG is quite
strong. wherew,, andD,, are the electron mobility and electron dif-
The following values were used in all numerical calcu-fusion coefficient, andR(n, p) is the recombination rate.
lations: No=5x10"cm 3, d=0.8 um, a=10"cm ',  Integrating Eq(7) overy, we obtain
Bs=B=2x1019300m)%? cm’/s, and n,=10"cm 2.
The carrier mobility and effective density of states were cal-
culated according to Ref. 8. The barrier height, in the
equilibrium state was calculated taking into account the
ep(y)

charge of the free electrons and the ionized accegfors —G(y”)]]e‘kB_T. ®

z,mm

1y _edly) [y
n= n(0)+—f dy'e” kgT f dy"[R(n,p)
Dn 0 0

Here the second term in braces is the deviation from a qua-
siequilibrium distribution. If it is estimated by using the qua-
siequilibrium distributionsn andp, then the relative contri-
bution of the deviation from quasiequilibrium increases with
y, and near the back boundary of the buffer layer it is

on lolp

F: W exp(eVB/kBT), 9

where Vg=V,—V is the barrier height in the presence of
illumination, andV is the photoinduced potential difference,
0 Ly oy 4 a4 which can be estimated from E¢p). The estimat€9) was
1.0 1.5 2.0 2.5 0 35 40 obtained for the case in which there is no surface recombi-
z, mm nation. As one can see, a¥,/kgT increases, the deviation
o o ) ) from quasiequilibrium grows exponentially, and the result of
FIG. 7. Nonequilibrium hole density distributiop for different energies

&, of surface states above the bottom of the valence biipd10° cm™2, the breakdown of quaSquu'“p”u_m 1S th_at the_ d_enﬂtyle'
S,=S,=10 cmis, T=200 K, I,=10"' Wicn?; &, meV: 1 — 200, Creases much more slowly with increasingThis is shown

2 — 300,3 — 500. Dashed line — light intensity distribution. quantitatively in Fig. 8, which illustrates the results of the
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zen photoconductivity,and it is especially close to the ex-
periments performed by S. M. Ryvkin and D. V. TarkAh.
Lateral transport of nonequilibrium charge carriers in the sur-
face layers of semiconductors has been known since the
1970s™ In Ref. 12 it was investigated in connection with the
determination of the maximum achievable spatial contrast of
photoinduced etching of semiconductors. In Ref. 13 the lat-
N eral transport effect was used to explain the characteristic

\\ n features of the photoconductivity spectra of Si/GaAs hetero-
- 2 junctions.

S The lateral transport in selectively doped heterostruc-
| | \ 1 , - /,/ L 1 tures can be investigated experimentally by performing mea-
02 0.4 a.6 0.6 7 surements of the photoreflection respofe® in Refs. 7 and
¥ pom 14) with spatial separation of the exciting and probe beams

or according to the photoluminescence, also measured lo-

rerTrTT

LI L B A
/

<

FIG. 8. Electron density distribution and hole density distributiop in a cally with a displacement relative to the exciting be¥nn

dl_rect_lon transvers_e to the buf_fer Ia_yer under uniform |Ilum|nat|on. The dls-,[his case, the photoreflection response is determined mainly
tribution was obtained by solving simultaneously the carrier transport equa-

tions and the Poisson equation without using the assumption of quasiequpy the electric field in the b_Uffer layer, i.e., the noneQ_U”ibj
librium. 15=10"% W/cm™2, N,=10'"° cm™3, T=200 K. Dashed lines — rium charge of the free carriers and the carriers localized in

nonequilibrium density distributions, and p; . surface states, and the photoluminescence makes it possible

to follow the nonequilibrium density of free charge carriers.
To use this effect for the purpose of contact-free diagnostics
of transistor structure®f the NEMT typg, additional inves-
tigations of the dependence of the transport distance on the
gonductivity of the 2DEG must be performed.
This work was supported by the Russian Ministry of
Science as part of the program “Physics of solid-state nano-
tructures” (Project No. 1-03), the International Science
oundation(Grant RL-7300, and the Russian Fund for Fun-
damental ReseardiGrant 96-02-18476a

numerical calculation oh(y) and p(y), obtained without
assuming quasiequilibrium for conditions under which qua
siequilibrium breaks down.

Therefore, the model examined in the present paper i
valid at sufficiently high temperatures and low light intensi-
ties, whensn/n<1. In addition, the lower the light intensity,
the lower the temperatures at which quasiequilibrium break
down. For example, the estimat®), calculated into taking
account the fact that the photovoltage depends onlg,
shows that forly=10"1 W/cn? quasiequilibrium breaks
down atT~195 K, and iﬂo: 10—3 W/sz, then quasiequi- DElectronic mail: vas199@ire216.msk.su
librium breaks down aff~130 K (in these calculations it ——M—
was assumed that,=5Xx 10 cm3 andd=0.8 um). This 1G. D. Gillard, D. J. Woklford, T. F. Kuech, and J. A. Bradley, Appl. Phys.
conclusion can be generalized by taking into account thezéetg5gi||2;rg(1§9f'Wolford T F. Kueckt al, J. Appl. Phys73, 8386
surface recombination. This gives more complex formulas, (1993 T T T o
but the qualitative results remain the same. 3Z. W. Wang, J. Windscheif, D. J. As, and W. Jantz, J. Appl. Pfg.

Let us now examine how the breakdown of quasiequi- ,1430(1993.
librium influences lateral transport. As one can see from Fig. 8'954.%&10’ B. Monemar, P. O. Holtet al. Phys. Rev. BSO, 7514
8, as a result of the breakdown of quasiequilibrium, the elec-s. a. avrutskii, O. P. Osaulenko, V. G. Plotchenko, and Yu. N. Pyrkov
tron density increases strongly near the back surface of theFiz. Tekh. Poluprovodr26, 1907(1992 [Sov. Phys. Semicon@6, 1069
buffer layer as compared with the quasiequilibrium distribu- 6319593'3'-assa 6. s Buller. A C. W ot al. Abol. Phve. Lett66. 1346
tion. Similarly, the hole density increases near the front sur- (i9§3. A T » AAPPL FIYS. LEtLon
face of the buffer. As a result, the recombination rate in-7m. Sydor, J. R. Engholm, M. O. Manasreh al, Phys. Rev. B15, 13 796
creases strongly near the two boundaries of the buffer layer, (1992.
and this sets a limit on the lateral transport. A more detailed, Sk B'S‘"r'fgrknore' J- Agpk PyﬁSéﬁiziﬁlg?i(h ool 0. 200
investigation of lateral transport under such conditions will (197 [SOV.”P”,}’;‘Q. asr;mic})n;b, 12'8’(19'%].6 - ouprovedt
be made in a separate work. 105, M. Ryvkin and D. V. Tarkhin, Fiz. Tekh. Poluprovodh.1447(1973

5. In the present paper we have accordingly proposed lal[SOV- Phys. Semicond, 970(1973].
mechanism of lateral transport of photoinduced charge carri- %5/' ngrl‘gs'?\gg (i'g*;%sonoc"y' and E. F. Ramberg, IEEE Trans. Electron.
ers in heterostructures with a 2DEG and we have developed, v gelyakov, D. N. Goryachev, S. M. Ryvkin, O. M. Sreseli, and R. A.
a model of this effect which is valid at sufficiently low tem-  Suris, Fiz. Tekh. Poluprovodid3, 2173(1979 [Sov. Phys. Semiconds3,
peratures and low light intensities, which are close to the, 1270(1979]. _ ‘
conditions under which lateral transport is observed experi- éhil zﬁg's\;ﬁ' \G, 2%32?;::,”;; ' %@adé’gﬁ,vp;rt'vgagh?i%nzoéag’sg ®
mentally. The lateral transport intensifies at lower tempera- [sov. phys. Semicond6, 1386(1982]. '
tures, but a more complicated calculation is required in ordet*O. A. Ryabushkin, V. A. Sablikov, V. G. Mokerov, and Yu. V. Fyodorov
to describe it quantitatively for experimentally acceptable in Abstracts of Int. Symp. "Nanostructures: Physics and Technology-95’
light intensities. St. Petersturg, Russid995 p. 52.

The effect studied is similar to the phenomenon of fro-Translated by M. E. Alferieff
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The electrical conductivity of polycrystalline SnO »(Cu) films and their sensitivity
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The effect of doping with copper on the sensor properties and the electrical conductivity of
polycrystalline Sn@(Cu) films has been investigated. It has been found that at room temperature
the residual conductivity is observed after the films are exposed, % Hhis made it

possible to determine the character of the low-temperature conductivity of the films for different
degrees of saturation with hydrogen sulfide. A comparison of the obtained data with the

results of layerwise elemental analysis suggested a model that explains the mechanism of the gas
sensitivity of SnQ(Cu) to hydrogen sulfide. In contrast to the mechanisms, which are

associated with the work done by the surface and which are standard for gas sensors, in the
present case the change in the conductivity is due to the chemical reaction of the electrically active
copper with sulfur in the entire volume of the film. This reaction determines the selectivity

and high sensitivity of SngiCu) to H,S. © 1997 American Institute of Physics.
[S1063-78267)00404-3

Tin dioxide films are widely used as relatively simple interest. We intended to clarify the possibility of applying
resistance sensors for detecting toxic gases in théow-temperature methods, ordinarily used to investigate dis-
atmospheré. However, such gas sensors are quite compli-ordered and polycrystalline semiconductors, to sensor struc-
cated structures from the standpoint of investigating thdures, which, as a rule, operate at high temperat@psto
mechanism of the processes which are induced by a chang®0—-600 K. The implementation of our schemes depended
in the composition of the gas medium. The sensitive elementn the extent to which it is possible to saturate a film with
of such a sensor consists of a polycrystalline semiconductdrydrogen sulfide at the working temperatures and maintain
film. The most important characteristics of the structure as auch a quasiequilibrium state when the structure is cooled.
whole (selectivity, speed of operation, sensitivity, stability, Solid-state memory effects of this kind make it possible to
and others are determined not only by the film thickness, investigate objects in which, by analogy to doping, the con-
grain size, and type of dopants, but also by the substrattent of the sorbed elements can be varied continuously. The
material with transitional layers, as well as contacts whichresults presented below show the extent to which this can be
contribute to the change in the electrical conductivity. done for SnQ(Cu).

One way to modify the properties of a sensor is to dope  Since in very high-resistivity Sn{Cu) films, the sub-
its sensitive elemdn— a polycrystalline film. As determined strate and contacts can have a large effect on the conduction
in Refs. 2—4, for two-phase ceramic samples $a8%  process, we studied films with the same copper content but
CuO and somewhat later for uniphase doped polycrystallineeposited on different substrates. In choosing the synthesis
SnOy(Cu) films? copper increases the sensitivity to hydro- conditions, we allowed for the fact that the optimal level of
gen sulfide, while the sensitivity to other gases, such as C@oping with copper, from the standpoint of increasing the
or ethyl alcohol vapors, is suppressed. In the case of cerangas sensitivity, equals 1 at. % Cu.
ics, the increase in sensitivity is attributed to the removal of  The investigations of the temperature dependences of the
p-CuO-n-SnG; interblock barriers as a result of formation conductivity of structures with different degrees of exposure
of a phase of high-conductivity copper sulfiféln the uni-  to H,S were supplemented by an analysis of the elemental
phase doped films, one of the factors which determine theomposition of the films.
increase in sensitivity could be a substantial increase in the
resustanceR of the initial SnQ films accompanying t.he iN-  MEASUREMENT METHOD. EXPERIMENTAL SAMPLES
troduction of copper. On the other hand, the selective sensi-
tivity with respect to hydrogen sulfide is evidently a conse-  Films with a dopant were synthesized by the method of
quence of the special chemical mechanisms of the interactiomerosol pyrolysig:® A 0.20-M solution of tin dibutyldiac-
of doped films with a gaseous medium. etate in acetylacetone and a 0.05-M solution of copper trif-

Our objective in the present work was to study theluoroacetylacetonate in butanol were used as precursors.
mechanisms of the gas sensitivity and selectivity ofThese solutions were mixed in the rafiGu)/(|Cu]+[Sn])
SnO,(Cu) films with respect to k5, which is of general = 1%. Dried air was used as the carrier gas. Films with
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TABLE I|. Characteristics of the experimental films.

Cu concentration, Film thickness,
Sample No. at. % Substrate type R, Q(T=273K) E,, meV um
1 - Si+ Sio, 5.4x10* - 1.5
2 - 6.9x10° - 1.5
3 1 " 8.8x106 130 1
4 1 Sit+ Ta,05
(Amorphous 2.2x10°8 130 1.3
1 MgO 1.1x107 130 1.5
6 1 Sit+ Ta,05
(Crystalling 1.4x107 130 1.5

thickness ranging from 1 to 1.mm were deposited on a films with the highest resistivity. The increase, observed in
(100 single-crystal Si or MgO substrates. A JISM-3E&EOL Ref. 5, in the slope of the low-temperature curves
scanning electron microscope was used to determine tHeg R=f(1/T) for SnO,(Cu) samples with increasing copper
thickness of the films on sheared surfaces. When Si was usetbping level is often due to the increase in the Schottky
as the substrate material, an insulating transitional layer walsarrier on the gold contacts under conditions when the Fermi
first formed on its surface. To this end, either the substratéevel decreases as a result of an increase in the degree of
was oxidized in air at a temperature of 1000 °C for 24 h orcompensation. It should be noted that gold contacts are pref-
crystalline or amorphous @z was deposited. The substrate erable from the standpoint of obtaining the highest gas sen-
temperature was maintained constant &t773 K during the  sitivity. However, ohmic contacts were required in order to
growth process. The phase composition and microstructurstudy the processes occurring in the film itself. In this con-
of the films were studied by the method of x-ray diffraction nection, we performed all measurements, with the exception
on a Siemens diffractometer. Only the Sn@hase(cassiter-  of specially stipulated cases, using ohmic contacts obtained
ite) was found; a copper-containing phase was not found iy depositing silver paste. After the paste was deposited, the
the films. The elemental composition of the films was detersamples were heated to a temperature of 423 K. Apparently,
mined by local x-ray spectral analygi€ameca-SX50 The the heating procedure caused the gold layer to dissolve, and
average Sn@grain sizes, 5—7 nm, were estimated from thefor this reason the data obtained with silver contacts depos-
broadenings of the x-ray diffraction reflections. ited on a gold interlayer and directly on the film are identical.
A quantitative analysis of the composition of the main A special metal chamber, which screened the sample
components and dopant, as well as layerwise analysis oveirtually completely from background radiations, was used
the thickness of the films were performed by secondary-mas® perform measurements at temperatures below room tem-
spectrometry of neutral particldSNMS) on a INA-3 spec- perature. A different chamber was used to determine the gas
trometer (Leybold) with a resolution of 5 nm in thickness sensitivity at temperatures of 290-550 K. The sample was
and analyzed surface area of 4 fim mounted on a sapphire substrate, which was secured to a
The measurements of the electrical resistance of thébamed quartz support containing a nichrome wire heater.
films were performed in the temperature range 77—523 K inThe chamber could be filled with air or a mixture of air with
a regime with a stabilized voltagg =1 V applied to the hydrogen sulfide. This mixture could be produced in a sepa-
current contacts of the film. rate vessel and blown through the chamber or produced di-
The films had an area of>45 mn?. Special attention rectly in the chamber by placing in it a Teflon cell containing
was given to the contacts. The procedural requirements wel@uid hydrogen sulfide. The permeability of the cell walls to
that the contacts had to operate at high and low temperatureld,S is limited. The measurements were performed with
Four types of contacts were investigated in order to work outd,S partial pressures up to 1000 ppm.
the procedures: contacts deposited with the aid of silver paste
directly on the film sqrface; contacts deposited with the SAME L\ CERIMENTAL RESULTS
paste on gold deposited beforehand on the contact areas; in-
dium contactgmore accurately, the alloy 95 wt. % h 4 The temperature dependences of the relative resistance
wt. % Ag + 1 wt. % Au) soldered on the film surface; and R/R,730f the films, whereR,,5is the resistance dt=273 K
indium contacts soldered on the gold layer. The measurgsee Table )| at temperature§ <300 K are presented in
ments of the current-voltage characteristics and temperatuféig. 1. For the doped films 3-6, the curves
dependences of the conductivity showed that the data obeg(R/R,79 =f(1/T) virtually coincide (the curves for
tained for films with contacts of the second type differ sub-samples 4 and 5 are shown in the figuierespective of the
stantially from the results for films with contacts obtained fortype of substrate. For the film 3, the curve obtained with gold
the three other types. This is evidently due to the fact thatontacts is presented for comparison.
according to the data of Ref. 9, gold produces a Schottky A preliminary estimate of the gas sensitivity
barrier ton-SnGO,, and soldering of such wires with indium S=(og— o)/ 04, Whereog is the conductivity of the film
does not damage the gold layer. In this case, contact phéa the presence of hydrogen sulfide, amg, is the conduc-
nomena make a large contribution to the conductivity of thetivity in air, was made with the aid of a series of measure-
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FIG. 3. Temperature dependences of the resistance of film 3 bi@foamd

FIG. 1. Temperature dependences of the relative resistfig. The after(2, 3) exposure to a mixture of air and hydrogen sulfide and also for the
. ndoped film 1(4).
numbers on the curves correspond to the number of the sample in Table P

ments which are illustrated in Fig. 2. First, the conductivity However, the maximum values & which can be formally

o was measured for a sample heated from room temperatufitermined from the nonequilibrium data, are found to be
to 520 K and then cooled in aftransition between the points MOre than an order of magnitude lower for the undoped films
1—2 in Fig. 2). The sample was then placed in a hydrogenthan for the doped films. It should be noted that the residual
sulfide atmosphere at=300 K; in the process the conduc- conductivity after the films are exposed in an active gaseous
tivity of the film increased somewhdpoint 3). Next, the ~Medium with a Sn@based sensitive element is by no means

sample was heated to the same temperdtumesition3—4) ~ observed in all cases. _ N o

in the presence of §8. The sample was then again placed in The long-time relaxation of the conductivity to the initial
air (point 6), heatedtransition6—7), and cooledtransition ~ value for SnQ(Cu) films after exposure in a mixture of air
7—8). The cycles of the first heating and last cooling in air@nd FS makes it possible to monitor the change in the low-
after measurements in the presence of hydrogen sulfide afgmperature dependenc&{T) with changing degree of

reproduced. However, all other dependences remain norfaturation of the sample with hydrogen sulfide. Figure 3
equilibrium dependences, since the conductivity varies ver;?how?' the temperature dependences of the resistance for film
slowly under the action of hydrogen sulfide. The time for one3: Which were measured befofeurve 1) and after(curves2

heating—cooling cycle was equal to about 40 min. The dat&nd3) the film was exposed in 3$. Curve2 was obtained

for sample 6, in which a maximum difference between thedfter a heating—cooling cycle in the presence g8t the
values ofo,, ando was observed, are shown in Fig. 2. For temperature range from 300 to 500 K and subsequent hold-

all other films, including undoped films, the qualitative ing of the film in air at room temperature for one day. Curve

change of the conductivity in the cycle described is similar.3 Was obtained immediately after the samples were held for
35 min in the presence of hydrogen sulfide at room tempera-

ture. During the heating—cooling cycling of the films, the
curvesR(T), which gradually approach cunzin form, are
obtained immediately after the cun& is measured. For
comparison, Fig. 3 also shows the temperature dependence
of R for the undoped film Xcurve4).

The kinetics of the variation of the sensitivi§yin time
t for the doped film 6 and the undoped film 2 at different
temperatures are shown in Figs. 4 and 5, respectively. Dur-
ing the first 10 min, the sample was held in a mixture of air
and hydrogen sulfide, after which the atmosphere was
changed to air. We see from Fig. 4 that the kinetics of the
process for the Sn{Cu) film 6 changes substantially with
the temperature. For example, the increase in sensitivity is
slowest atT=373 K, and as relaxation to the equilibrium
state in air occurs$S(t) asymptotically approaches a value
much different from zero: The residual conductivity phe-
nomenon is observed. An increase in temperature initially
not only accelerates the relaxation process, but also increases
the sensitivity at each fixed moment in time. A&=450 K

FIG. 2. Variation of the conductivity in successive heating and cooling
cycles of film 6 in air and in a mixture of air and hydrogen sulfidee
explanation in the text
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per into SnQ@ in amounts of~1 at. % evidently accounts for
the compensation, which allows us to see the activation of
charge carriers from the level of an oxygen vacancy.
Exposure to hydrogen sulfide substantially changes the
character of the low-temperature dependences of the resis-
483 tance of doped films. It is justified to attribute these changes
to a change in the composition of the experimental films
after exposure to ;8. As determined in Ref. 5, in the case
of layerwise SNMS analysis of the same films the copper is

8, arb.units
8§ S § &
&

=)

distributed uniformly over the volume of the film. After
10 J73 holding in hydrogen sulfide the presence of quite uniformly
1513 , . distributed sulfur, whose concentration increases with in-

0 20 40 60 80 creasing exposure time to,8, is observed in the entire vol-
t, min ume of the copper-doped films. It is important to note that in

undoped Sng, after holding in an atmosphere containing
FIG. 4. Kinetics of the variation of the sensitivi§yof the SnQ(Cu) film 6 hydrogen sulfide, the sulfur is observed only at the surface.
with exposure to a mixture of air and hydrogen sulfide and to air. The valuesrherefore, it can be assumed that the presence of sulfur in
of the temperature are given in K. SnO,(Cu) is due to the chemical interaction of sulfur with

copper accompanied by the formation of a compound whose

the data for a fixed cycling process are highly fepdeUcible,exaCt ch_eml.cal comp03|t|on cannot yet be identified. This
and the conductivity relaxation becomes nearly exponentia@SSUmption is confirmed by the fact that the temperature de-
At T=483 K a saturation section is observed in the curvd®€ndences of the resistance of the films after exposure to
S(t); S reaches its maximum value compared with data fofydrogen sulfid_e approach the dependences c_haracteri_stic of
other temperatures. But, in contrast to the kinetic depentdndoped Sng i.e., the concentration of electrically active
dences foro at lower temperatures, the maximum value of COPPer in the case of an interaction with hydrogen sulfide
o gradually decreases from cycle to cycle. Each next indecréases and the film is decompensated.

crease in temperature decreases the sensitivity of the film, 1he fact thatin Sng(Cu) films the sensitivity to hydro-
The sensitivity is more than an order-of-magnitude lower in9e" sulfide is due to processes occurring in the entire volume

an undoped film, and its value decreases monotonically witf the film and in undoped SnGilms the sensitivity is due
increasing temperature. only to processes occurring at the surface of the film could

lead to a large difference in the value $ffor the structure
studied. An attempt to calculate the instantaneous relaxation
time 7=Ao/|doldt| in the temperature range 423-453 K,
Analysis of the low-temperature curves IBgf(1/T) where the kinetic curves are closest to being exponential,
for the films investigated shows that in contrast to the unwas made in order to make quantitative assessments of the
doped samples, a linear section characterized by an activiinetic processes. However, even in this temperature range,
tion energyE, =130 meV is observed in all doped films with the calculation ofr is complicated by the fact that to deter-
silver contacts. The relatioR~ expE,/kT) was used to de- Mine Ao=0— o, for the dropoff curve and o= o0 — o yax
termineE, . The value ofE, is virtually identical in order of ~ for the growth curve ofS in an atmosphere containing hy-
magnitude to the energy level of an oxygen vacahdy. drogen sulfide, it is necessary to know accurately the initial
contrast to the type of contact, the type of substrate has nand final values of the conductivities, and o .. Even a
appreciable effect on the character of the temperature depefomparatively small variation of these values results in a
dences of the resistance. Therefore, the introduction of cogarge change in the computed valuesrofNonetheless, it is
possible to judge from the data obtained the order of magni-
tude of 7 (5—20 min and to show that even for kinetic de-

3. DISCUSSION

pendencesS(t) closest to exponentiak is not a constant

2.0 throughout the entire time interval of variation 8f Com-
.1‘2 73 paring the characteristic features of the gas sensitivity with
§ 15 respect to HS for undoped and copper-doped Snfdms
< suggests that in the first case the change in the conductivity
§ 201 is characteristic of the entire volume of the film, while in the
© second case all processes proceed on the surface.

oy 48 423

0.0 i 1 1 ) YE-mail: akimov@mig.phys.msu.su
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The formation of the main radiation defects in silicoh &ndE centersC;,— Cg andC;— O,

complexe$ in dislocation-free crystals and crystals with a low dislocation density
(Np=1x10* cm™2) have been investigated as a function of the oxygen demégy The
characteristic features of the accumulation and annealing of radiation defects observed in
dislocation-free silicon are interpreted taking into account the presence of interstitial inclusions in
the volume of such crystals. It has been determined that the gettering properties of the
inclusions depend in a complicated manner on the oxygen concentration and are most obvious
whenNg=3x10% cm 3. © 1997 American Institute of Physid&1063-7827)00504-4

1. INTRODUCTION The experimental results were obtained from measurements
performed at different stages of irradiation and subsequent

The efficiency of the formation of radiation defects . .
(RDS in silicon depends on the content of not only dopantsanneal'ng of the temperature dependences of the conductiv-
ity, Hall coefficient, and charge carrier lifetime, measured by

but also background impurities, primarily oxygen, which is a . S .
9 P b Y 0xyg the method of conductivity modulation in a point contact.

constituent of RDs of the vacancy typA center$ and the -
y typé € 3 The temperatures dependences of the Hall coefficient were

interstitial type(complexes € — O;), in the crystal$: 3 In ; . .
s . : analyzed according to the electroneutrality equation by the
he eff f I . )
addition to oxygen, the effect of not previously monitored ast-squares method or differential metfidthe RD forma-

factors on the RD accumulation has been observe{Je i .
recently’~’ Analysis of available data shows that in order to lon rates =N/d) were fpund on the Im_ear s_ec_t|ons of the
gain a deeper understanding of radiation defect formatiofy " V&S of fche defect density VErsus the_ irradiation flux>
processes in silicon, it is necessary to study the effect oPy averaging the data o obtained on five samples.
structural imperfections, which appear as a result of the ab-
sence of growth dislocations and the presence of oxygen im-
purity at definite concentrations. 3. EXPERIMENTAL RESULTS AND DISCUSSION

We have accordingly performed a comparative study of , .
the processes leading to the accumulation of the main RDs in !t Was determined from an analysis of the temperature
dislocation-free and low-dislocation-density silicon crystalsdéPendences of the Hall coefficient of the iradiated samples
as a function of the oxygen content in the crystals. _and d_ata on the annt_aahn_g <_)f the defects formed that in all

investigated crystals irradiation produces both vacancy- and

interstitial-type radiation defects. Vacancies of the first type
are A and E centers, which contribute levels,—0.18 eV

The study was performed on- and p-type silicon and E.—0.42 eV, respectively, in the band gap and the
single crystals with no dislocations and with a low dis- interstitial-type RDs are the complexésterstitial carboi—
location density Kp=1x10* cm 2) with resistivity (site carboh (C;— C,, levelsE.—0.16 eV and~E,+0.1
p=100-cm, grown by zone melting method in vacuum or eV) and interstitial carbop—(interstitial oxygei (C,— O,
an argon atmosphere, as well as by pulling from melt follow-level ~ E, +0.35 e\}.1 2 Under the conditions of our experi-
ing Czochralski. The oxygen and carbon background impuments the defects mentioned above form in appreciable
rity contents were determined from infrar@dR) absorption quantities and the other defects form in negligible small
on ~5-mm-thick plates cut from different parts of the ingots. quantities.
The degree of structural perfection of the crystals was Figure 1 shows the rate of formation of vacancy-type
checked by the metallographic method after selective etchin¢Fig. 18 and interstitial-typg(Fig. 1b RDs versus the oxy-
of the surface. Samples with dimensions of gen concentration in crystals with no dislocations and with a
12x2x 2.5 mm with approximately the same carbon densitylow dislocation density. One can see that in all crystals stud-
(Ne=2%x10"%cm %) and different oxygen contents ied the rates of formation g% centers and G- O; complexes
(No=<1x10"%—1x10"cm %) were employed for the ex- tend to increase with increasing oxygen concentration and at
periments. The samples were irradiated vfffo y rays at  the same time the rates of formation Bfcenters and G-
temperaturer;,=50 °C and 15-min isochronous annealing C;complexes decreases. A detailed analysis of the data pre-
was conducted in the temperature rafigg,=50—450 °C.  sented makes it possible to identify the following character-

2. EXPERIMENTAL PROCEDURE
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FIG. 1. Formation rates of radiation defects of the vacafatyand interstitial(b) types versus oxygen density. Crystdls4 — dislocation freel'—4' —
low-dislocation density. Defectd;, 1’ — E centers2, 2" — A centers 3, 3' — C;— C,complexes4, 4 — C;—O; complexes.

istic features of the accumulation of RDs in the dislocation-on the basis of the system of equations presented below,
free material: describing in the stationary approximation the accumulation

1) The values ofy are different(especially for low den- of A andE centers at the initial stages of irradiation:
sitiesNg) for vacancy RDs in dislocation-free silicon and in
silicon with a low density of dislocations;

2) the variance in the values of from ingot to ingot in Ng= oyNgi®2xpNp/ (2yoNo+ 2ypNp),
the dislocation-free crystals is large compared with the low- Ny = oyNg®/(2yoNo+ 2ypNp), N
dislocation-density crystals;

3) the total rate of formation of RDs does not remain
constant in the dislocation-free crystal as the oxygen densit
changes.

Na=oyNsi® xyoNo/(2yoNo+ #veNp),

whereoy, is the effective cross section for the formation of
vacancies and silicon as a result gfirradiation, Ng; and
Klp are the densities of silicon and phosphorus atdwisand
Ng are the densities & andE centersNy, is the stationary

The observed behavior of the dependemcef(Ng) in ensity of vacancie and are the vacancy—oxvoen
the materials investigated can be explained qualitatively oﬁj y SAvo vp Al y—oXyg
nd vacancy—phosphorous interaction constants, &nid

the basis of the theory of quasichemical reactions betweeﬁ1e ray flux
rimary RDs(vacancies and interstitial atojngenerated in yoey TR : : .
P y ( ng A similar system of equations, in which,,, Ny, Np,

the volume of the crystal and uniformly distributed impuri- and ere replaced b Ne N and
ties (oxygen, phosphorus, carborSince the main sinks for *Vo° xvp W P ¥ Neg N *cop

vacancies are phosphorus and oxygen atoms, the relative foFc.cg r.espectively(the types of de.fects are indicated .in the
mation efficiency ofA andE centers is proportional to the _SUbSCfl_Ptﬁi was used to describe the accumulation of
ratio of the oxygen and phosphorus densities. For this reasofterstitial-type RDSC;—O;; and G— Cs).

as the oxygen density in the crystal increagesenters will It was found that the results of calculati¢dot-dashed
be introduced in greater numbers and the efficiency of introlines) are in satisfactory agreement with the experiment in a
duction of E centers will decrease. wide range of variation of the oxygen concentration for the

The situation is similar for the interstitial channel of de- following values of the phenomenological parameters
fect formation, when the radiation-generated characteristiey=9%10"%°cm™?, sxp/%y0=135, and xco /*cc =3
interstitial atoms () displace carbon atoms from the lattice and only for slightly dislocated crystals.
sites(Cs+1— C;). Since Q also acts as a sink for;Cto- We note in this connection that the method, which is
gether with G, the relative efficiency of formation of well known in the literatur® and employed in practice, for
Ci— O; and G—C, complexes is determined by the compe- determining low densities of oxygefnot observed by IR
tition with respect to the capture of; @etween interstitial absorption in n-silicon crystals based on measurements of
oxygen atoms and site carbon;© C,— C— O;, Ci+ the formation rates of andE centers is, in general, correct
C— C,— C;. As aresult, ad\g increases, the efficiency of only for low-dislocation-density crystals. It has not been
formation of G— O; complexes increases and that gF-C  ruled out, however, that the application of this method with-
C, complexes, conversely, decreases. out regard for the structural perfection of the crystal can give

In the quantitative analysis, the experimental d@®. oxygen densities which are too lowat the level
1) were compared with the results of calculations performed <10 cm 2 (Ref. 11]. In the different low-dislocation-
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density crystals which we investigated and which were
grown by the method of zone melting in vacuum, the oxygen
density determined from the measured values of the forma-
tion rate »z of E centers using as a calibration curve o5+
ne=Tf(Np) calculated with the parameters indicated above
was in the rangeNg=8x10"-5x10"®cm 2, which

agrees with the data of Refs. 12 and 13. 0.4
A similar approach can also be used to determine low
oxygen densities in crystals. 0.3 0_1,/“

1
100 200 700 400
Ta ha ,OL'

In the case of dislocation-free crystals it is impossible to _
describe satisfactorily in the model considered here the
change in the RD formation rates in the experimental range
of oxygen densities. This probably stems from the assump-
tion made in the calculations that the impurity distribution is
uniform and(or) that only point trapping center@xygen, 0.1+
phosphorus, and carbpof primary RDs are present. The
fact that in the experimental dislocation-free crystals the

0.2

charge carrier mopility at quuiQ—nitrogen temperatures is,_ as 5 — L7 "]
a rule, lower than in the low-dislocation-density crystals in- 0 w 4 _; L4
dicates the presence of complicated structural imperfections Na,cm

in the bulk. These imperfections, as suggested in Refs. 7 and

14, impurity—defect clustergIDCs) which form during  FiG. 2. FractiorF of “unreacted” vacancies versus oxygen density. Inset:
growth of dislocation-free crystals, are not removed by seAnnealing of recombination centers.

lective etching, and consist of interstitial-type inclusions sur-

rounded by an atmosphere of background impurities. Taking

into account this circumstance, the features observed aboygeir gettering properties, and changes the composition and
in the accumulation of RDs in dislocation-free crystals with density of the |mpur|ty atmosphere_ For this reason, the vari-
different oxygen density can be explained on the basis ofnce ofyg, 7., and 7/ 74 (second featupe which is ob-

model-based ideas developed in Refs. 7 and 14-16. served in the dislocation-free crystals, is a consequence of

Under the action of the deformation fields produced bythe differences in their structural perfection as a result of the
the clusters, the irradiation-induced free vacancies migratgct that the growth conditions are not identical.

toward the clusters. The effect of vacancy redistribution be-  Since the elastic stress fields produced by the inclusions
tween the crystal matrix and interstitial-type IDCs is deter-are anisotropic, a qualitatively similar picture is also possible
mined by the gettering properties of the latter. As the oxygeror interstitial-type defects.
content in the crystal increases, this effect will weaken, since  The third of the above-noted features, which is con-
the oxygen atoms, which are effective sinks for vacanciespected with the fact that the total rate of formation of RDs in
decrease their mean-free path length. The presence of IDGlslocation-free crystals does not remain constant, attests to
is therefore most obvious in dislocation-free crystals with athe fact that in IDCs not all vacancies participate in the for-
low oxygen concentrationNp <10 cm™3) and it gives mation of electrically active defects. Thé,-dependence of
rise to a sharp decrease in the rate of formatiok aenters  the parameter=(7°— %)/ 5° (where »°= 73+ g and
in the crystal matrix. In contrast, vacancy-type defects accu»®= 55+ »g are, respectively, the computed and experimen-
mulate more efficiently in the region of IDCs. Since the localtally determined total rates of formation of vacancy-type
density of oxygen atoms in IDCs is high, the predominantRDs with fixed oxygen densily which reflects the fraction
formation is that ofA centers. Their formation ratg,, just  of “unreacted” (trapped IDC¥vacancies, is shown in Fig. 2.
as in the matrix, is determined by the ratio of the oxygenAs one can see, adly increases from 8cm™2 to
density and the density of other vacancy sinks localized in0'® cm™3, F at first increases, reaching a maximum value
the IDCs (phosphorus atoms, other impurities, andfor Ng=3x10%cm 2 (point B), and then decreases, be-
inclusion—matrix interfaces, where annihilation and “freez- coming atNo=10*® cm™2 three times smallgipoint C) than
ing” of trapped vacancies are possitile As a result, it is  at the initial oxygen densiti)o= 10" cm~2 (point A).
quite sensitive to the structure and impurity composition of  The most likely reason for the increase fwith in-
IDCs. creasing oxygen density in the interval from
Thus, the first of the above-noted features is due to th&No=<10" cm 3 to No=3%10'® cm 3 is an increase in the
redistribution of free vacancies between the crystal matrixolume andor) density of IDCs, which formed during crys-
and IDCs. As a result, the ratigez/ 7, in dislocation-free tallization, and thereby also the inclusion—crystal matrix in-
crystals changes compared with the low-dislocation densityerface area, which increases the capability of trapping of
crystals. free vacancies. Moreover, with an increaseNig, so-called
Changing the conditions of crystal growtgrowth rate, nuclei, whose interaction with the vacancies results in the
temperature gradient on the axis, growth atmosphere), etcformation of electrically inactive complexes, can form near
changes the density of the IDCs which are formed, changethe IDCs.
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For oxygen densitie?Ng>3x10' cm™ 3, the gradient presence in dislocation-free crystals, in contrast to low-
of the magnitude of the elastic fields which are produced byislocation-density crystals, of impurity-defect clusters,
IDCs in the crystal matrix decreases as a result of the acconwhose gettering properties are determined by the growth
modation of clusters and the presence of high densities afonditions.
point sourcegoxygen atomswhose elastic stress fields are
of the same sign as those of IDCs in the crystal matrix. As a. CONCLUSIONS
result, the effect of vacancy redistribution between the crys-
tal matrix and the IDCs becomes weaker and therefore d%r
creases for vacancies trapped by IDCs.

Accordingly, the observed characteristic features of the
mation of RDs in dislocation-free silicon with different
. oxygen contents are due to the presence of interstitial-type
ri]mpurity—defect clusters in the crystals. The elastic fields of
these clusters give rise to a redistribution and trapping of the
radiation-generated vacancies. It was found that the gettering
properties of the impurity-defect clusters depend nonmono-
tonically on the oxygen density, reaching maximum strength
"8t No=1x 1016—1x 10" cm™3.

irradiated dislocation-free materigsee the inset in Fig. 2,
the curvesA, B, andC correspond to the point&, B, and
C on the curve of versusNg) attest to the effect of oxygen
on the gettering properties of IDCs. It is obvious that the
change in the fraction of unannealed recombination cente
f=(r =g V(15" —75") (10, 74, and 7 are the life-
grfileel’slﬁ’;gzt?oonnegrﬂIZtlu(;nlff(e:rr]::]?est?’;lag;gseso?2::12;::2;?? tion, V. V. Emtsev and T. V. Mashovetimpurities and Point Defects in Semi-

’ conductord[in Russian, Moscow (1981).
increasing annealed temperaturg,, depends oy and 2G. D. Watls<[ins and J.I}W. Corbetg, Ph];s. Ré&21, 1001(1962).
correlates with the dependenge=f(No). The curveA is L. I Murin, Phys. Status Solidi /3, K147 (1986; 101, K107 (1987.
similar to the curve off . versusT,,, for the vacuum, low- gu;/s'iﬁzﬂiffovﬂgs% G. SolovieRadiation Resistance of Silic¢m
dislocation-density,n-silicon,** with the exception of the sg.F. vitman, N. A. Vitovski, A. A. Lebedev, T. V. Mashovets, Fiz.
peak nearT 4,,=300—-400 °C, which, in our opinion, indi-  Tekh. Poluprovodn24, 45 (1990 [Sov. Phys. Semicon@4, 27 (1990].
cates the presence of IDCs in the crystals. The ciBve Gyéd\:]- 2'57'“&5582’9')((159 53 [%%i;]ii?r/\%ﬁ'c?o?;Ké gg(ﬂl\gg;,] Fiz. Tekh. Polupro-
CharaCte”Stgc Bj CryStalS Wlth OXyger_] den5|ty L. Kolké)vskii, P. F. Lugakov, V. V. Lukj’anitsa, and V. V. Shusha, Phys.
No=3x10' cm™3, where the gettering properties of IDCS  status Solidi A118 65 (1990.
are most pronounced. The extremely nonmonotonic form of®H. I. Hoffman, Appl. Phys19, 307 (1979.
this curve attests to the fact that the fraction of vacancies V- V- Vinetskii and G. A. Kholodar'Radiation Physics of Semiconduc-
trapped by IDCs, all of which by no means participate nearlotzo_rssl[;,n E “jﬁfﬁﬁfnvd(ﬁ?ﬁ "Farmer, J. Appl. Ph§E, 1903(1990.
IDCs in the formation ofA centers, increases; some of them g, p. Korshunov, V. P. Markevich, I. F. Medvedeva, and L. I. Murin, Fiz.
are “frozen” in the composition of less-stable electrically Tekh. Poluprovodn26, 2007 (1992 [Sov. Phys. Semicon26, 1129
neutral complexes or enter a quasistable state on the incrquefg\?]'nubits n K. N. Némark. 1. F. Chervonic Vivsokochistye vesh-
ing inclusion<crystal matri boundary. Freeing of vacan-  peqva. No. 3y 1261989 T vy Y
cies by some method starts&,>100 °C and is accompa- 3B. 0. Kolbsen and A. Muhlbener, Solid—State Electraf,. 759 (1982.
nied by additional formatiotmaxima inf_) and subsequent 41, 1. Kolkovskii, P. F. Lugakov, and V. V. Shusha, Phys. Status Solidi A

. o . 127, 103 (199)).
decomposmon (mmlma n fT) of a number of new 15p. F. Lugakov and V. V. LuK'yanitsa, Fiz. Tekh. Poluprovodi, 1601

recombination-active defects. _ (1983 [Sov. Phys. Semicond.7, 1019(1983].
Curve C shows that although IDCs are present in the?®l. I. Kolkovskii, P. F. Lugakov, and V. V. Shuma, Izv. Viyssh. Uchebn.
crystal, their gettering properties are weaker than in the pre- Zaved., Fiz31 128(1988.

: . I. D. Konozenko, A. K. Semenyuk, and V. |. KhirvicRadiation Effects
ceding casgcurve C is more even and passes below the in Silicon [in Russiaf, Kiev (1974,
peaks on curveB andA). 18y, S. Vavilov, V. B. Glazman, N. U. Isaev, B. N. Mukashev, Fiz. Tekh.

In conclusion, we note that the results which we ob- Poluprovodns, 471 (1974 [Sov. Phys. Semicond, 303 (1974)].
tained give us a reason to believe that one of the main factorsA- S- Zubrilov and S. V. Koveshnikov, Fiz. Tekh. Poluprovod, 1332
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343 Semiconductors 31 (4), April 1997 I. 1. Kolkovskil and V. V. Luk'yanitsa 343



Solid solution In ,Ga,;_,As,Sb,P;_,_,: A new material for infrared optoelectronics.
I. Thermodynamic analysis of the conditions for obtaining solid solutions, isoperiodic
to InAs and GaSb substrates, by liquid-phase epitaxy

N. A. Charykov, A. M. Litvak, M. P. Mikhallova, K. D. Moiseev, and Yu. P. Yakovlev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted May 14, 1996; accepted for publication May 22, 1996
Fiz. Tekh. Poluprovodr31, 410—415(April 1997)

The diagrams of melt—solid solutidfusibility curveg and solid solutior(l)—solid solution(Il)
(surfaces of spinodal decomposition of solid solutjopisase equilibria in the five-

component system In—Ga—-As—SbPRe solid solutions are isoperiodic to the GaSh and InAs
substratesare calculated. The concentration ranges of the isovalent substitution solid

solutions IRGa ,As,Sb,P, _,_,, which are accessible for synthesis by liquid-phase epitaxy, are
calculated. ©1997 American Institute of Physids$S1063-782607)00604-2

1. FORMULATION OF THE PROBLEM results. These drawbacks can be overcome by producing
_ _ five-component solid solution & (As,SbP;_y ,,
InAs- and GaShb-based multicomponent IlI-V solid so-\hich makes it possible to grow isoperiodic materials of the
lutions, ternary (InNAsSb, InGaA$ and quaternary(Gain-  same qualitative composition on four substrates immedi-
AsSb, InAsSbP, GaAlAsSpare now W|dfly_used for pro-  ately: Gasb, InAs, InP, and GaAs. In this paper we report the
ducing ~ optoelectronic _deviced(lasers,™ light-emiting  esijits of a thermodynamic analysis of the conditions of LPE

diodes and photodiodé’s) for the spectral range 2-6m at synthesis of solid solutions isoperiodic to the first two sub-
300 K. The quaternary solid solutions, which are 'SOper'Od'Cstrates.

to InAs and GaSb substrates, have an important advantage
over the ternary solid solutions, since they make it possiblem )
to vary the band gap of the material while maintaining the 1) The regions of existence of solid solutions corre-

lattice period At the same time, these solutions have thespondmg to the five-component system, which are isoperi-
drawback that a large range of compositions cannot be ob-". :

) o . L odic to InAs and GaSb substrates and are stable with respect
tained by liquid-phase epitax§. PE) because of limitations

: . AT . to spinodal decomposition;
with respect to the region of immiscibility of the solid solu- 2) the regions of possible preparation of solid solutions
tions (i.e., region of their spinodal decompositjoand the by the LPE gl thod bp ('j dlf: t?] ! I d“l d.;“ f
condition of molecularity of the meftFor example, the solid y the method, bounded by the so-called “conaition o

solution InGa,_,As,Sb_, can be grown on a GaSb molecularity of the melt,” which corresponds to equal total
—X -y . .

substrate, which is strictly isoperiodic to the latter, only in COncentrations (?f . and V components in the r_ﬁ‘élan(_j .

the range 8x<0.29; the composition is close to GaSb 3) the effective region of one of the above-listed limita-

(which corresponds té in the range 0.72—0.50 8\or to tions, and thus the composition range which is accessible for

InAs (1>x>0.74, E g:O 30-0.24 eVW.2% The solid synthesis by the LPE method, and the two-phase equilibrium
74, E4=0. . .

solutions IpAs,ShP, , /InAs, which are widely used t€Mmperatures. o

as cover layers in long-wavelength lasers, also have a lim- 1° solve such problems it is first necessary to have a
ited composition range accessible for synthesis by Lpghermodynamic description of the coexisting phases — melt
0<1—x-y<0.3812 These fundamental thermodynamic @nd isovalent substitution solid solution. We shall discuss

Our objective in this study was to determine the follow-

limitations prevent the production of optoelectronic devicesN€s€ phases in greater detail. - _

for discrete wavelengths in the entire range 2+ on the Model of the meltTo describe the standard chemical
basis of only one Ill-V material by the LPE method. The Potentials of the components of the melt In, Ga, As, Sb, P
methods of molecular-beam and gas-phase epitaxy, wide@nd the melted compounds InAs, GaAs, InSb, GaSb, InP,
employed in the last few years, make it possible to level ouind GaRas well as the solid compounds — see bélowe
appreciably the effect of the two limitations and to expandemployed the published data on the standard heats and en-
the accessible composition range of the solid solutions. Howtropies of formatiomA H3qg andS?, isobaric specific heats in
ever, the simplicity and relative low cost of LPE are very the liquid and solid state§,, andC;, and the melting tem-
attractive for fabricating optoelectronic devices. The need t@eratures and entropi@$ andAS". These data are presented
integrate lasers and photodiodes into GaAs- and Si-basdd Table I. Here it should be noted that the data on the stan-
electronic schemes has led to the appearance of an entig@rd thermodynamic functions are completely reliable for all
series of studies on the growth of multicomponent Ill-V components and compoungsxcept Gal

solutions on these substrates. However, as a result of the According to the few published data for GaP, mainly on
large difference in the lattice periods of the GaAs substratéhe values ofAS" and other functions, the latter differ by
and solid solutions based on GaSb, InAs, InSb, etc., syntheamounts of up to 10-20 rel. %.

sis by the LPE method has still not led to substantial positive ~ We employed to the EFLCP model to describe the ex-
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TABLE I. Thermodynamic functions of the components and compounds in the system In-Ga—As—Sb—P.

Substance AHe kI S, UK C,, UK Cy=atbT,JK  TLK  AS, JK
In —242.8 57.9 31.4 24:80.0105T 430 7.6
Ga —288.8 42.7 28.2 2390.0105T 303 185
As ~288.8 35.2 23.0 21:90.0093T 1090 18.4
P —317.0 25.0 20.7 19#0.0151: T 870 8.0
Sb ~285.6 45.7 29.8 2340.007:T 903 22.7
InSb ~537.0 86.5 67.2 50:00.0110T 797 60.1
InAs —589.4 75.8 67.0 44:80.0148 T 1210 60.8
InP 598.0 62.4 62.8 44:90.0169T 1333 58.8
Gasb —596.4 76.4 63.0 49:00.0125T 985 66.4
GaAs ~658.6 64.2 67.0 47:40.0070T 1513 69.7
GaP —681.8 52.3 56.1 43:80.0070T 1738 74.2

cess thermodynamic functions of the melt components (

— activity coefficients. This model was previously used nong on the concentrations of the other four, since the equa-

successfully to describe 1ll-V systenisee, for example, iqn of chemical equilibrium for a phase of variable compo-

Refs. 14-16 _ sition — solid solution — hold$:
The basic equation of the EFLCP model for systems

with an arbitrary numbem of components(in our case ,u|snAs+ ,uSGaP= ,u,SéaAs'f' Kips
n=5) has the following forrmt?® s s _ s s 4
) oo MinsbT MGap= MinpT M Gash
RTIn y,= >, ainj2+E > (@ij+ @ — a0 XX whgreﬂfj is the che;mical potential of the compouijdn the.
j#i J#EI ki solid phase. Equatior(g) are a consequence of the establish-
n n n ment of equilibrium in reactions proceeding in the solid
+(2Xi_1/2)2 Binj2+ z XXk phase:
j#i j#i k#i
a e InAs+ GaR=GaAst InP,
X (X = Xi) Bij+ X (Bij + Bi) + (1= 2%) Wi - INSbt GaR=GaSh- InP. (5

1 . . . . . .
. _ _ (.) We consider first the formation of a solid solution which
HereR is the gas constant, is the temperaturén K), X is s strictly isoperiodic to the chosen substrate. In other words,
the molar fraction of theth component of the melt, and the |attice periods of the solid solution and substrate are the

ajj,Bij, and ¥ are model parameters. The parametgr  same or, according to Vegard's rule,
is twice the change in the Gibbs free energy which accom-

panies the formation of one mole of the liquid compound
ij from one mole of the liquid componenitsand j, without
regard for the contribution of the entropy of ideal mixing. It
is calculated from the data in TablgRef. 16:

TABLE Il. Nonideality parameters of coexisting liquid and solid phases in
the system In-Ga—As-PP=a+b-T.

o ZZ(M%I_M?l_M?l"' RTIn4), 2) Parameter a, kJ b, JK
where,u?' and ,uﬂ' are the standard chemical potentials of theZ'nGel __13'8 2(_)'9
componentsi) and compoundsif). The parameterg;; and aﬁib 246 21.0
W« are the differences in the free energies of formation ofug,, 73.5 -
the compoundsij, ijj, andijk, respectively. Since such Bins 39.2 —41.0
compounds are not formed in 1l1-V systems, we found themBeaas 39.0 —39.0
from the data on the fusibility curves of the corresponding'gG"leb 2(15'8 __138'3
binary, quasibinary, and ternary subsystems of the In—GaB::ib 276 2800
As—Sb—P systenfjust as the parameteis;,ga, Basp: Xasp, Boap -10° -
and ag,p. These parameters are presented in Table II. ¥ incaas™ ¥ incar 33.6 -50.0

We can calculate the chemical potentiad-‘ﬁ‘ of all six  Ymase= Vcaasp 60.0 -
[11-V compounds in the melfinAs, GaAs, InP, GaP, InSb, W'”ASSiZJGaASSb __1?);'8 10?‘0
and GasBfrom the data on the standard and excess thermo,= " 57 P
dynamic functions of the melt components: za’znPGaP 18.8 B

= 3+ RTLINGG ) + (7)) (3)  pamere Te _

Model of the solid solutionAs components of the qua- 2“§5aAsGaSb 21“(‘) 213
ternary common solid solution @& _,As,SbP;_,_,, we 23:5:’;::? 470 )

shall study the IlI-V compounds InAs, GaAs, InP, GaP,p.s 73.9 B,
GaSb, and InSb. The concentrations of two components de
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_ - S 0 0 0
a=anasYinYast acard Y ast ainpYinYpT 8ca cayp ST %= GaasT Minp— Heap— Minas

0 0 0 0
+ansyinYsbt 8cas GaY sb: (6) 8% "= GastT Minp— HGap— Minshs (13

wherea is the lattice constant of the substrate at 30@1ﬁ(js L 5r3eac: 5rleac— 5r2eac,

the lattice constant of the compoundat 300 K (6.058 for
InAs., 5.553 for GaAs, 5.451 for Garindy; is the atomic - sdef_ e pdef _ pdef _ def
fraction in the II(V) sublattice: 1 InPT EGaas™ Einas™ Egaps

ef _ —def def def def
89°'= Eji+ EQas Efvan— Edap, (14)

5def_ 5def_ 5def
. . . L “3 7“1 2 -
To describe the excess thermodynamic functions of the
components of the solid solutions — the activity coefficientsFor the solid solution InGaAsSbP we then have
y:js of the compoundsj in the molar fraction scale, we em-
ployed the well-known model of quasiregular solid solutions.

YintYea=YastYptYsp=1. (7)

[ o= Yeayp( — 052 65 + Yoy as( — 87°% 63,

For example, the activity coefficients of InAs satisfy STU_ Vel — 0T 598 4y v (— 6188 5y
RTIN Yias=Yoancat YocaseT YarasanT Yo sl @asp L Sihas= Yoo s 072 83 + yaayel 52 85, 5
+ a'/S-\sSb_ aISDSt)i (8)
etc.
where

Conditions of phase equilibriunTherefore, to determine
the composition of the coexisting liquid and solid phases it is

S S S S

¥inGa~ ¥InPGal P XinAsGaAd/ As T XinsbGasl sbr sufficient to solve any foufor six) equations of phase equi-
S .S S i 1 .

Upsp™ AnasinY InT XGaascal Gas librium:
s _ s +ad (9) o _ .S

Qpssh™ Anasinst InT XGaasGasy Gar Minas™ Minas
s _ s s I _ s

apsp= X nspin Int AGasbca¥ Ga- Minp= Minp»

. . . . . | _ s

In using Eqgs.(8) and(9) to estimate the lattice nonideality Minsb™ Minsb:

parametersazisjki (afjik), we employed an approximation for- (16

mula obtained in Ref. 17; the solid phase parameters which

we used are presented in Table II. MleaAs: KGans:
In calculating the phase equilibria with the formation of I s

solid solutions which are not isoperiodic to the substrate, we L Kear~ Heap:

took into account the contribution of the energies of the elasany fifth equation will be a linear combination of the first

tic stresses associated with the compression—stretching of thgyr equations and can be eliminated from the system. The

[lI-V bonds in the solid solution to the chemical potentials: system(16) can be solved for four unknown variables from,

def (10 for example, the following set: Xga, Xas, Xp.

e Xsbr Year Yas:  Ysby T (Xin=1—Xga—Xas™Xp~—Xsp,
Yin=1-Yca,Yp=1—V¥Yas— Ysn- Therefore we have the fol-
lowing possibility: 3 Fix T, yga, Yas @and the condition of

Edf_c ria—a.)2+2(a—a.)(a.—a)l/az. . (11 isoperiodicity of some substrate, for example, InAs, and find
i = Col (8 a5+ 2(a~ s (@) ~a) lag, . (11 yspandyp in accordance with Eq6) and the composition of

Hereag,is the lattice constant of the substrate, @lisa  the liquid phas&ca, Xs, X, andxsyin accordance with the

constant which, in general, depends on the temperature, tfyStem of equation¢16) [the functionsEf” and &% will

type of IlI-V compound {j), and the substrate orientation. then be equal to zero in accordance with Hgd) and(14)];

Disregarding the relatively weak dependence on the first tw@) fiX Xca, Xas, Xp, @ndxgs and find in accordance with the

parameters, we assun@, = 4200 kJ/mole for the100  System(6) the liquidus temperatur€and the composition of

| _ s
MGasb MGasb

RTIn y;=RTIn y’+E

where

orientation and 3000 kJ/mole for tti@11) orientation®’ the solid solutionyg,, Yas, andys; (the functionsF{* and
Therefore, to calculate the chemical potentjafsof the ~ o become nonvanishing _ _
1=V compounds in the solid solution, we have Limitations on the preparation of solid solutioriset us
examine first the limitations on obtaining the solid solutions
pi =+ RTInyy +RTIn g+ 87, (12  InGaAsSbP/GaSIAs). According to the analysis in Ref.

13, there are two independent limitations on the region of
where ,uﬂs is the standard chemical potential of the com-existence of such solid solutions: with respect to the “con-
poundij in the solid solution, anwi“j1Ut is the contribution of dition of molecularity of the melt,” which becomes wider
a standard variation of the Gibbs free energy of the reactiomith increasing temperature, and with respect to spinodal
(5) to the chemical potential of the compouipdWe intro-  decomposition of the solid solutions, which becomes nar-
duce the functions rower with increasing temperature.
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FIG. 1. Concentration dependences of the limitations with respect to th¢=IG. 2. Concentration dependences of the limitations with respect to the
condition of molecularity of the melfsolid line) and with respect to spin-  condition of molecularity of the meltsolid line) and with respect to spin-
odal decomposition of the solid solutigdashed linesfor the solid solu- odal decomposition of the solid solutiqdashed linesfor the solid solu-
tions InGa,_,As,ShP, _,_,, isoperiodic to an InAs substrate, for the fol- tions InGa, _,As,Sh,P;_,_,, isoperiodic to a GaSb substrate, for the fol-
lowing temperatures, °Ct — 500,2 — 550,3 — 600. lowing temperatures, °Ct — 500,2 — 550, 3 — 600.

Limitation with respect to the “condition of molecularity
of the melt.” According to Ref. 13, this condition comes into
play when a melt can be prepared exclusively from the IlI-V Ghsca Ghsas Ghsp| =0, (18
compoundgInAs, InP, InSh, GaAs, GaSb, and Ga#thout
additions of the componentin, Ga, As, Sbh, P

* * *
GaGa GaAs Gal

* * *
PGa PAs PP

whereG}, = 7°G*/dy;dy; , G* is the part of the average mo-
lar Gibbs free energy of the solid solution, whose second
The computational data for the compositions of the melts, irderivatives with respect to the variable compositions are
equilibrium with the solid solutions which are isoperiodic to nonvanishing:

GaSHInAs) substrates, are presented in Figs. 1 and 2 for the

Xint Xga=Xas+ Xp+ Xgp=1/2. 17

temperatures 500, 550, and 600 °C. The dhtre and be- G* =RTLYinYas IN(Yinyas) +Yea/as IN(Yedyas)
!ow) are presen_ted in the coordinaty_§_—yp. These two FYiYe IN(YinYe) + Ve IN(Yodyp)
independent variables of the composition of the solid solu-

tion are sufficient to determine it completely, since the con- +YinYsb IN(YinYsb) + YeayYsb IN(Yeaysb) ]

dition of isoperiodicity to some substraf&q. (6)] and the

. . . X / + Os + OS+ 0Os
normalization equationgEqs. (7)] hold. It is evident from [YinY asttinast YinYpitine YinY softinss

the figures that the region of limitation shrinks very stropg]y + Yo At S act Yo P st Yoo sot s
as the temperature decreases and ceases to be determining at < . <
temperatures below 550 °C. We note that the same set of *YinYed @inascaad ast Xnpcad Pt Xinspcasy shl

solid solutions can also be obtained from a melt with

: + N + ag
Xast+ Xp+Xsp>1/2 at the same temperatures. This fact, how- YasYH @insinein tGansca cal

ever, is apparently of no practical importance, since P and As +YasYsd Xmasinstyint ¥Sanscasycal
have a large partial pressure even for values such that < <
Xast Xp+ Xgy>0.5—0.6, which makes epitaxial synthesis + YAl Xnspind inT @Gaspca¥cal- (19

virtually uncontrollable. If the solid solution decomposes on the substrate, then in Eq.

Limitation with respect to the spinodal decomposition Of(lg) G* should be replaced bg** , which is determined by
solid solutions.This limitation arises in connection with the Egs. (10—(12): '

fact that the phase of the homogeneous solid solution can be
unstabl_e. The boundary _of stability of the §o|id so_lutio_n is G** =G* +y|nyAsE?nefAf\s+ yGayAsE?gAs"— ylnyPEldneFf,
determined by the following equatiofthe solid solution is def def def

not formed and does not decompose on the substrate +YcaVPEGart YinYstEnsot YoaYstEgasy (20
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The solutions are unstable if the determinant in @&) and Yn Yin

its minors belonging to the main diagonal are nonposttive. 1.0 1.0
Then, for the solid solution to be stable, it is necessary that 0.9 0.9
[in addition to the requirement that the determinéi8) be ’ ’
positive] the following system of six inequalities be satisfied 0.8 0.8},
simultaneously: a b
. . 0.7} 0.7t
G . i=Ga, |=As,
i ij -
- L|>0|1=Ga, j=P, (22) l . . .
L i=As, j=P. 0 01 03y, 0 01 0.3 yo
i=Ga, % ¥
. In
G:>0| i=As, (22) "
i=P. 0.3K 0.3t
i=P c d
It should be noted that the region of instabiligr decay of
solid solutions wherEi‘}ef is taken into account is narrower
than when it is disregarded; i.e., the substrate “stabilizes” 0.1 0.1
the decaying solid solutions.
Instead of calculating the elemer@’] in an explicit ; k\ .
form, we employed a finite-difference approximation, for ex- 0 01 y 0 a1y
ample,
FIG. 3. General Ilimitations on obtaining solid solutions
GaaS[G* (Yoat A, yast A,Yp) In,Ga _,As,ShP, _,_, isoperiodic to the substrates Gagh ¢ and InAs

(b, d
G* (Yga:Yas Yp) — G* (Yeat A, Yas:Yp)

_* + 2 2
G" YeaYast A¥p)IA @3 in the system In—Ga—As—Sb—P, which are isoperiodic to

etc. HereA is the numerical differentiation step, correspond-InAs and GaSb substrates and which can in principle be ob-
ing to A=10"° arb. units. tained by the LPE method.

The computational results for the limitation with respect  In summary, in the present paper we hayestamined
to the spinodal decomposition of the solid solutionsthe conditions for obtaining five-component solid solutions
InGaAsSbP/GaSInAs) and LPE temperatures of 500, 550, InGaAsSbhP, which are isoperiodic to InAs and GaSb, by
and 600 °C are presented in Figs. 1 and 2. It is obvious fronLPE in the entire range of compositions} @alculated the
the figure that this region of limitations deforms with in- fusibility curves of the system In—-Ga—As—Sb—P in the crys-
creasing temperaturéshrinkg, though much more slowly tallization field of the solid solutions and the curves of the
than the region of the limitation with respect to the conditionsolid (I)—solid1l) phase equilibria; and)3determined the
of molecularity of the melt. effective regions of the limitations on LPE synthesis of the

General limitation on obtaining solid solutiondVe  indicated solutions at a given temperature and determined
showed elsewhet® that in studying quaternary systems the ranges of the compositions of the solutions which are
there arises a critical point corresponding to the intersectiomccessible in principle for synthesis by the LPE method.
of both limitations. This point shows the extremely high In a future paper we shall present computational results
(low) concentration of a component that can in principle befor a series of electrical parameters of the five-component
obtained in the solid solution isoperiodic with a given sub-solutions studied in the system In-Ga—As—Sb—P: band gaps,
strate for any temperature, and it also determines the tenelectron affinity, and spin-orbit splitting energy as well as the
perature of the two-phase equilibrium. In our case the systerpossible energy band diagrams of the solid solution/
possesses one more degree of freedom, and the collection sifibstrate.
points of intersection of the two limitations determines inthe  This work was supported, in part, by the Russian Fund
most general case a monovariant polythermal curve. The difor Fundamental Resear¢Rroject 93-03-5492
ferent extremal compositions of the solid solutions therefore
correspond to different LPE temperatufese Figs. 1 and)2
The general composition regions accessible to synthesis byJd- V\Il( G’\i/lbbsyThi;ngodyne%rgi:S- Statistical MechanifRussian trang.
the .LPE method a.re presented in F.Ig' 3. Specifically, it Iszx.a\lj. aé’torgrfﬁi(rzv,\i(l'herzyoFc)i.ynam.ics of Heterogeneous Sys{émRussiar,
obvious from the figure that at relatively low temperatures | gningrad State University, Leningrad967, Part 1, p. 467.
the region of accessible compositions is determined by thém. p. Mikhalova, K. D. Moiseev, O. G. Ershov, and Yu. P. Yakovlev,
limitation with respect to spinodal decomposition of solid Fiz. Tekh. PoluprovodrB0, 399 (1996 [Semiconductor80, 223(1996)].
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mined by both limitations. Therefore, we have determined vy p. vakovlev, Pisma zh. Tekh. Fi20, 20 (1994 [sid].
the range of compositions of five-component solid solutions®A. I. Andreev, A. N. Baranov, M. P. Mikhfikova, K. D. Moiseev, A. V.
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Interband magnetooptic absorption line shape in bismuth
S. V. Brovko, A. A. Zaitsev, K. G. Ivanov, and O. V. Kondakov

St. Petersburg State University of Technology and Design, 191065 St. Petersburg, Russia
(Submitted May 13, 1996; accepted for publication June 3, 1996
Fiz. Tekh. Poluprovodr3l, 416—419(April 1997)

The results of an investigation of the transmission of a symmetric bismuth striplife 80 K

at the laser wavelength=10.6 um in magnetic fields up tB8=8 T are reported. A set

of parameters is obtained for the energy spectrum oLtletectrons of bismuth by modeling the
shape of the experimental curve on the basis of a modified Baraff model. The values of the
parameters in the McClure—Choi model are found from an analysis of the field positions of the
maxima of the mageto-optic oscillations. ®97 American Institute of Physics.
[S1063-78287)00704-1

We have investigated the transmission of 101®-ra-  associated with optical interband transitions on the Landau
diation by a waveguide line, assembled from two squardevels of the valence and conduction bands. To extract maxi-
halves of a bismuth single crystal, in pulsed magnetic fieldsmum information from the data obtained and to analyze in
Such a systefnis called a symmetric striplin€SSL. The  greater detail the physics of the observed effects, a calcula-

optical surfaces of the single crystals were prepared byion of the lineshape of the magneto-optic spectrum was per-
chemical polishing. The ratio of the resistivity of the experi- ormed.

mental samples at room temperature to the resistivity at 4.2 The modeling was performed in a modified Baraff
K was greater than 400. The transmission of the SSL in a 2 o "
magnetic field af =80 K is oscillatory; the oscillations are model The transmission coefficient
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FIG. 1. Transmission of a stripline as a function of the magnitude of the ) \ \ , .
magnetic fieldB directed along the binary axis of the crystal lattice of L 3 L 2.6 0.9
bismuth. The distance between the two mirror-symmetric halves of the bis- 0.0 0. . -
muth single crystal i$,=25 um; the relaxation time associated with the Br T

width of a Landau level is=4x 102 s; the dimensionless wave vector in

the direction of the external magnetic fieldds=hk,/(smg)Y?=2, where FIG. 2. Transmission of a stripline as a function of the magnitude of the
f is Planck’s constank, is the wave vector parallel to the magnetic field, magnetic fieldB directed along the binary axis of the crystal lattice of

e=Eg4/2, andmg is the effective mass along the magnetic field. Solid line bismuth in fields up to 1 T. Solid line — calculation, dots — experiment.
— calculation, dots — experiment. The values of the parametels,, 7, and¢ are the same as in Fig. 1.

350 Semiconductors 31 (4), April 1997 1063-7826/97/040350-04$10.00 © 1997 American Institute of Physics 350



T(8)/7(0), arb. units

T(8)/T(0), arb. units

T Ey—r

FIG. 3. Transmission of a stripline as a function of the magnitude of theFIG. 4. Transmission of a stripline as a function of the magnitude of the
magnetic fieldB directed at an angle of 1° from the bisectrix axis in the magnetic fieldB directed at an angle of 11.5° from the trigonal axis in
basal plane. Solid line — calculation, dots — experiment. The values of thdisectrix—trigonal plane. Solid line — calculation, dots — experiment. The
parameter®,, 7, and¢ are the same as in Figs. 1 and 2. values of the parameteBs,, 7, and¢ are the same as in Figs. 1—3.

Equation(2) was obtained by solving a system of Max-
T(B) {sinHa{(B)D]/ay(B)+sinag(B)D]/ag(B)} well's equations with boundary conditions. The complex

T(O) {sinf{a4(0)D]/a4(0)+siMas(0)D]/al(0)} Eg)ots with positive real parta; anda, are found from Eq.

[ay(0)]2+aj(0) The experimental and computed values of the transmis-
X 9.+ sion coefficient of the SSL for the magnetic field directed
o parallel to the binary axis of the crystal lattice of bismuth are
a, P shown in Figs. 1 and 2. The spectra were normalized to the
Xy 2Llay(B)-ay(0)] (1) T o -
Re[kZ/0,(0)] : transmission intensity in a zero magnetic field. Up to 15

oscillations corresponding to interband transitions on Landau
where D is the gap width between two mirror-symmetric |evels with numbelj =1 were observed with the orientation
halves of the single crysteady(B) andag(B) are the real and  employed. To fit the computed curve to the experimental
imaginary parts of, for some value of the magnetic field curve, it was necessary to introduce constant values of the
B, ap=*vq;—ks, 9y=(ay, ay) is the complex wave vec- complex lattice permittivity in directions parallek,) and

tor of the electromagnetic wav&y=w/c, w is the angular perpendicular £,,=¢,, to the magnetic field. The gap
frequency of the electromagnetic wawe,is the speed of width was assumed to E)Eg:]_5_6 meV.

light in vacuum, andL is the length of the experimental Agreement between the experimental and theoretical
crystal, was found by solving the dispersion relation numericurves was achieved by using visual monitoring and an au-
cally for a wave propagating in the gap between two mirrortomatic parametric Nelder—Mead method. The small in-

symmetric halves of the single crystals, crease in the effectiveness of lineshape fit to the experimen-
a-D a-D tal lineshape by this method is explained by the difference in
0 0 2 . . .
C,| a,+ aotanh7 aothanhT—kosl) the behavior of the experimental and theoretical curves on
the initial section of the magnetic fields. Transitions from
a,D aoD levels j=19, which were not observed in the experiment,
—Cyl gt aotanhT aOthanhT—kng) =0, (2 make a large contribution to the low-frequency permittivity
in fields up to 0.3 T. When the number of working Landau
where C,=Kj[&Tn— exy(Kiex,—iandy)], T,=kj —e,, levels is increased up ti=150 (Fig. 1 and 2, the model
+aﬁ, L,=a,Bnt+ig A,, Bn=(kgey, —ianq,)S, curve shifts upward and approaches the experimental curve.
—KoexxEyx: Sh=kKgexx—0zas, and Ay=ST, —kiexyeyx In the model considered it was found to be impossible to
(n=1,2). eliminate the discrepancy in the behavior of the curves for
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TABLE |. Parameters of the energy spectrum of thelectrons of bismuth at 80 K, calculated from the line-
shape in a modified Baraff model.

Effective-mass
tensor components m;=0.00174 m,=0.1330 m;=0.0041 m,=0.0147

Orientation of the magnetic field relative to the axes.

1° from the bisectrix axis 11.5° from the trigonal axis
Parameter C, in the binary-bisectrix plane in the trigonal-bisectrix plane
Mia 1.814x10°2 2.099x10°3 6.292x1073
Eq/mia 0.86 7.43 2.49
mig 2.391x1073 4.002x107° 1.558x1072
Eg/mis 6.52 3.90 1.00
mic 2.391x1073 4.238x1073 1.558<1072
Eq/mic 6.52 3.68 1.00

Note: The values of the cyclotron massesg,, mig, andmj. corresponding to sections, B, and C of the
electronic ellipsoids and the componenisof the effective-mass tensor are given in units of the free-electron
mass;Egy is in eV; C, is the binary axis.

fields ranging from 2 to 2.8 TFig. 1), as well as the some- nal axis, are shown in Fig. 4. In accordance with the ideas
what different behavior of the rise and fall of the magneto-about the structure of isoenergetic surfaces, in the experi-
optic oscillations in fields below 1 T. The agreement be-ment intense oscillations are observed from the light cyclo-
tween the experiment and the calculations is improved whetron mass and less intense and split oscillations are observed
the misorientation of the crystal from the magnetic field offrom the two heavier cyclotron masses. The splitting could
about 0.5°, which is unavoidable in the experiment, in thebe due either to the smalbf the order of 1°) disorientation
binary-bisectrix plane is taken into account. of the crystal relative to the bisectrix—trigonal plane or the
The experimental and computed magneto-optic spectrpresence of spin splitting of the Landau levels. Quantitative
with the magnetic field tilted by 1° from the bisectrix in the estimates show that the contributions of both effects are ap-
binary-bisectrix plane are shown in Fig. 3. This causes th@roximately equal. A final conclusion can be drawn from an
appearance of three series of oscillations with comparablanalysis of the lineshape of the experimental curve on the
amplitudes, which leads to beats. In the binary directiorbasis of the McClure—Choi model of the energy spectrum, in
there are no beats, because the difference in the periods which the nonmirror nature of the bands is taken into ac-
the oscillations due to the light and heavy electrons. count and the spin-parameter tensor of the valence and con-
Modeling of the shape of the experimental curve leads taluction bands is introduced.
equal values of the relaxation time in the binary and bisectrix =~ The parameters of the energy spectrum of thelec-
directions and to different values of the lattice permittivity. trons were obtained from a description of the line shape
This indicates a relatively independent existence of elec¢(Table ). Parameters which are similar and, as one can see
tronic subsystems associated with each constant-enerdsom Table Il, close in value were determined from the ex-
quasiellipsoid. perimental data on the positions with respect to the field of
The results of the modeling of the lineshape of thethe maxima of the oscillations on the basis of the McClure—
magneto-optic spectrum, when the magnetic field made iI€hoi dispersion relation. Comparison with the data obtained
the bisectrix-trigonal plane an angle of 11.5° with the trigo-from the oscillation effectsat liquid-helium temperature

TABLE Il. Parameters of the energy spectrum of theelectrons of bismuth at 80 K, calculated from the
positions of the maxima of the oscillations in a magnetic field in the McClure—Choi model and according to

Ref. 3 at 4.2 K.
Temperature Q11 Qys Qa3 a22v a5,
80 K 0.429 0.030 0.327 11 0.60
42 K(Ref. 3 0.454 0.034 0.034 1.0 0.63
Orientation of the magnetic field relative to the axes.

1° from the bisectrix axis 11.5° from the trigonal axis
Parameter (o3 in the binary-bisectrix plane in the trigonal-bisectrix plane
Eg/mea - 7.59 2.45
Eg/mis 6.52 3.93 -
Eq/mic 6.52 3.71 -

Note: The values of the paramete@;; anda;j® are given in the atomic system of units, the cyclotron masses
Msa, Meg, andmic are given in units of the free-electron maksg,is in eV, andC, is the binary axis.
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(Table I) shows that the parameters are temperaturetures of the experiment which were listed above make it

dependent. possible to investigate not only bismuth but also the solid
The application of the SSL method and the use of asolutions Bj_,—Sh, and narrow-gap semiconductors.

comparatively high quantum energy and pulsed magnetic

fields made it possible to obtain oscillations associated with"O- V- Konadkov and K. G. Ivanov, Fiz. Tverd. Tefaeningrad 32, 290

interband optical transitions on Landau levels. A number Of_z(l\j?g%sgghi!j?}/;. i‘;"rcejirsfzzd ﬁ‘ls(.lgD?gi'selhaus’ Phys. R, BO8

experimentally observed features are explained on the basigig7¢.

of the description of the lineshape. The band parameters ofN. B. Brant, G. I. Golysheva, Nguen Min Thu, M. V. Sudakov, K. N.

bismuth at 80 K were calculated. Comparison with existing Kashirin, and Ya. G. Ponamarev, Fiz. Nizk. Temf3, 1209(1987 [Sov.

data obtained from oscillation effects at 4.2 K shows that the - -0" Temp- Phys13, 683 (1987

parameters are temperature-dependent. The charactistic femanslated by M. E. Alferieff
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Intense photoluminescence of porous layers of SiC films grown on silicon substrates
A. M. Danishevskil, V. B. Shuman, E. G. Guk, and A. Yu. Rogachev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 3, 1996; accepted for publication June 5,)1996
Fiz. Tekh. Poluprovodr3l, 420—424(April 1997)

Luminescing porous layers have been prepared on SiC films grown on silicon substrates. The
intensity of the photoluminescence increases very strongly as a result of electrolytic

oxidation of porous layers. The spectrum of the pulsed photoluminescence consists of a series of
overlapping bands from 1.8 to 3.3 eV. Investigations of the initial SiC films showed that

they are nonstoichiometric and strongly disordered. Nonetheless, the intensity of the
photoluminescence of the oxidized porous layers is much higher than can be obtained from
correspondingly treated SiC crystals or crystalline films. 1@97 American Institute of Physics.
[S1063-78267)00804-1

Different electrochemical methods for preparing porousthickness but also with respect to the deposition conditions.
SiC layers based on SiC crystals and crystalline films growrit is evident from the figure that these curves can be approxi-
on 6H-SIC substrates and investigations of their structuremated quite well by two straight lines with different slopes,
phonon spectra and photoluminescence spéBlrawere re-  from which the characteristic energy gaps near the indirect
ported in Refs. 1-8. Specifically, in Refs. 7 and 8 it wasabsorption edge can be easily determined. They turned out to
hypothesized that the main luminescence arises from surfade ~1.88 eV for sample Sh49 and 1.76 eV for sample
layers of shallow voids, where electrochemical etchingSh65. Such small, even for cubic SiC, energy gaps can be
causes breaking of interlayer bonds in the structure of thexplained only by the fact that the films not only are strongly
6H-SIC crystal and thin shells of voids, consisting of finely disordered, but they are also nonstoichiometric. This conclu-
dispersed cubic phase SiC, form. The conclusion that a cubision is confirmed to some extent by the fact that with elec-
phase is present in the porous layer was drawn on the badi®chemical etching and oxidation, performed in order to pre-
of the Raman scattering spectra, and it was later confirmedare porous luminescing layer, the etching and oxidation
by direct electron-microscopic observations. The character girocesses were much more rapid on the films than on the SiC
the PL spectrum in this case is determined by quantum-sizerystals or crystalline films.
effects in a finely dispersed cubic SiC phase. The intensity of The Raman scattering measuremeite silicon sub-
the PL of the porous layer increased by up to a factor oftrate of the films was etched pffonfirmed the presence of
200-300 compared with the initial intensity at 300 K, but thesilicon nanocrystallite¢513 and 517 cm® bands in the film
maximum in the continuous PL spectra was located, as atudied and also the presence of silicon—carbon bonds which
rule2~®in the region 2.4—2.5 eV, which for theBSiC crys-  do not correspond to stoichiomet(§32 cm * band.'° The
tals on which the porous layers were formed corresponds toweak 791 and 955-cnt bands and the 971-cm band,
region of PL with participation of defects, which is why in which are relatively close to the LO photon energy in
Ref. 5 the intense luminescence was explained as lumine$C-SiC, were observed in the Raman spectra for the initial
cence associated with a sharply increased concentration &65 film. For sample Sh49 three partially overlapping weak
defects in the porous layer. In the pulsed time-resolved Plbands were also observed near the indicated energy — 908,
spectrd the maximum of the wide PL band shifted to 2.8 928, and 955 cm'. A very weak TO phonon band at 795
eV, and a structure of the band was clearly observed. Toem ! was also recorded.
gether with other factors, this confirms the mechanism pro- The infrared(IR) reflection spectra measured on the ini-
posed in Refs. 7 and 8. tial films (Figs. 2 and Bnonetheless showed the presence of

This paper reports the results of experiments performed phonon structure characteristic of silicon carbide. For the
on SiC films obtained by chemical deposition from the gassame sample Sh49, the dropoff of the reflection band near
phase(CVD) on a 76-mm-diam silicon substrateX-ray  the TO phonon is not rapid enough and has an additional
measurements showed that these films were not singleveak band near 860 cm. Figures 2 and 3 also show the IR
crystalline and that they consisted of disordered regions les®flection spectra from porous and specially oxidized porous
than 10um in size. The initial films exhibited virtually no layers. We see that when the porous layer is formed, the IR
PL. reflection spectra of the films change relatively little. How-

To determine the band gap and hence the polytype oever, the oxidation of the surface results in very large
the given SiC films(their silicon substrate was etched )off changes in the structure of these spectra. The reflection band
the transmission spectra were measured near the band edgege corresponding to the LO phonon frequency seemingly
The curves &hv)%®=f(hv), wherea is the absorption co- “collapses” and bands appear near 10801100 tnFig-
efficient, which were obtained on two films of different ure 3 shows for comparison the IR reflection specttooive
thickness §=3.5 and 2.15um), are shown in Fig. 1. It 4) from a thick(0.5 um) thermal(obtained at 1100 °Cox-
should be noted, however, that the films differed not only inide on silicon. A band is present there at1130 cmt.
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FIG. 1. Edge absorption spectra of the initial experimental SiC films freed of silicon substatesSample Sh49d=3.5 um; b — sample Sh65,
d=2.15um.

It thus follows that the bands 1080—1100 chmoted above After a porous layer was produced on the Sh49 and Sh65
on the experimental SiC film&pectra3 and4 in Fig. 2 and ~ films (anodic etching in a standard water-alcohol mixture
spectrum3 in Fig. 3) probably correspond to a nonstoichio- With HF), virtually no luminescence of the samples at 300 K
metric oxide, often denoted as SiO was observed in an investigation in a luminescence micro-
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FIG. 2. IR reflection spectra of Sh65 film&:— Initial sample;2 — film FIG. 3. IR reflection spectra of Sh49 film$&:— Initial sample;2 — film
after anodic etching3 — porous film oxidized electrochemically in a water after production of a porous laye3;— porous film oxidized for 6 ming —
solution of HCI for 4 min;4 — porous film oxidized for 8 min. reflection spectrum of thermal oxide Si©n silicon.
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ton energyhr=23.68 eV, pulse duratiotj=10 ns, pulse rep-
etition frequencyf=50 s !, and intensity~10° Wi/cn?.
Figure 4 shows the curves of the PL intensity near the spec-
tral maximum of the band measured at the moment corre-
sponding to the maximum of the PL pulse. The maximum PL
intensities are scaled here to a single value in order to com-
pare the PL degradation rates with different durations of the
oxidation of the samples.

As the electrochemical oxidation time increased, the PL
intensity increased substantially within certain limits and the
rate of degradation of the PL under the action of the UV laser
radiation decreased substantially. For sample Sh49 with a
large energy gaga more stoichiometric fillp the rate of
degradation under the same oxidation conditions was lower
and the PL was weaker than for the Sh65 sample.

The increase in the intensity of the PL from the porous
layer with a denser and more stoichiometric oxide is due,
FIG. 4. PL degradation characteristids.2 — Sh65 films, oxidation for 8 naturally, to the ('jecreas'e in the S.urface recomblnat!on rate.
min (1) and 4 min(2); 3, 4 — Sh49 films, oxidation for 6 mi3) and 7min  The PL degradation rate is determined by the rate of increase
. of the density of states in the band gap of the semiconductor
at its boundary with the oxide under the action of the UV
laser radiation. Processes of this kind have been studied
many times for a Si—Si©boundary***? Different models of
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scope(Lyumam R-3. However, it did arise after even a brief

(1-2 min electrolytic oxidation of the samplg@ a water defect f X 4. Th I i hi
solution of hydrochloric acidwas performed in order to pas- e ec_t ormation were proposed. They all attribute this pro-
cess in one way or another to the presence of hydrogen near

sivate the surface of the porous layer, and it intensified ap- ; o
preciably with increasing oxidation tinfélt was noted that the boundary and the destruction of the silicon—hydrogen

the surface of the porous layer has a granular structure, arRPnds by the UV radiation. On all films which we investi-
the most intense luminescence was observed from graif@t€d, after the production of the porous layer the bands of

boundariestwins) of size in the range 10—16m. Its inten-  the silicon—hydrogen bonds-(2070 cm*) were also ob-
sity was much higher than that of the porous layers obtaine§erved in the Raman spectra. It can be assumed, therefore,
on SiC crystals or crystalline films, and its brightness apihat the processes leading to the production of defects near
proached that of the best samples of porous silicon. In conthe interface in our samples are largely similar to those in-
trast to the luminescence observed for silicon, the luminesvestigated on Si—SiOstructures.
cence was of a white-blue color. Figure 5 shows the pulsed time-resolved PL spectra ob-
Under the action of intense ultraviol¢UV) radiation tained atT=90 K with excitation by nitrogen laser pulses at
from a pulsed laser, the PL of the obtained layers degradetmes corresponding to maximum luminescence. The excita-
very slowly to a definite value, if a sufficiently dense oxide tion intensity is~10° W/cn?. To decrease the manifestation
could be obtained. The quantitative measurements of the Paf nonstationary degradation effects in the spectra, before the
degradation rate were performed at temperafi#®0 K and  measurements were preformed the samples were irradiated
excitation by radiation from a pulsed nitrogen laser with pho-with laser radiation for a period of time required to reach an

a o+ b
00}

g 80+ 7 §

£ s @F

8 &

5 601 RS

3 2
L]

8 40 5 ot

= =

~ 0k ~

oL 1 1 1 1 1 1 1 . a ~1 § 1 1 1 1 1 1 (8
2.0 2.4 2.8 3.2 3.6 2.0 3.4 2.8 3.2 36
hv, eV hv, eV

FIG. 5. Pulsed time-resolved PL spectaa— Sh65 films, oxidation time 8 mifl) and 4 min(2). b — Sh49 films, oxidation times 6 mi3), 7 min (4), and
9 min (5); the spectrum 5 was obtained with a three times lower excitation intensity than the spettra
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approximately stationary section of the degradation charac-
teristic. This time was equal to 40 min for sample Sh49 and 10
15 min for sample Sh65.

Figure 5a shows two PL spectra obtained from porous
layers(Sh65 with different oxidation timeg4 and 8 min. A
number of wide, partially overlapping bands, encompassing
the region from red to near-UV radiation-@3.5 eV), is ob-
served in the spectra. Figure 5b shows two PL spd&ird)
for the Sh49 layers with different oxidation timé8 and 7
min); the spectra were obtained under conditions similar to
those of spectrum 5 measured with a three times lower exci-
tation intensity. In the latter case, the oxidation time was
equal to 9 mirf’ The radiation of these layers is weaker, and
its maxima are localized near 2.5-2.95 eV. The UV lumi-
nescence “tails” are also present here, but compared with
the maximum values they are weaker than for spettaad 0 10 20 70
2 (Fig. 5a. It is interesting that despite the fact that the t,ns
spectra shown here are different, most features appearing in o
them coincide in energy. This fact and the presence of viole 'hGG'Sef'”;:ng;?;tfoh:rﬁgsgsgC;i%‘;)thaengrip?nf{no(ghes PL g‘:ﬁggﬁg ‘
and UV sections of the PL spectrum attest quite convincinglyxidation time 7 min.4 — characteristics of the dropoff of the scattered
to the fact that quantum-well effects have a determining in4aser radiation pulse.
fluence on the character of the radiative recombination in
thes‘?hgogziziﬁ)ée:s;sumption that the UV radiation of theiSOI""ted gry§tallites or pridgeg b.e tween voids, but is hardly
oxide, which coats the porous surface of the layers, contribghar"leterIStIC 9f the oxide rad|at|qn.

In conclusion, we note that in our study we found a

utes to the UV section of the spectrum is refuted by the fact . ) ) . :
romising and technologically simple system, in which very

that as the oxidation time increases, the intensity of the raP

diation of the layer increases in almost the entire spectra'f1tense PL with a very wide spectrum was obtained. It was

shown that from the standpoint of the radiative characteris-
range. The small asymmetry of the cur&éd, and5and the . ”
) : ... tics it has advantages over both porous silicon and porous
rise of the short-wavelength wing of the PL band with in- .~ : ; . . )
. S . - silicon carbide obtained on single-crystalline SiC and can be
creasing oxidation time in Fig. 5b are, in our opinion, due to

the fact that when the thicker oxide is formed, the “bridges” prepared by different technological techniques. Since the

films are deposited on standard silicon substrates, in the case
between the pores become smaller and the observed behawo#'1 - . . . .

. . where efficient electroluminescence is obtained we will have
of the spectra can be explained by the influence of quantum- . : -
well effects sources formed in the regimes of planar silicon technology.

The different broadening of the spectra in the short- We thank M. P. Shcheglov for performing the x-ray

S . . . measurements on one of the initial samples, and V. E. Chel-
wavelength direction and the different PL intensities fornokov for a discussion and support,

samples Sh65 and Sh49 are explained in our opinion prima- This work was supported by the Russian Fund for Fun-

rlltyhby the fact thatt\r/]vhen the p:)rouds Iayetr IS progjuiﬁd, thedamental Research grant 95-02-04115 and a grant on the
elch processes In these samples do not occur in the Samg, o «Nanostructures in semiconductors,” as well as by

manner. The more nonst0|ch|ometrlc sample Sh65 probabl%e University of ArizonaUSA).
dissolves more strongly. It acquires a more extended surface
and smaller bridges between the voids, which is what deter; = ,

. th t f the PL. A tiv. th idati Oxidation was also conducted on porous layers prepared on the basis of
mineés the parameters o e - Apparently, the oxi a 10N gy.sic single-crystalline films, but in this case it was much less effective.
processes on samples Sh65 and Sh49 also occur at a differéfhe presence of an oxide leads to stresses in the film, and under longer
rate. As a result, a denser oxide can arise on sample Sh6bxidation periods the film separates from the substrate and crumbles be-
under the same conditions and with the same oxidationcause of its brittleness.
times. — _ _

Figure 6 shows the characteristics of the dropoff of the %éié?fggfé'- Grimberg, B. Z. Weiss, and B. D. Kurtz, Appl. Phys. 16t.
PL pulses measured under the_ same conditions as in thBT. Matsumoto, J. Takahashi, T. Tamaki, T. Futaki, H. Mimura, and
spectra presented above. The figure also presents for comy. Kanemitsu, Appl. Phys. Letb4, 226 (1994.
parison a similar curve for the scattering laser light, mea->A. O. Konstantinov, C. I. Harris, and E. Yanzen, Appl. Phys. L6g,

. ; 2699(1994.
sured under.the same Condlt.lons' in order to show the tem“J. S. Shor, L. Bemis, A. D. Kurtz, M. Mcmillan, W. J. Choyke, I. Grim-
poral resomtmnpf the recordlng system. One can see that Inberg, and B. Z. Weiss isilicon Carbide and Related Materialsed. by
the measured time interval these curves of the PL and them. G. Spencer, R. P. Devaty, J. A. Edmond, M. Asifkhan, R. Kaplan,
scattered light are virtually identical. Such short dropoff M. Rahman(Inst. Phys. Conf. Ser, N 137OP, Bristol, 1993 p. 193 .
i . o .21, 64 (1999 [Tech. Phys. Lett21, 117 (1995].

cate the twin character of the radiative recombination, whichs, "o konstantinov, A. Henry, C. 1. Harris, and E. Janzen, Appl. Phys.

also confirms the model of volume recombination in small Lett. 66, 2250(1995.
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Injection enhancement of photocurrent in polycrystalline silicon p*—n—n™* structures
R. Aliev

Institute of Electronics, Uzbekistan Academy of Sciences, 700143 Tashkent, Uzbekistan
(Submitted February 20, 1996; accepted for publication June 7,)1996
Fiz. Tekh. Poluprovodr3l, 425-426(April 1997)

Injection enhancement of photocurrent in structures ofgthen—n™ type fabricated on the basis

of films of polycrystalline silicon grown on commercial silicon substrates has been

investigated. The questions of obtaining injection photodetectors and other bistable elements with
the aid ofa-irradiation and heat treatment are discussed.1997 American Institute of
Physics[S1063-782807)00904-9

In contrast to single-crystalline semiconductors, in poly-This ensures a mechanism of injection enhancement of
crystalline semiconductors the electrical properties can beurrent(see Ref. 4.
additionally controlled by varying the grain orientation, grain We employed irradiation of the experimental structures
size, and the electronic states at intergrain boundariewith a continuous flux ot particles with energf=5 MeV
(IGBs).! The changes produced in the electronic states aand flux densityj=10"—10® cm 2.5 2,

IGBs during high-temperature operations give rise to the ap- As the experiments show, the IVC of the structures
pearance of &-shaped current-voltage characterigii¢C)  changes sharply as the theirradiation doseD increases. A
under forward biased>0) in polycrystalline silicon struc- gradual decrease of the dark forward current in the region
tures with ap—n junction? In Ref. 2 it was assumed that itis U<Ug4o is accompanied by a rapid increase of the dark
possible to fabricate injection devices withSashaped IVC  switch-on voltageU 4o (see Table)l This attests to the fact

on the basis of such structures. that compensation conditions are reached in the base. Figure

The objective of this work is to check this possibility 1 shows the forward branches of the IVC of x5-mn?
experimentally for the example of polycrystalline silicon sample irradiated witha-particles with a dose of 18
p*—n-n* based photodetectors with internal current en-cm 3. The branches were measured in the absence of illu-
hancement. Th@"—n—-n" structures were obtained by the mination(curvel) and with illumination with power density
technology described in Ref. 2, which proposes the use dPo=100 mWi/cnf (curve 2). The photosensitivity of the
diffusion or ion implantation. structure increases withly, (see Table ). Therefore, the

Structures with a diffuseg—n junction, which have a photocurrent gain, defined a8 =1,,/1, — the ratio of the
switch-on voltagdJ o<1.2 V in the forward direction, were photocurrent ;,=1—14 (I is the total current, andly is the
illuminated with white light on the junction side and the IVC dark current for 0<U<Uy, to the photocurrent, with a
were measured in the forward and reverse directions at angmall reverse voltagé)=0, increases. The increase
bient temperature-30 °C. The samples were photosensitiveWith an increase i can be expressed by the approximate
on the section of the IV@ < Uy, in the forward direction.  Miller relation for avalanche multiplication of photocurrent:
Virtually no injection enhancement of the photocurrent was
observed.

The experiments performed on structures wittp-an 10°+
junction obtained by ion doping showed similar results only
after heat-treatment at 800 °C fer60 min. Although the B
switch-on voltage in such structures is almost quadrupled by
heat treatment, the photocurrent gain does not exceed
1.5-2. The maximum photosensitivity in the forward bias
direction is achieved with heat treatments of 90—120 min.

These results confirm that the appearance of a
S-shaped IVC is associated with the shunting of fhen
junction by ann*channel along a IGB in accordance with
the model proposed in Refs. 2 c&arB . However, stable
S-shaped IVCs are not a sufficient condition for injection
enhancement of current. According to Réf, this also re-
quires modulation of the conductivity of the base of the
structure, which is possible only if the resistance of the base 1073
is high and the thicknessis much greater than the diffusion 0 15 30 4
lengthL of the current carriergy>L.

AnOther way to aChIeYe I_nJeCtI_O_n enhancement of Cur-FIG. 1. 1=V characteristic of an unilluminatedl) and white light-
rent is to dope the base with impurities, such as Au, Zn, angyminated (2) polycrystalline silicon pnn structure. The sectiohsand B
Hg, which give deep energy levels in the band gap of siliconcorrespond to nonswitched-on and switched-on states of a bistable IVC.

359 Semiconductors 31 (4), April 1997 1063-7826/97/040359-02$10.00 © 1997 American Institute of Physics 359



TABLE |. Basic parameters of one of the experimenpal-n—-n* structures and their variation under

irradiation.
lo, MA M (maximum lo, MA l 4o, MA

D, cm (U<0) values (U=0.3V) (U=Ug) Ugo, V Upho/ Udo, %
0 3.0 1 0.06 - - -

10° 2.9 2 0.04 0.45 0.9 10

10t 2.4 12 0.14 200 - -

101t 1.7 80 0.035 5.8 6 15

102 0.7 230 0.01 80 45 45

103 0.34 235 0.005 88 58 48

M=[1-(U/Ug)"]" . from 45 to 24 V almost without any change in the dark

. . . ) switch-on current y4q. A further increase of the TA tempera-
The exponent in the experimental structures is relatively ; .- he range 400—600 °C results in a sharp, almost an

small and equals 0.01-0.02, which distinguishes the struc- : : : :
order of magnitude, decreaselgf with a nonuniform varia-
tures sharply from avalanche photodiodes, wirerel . g ab

S ) tion of Uy, right up to an increase itJy, to 33 V at
lllumination of the structure decreases the switch-on-_cqq o= Thermal annealing @=800 °C completely re-
voltage fromUg, to some valueU o, here the difference '

. e pno» o ~ stores the initial IVC withUy4o =1.2 V. In other words, the
Udo=Upno increases with increasing illumination intensity. yoge produced by irradiation, which put the base into
Fo(rjtSe st_rt;?gre\/wr%(r)]se IVC.'St showr_1t_|n ::'.ﬁ'u“_ozf's“:’(;/ a compensated state, can be destroyed completely by TA. On
andUpno=<35.6 V. There exists a critical liumination den- .. ,ne hand, this confirms the mechanism suggested for the
sity, i.e., a photogeneration levél.,, at which aS photodi-

" . ! rocess and, on the other, it illustrates the high reproducibil-
ode transforms from the initial stat&® into a switched-on b g P

. S ity of the technology for obtaining structures with a
stateB. When the illumination is removed, the structure re'S-shaped VC.

mains stable in the switched-on regime. The structure can be
switched back into the state only by decreasing the voltage
to some threshold value or lowedd<Uy,. For the structures
investigated the threshold voltage is 0.6—0.8 V. The critica

In summary, there exists a real possibility of fabricating
injection photodetectors with a gain ef250 on the basis of

ﬁq polycrystalline p*—n—n* structure on low-resistance

: e L . ) etallurgical-silicon substrates. These structures can be used
ilumination density is 200-250 mWi/cirfor a-irradiated as bistable elements, a photoswitch, and a photoresistor, as

structures W|tHJd0:“4(_)— S0 V. In other”woers, these struc- well as an integral part of a phototransistor with one injec-
tures are so-called “bistable elements” which are controlledtion junction

by either voltage or illumination.

To confirm the mechanism of the process which leads to
the effects described above and which is based on the shuntv. K. Georgiev, L. I. Popova, L. E. Polyak, and L. K. Fionov, Noverkh-
ing of ap—n junction along IGB& and on the compensation ZnMOStS’- ';izi';av Kgim’\iﬁya’AE/'dekhiRika' No. % EAL?%- SA S Saidov. i
in the volume of the base, we subjected the siructures 1635, S360% & Abduraktmanow £ M a2, & S iz
thermal annealing in regimes which remove the :r. ajiev, B. M. Abdurakhmanov, and R. R. Bilylov, Interface S@996.
a-irradiation-induced radiation defects. Thermal annealing®l. M. Vikulin and V. I. Stafeev,Physics of Semiconductor Devicgs
(TA) was conducted aff =100-800°C for 60 min in  Russiai Sov. radio, Moscow1980. o
vacuum. It was shown that as the TA temperature increases M- S2y:Physics of Semicondcutor Devicasiley, N. Y., 1969.

from 100 to 400 °CU 4, gradually decreases on the averageTranslated by M. E. Alferieff
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Particle scattering times on one-dimensional potential barriers
N. L. Chuprikov

Siberian Physicotechnical Institute at Tomsk State University, 634050 Tomsk, Russia
(Submitted March 21, 1996; accepted for publication June 13,)1996
Fiz. Tekh. Poluprovodrl, 427—-431(April 1997)

The tunneling times for particles whose initial state is described by wave packets of a general
form is determined on the basis of a packet analysis. It is shown that the unphysical

nature of the results obtained previously by numerical modeling of the motion of wave packets
in one-dimensional structures is due to the incorrect interpretation of the packet formalism.
Wave-packet tunneling times observed in a numerical experiment are not at all the particle-
tunneling times. ©1997 American Institute of Physid$$1063-78267)01004-1

1. INTRODUCTION the matched particular solution of the corresponding time-

In this paper we estimate the time-dependent parametefjseloendent Schdinger equation on the basis of the transfer

of electron tunneling in semiconductor heterostructures. A{natrlx method:™® To the left of the barrier the solution is a

. . . . superposition of the incident and reflected waves
present, there is no clear unequivocal solution of this prob-

lem even in its simplest formulation — for tunneling of one Vo= explikx) + @i K)exp( —ikx) Jexd —iE(k)t/%],
particle in one-dimensional systems. A study of the dynam- (1a
ics of Gaussian wave packe(l@WPsl‘7 gave such unusual
results that their interpretation still elicits serious dispUtes.
For example, it was found for square opaque barriers that the ¢, (k)= \/Wexp[i (J—F+2ka—7/2)].
maximum of the transmitted packet can move away from the o )
right-hand boundary of the barrier before the maximum of-Or X=D the solution is the transmitted wave
tbh;riigrcident packet reaches the left-hand boundary of the W ign= eu(K)exdl i (kx—E(K)t/#)], (1b)

Therefore, in packet analysis there is a serious problerihere
of correctly transferring the properties of wave packets to a _ .
particle. It must be acknowledged that this problem for wave ulk)=T(exi(J—kd)].
packets of a general form remains unsolved. The results dlereR=1—T, d=b—a, E(k)=#%2k?/2m, m is the particle
Refs. 1 and 2 are valid only for wave packets which aremasst is the time, and the transmission coeffici@rand the
infinitely narrow ink space. In the general case, as noted inphase parameter$ and F are functions ofk. Recurrence
the review in Ref. 7, packet analysis leaves much room forelations for calculating these quantities and their derivatives
disagreements. Alternative approaches, whose authors rejegith respect to energy are given in Refs. 9 and 10.
packet analysis for studying particle tunneling, are therefore  Together with Eqs(1a) and (1b), the solutions of the
widely used at present. Without going into the details ofSchralinger equation are also the functions
these approachdsee Ref. 8 and also the reviews in Refs. 6 .
and 7, we note only that their development also encounters _(x t)= if [Wine(K )+ W oK 1) ]
serious difficulties. 27 )

In the present paper we solve the problem of determin-
ing the temporal parameters of particle tunneling on the basis
of the transfer matrix methott'® It is shown that the un- where
physical nature of the results of packet analysis occurs as a )
result of an incorrect interpretation of the quantum mechan- ¥ inc(kit)=CA(K)exd —iE(K)t/A],
ics: The wave-packet tunneling times observed in numerical W (k1) =CA(—K) ool — K)exd —iE(K)t/A];
modeling are by no means the particle-tunneling times. In
this paper, analytical expressions are obtained for the tunnel- 1 (= )
ing parameters of particles whose initial states are described ¥ right(X,t) = ﬂjw Vy(k,Hexpikx)dk  for x=b.
by arbitrary wave packets. In the concluding section we (2b)
compare our approach to the method of Ref. 3 where wave
packets of a general form are also studied. Here

W, (k,t) = cAK) o (K)exd —iE(K)t/#].

where

xXexpikx)dk for x=a, (2a)

2. WAVE PACKETS Here it should be kept in mind thaik) is an even function

Let an electron be incident from the left side on a staticof k, J(k) and F(k) are odd functions ok, A(k) is a
potential barrier located in the intervgh, b], a>0. The complex-valued square-integrable function, ané a nor-
particle is free to the left and right of the barrier. We write malization constant.
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The solutions(2a) and (2b) evidently describe the mo- Here and below, the prime means a derivative with respect to
tion of wave packets in the extrabarrier regio®a) is a  k andky=(K)inc-
superposition of the incident wave pack@idex “inc”), Let the pointZ; be located at a distantg (L;<<a) from
whose cente(“‘of mass”) at timet=0 is located at the point the left boundary of the barrier and let the poky be lo-
x=0, and a reflected packéhdex “ref” ) and(2b) describes cated at a distanck, from the right boundary. Since our
the transmitted wave packéhdex “tr” ). approach is of an asymptotic character, we must assume that
Since the tunneling parameters of the individual waveghe distance& ; andL, are large. We shall find the passage
depend ork, it is more convenient to analyze the dynamicstime for the segmenZ,Z, as well as the time required for
of the wave packets in therepresentation. In this case, it is the packet center to pass from the pantto the barrier and
impossible to obtain analytically the wave function in the return(reflection time.
representation. However, it is easy to show that the Lett; andt, be times such that
asymptotic behavior of the packdise., at sufficiently early R A
and sufficiently late times, when the packets have not yet (X)ind(t;)=a—L; ;{(X)u(tp)=b+L,. (6)
interacted or have already interacted with the barirde- . .
scribed in the k representation by the functions l_Jsmg Egs.(3), (4), and(6), we can th_en W”Fe the passage
W, (K1), (K1), and W, (k, t) [see Eqs(2a) and (2b)]. time Aty,, (Aty,=t,—t;) for the section of interest in the
Of course, we must assume in this case that initially théOrm
d|stgncga frgm the wave pqcket to the.lt_aft boundary of the m[(3V+L, L, ( 1 1 ”
barrier is quite large. We write the conditions that each of the  At,=+|—F+—+—+a|l 75— /|-
fi <k>tr kO <k>tr kO

three packets lies in its “own’k region in the form
For the reflected packet, lef andt; be times such that

)

a oo
J, |\I,Ieft(xat)|2dX:J | Win(k,t)|2dk=1

(Xine(t1) =(X)ref(ts) =a—L. 8)
for sufficiently early times and .
It follows from Egs.(3), (5), and(8) that the reflection time
24— ” 24— D ref ref=t3—t1) IS g
fa W (0|2 X f W o (k.O)|2dk=R, At (At =t3—14) is given by
- ) M3’ —F')e+Ll, L 1 1
f W g X,1)| 2 x= f W (I, 0)[2dk=T (=K o WK Kol
b w
for sufficiently long times. We note that the relation§7) and (9) contain terms

It is obvious thatT andR are simply the transmission which are proportional ta, on account of which the tempo-
and reflection coefficients of the wave packet, respectivelyral characteristics of the wave packet have unusual proper-
Using the expression@a) and(2b), it is easy to show that ties. For example, ifk),>kg, then by increasing the time

p— = At,,, can be made negative and arbitrarily large in modulus.

T=(T(K))inc; R=(R(K))inc- For the reflected packet this happens wherk), >k, (as
Here and below, the average vak@(k) )i, for an operator ~ Will be clear from what followdsee Eq(12)], for each par-

O referring to the incident wave packet is determined by théide only one of these inequalities is satisfiekh both cases
the centers of the transmitted and reflected packets must

expression : i .
A move away from the barrier before the maximum of the in-
N (Wind Ql¥ine cident packet reaches it. In addition, this lead time can be
(Qinc= . . arbitrarily large, depending on the value af
(Win Wine)

. Here it is important to underscore that this effect does

(the average values of an opera@ifor the transmitted and not vanish for wave packets with arbitrarily small but finite
reflected wave packets are determined simiarly width in k space(such packets were studied in Rej. By

increasing the parametar the expressioa((k), *—kg 1) in

this case can be made arbitrarily large in modulus.
3. TRANSMISSION AND REFELECTION TIMES OF WAVE In this connection, one could cast doubt on the validity
PACKETS of the expression&7) and(9). However, as has already been

noted, this unusual behavior of the wave packets is indeed

To determine the temporal parameters of the tunnelingpserved in the numerical modelifg. The questions arise

of wave packets, we shall determine the positions of the ot with the behavior itself of the wave packefé/ith time
centers of the wave packets for all scattering channels. Singg wave packet spreads, and whatever the value isf the

the coordinate operator=i-d/dk, we have center of the transmitted packet will appear on the other side
(Rinc(t) =M~ kgt 3) of the barrier no earlier than the moment at which the leading
ne o™ edge of the incident packet reaches the left boundary of the
(X)) =M~ (Kt +d—(I' )y, (4)  barrier. “Extra particles” cannot appear beyond the barrier,
since the normalization of the wave function holds at each
(X)) = =M (= K)ot + 22+ (I —F' Yot (5) moment in time). The problem lies in how to relate a given
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property of the wave packets with the motion of a tunnelingis why in determining the tunneling times of a particle it is
particle. Since the question is of fundamental importance, w@ointless to compare separately the positions of the centers

shall discuss it in greater detail.

4. CHANGE IN THE AVERAGE MOMENTUM OF A WAVE
PACKET AND IN THE MOMENTUM OF A PARTICLE DURING
TUNNELING

of the transmitted and reflected wave packets with the posi-
tion of the center of the incident packet. The latter can be
compared only with a superposition of the reflected and
transmitted packets. In this case, the initial and final states
describe the same collection of measurements. If, however,

We note that the unusual behavior of wave packetsve wish to study the two scattering channels separately, then

stems from the fact that the average valuek af the two
scattering channels are individually different frdty. For
example, for the GWP\(k)=exp[—I§(k—ko)2], wherel is
the width of the GWP inx space at zero time, arqg is the

in determining the transmissidreflection time of a particle
only the collection of measurements in which the particle has
successively tunnele@eflected need be taken into account.
In other words, we must separdiéit is possible to do sp

average value of the wave number, it is easy to show that from the incident wave packet two components that describe

(K)y=ko+ & (10)
4|O<T>inc
< >|nC (11)

k Ko+
< >ref 0 4|02<R>|nc

In the case of wide GWPs the expressigh8) and(11) are
identical (asymptotically to the expressiong4.13 and
(4.19 of Ref. 6, respectively.

Setting

<k>tr: Ko+ oKy, <_ k>ref: Ko+ OKref,
we write the relation$10) and (11) in the form

<T’>inc.

R_é‘k =
412

T_gktr - —

12

Here we took into account th&'=—T'.
It is helpful to write the first equation iiL2) in the form

of a “conservation law” for the average wave number

T_<k>tr+E<_ k)ref: Ko- (13

The relation(13) reflects the fact that the average values of (
the particle momentum are identical in the initial and final
stateqthe final state is a superposition of the transmitted and

the incident particle in both series of measurements sepa-
rately. We can then compare with these packets the positions
of the centers of the transmitted and reflected packets.

One of the main conditions which the desired packets
must satisfy is that the transition from the initial into a final
state must occur for each channel separatel; in each
series of measurementsith the “number of particles” be-
ing conserved.

We write the incident wave packet in the form

Wine(k,t) = Wiie+ Witl+ ik

Inc?

where

V= VTR Wik, b), (14)
WiEl= VR(K) ¥inu(k 1), (15)
Wt =[i =T (k)= VR(K) ]V (K, 1). (16)

Itis easy to verify that the function&! . and W' satisfy the
relations

reflected packejsHowever, we can see that the average mo-

menta of the transmitted and reflected packets are individu-
ally different from#ik,. For example, for a GWP this differ-

ence vanishes only in the limit—o. This property of the

(PR W+ (PIdPID = (Vind Ping)- (17)
Wi Wi = (W W) (Wil i) =(Vied Wreps  (18)
(Kine= (K ge (K e= { — K ret- (19
(X =m"(K)ife t; (20
(X)ty=m" (= k)il t. (D)

wave packets also appears, at first glance, to be at variangge see that the contributions containifigf. and the inter-

with common sense: The momentum of a particle should Noference terms do not enter into the re|at|(dﬂ) Therefore
change as the particle passes through a stationary potentigle entire set of measurements indeed separates into two sets.
barrier. It can be shown, however, that a more accurate inthe relationg18) give a basis for the assumption that in the
terpretation of the packet formalism can remove all contraseries of measurements in which the particle passes through

dictions which arise in it.

5. THE NEED TO SEPARATE THE TUNNELING AND
REFLECTING COMPONENTS FROM THE INCIDENT WAVE
PACKET

the barrier the state of the particle before scattering is de-
scribed by the funcuonlf,nc(k, t). In the other series, in
which a particle is reflected, the state of the particle is de-
scribed by the functlor'{f[ﬁé(k, t). In both cases, the scatter-

ing of the particle occurs with conservation of the number of

Indeed, according to the stanglard inter_pretatior_l, _in theyarticles[see Eq.(18)] and momentunisee Eq.(19)]. Ac-
problem at hand quantum mechanics describes statistically @rding to the initial formulation of the problem, the two

series(strictly speaking, infinitg of experiments(measure-

particles are initially located at the poirt=0 [see Eqs(20)

mentg in which the particle is incident on a potential barrier gnd (21)].

from the left side and then either passes through the barrier

Taking the relation(13) into account, it is easy to show

or is reflected from it. The incident wave packet describeghat
the entire series of measurements, and the transmitted and — ot
reflected packets separately describe only part of them. This  T{K)inc* R(K)I=k (22)
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In other words, the average values lofin both scattering In the transfer matrix methd8d® it is easy to establish
channels equéa;. that for waves incident on the barrier from the right, the

We note that the above-described procedure for dividingphaseF changes sign and the transmission coefficient and
the incident wave packet into two components, which dephased do not depend on the direction of motion of the
scribe an incident particle in both series of measurementcident wave. Taking this circumstance into account, it is
separately, is not unique. It is easily verified that the relationgasy to show that the reflection timg}) for a particle inci-
(17—(20) remain unchanged if’\If}r’]C is multiplied by dent on the barrier from the right is determined by the ex-
exfiwy(k—ko)] and IS by exdiw,(k—ko)], wherew;(k)  pression
and w,(k) are arbitrary odd real functions. In the case at

. ; . ; o= < "+F
hand, however, this nonuniqueness is not important, since in T§e+f>=m<‘]—F>r9f 27)
what follows we shall employ only the relatiofs7)—(22) to Ai{ = Kref
determine the particle-tunneling times. It follows from the recurrence relations for the tunneling pa-

rameters of the wavesee Ref. 1pthat for barriers which are
symmetric with respect to the center of the barrier section
6. PARTICLE TRANSMISSION AND REFLECTION TIMES F’=0. In this case the particle reflection time does not de-
pend on the side from which the particle is incident on the
barrier, 7%= ()= %) .
It is easy to verify that for wave packets which are suf-

ficiently narrow ink space the tunneling times determined
O (t)=a—Ly; (Xy(t)=b+L,. (23)  here are equal to the “phase” timésee Ref. 10)

On this basis, we determine the transmission tirpg
for the sectionz,Z, for the particle as the difference of the
timest, andt; which satisfy the equations

It thus follows that
7. OTHER APPROACHES IN PACKET ANALYSIS

m
TurlL1,L2) = h(k)tr[<‘] JetLatLal. 24 Here it is very important to compare our results with

those of Ref. 3. Both cases concern packet analysis for par-
?icles described by arbitrary wave packets. However, there is
a fundamental difference between the two approaches. In our
approach, the determination of the tunneling times is based

on calculations of the average values of the operatoht

We shall define the time required by the particle to leave th
point Z;, reflect from the barrier, and return to the initial
point, i.e., the reflection timey,¢, as the difference;—t; in
the times for which

(Xt =(X)ref(ta) =a—L;. (25 the same time, in Ref. 3 averaging of the opera@pwhere
It is easy to show that #=iv~'x and v=7%k/m, was actually used.
m This procedure, in our view, has two serious drawbacks.
Trefl L) = 37 [ = Frert 2L4 ] (26)  The first one is connected with the fact that this operator is
(=K ref non-Hermitian.[Here it would be better to employ the cor-

We note that the expressioig4) and (26), which are ~responding Hermitianized operatdtempus, which was
asymptotically exact for large values bf andL, contain  Studied in Ref. 11.The other, more serious, draAwback is that
contributions from the barrier regiod® [#%=7,(0, 0)]  the average value of the square of the operatdand the
and 7)) [ ()= 7,¢(0)]. These are the desired transmissionHermitianized operatgrand therefore the variance of this
and reflection times for a particle in the barrier region. quantity in a state which is described by a GWP are infinite.

Here it is very important to keep in mind that expres- But if the variance of a physical quantity in some state is
sions(24) and (26) become meaningless if,;=0 orL,=0. infinite, then its average valughough in itself finitg¢ be-

The temporal characteristics defined above therefore by ngomes physically meaningless in this state. i

means describe measurements in which probes are located on The unfounded use of the operat®r(rather thanx) in

the barrier boundaries. Incidentally, this arrangement of theletermining the temporal parameters of tunneling leads, in
probes in itself is meaningless, since it is impossible to ideneur view, to another error as well.

tify, because of interference, the centéss in a special case, The so-called dwell timery of a particle in the barrier

the maxima of the packets. The conditions for interference region is quite widely used in the literatu(eee Refs. 6 and
not to influence the measurements and the conditions for ouf) to describe both scattering channels together. Sometimes
model to be applicable are virtually identical: The distanceqsee, for example, Ref.)4his quantity is written as the av-

to the pointsZ, andZ,, where the probes are located, musterage value of the tunneling times in both scattering channels
be sufficiently large. Therefore, to determine experimentally, e

for example, the barrier transmission time, it is first neces- 7= TOunt ROrer, (28)
sary to measure the timg, (L1, L,) and then subtract from where 6,,, is the tunneling time, and,. is the reflection

it the transmission times of the sectiors—<L,,a) and (, time.

b+L,), where the particle is free. It is assumed that the  Doubts as to the validity of such averaging with respect
average velocities of the particles on the free sections hav® both scattering channels were stated earlier in Refs. 6 and
already been determined separately for both scattering chai- However, a clear answer to the question of the validity of
nels. the expression28) was not given. This equation, in our
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view, in general, is incorrect, because it implicitly assumedies of the particles are the same in both scattering channels.
the validity of averaging the operat@; which plays in this  Therefore, if a tunneling time describing both scattering
case the role of the “time operator.” We have shown thatchannels simultaneously is introduced, then this must be
even for a GWP this operation becomes meaningless. ~ done, in our view, according to the expressid86) and

In our approach there arises a different relation for the(31).
temporal parameters which relates both scattering channels. In conclusion, we note that in a future work we shall

Indeed, it is easy to verify that investigate numerically with the aid of the expressions ob-
. — - tained above the tunneling parameters of different packets.
(3 Vine=T(I e+ R(I et (29 specifically, the properties of Gaussian wave packets with

Using expressioné24), (26), (27), and(29) and assum- different degrees of localization i space will be studied.
ing that

<J,>inc: VoTd, (30 LE. H. Hauge, J. P. Falck, and T. A. Fjeldly, Phys. Re\3@4203(1987.
) o o 2N. A. Teranishi, A. M. Kriman, and D. K. Ferry, Superlatt. Micross;.
we write this identity in the form 509 (1987).
SW. Jaworski and D. M. Wardlew, Phys. Rev.3¥, 2843(1988.
=0 = (Ve 3 4C. R. Leavens and G. C. Aers, Phys. Re\3® 1202(1989.
7= T Tin » + Rpes i ) (31) 5R. Landauer and Th. Martin, Solid State Commaa, 115 (1992.
a 0 SE. H. Hauge and J. A. Stovneng, Rev. Mod. Pt§/k.917 (1989.
where 7= %( Tge_f) + TEeJrf))' andvg= m-1% Ko. ;2 ’I\_Aansdaget; and;’hh. M;rtin, Fe%/A.f l\gggs(Plgg% 217 (1994.
: . - . M. Steinberg, Phys. Rev. Letf4, .
As we can see, the relatiof8l) is different from Eq. °N. L. Chuprikov, Fiz. Tekh. Poluprovodr26, 2040 (1992 [Sov. Phys.
(28). It assumes the same form as the rela{i@8) Semicond26, 1147(1992].
10 - . .
_ (0) (0) N. L. Chuprikov, Fiz. Tekh. Poluprovodr27, 806 (1993 [Semiconduc-
4= T(Ko) Tign+ R(Ko) ref (32) tors 27, 439 (1993].

11 S
only in a special case, for a GWP which is infinitely narrow D- - Kobe and V. C. Aguillera-Navarro, Phys. Rev.58, 933 (1994,

in k space and for symmetric barriers. In this case the velocitranslated by M. E. Alferieff
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The transverse stability of an impact-ionization front in a large-area sifidoan—n™ structure

is studied. An analytical model allowing for simultaneous motion of the ionization front

and displacement of the majority carriers from the nondepleted part of teese is proposed.
The stability of a planar front is investigated, the growth increments are calculated, and

the physical mechanisms of instability are indicated. A criterion is formulated for quasistable
propagation of a wave. €997 American Institute of Physid§1063-78207)01104-9

1. INTRODUCTION mittivity of free spacg Below we call such a structure a
long-base structure, in contrast to the similar TRAPATT

The excitation of an impact-ionization wave is a unique, . . : . .
P q aﬁhode"’ structures, in which the depleted region occupies the

with respect to its rate, and at the same time very univers

. ; . o entiren base’
“nonoptical” mechanism for modulating the conductivity of . T . : .
a semiconductor structure — diode, transistor, or Three regions can be distinguished in thbase(Fig. 1);

thyristor’=* In a recent repoftwe showed that the propaga- 2 nIeL(Jj'FraI plasmalrfglloqg\IR)l; ? zpacg—ch?rrlge”;g?lc(?CR)a i
tion of a wave in a large-arga” —n—n" junction is accom- Including a completely aepleted region, e 1= 1sefl, and the

panied by an increase in the transverse perturbations of o ace-charge layer behind the front; an_d,_ aregion of dt_anse
position of the front. Long-wavelengtiwith respect to the Pasma behind the front. The characteristic carrier densities

base lengthW) modes, whose buildup time is close to the flor\}\r/]g gzzen(]);1§||Odlo$]ztatr§ep_r§r?_e gtt-e:nlré;g?f-?ggnag lzr']ge
time over which the ionization fronflF) traverses its own ~° u W lonizati il

length, play the dominant role. The development of an instaS2M'e for electrons and holes and we use a step approxima-

bility can result in the formation of local switching channels t'?n Iqr tfheldlmptact-ll;)nl.zanog c_oeff||_(|:|eEni ZS a fuL]CtIOE gf the
with characteristic transverse si¥¥. The nonuniform dy- fhec rl?\}tle ; In(eF:]SI\)/,iEidg( f)n_gon( £ ia)’thw eirri 'Sj[
namics of the impact-ionization front, including a stage of € u Step (heavis unction, £, 1S the pact-

formation of local switching channels, was described in Ref.Ionlzatlon threshold, andy, is a model parameter, which

6. The transverse instability of the IF is a fundamental fact0|][.e pretse\rll\';s tg_e satur(jat;d \(alue ct>f_th<_a |Tpac_t-|(iﬂlza;\tllgn _(I_:ﬁEf'
limiting the possibility of diode structures which are icient. e disregard the impact lonization In e - ne

switched with the aid of an impact-ionization wave. field in the region of the dense plasma behind the front is

This paper continues the theoretical investigations of th ?Igmse:sf r??ec\theoalk()ea?ri tZeot_j(;ztlrlbutlon of the field in the
stability of impact-ionization front3-8 It considers the prob- ! u pezoidal.

lem of the stability of the front in the most important case int. 'Lhe pos'??ﬁ 0;; theleXf(i;' tZ), toQ?;he;ggh thde t?]osll\-lR
which an undepleted quasilinear region is present inrthe ion d(y,x) of the boundary between the ana the Nk,

base. The propagation of the IF in such a structure is accomc_ompletely determine the distribution of the fidig, t) in

panied by the displacement of carriers from the quasineutraaf g|v?n Seth'OH (:f thef st:zctur@'.(:btlzonst,z= cogsc}. The
region. As a result, the dynamics and stability of the jpEquations of motion for the vana es(y, 2) andd(y.2)

should be studied together with the motion of the boundaryhave the form

between the space-charge region and the quasineutral region. ax 1
An analytical model of the propagation of an impact- —=—I(u,x,d), (1)
ionization wave in a Sp™ —n—n" structure is proposed and T
its transverse stability is analyzed.

od
5 =~ n(Eo(ux,d)), (]
2. DESCRIPTION OF THE MODEL

We assume that initially the impact-ionization wave Where

propagates uniformly over the entire area of the device. We

studied a structure whose base contains, at least initially, an 7= In—, N= %‘)Ea,
undepleted region, i.e. the conditidh>[2gse,u/qNg]? is avs Mo q
satisfied(hereu is the voltage applied to the structuid, is

the density of donors in the base is the electron charge, vo(E)= MnE _

& is the permittivity of the semiconductor, ardis the per- " 1+E/Es
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Equations(1)—(4) must be supplemented by the Kirch-
hoff equation

_ de
u=V(t)—qN4R ok 5

which relates the averagever the areavelocity of the front
with the voltage on the structufé/(t) is the source voltage,

R is the load resistance, a®is the area of the structuen

Eq. (5) the relation of the current densifyin a given section

of the structure with the velocity of the front is taken into
account j=qNyv;. This closed system of equations com-
pletely describes the dynamics of a planar IF and an IF that is
perturbed by long-wavelength & W) fluctuations. The con-
dition that the total current is continuous along thelirec-

tion holds automatically for Eqg1)—(4).

3. DYNAMICS OF A PLANAR IONIZATION FRONT

In the present case of a long-base structure, the one-

dimensional dynamics of the IF exhibits several characteris-

p I nt tic features which have no analogs for structures such as
R

TRAPATT diodes. Two new phenomena can be distin-
guished: retardation of the IF as a result of a redistribution of
voltage between the SCR and the NR, whose most extreme
) S ) - manifestation is stopping of the wave, and avalanche break-

FIG. 1. _Dlagram of the $|eC'[I’IC fle|9 dlstrlbutlcE‘(x_,t) and carrier d(_ensmes down of the NR. We shall give only a brief description of
n andp in the base of @ — n — n™ structure during the propagation of an . . .
impact-ionization wave. The typical values of the densities are:th€se effects, which IS necessary for further understanding of
N=10-10" cm=3, Ng=10"cm3, p;=10° cm™*. the results of the stability analysis.

1. Retardation of thdF. Differentiating Egs(1) and(2)
with respect to time shows that the sign of the acceleration of
the IF is determined by the sign of the right side of the

— . V(t)o

Herevy is the unsaturated carrier velocity,is the density of
the nonequilibrium electron-hole plasma behind thenlf-is

) L . expression
the carrier density in the SCR in front of the IF, _
Es=vs/uy~3x10° V/cm is the characteristic field in which dlg| dvye  alg dV(t)  dyp,—duy
the drift velocity saturates, anl,=1500 V-cn¥/s is the 71+ aNg oul dt odu  dt W—x; ' ©®)

weak-field electron mobility. A direct calculation shows that
the sizel; of the ionization region and the field, in the
quasineutral region are given by the expressions - dl £60Emax s
2 d=—-(W=Xp)z—=(W=X{) = ———, ——
ggq u d Xt Ny au
|f=—(T— - ) () . L~ . .
qNg | W—X; WX The meaning of the quantities and Eny is clear from Fig.
u qNg (W—x;—d)? 1. For sufficiently Ia_rgeN, the quantitiesd _andd are close
EO:W—x—f iy wex (4) to one another, while; can be several tu_nes greater than
0 f vn. As a result, forV(t)= const the velocity of the IF de-
Equation (1) describes the propagation of the IF in a creases as the front propagates, and it is possible for the
model proposed in Refs. 6 and 8. The derivation of thiswave to stop. The physical mechanism of the stopping of the
equatiofi® depends on two universal laws of propagation ofwave is connected with the fact that the growth of the field
impact-ionization waves and stream@r§he front velocity — occurring in the NR during the motion of the IF results in a
v is proportional to the sizé of the impact-ionization re- voltage drop across the SCR.
gion; the displacement time; of the electric field out of the 2. Breakdown of the quasineutral regioBince v¢> v
ionization region is determined by the transport time of theand v,<vg, the IF always overtakes the receding boundary
space charge associated with the front through this region.of the quasineutral region. The SCR decreases in size and the
The velocity of the boundary of the NR equals the ve-field in the NR increases. The impact-ionization threshold
locity of the electrons displaced to timd” emitter. The mi- can be reached before the majority carriers are completely
nority carriers(holeg are then extracted into the SCR. The removed from then base, as a result of which avalanche
density p of the minority carriers is low compared with breakdown of the NR ceases. In the simplest case when the
Ng. As a result, their contribution to the space charge in thecurrent in the external circuit is fixed;;= const, and the
SCR is very small. In Eq.2) an approximation of the veloc- carrier velocity in the NR equals the saturated valye the
ity v,(E) is used — the carrier velocity as a function of the condition that the IF traverses the entmebase beforeE,
electric field strength in Si proposed in Ref. 10. reache<, can be represented in the form

where

>0.
Ea

1
+§ W—Xf_
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vi eggE, 2"1

W< (7)

vi—vs QNg

On this basis it follows that wave breakdown in the ini- —7Tp —w—‘_-_g;-
tial form, similar to that occurring in a TRAPATT diode, 7
does not occur in a diode structure with a sufficiently long
base. For low velocities; the IF can stop and for high
velocities breakdown of NR can occur.

4. TRANSVERSE STABILITY OF A PLANAR IONIZATION
FRONT

1. Basic equationLet us consider the stability of a pla-
nar IF which propagates with a prescribed law of variation of == —
V(t), with respect to transverse perturbatiahs(r,t) and T2 Ylyvf_—‘—f-—_ E_
ad(r, t), whose wavelength is greater than the size of the a
ionization region and the thickness of the structwezW,

I;. The fact that long-wavelength disturbances play a domi- \3
nant role was substantiated in Refs. 5 and 8. We assume that
the average value®ver the aren{ 5x:(r,t)) and(sd(r,t))

N b — e e e
-
qu——
N

- . . FIG. 2. th i f an inh t ti th
equal zero. As a result, the perturbations do not interact wit G. 2. Growth incremerk, of an inhomogeneous per urbation versus the
imensionless parametdfd (1). The dot-dashed lines 2 and 3 are deter-

the external circuit. mined by the relation$10) and (11), respectively. Curvel corresponds to
Linearizing the equations of motion of the perturbed SyS+he case of saturated carrier velocity in the neutral regign vs. In the

tem gives a system of equations which can be representeparameten, /v,<d/d<1 the IF moves with retardation.

using specific relation€3) and(4) for I andE,, in compact

form
9%l ol A_s a result, the roots of Eq9) are rea! and h_ave different
T = W5xf+ Eéd’ signs\1>0 and\,<<0. Therefore, the instability occurs for
f all propagation regimes of the front. It follows from Eg5)
95d al al that the growing modeX;>0) corresponds to a displace-
(Chrral (&—Xf+ 1) Xi—|Zg ™t 1) ad, (8  ment of the front as a wholeix;>0, 8d<0. The decaying
mode (A\,<<0) corresponds to a change in the size of SCR:
where (6x>0, 6d>0).
ceq | dvy| L Since the intervalV traversed by the front is bounded, a
Td:m< (7Eo) , conclusion about the instability of the front can be drawn in

practice only if\;W/v¢. The quantityA, depends strongly

al d al d on the profile of the field in the wave. Two cases correspond-

= ing to different instability mechanisms can be distinguished.
2. Weak and strong instability of the fronAssuming
Equations(8) include the characteristic times; and  that the ratior; /74 is small, we represent the positive root of

74. The first time is the time over which the front traversesthe characteristic equation in the form

its own lengthr;= 7y (&« E, In(N/ng)/vy) and depends on the

(?Xf__W_Xf, E: W_Xf.

Maxwellian relaxation timery, in the dense plasma behind N :iﬂ >0 (10)
the ionization front E, In(N/ny)/vd~10%. The quantity Yre 4 '

4= Tm(1+Eg/Eg)? is related to the Maxwellian relaxation ~

time 7, in the NR by a factor that determines how close oz — i d J<0 (11)
Eo is to Eq. In all casesrg>7. In the limit v,— vq the WXy '

stronger conditionrq> 7¢ holds.

The characteristic equation has the form Here the growth increments are expressed in terms of the

characteristic times; and rqy and the geometric parameters

N2 A4 C=0 b i &jL )_ i ﬁ of the profile of the field in the wave. The range of applica-
T T gl ad ¢ 0X¢ bility of these expressions does not include the neighborhood
of the valued=0. The dependence of; on the parameter
= i(%_ ﬁ) (99  d/dis shown in Fig. 2. It is clear from expressiofi) and
T\ dd  IX¢ (11) and Fig. 1 that regions of weak - 74 %) and strong
In the case where the carrier velocity is a monotonic functiorfA ~ 7¢ ) instability can be distinguished in this problem.
of the field, the free term is always negative: Weak instability occurs for profiles possessing an ex-
tended neutral regiond¢>0). Its physical mechanism is as-
- i dvn _Eo 0 sociated with the positive relation between the electron de-
7t IEg W—=X; parture velocity rate and the fiell,. An increase in the field
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E, at a fixed voltage results in a more rapid motion of thestages of front propagation. However, in practice, it is nec-
NR boundary. As a result of the decrease in the length of thessary to distinguish weak instability of the wave, which
boundary, it also results in a redistribution of the voltageoccurs in the presence of an extended neutral region in front
between the NR and the SCR. The relative increase in thef the SCR, and strong instability, which corresponds to the
voltage across the SCR also increases the velocity of the Il€ase of a short neutral region and the case of a completely
Therefore, the development of instability in the present casdepletedh base. As a result of the long characteristic growth
is determined mainly by carrier drift in the NR. This deter- times of the perturbation that correspond to a weak instabil-
mines the largécorresponding ta,) characteristic develop- ity of the front, this mechanism ca be regarded as secondary.
ment times of the perturbation. In semiconductors with aThis circumstance makes the results of the present work ap-
nonmonotonic field dependence of the drift velocity this ef-plicable to GaAs diodes as well. The conditigb3) is a
fect is absent in the range of fields where the differentialcriterion for quasistable propagation of the front. It is signifi-
mobility is negative. cant that this criterion necessarily breaks down as the IF
To estimate correctly the role of the above-describechpproaches the* emitter. As a result, the final stage of
mechanism, it should be noted that the weak instability igoropagation of the IF always contains a transversely unstable
realized, as a rule, for fronts which with a constant sourcghase.
voltageV(t) move with retardation. Indeed, according to Eq. The criterion(13) is closely related to the empirical cri-
(6), the front slows down itl/d> vn,/vs (See Fig. 2 Insta-  terion of malfunction-free operation of silicon diode
bility development in this case means not acceleration of thgeakers;** which require the presence of a neutral region in
leading sections but rather only a decrease in the their retathe n-base at the initial moment of the wave propagation:
dation rate. N _ L 2s84u| 12
The condition of strong instability igl<<0. Its mecha- W> N )
nism is associated with acceleration of the IF itself and is 4%
completely analogous to the mechanism described for similaBreakdown of the criterio(14) in the case of Si diodes
TRAPATT diode structures in Ref. 5. Indeed, for results in local thermal damage! Local switching of GaAs
dl¢19x>0 a local forward displacement of a section of thediodes, observed in Ref. 12, apparently is attributable to the
wave with a prescribed voltage on the device results in arsame cause.
increase in the siz& of the ionization region. As a result, The condition(13) gives a theoretical justification for the
the velocity of the leading section increases and the nonungriterion (14). This condition ensures quasistability of the
formity intensifies. The characteristic times in this case arenitial phase of wave propagation. At the same time, because
equal to the time over which the front traverses its ownof the presence of a transversely unstable final phase, this
length. empirical reliability criterion cannot be regarded as a suffi-
As the flat front propagates, the parameﬁdd de- cient condition for uniformity of the modulation of the vol-
creases, varying in the interval (). The system then ume of the structure after switching.
passes through a phase of weak instability and enters a re- We now turn to the results of the one-dimensional nu-
gion of strong instability. At the final stage of switching, merical modeling of IF propagation, performed in Ref. 13 for
when the majority carriers are completely displaced out ot Si structure with the parameteré/=200 um and
the base §<0, d=0), the growth increment is described by Na=10" cm™3. According to the computational results, the
the expression switching time is 600 p&® Estimates of the growth incre-
ments of the transverse perturbation, made according to Egs.
:i E(xf)—E(W) (12) (10) and(11) for the electric field profile€(x, t) obtained in
e 2E(W) Ref. 13 , show that the motion of a planar IF becomes un-
stable even at=200 ps. A clear transition also occurs be-
dween the stable and unstable phases. It can be concluded
from this analysis that one-dimensional numerical modeling
is unsuitable for quantitative description of the switching

(14

1

which wass obtained previously in Ref. 5.

In the case where the carrier velocity in the NR saturate
v,=vs, the characteristic timey— . Equation(11) then
becomes exach,=0 for d>0. The conditiond>0, or

process.
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Deep level transient spectroscopy under conditions of current-carrier exchange
between two allowed bands
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Some characteristic features of deep level transient spectro$Padys) spectra of deep levels

which effectively exchange current carriers with both allowed bands are studied. It is

shown that the maxima of the peaks shift very little on the temperature scale, but analysis of the
spectra by the conventional methods leads to errors in the determination of the parameters

of the deep levelsgionization energies, capture cross sectjoeveral methods for determining
these parameters more accurately are proposed and a numerical example of such an

analysis of DLTS spectra is presented. 1®97 American Institute of Physics.
[S1063-78287)01204-0

The methods of capacitance spectroscopy — isothermal 0
capacitance relaxatiofiCR), thermally stimulated capaci- epICpNuexl{ —k—-|->ECpp1, (28
tance(TSC), nonstationary deep-level transient spectroscopy
(NDLCS or DLTS in the foreign literatuje— and other E,
methods have been widely used in recent years to determine en=ancexp( kT =c,Ny (2b)

the density and parameters of deep levéBLs) in
. -6

semiconductors™® These methods are based on measureyre the rates of thermal generation of electrons from the va-

ments of the charge-exchange kinetics of DLs in the spacqance band to DLs and from the DLs into the conduction

charge layer(SCR with a reverse bias on the diode. In pang, respectivelylN, and N, are the effective densities of
studying charge relaxation on DLs, exchange of current cargiates in the valence and conduction bands, respectively:;

riers (CC9 between the DLs and only one allowed band is¢ — s and Cp=vno, are the electron and hole trapping

ordinarily taken into account, since it is assumed that thgates in DLs, respectivelyz.and v, are the thermal veloci-

interaction with the other band is weak because of the largges of the electrons and holes, respectively: dvidand m

the electron and hole capture cross sectiosand o,  pg, respectively.

respectively’ This approach is justified in most cases, butfor  The solution of Eq.(1) with my=JM att=0 has the

some DLs located near the center of the band gap it is nghym

covered near the center of the band §dp.this paper we m(t) e, t

examine the characteristic features of the thermal relaxation  “\™ ¢ T exp — 0.)" )

of the capacitance in the case where the DLs interact with the P

the parameters of the DLs in this case. conditions when CCs are exchanged with the two allowed
bands, charge exchange occurs according to an exponential
law with a time constant, bute; is the sum of exponen-

LEVELS nents and pre-.exponentia! factors, and the Arrhenius. law
In 6=f(L/T) is linear only in the case where the DL lies

For definiteness, we shall study a diode with a sharpgxactly at the center of the band gap,&E,). As calcula-

n-type material. In the calculations below we assume that thef temperatured, this dependence can be easily approxi-

DL possesses a fixed ionization energy and generation ghated by a straight line with activation enerBy that falls

CTs through excited states does not play a large¥®Ehe  betweenE, and E,. Figure 1(curvel) is a computed ex-

the SCR, where under reverse bias the density of free CQsarameters£,=0.5 eV, E,=0.6 eV, c,N.=10s™%, and

can be neglectedhé p~0), is described by the equation cpNV=1014s*1. We see that the points fall well on a straight

line with activation energye,=0.545 eV. Methods for de-

difference in the ionization energi&s, andE, of the DLs or 46 the total density of DLs and the electron density in the
always correct. Specifically, in Si many DLs have been dis-

two allowed bands and we present methods for determiningihere ;. '=e.=e,+ ep . It follows from Eqg.(3) that under

1. KINETICS OF CHARGE EXCHANGE BETWEEN DEEP tials of the reciprocal of the temperature with different expo-
asymmetricp™ —n junction or Schottky barriefSB) in  tions show, however, whef), is measured in a limited range
kinetics of charge exchange on DLs in the dark in the part omple of the function lo@,=f(1/T) for a level with the

dm termining E,, and E,, more accurately will be examined be-
——=€(M—m)—e;m, (1)
dt low.
The limiting charge exchange on DL$%6.), as fol-
where lows from Eqgs.(2) and(3), is
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quasineutral regioii-*1°In most cases this layer is small,
and we shall assume in the calculations below that the region
of incomplete filling of the DL is taken into account and the
duration of the filling pulse i$;> 6, . Thené=1. The kinet-

ics of filling of the DL with a drop of the voltage is an
additional method for measuringin the absence of an elec-
tric field.

In the case of injection from p—n junction, the distri-
bution of the injected CCs iAp=An~exp(—X/Lp), where
Lp is the diffusion length. In the calculations below we shall
assume that the injection level is higAri>ng) and the
width of the SCRW<L for the reverse bias employed.
7 Then the initial filling of the DL will be

logldF/d (1/T)|

-

4 -1
1000/T K

(o 1

5= =—),
FIG. 1. Computed Arrhenius curves feg (1), e, (2), and the function Cn+cp 1+A
dF/d(1/T) (3) for the example presented in the text. where \=c,/c,. This filing can change when the direct
bias is changed to a reverse bias. First of all, when the volt-
age is switched, at the SCR boundary, which moves into the
Mst € _ 1 _ (4) volume of the baseAp~0 and electrons are trapped. If the
M eytep 1+ C"Ncexp( Eg_ZEn) boundary of the SCR moves relatively slowfgompared
cpN kT with 6,), then an appreciable change in the degree of filling
.of DL is possible. Second, holes which accumulated in the
Heie use was made of the fact that the band gap I%ase under direct bias pass through the SCR and can be
Eg=E,+E,. It follows from Eg. (4) that under standard ) 1 ) i
conditions the filling of the DLs in the SCR depends on thetrapp_ed n the DIT' Such charge trgnsfer atthe DI.‘ 'S sub
ratioc./c. E. andE.. If o ando- are of the same order stantial _e}t hlgh d|rec_t-currer_1t densities and long lifetime of
of maE;ni{)u’den ’then tr’:e DLg lying pabove the center of thenonequmbnum CCs in the diode base. These factors all pro-
’ ; duce some uncertainty in the initial filling of the DL in the
band gap E,<E4/2) will be empty and the levels located case of injection from —n junction
below the center of the band gag{>E4/2) will be com- '
pletely filled with electrons, irrespective of the initial filling
of the DLs, the type of base conductivity, and the type of3. DETERMINATION OF THE PARAMETERS OF DEEP
level — donor or acceptot’ LEVELS

14

Charge exchange on DLs results in relaxation of the ca-
2. INITIAL CHARGE EXCHANGE BETWEEN DEEP LEVELS pacitance of the structure. In the calculations below we shall
\Assume that the shallow and deep impurities are distributed
uniformly in the crystal and that the base resistaRtés
small (w?R?C?<1, wherew is the angular frequency of the
measuring signaland the structure can be assumed to be
one-dimensional.

Charge exchange between DLs can be initiated by se
eral methods1l — decreasing the reverse bigto O (drop-
ping the voltage 2 — partial dropping of the voltage from
V, to V,<V;; 3 — injection from the sam@—n junction;

4 — base-side illumination of the diode with light that is : .
absorbed Ifv>E,); 5 — injection from the emitter in a Let us examine the DLTS spectra in the case of a low

triode structure; and other methods. In the case of charg@€NSity of DLs M <N, whereN is the density of shallow
exchange by methods 4 and 5, complete removal of all elecdnors or when measurements are performed in the

trons from the DLs is possible with a reverse bias. Without -0nstant-capacitance regime. The@(t) or AV(t)~m(t).
reverse bias the two methods are similar to injection from &//Nen CCs are exchanged with the two allowed bands, an

p—n junction and are therefore not considered here. amplitude factorA; which depends o will appear in the
When the voltage is dropped, an equilibrium filling of DLTS_ spectra. If the initial charge transfer is produced by

the DLsmy/M =no/(ng+n;), wheren, is the equilibrium  AroPPIng the voltage, thed=1 and

electron density in the conduction band, is established in the e, 1

qguasineutral region of the diode. If the DL lies near the Al:e Te

Fermi level and in some temperature ramege-e,, then it is nP

possible that in the SCR the DL is not emptied of electrons

1+

coN, E,—E,
NPT T

but rather is filled from the valence band, img<<mg,. This 1
will result in a change in sign of the capacitance relaxation. = AEL 5
This situation is not studied in the present paper, and it is 1+\b exp< — ﬁ)

assumed below that,>n,. If ng>M, then the DL is filled

with electrons according to an exponential law with timewhereAE=E;—E,, andb=N, /N,.
constant0p=(cnno)‘leverywhere except in the transitional The temperature dependence Af is shown in Fig. 2
layer near the boundary of thp—n junction with the (curvesl-7) in dimensionless coordinates for several values
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the operation is repeated at some other temperature, then we
obtain a system of equations whergN. andcyN, are the
unknowns and can be easily calculated.

It is also possible to use the known quantity
expE,/kT). Then

En
ex k_T
F=——F"—"=cyNctcpN, exp —

AE
0 '

kT
The derivative of this function is

dF  cN,AE AE
a(m kK P TkT)

A,y Ay

-05 andAE andcyN, and thenc,N. can be calculated from it.
// #/ The Arrhenius curve for the values efdF/d(1/T) obtained
/ / in analyzing the numerical example presented above is
_ e shown in Fig. 1(curve 3). The activation energy in this case
- — — a4 is 0.105 eV instead of 0.1 eV, the value incorporated in the
'1"25 “{ — ;— calculation. Calculations in other numerical models showed
AE/KT that the indicated quantities are determined with an accuracy
of no worse than 10%.
FIG. 2. Amplitude factorsh; (1-7) andA, (8—12) versusAE/KT. Some estimates can also be made in the case if the am-
plitude of the DLTS peaks increases or decreases rapidly as
T varies. Such a sharp temperature dependence means that in

of Ab. From the character of the dependecéT) a con-  this case\ exdAE/KT| > 1. ThenAE and\ can be estimated
clusion can be drawn about the energy position of the DLfrom the Arrhenius relation.
A, increases withl, if the DL lies below the center of the Accordingly, all basic parameters of a DL can be deter-
band gap E,>E,), and it drops for the opposite relation mined, to a high degree of accuracy, frpm the DLTS s_pectra
E.<E,, since|AE/kT|—0 asT increases. The values of by several methods: the energy position of the DL in the
A, for the example considered above fall on the cudvia  band gap and the cross section for trapping of electrons and
Fig. 2. It is also obvious from the figure that appreciableholes.
capacitance relaxation occurs only for a certain ratic\ &f Initial charge exchange on a DL is also possible by in-
and\. Estimates show that even for a small displacement ofection from the same " —n junction. In this case with a
the DL from the center of the band gap, the trapping cros&igh injection levels=c,/(c,+c,) and the amplitude factor
sections for CCs on the DL must differ by several orders oflS
magnitude in order for an appreciable exchange of CCs with

b exp( -

7~

both allowed bands to occur.

As numerical calculations showed, the amplitude factor _ G & 1
has virtually no effect on the form of the DLTS peak and the 2 et C, ete, 1+
position of its maximum. Typical displacements of the maxi-
mum are in the range 1-5 K. This makes it possible to de-
termine 6, by the standard metho® It can be determined 1-\2b exp{ _ A_E)
more accurately from the intersection of the DLTS curfes. kT

To determineE,, and E, separately, we shall make use - AE\]" ©®)
of the circumstance thak,6.=e,. We can then calculate (1+N)|1+Ab exp( - ﬁ)

E, from the Arrhenius relation foe,, and E,=E4—E,.

The Arrhenius curve for the values ef(T) obtained in this It should be noted that in the case of injection-initiated
manner is shown in Fig. {curve 2). It follows that the ac- charge exchange on a DL the position of the corresponding
tivation energy in this case is 0.505 eV and corresponds, to BLTS peak on the temperature scale does not change, since
high degree of accuracy, to the value®f which is incor- 6. does not depend on the initial filling of the DL.

porated in the calculation. The cross sections for trapping of The temperature dependentg=f(T) in dimensionless
CCs can be calculated N and M are known. As shown coordinates is shown in Fig. &urves8-12) for several
above,M can be estimated for several methods of initialvalues of \ and b=1. It follows from Eq. (5) that for
filling of the DLs. A2b=exp(AE/KT) the amplitude factorA,=0 and the ca-

Now we knowd.(T), E,, andE,, but we do not know pacitance relaxation changes sigfig. 2, curves8—10). The
the pre-exponential factors,N. and c,N,. They can be equalityA,=0 makes it possible to check whether or not the
calculated if the known functions exXg{/kT) and parameters of the DL were determined correctly.
expE,/kT) at some temperature are substituted &) If The difference of the amplitude factors is

AE
kT

1+\b AE
+ ex —ﬁ
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The exponential capacitancer voltage relaxation due
AA=A—Ay— 7 to the dependence of the parameters of DLs on the electric
] o field in the SCR or charge exchange on several DLs with
and forAA~1 for large values ok, i.e., the DL is virtually  giferent # complicates the analysis of the spectra. Compli-
completely freed qf electrons and hence the total demdity ations can also arise in the case where the cross sections for
of DLs can be estimated. Far<0.1 the curvesA;(T) and  555ing of CCs and generation of CCs via excited states of

Ax(T) virtually merge. _ a center with a DL are strongly temperature dependent.
For a high injection level electrons can also fill the DLs

which in the neutral region of the diode lie above the Fermi

level. This leads to the appearance of additional DLTS peaks

after injection. The amplitude of such peaks increases with

the injection level and decreases rapidly with increasing tem- 1 ga and v. 6. K. Reddi, IEEE Trans, Electron. DER-11, 345

perature. This case will be examined in detail in a separate (1964

paper. 2C. T. Sah, L. Forbes, L. L. Rosier, and A. F. Tasch, Solid—State Electron.
After some obvious changes, the formulas presented 3, 759(1970.
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Effect of inhomogeneities of Bi ,T; crystals on the transverse Nernst—Ettingshausen
effect

M. K. Zhitinskaya and S. A. Nemov
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T. E. Svechnikova

A. A. Bakov Institute of Metallurgy, Russian Academy of Sciences, 119877 Moscow, Russia
(Submitted July 4, 1996; accepted for publication July 8, 1996
Fiz. Tekh. Poluprovodr31, 441—-443(April 1997)

The effect of inhomogeneities ip-Bi, Te; crystals, grown by different methods, on the

coefficients of the transverse Nernst—Ettingshausen and Hall effects has been studied. The degree
of homogeneity of the crystals was estimated on the basis of therm@S=abeck

coefficienj data. It was established that the concentration dependences of the
Nernst—Ettingshausen coefficientTat 300 K in homogeneous and inhomogeneous samples are
different. This makes it possible to use the Nernst—Ettingshausen effect data for quality
assessment of Ble; crystals. It is shown that the anomalous drop of the Hall coefficient with
increasing temperature in a number of samples is due to inhomogeneities, and in

Sn-doped BiTe; crystals it is due to the existence of an impurity level against the background

of the valence-band states. 97 American Institute of Physid$€1063-782807)01304-3

Bismuth telluride BjTe; is a layered crystal wittR3  ent degrees of inhomogeneitgrystal quality on the trans-
mm structure. The anisotropy of the physical properties andrerse Nernst—Ettingshausen efféENNE) and the Hall ef-
the characteristic features of its phase diagram are the reéect.
sons why there are at least two types of inhomogeneities in  We have accordingly prepared samples by methods
these crystals. One type is due to the nonuniform distributionwvhich are ordinarily employed for preparing,Bie; crystals:
of atoms in layers, which results in the appearance of diversBerfect single crystals were grown by Czochralski's
point defects. The other type of possible inhomogeneities armethod? Single and block crystals were obtained by the
layered inhomogeneities. It is obvious that defects, inhomomethod of directed crystallization. Polycrystals with grain
geneities, and imperfections can influence the electricadized=100-200 wm were obtained by the metalloceramic
properties of crystals. The parameters of the energy spectrumethod. The ceramic samples were anneal@d=a350 K for
which are determined from measurements of these propertid20 h.
can, naturally, differ for samples prepared by different meth-  To obtain a range of hole densities, the samples were
ods, since the number of defects and the relation betweesdditionally doped with different impurities. The composi-
them changes. In this connection, the effect of the degree dfon of the samples corresponded to the formula
perfection of crystals on their electrical properties and thgBi,_,Me,),, where (Me = Sn, In, Tl, and Pp and
parameters of the energy spectrum which are obtained from=0.01—6 X 10°cm™3. Tin-doped single crystals were spe-
them have been discussed repeatedly in the literatidieis  cially grown for this investigation, since the possible exis-
obvious that the most reliable information about the energyence of the Sn impurity states paBi,Te; against the back-
spectrum of current carriers can be obtained by investigatinground of the valence band has been reported in the
perfect single crystals. literature. The homogeneity of the samples was estimated by

Additional interest in this problem has now appeared inmeasuring the Seebeck coefficient with the aid of a thermal
connection with active investigations of the effect of differ- probe at room temperature.
ent impurities on the electrical and thermoelectric properties The following independent tensor components were
of Bi, Tes-based materiaf®:° When this compound is doped, measured on single-crystalline samples: the Hall coefficient
especially with metal¢for example, Pb, Sn, In, and)Tithe  Rg,4, the thermoelectric powes;; andS;;, and the Nernst—
number of defects and the degree of their nonuniformity in-Ettingshausen coefficier®,,;. (The axis 3 corresponds to
crease. In inhomogeneous semiconductors, a situation ithe direction of the trigonal axi€; of the crystal. The in-
which the temperature dependences of the transport coeffilices in the coefficients correspond to the order of their ar-
cients(specifically, the Hall coefficientcan simulate the be- rangement: The first index corresponds to the direction of the
havior of a homogeneous semiconductor with impurity levelsmeasured electric field, the second correspond to the direc-
is possible. This danger must be kept in mind when analyztion of the electric current or temperature gradient, and the
ing and interpreting experimental results. For this reason, ithird corresponds to the direction of the magnetic field. For
is important to estimate the effect of inhomogeneities on thévlock crystals, which consist of several single crystals
electrical properties. slightly disoriented with respect to one another, and also ce-

In the present work we investigated the effect of differ-ramic samples, which are polycrystals, the results obtained
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FIG. 1. a—b — Temperature dependences of the Hall coefficiegt) in p-Bi,Te; samples with different degrees of inhomogeneity. Sample preparation
methods: Nos. 1-6, 21-26, 31-36 — Czochralski’s method, single crystals. Doping: Nos. 1-46 — deviation from the stoichiometric composition: 11-15 —
Sn, 7 — TI, 21-26 — Pb, 31-36 — In, 41-48 — In, Pb and deviation from quasistoichiometry.

were corrected by the method described in Ref. 10 . MeaK and a monotonically decreasing value Rfwith further
surements were performed mainly in the temperature rangecrease ofT (samples 1, 2, 5, 6, 14, 36, 4194&nd 2
77-420 K. The coefficier® was measured under isothermal samples in whictR decreases starting at 77 (Kamples 11—
conditions in a classically weak magnetic field. The hole13, 15, 44—48 We note that this unusual, for Hie;, char-
densityp was determined from Hall effect data on the largegcter ofR(T) was also observed in Ref§ , 8 , and 11 . The
componenRsy; at liquid-nitrogen temperature. According to decrease in the Hall coefficient with increasing temperature
published and our dafe® an impurity resonance level couid be due to the onset of the intrinsic conduction, the

against the background of the valence band can exist in ti’bresence of impurity levels, as well as the presence of

doped samples. In this case the variation of the Hall Coefﬁinhomogeneitieé?

cien_t with te_zmperatur_e reflects the change i_n Fhe CUITeNnt-  The onset of intrinsic conduction can be judged accord-
carvier density. For this reason, the hole density in Sn-dopeﬂm to the TNEE data. The point is that the TNEE coefficient
samples all =300 K was determined from the correspond- is extremely sensitive to the appearance of minority carriers.

g :_'ﬁg Cn?;fr]?zspnéiggﬁtal data are shown in Figs. 1 and The onset of mixed electron-hole conductivity in,Bé; re-
. . . . . . . 3
Let us examine the results obtained. As one can see frm%uIts in a change in sign @ (from negative to posm\oé

Fig. 1, the samples can be divided into two groups accordin nd is characterized by fast exponential growttQufit fol-
to the character of the temperature dependences of the H {ws from the TNEE data that the observed decrease of the

coefficients: 1 samples with normafordinary) temperature Hall coefficient at temperaturés>300 K is due to the onset

dependencdR(T) for p-Bi,Tes, characterized by the pres- of intrinsic conduction, and in the most inhomogeneous
ence of a maximum OR in the temperature range 250—400 Samples the intrinsic conduction starts at lower temperatures.
As one can see from Fig. 1, for a number of samples

with high hole densities R<0.5) a decrease of the Hall
- coefficient with increasing temperature is observed near 77

- s 0! 7 2 ""f 2% K, i.e. at temperatures substantially lower than the onset tem-
i w0élv perature of intrinsic conduction. This behavior of the Hall
) - coefficient as a function of temperature could be due to the

s 10 i existence of impurity levefs or the manifestation of
'§° ok :11;_34 inhomogeneitie$? In our case, the decreasing Hall coeffi-
S T cients as a function of temperature are observed in inhomo-
80 ldsamples 4448, Fig. 1bHigh-quality Sn-
R o varm geneous samp p , Fig gh-quality
-10° | ®41-47 doped BjTe; single crystals grown by Czochralski’'s method
-10° [ N (samples 11-15, Fig. lare exceptions. The strong de-
of pendence oR is characteristic of narrow-gap IV-VI semi-

conductors with resonance impurity staté&or this reason,

it is natural to attribute the observed temperature dependence
FIG. 2. Density dependence of the transverse Nernst—Ettingshausen coefﬁe(T) in BiZTe3Sn to the existence of a resonance level of
cient — Qua3 /Ky in p-BioTe; samples af =300 K (ko — Boltzmann's i - Estimates made by analogy with Ref. 14 show that the
constant,g — electron charge Dots — experiment; the sample numbers | i h fth |
are the same as in Fig. 1; solid line — homogeneous samples; dashed line Sn level lies between the subbands of the valence band, and

inhomogeneous samples. extrapolation of the temperature dependence of the chemical

376 Semiconductors 31 (4), April 1997 Zhitinskaya et al. 376



potential to zero temperature gives an energy of the impuritgether with Hall and Seebeck effect data to estimate the de-
statese =0.02-0.03 eV. gree of perfection of BiTe; crystals.
Let us now discuss the TNEE data. It is well known that

the TNEE coefficient irp-Bi,Te; at 77<T<<300 K is char-
acterized by negative values, which decrease in absolute
value according to the law of variation of the Hall mobility i p. caywood and G. R. Miller, Phys. Rev.B 3209(1970.
as a function of temperature. Near room temperature, irfV.A. Kudinov, Fiz. Tekh. Poluprovodr8, 2057(1974 [Sov. Phys. Semi-
samples with typical current carrier densitiesp, ( 330';"-% 13,4?(}_97(‘39];”_ 4 R, Triboulet. H. Sch is sen

. 9 —3 . . P eurial, L. Gallllard, R. lripoulet, H. Scnherrer, an . Scnererer,
n~1x10° cm 3), the coefficient changes sign and the 3. Phys. Chem. So9, 1237(1988.
character of the temperature dependence changes fromr, g. Svechnikova, M. A. Korzhuev, N. L. KorenovgkN. M. Maksi-
power-law to exponential because of the onset of intrinsic mova, N. V. Polikarpova, S. N. Chizhevksaya, P. P. Konstantinov, and
conduction. The smallness of the coefficie@ at G- T-Alekseeva, Neorg. Mate80, 1123(1994. :
T~300 K makes the Nernst—Ettinashausen effect very sen- M. K. Zhitinskaya, S. A. Nemov, T. G. Abaidulina, and T. E. Svechnikova

. . : 9 o . y in Proc. XIV Int. Conf. on Thermoelectri¢St. Peterburg, Russia, 1995
sitive to different types of inhomogeneities. This makes the p. 56.
isotherm of the density dependence of the TNEE coefficient’V. A. Kulbachinskii, M. Inoue, M. Sasaki, H. Negishi, W. X. Gao,
at T=300 K worth examining. We see in Fig. 2 where it is K. Takase, Y. Giman, J. Horak, and P. Lostak, Phys. Re%0B16 921

o e : o (1994.

shqwn that a qualitative dlffer_ence is observed in the prop-7y pancir, 3. Horak, and . Stary, Phys. St. SolL08, 517 (1987.
erties of homogeneous and inhomogeneous samples. TheG. T. Alekseeva, P. P. Konstantinov, V. A. Kugasov, L. N. Luk’yanova,
possess different density dependen€d®), and for inho- T. E. Svechnikov, and S. N. Chizhevskaya, Fiz. Tverd. Teeningrad

- 3, 3539(1991) [Sov. Phys. Solid Stata3, 1988(1991)].
mogeneous samples, characteristically, the TNEE change 'K Zhitinskaya, S. A. Nemov, Yu. I. Ravich, T. G. Atsulina, V. V.

sign soonefi.e., atT<300 K) andQ takes on large positive Kompaneets, G. S. Bushmarina, and I. A. Drabkin, Fiz. Tekh. Polupro-
values. It should be noted that the TNNE data, as one can seeodn. 27, 1724(1993 [Semicond27, 952 (1993].

from Fig. 2, confirm the high quality of the Sn-doped ii(D; é- Ryden, J-ZPfI‘\IYSt- @E 1195%32%0(1964)
. . . Bergmann, Z. Naturforsch. A9, .
B|2Te3 CryStaIS' Therefore, the eXpe”menta”y Observedle. V. Karpov, A. Ya. Shik, and B. I. ShklovskiFiz. Tekh. Poluprovodn.

characteristic features in the transport coefficients of these1¢ 1406(1982 [Sov. Phys. Semicond, 901 (1982)].

crystals attest to differences in the energy spectrum ofM. K. Zhitinskaya, V. I. Kadanov, and S. A. Nemov, Dep. No. 3628-76.

samples with and without tin. 14y, 1. Kaidanov and Yu. I. Ravich, Usp. Fiz. Nauk5, 51 (1985 [Sov.
In summary, the data on the transverse Nernst— "TYS: Usp28 31(1985]

Ettingshausen effect near room temperature can be used toranslated by M. E. Alferieff
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Investigation of carrier transport in a system of undoped quantum wells under pulsed
excitation

A. M. Georgievskii, V. A. Solov'ev, B. S. Ryvkin, N. A. Strugov, E. Yu. Kotel'nikov,
and V. E. Tokranov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
A. Ya. Shik

Center for Chemical Physics, University of Western Ontario, London, Canada N6A 3K7
(Submitted July 18, 1996; accepted for publication September 10,) 1996
Fiz. Tekh. Poluprovodr3l, 444—450(April 1997)

A phenomenological theory describing nonstationary carrier transport processes in a system of
undoped quantum wells with short carrier generation pulses is developed. An experimental
method for finding the characteristic carrier trapping and carrier emission times from the wells is
proposed on the basis of the theoretical expressions. The first experimental results making

it possible in principle to determine these parameters are reported.99% American Institute

of Physics[S1063-782807)01404-X

1. INTRODUCTION method is proposed for determining the characteristic times
from the parameters of the response of the current through
Semiconductop—i—n heterostructures with anlayer  the layer of QWs. This method includes a procedure for
containing a system of noninteracting identical quantumchecking of a specific experimental system of QWs the ap-
wells (KWs) are now the subject of active investigations. plicability of the theory developed for describing carrier
Carrier transport through a QW layer in a reverse-biasedransport. The first experimental results showing that the
p—i—n heterostructure have a determining effect on thecharacteristic carrier transport times can in principle be de-
characteristics of optoelectronic devices, such as opticaermined by comparing the experimental curves with the the-
modulators based on electroabsorption of figind devices oretical calculations are also presented.
with a self-electrooptic effectSEED),? which are used in
optical communications and information processing systems, gasic EQUATIONS
In a phenomenological theory carrier transport through a
system of undoped QWs is described by the characteristic To describe carrier transport in the structure of interest
carrier trapping and emission times of a well and the CharWith an applled electric fleld, we Sha.tl)l characterize the struc-
acteristic carrier drift time between neighboring wélfsa ~ ture, just as in Ref4 , by thenumbem, of carriers localized
knowledge of these times as a function of the well depth and the kth well and the number of carrierg, in delocalized
width, temperature, and electric fiéld is necessary in order States above the well. A number of simplifications are made
to produce the above-mentioned optoelectronic devices witH! SO doing. It is assumed that the currents are generated
prescribed characteristics, and it is also of physical interest iRutside the layer of QWs and carriers of only one type par-
itself. ticipate in the transport processes. We neglected the possi-
As a rule, in experiments investigating carrier transportility of carrier tunneling between wellgthis is an accept-
through a layer of QWs electron-hole pairs are excited in th@ble simplification for barrier thickness greater than 100 A

layer optically. As a result, all characteristics are determined N€ carrier injection level is assumed to be low enough so

by simultaneous transport of electrons and holes. This cirthat the redistribution of the electric field between QWs can

cumstance makes it much more difficult to interpret the re-P€ neéglected. The field within the QW layer is assumed to be

sults obtained. constant and the characteristic carrier drift timgand car-

In Ref. 4 theoretical expressions describing the separatd€’ capture and emission timeg andre, respectively, of a
transport of electrons and holes in a system of undoped QW¥ell do not depend on the number of wells. _
were obtained for the case of stationary excitation outside the !N this case the behavior of a systemMfQWs is de-
system of QWs and monopolar injection within the system SCTibed by the system of equations
Furthermore, an experimental method, making it possible to  dn,/dt=n{/7e— N,/ 7+ (N_1— N/ 74, (1)
estimate the characteristic carrier trapping, emission, and b b
drift times from the form of the response of the current  dnJ/dt=nc/7e—ny/7e, k=1,2,... M. 2
through the structure to the switching on and off of genera¢ quantityng(t) in Eq. (1) with k=1 is viewed as a pre-
tion was proposed. o _ scribed density in the injecting electrode and is determined
In this study, which is a continuation of an earlier stddy, by the form of the carrier generation pulse outside the QW

we develop a phenomenological theory describing nonstqayer_ The initial conditions for Eq€1) and (2) are
tionary carrier transport processes in the presence of short

generation pulses. On the basis of this regime, an alternative NR(t=0)=n,(t=0)=0,
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a derivation of which is presented in Ref. 4.

The processes associated with the switching off of the
excitation are described in a manner that is different from
Ref. 4 since the system has not reached saturation. This is
expressed in the nonequilibrium carrier distribution over the
wells at the moment excitation is switched off. At the time
t=ty, when the carrier generation pulse ceaségto) is
determined from the relation

FIG. 1. Schematic representation of the behavior of the current through a b Te Te

structure with multiple QWSs versus time with pulsed excitatiér2 — Ni(to) = nk(to)T_ —[Nng-1(to) — nk(to)]T_, 5

Current jump occurring when generation is switched 8 — slow relax- ¢ d

ation with constant excitatiorB—4 — downward current jump occurring wheren,(to) is given by Eq.(4) andng(ty) =ng. As a result

W_hen carrier generation is switched o#-5 — slow relaxation associated of the rapid relaxation, over times of the ordermfthere is

with carrier ejection from the QW layer. . . ;
not enough time for the quantlt)}lj to changdthe jump3—4
in Fig. 1) andn, drops to values determined from the recur-
rence relation

i.e., initially there are no carriers in the region of the QWs. ; ;

Next, when an excitation pulse is switched on, carriers ofone = nk_l_l + nE—l, (6)

type are injected through the boundary of the QW layer. Td e

In all calculations we assumed that the carrier emissiofyheren,=0 andnP=n®(t,) is given by Eq.(5). Here we

rate from a well is much smaller than the carrier trapping anthave assumed that the number of carriers above the wells is
drift rates (re>7, 7q). This simplification is acceptable, negligible compared with the number of carriers in the wells
since in the absence of tunneling between wells the charaan< ”E)- The relations(5) and (6) are obtained from Eq.
teristic emission timer, from a well contains an exponen- (1), where we setdn,/dt=0, since outside the fast-
tially large factor expdE/kT), where AE is the ionization  relaxation region this quantity is smat N/ 7.

energy of the ground state in a QW. Moreover, the carrier e shall now describe the slow relaxation after excita-
generation pulse duratiag is required to satisfy the condi- tjon is switched off, whem,=0 (the sectiord—5). We can

tion to> 7y, where 7, =17.7q4/(7c+ 7q) is the characteristic  then write the recurrence relatig8) for n(t) in the form of
scale of the fast relaxation tifh@ssociated with establish- 5 sum

ment of the carrier distribution above the wells. p
el "
3. COMPUTATIONAL RESULTS Substituting expressio(v) into Eq. (2), we obtain a system

of equations describing carrier redistribution processes over
SRells after the passage of a carrier generation pulse

k
nk<t>=:—l >

Let us consider the case of a square generation pul
with durationt

(t>1p),
N (t _ n0=conS(t), 0<t<t0 dnE nE Ty k ) 1 k—p
o\t)— - = 4 I
0, t>to. dt Te TeTo p§=:1 Mp 1+’Td/7'c) ®)

Figure 1 shows schematically the behavior of the currentrpe jnjtial condition for the system of equatiof® nP(to) is
through a structure with many QWs with such an excitationyptained from relatiorgs).

pulse. Fort<t, the densities in the QWSs vary in time just as

in the stationary excitation case studied in Ref. 4. At times of

the order ofrl. aljump}—Z occurs in the; current t'hrough the , NUMERICAL MODELING
structure. This jump is associated with establishment of a

carrier distribution above the wells from:=0 to The solution of Eq.(8) can be written in the general
‘ form as
1
nk:no(—) : 3) t—to) " t—to|P
1+ Td/TC nE(t):eXF{ — O) 2 Ak,p( 0) , (9)
T2 p=0 T

Next, carrier redistribution occurs as a result of emission
from the wells on a time scale,=7,(1+ 74/7;) (section where A,, are time-independent coefficients, and
2-3). For 7> 7, this process is described by the expressionAy o= nE(to) is the initial condition. Substituting expression
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FIG. 2. Response of the current through a layer with= 30 quantum wells to an excitation pulse as a function of the paramegtey; a —ty=10r,,

b — ty=0.1r,; the ratiosr. /74, corresponding to different curves, are indicated in the figure.

(9) into Eq. (8) and equating to zero the coefficients in front distribution over the wells is of an exponential character and
of the powers of {—t,)/ 7>, we obtain recurrence relations Over some period of time the total number of carriers con-

for the coefficientshy , : tributing to the current changes very little. The characteristic
change in the carrier distribution over the wells after the
Ay o= nE(to) for k=1,2,... M generation pulse ends is shown in Fig. 3. One can see from
the figure that after generation is switched off=¢,) the
74 1 1 1 distribution of carriers in the wells is carried out of the layer
Axp Py pAkfl,pfl l+Td/7_cAk71,p of QWs in the form of a wave and the current through the

structure starts to drop only when the distribution function
for k=2,3,...M and reaches the boundary of the layer. The presence of a plateau
in j(t) is important for separating experimentally fast and

p=12,...k=2; slow relaxation processes in the method described below for
determining the well parameters.
Td 1 1
Ap=— 77— —A¢_1p-1 for
kP 1+ 1ql7e P P 5. SHORT GENERATION PULSES
k=2,3,...M andp=k—1. (10) The expressions which are obtained and which describe

the response of the system to an excitation pulse can be
To calculate the slow relaxation after the generation pulse is
switched off (the section4-5 in Fig. 1), first we find the

carrier redistribution over the wells from Eq®) and (10). p - tta+
Next, the redistribution of the carriers in the delocalized R A
states above the wells is obtained from Ef. We thus find S~ __ :o:gz':'f
the current flowing through the QW layer from the fornfula / 0 "7
. ev % = // <
i0= 12, M. (11) g /
. . 3 I ;
Here v=d/ 74, andd is the period of the structure. On the 8 :
slow-relaxation section, during the carrier generation pulse “g* /
(the sectior2—3 in Fig. 1), the value of the current density is - N
obtained by substituting the carrier distribution above the /
wells (4) into expression(11). / /.
The behavior of the current in time is shown in Figs. 2a AL L
and 2b for carrier generation pulse durations<to<M 7, g 5 170 75]' 20 2 a0

andty<<7,, respectively. The formation of a plateau on the

_Current curve fo_r Sma“ ratlosc/Td after the gene_ratlon pUIse FIG. 3. Character of the variation of the carrier distribution over the wells at
is switched off is attributable to the fact that in accordanceifterent times after the generation pulse stopsNbe 30, to=10r,, and

with expressiong3) and (4), for short generation pulses the /74 = 0.3.
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FIG. 4. Curves relating the characteristic emission time from a well, capture time, and drift time with the parameters of the current response to a short
excitation pulse << 7,) for M =30 (solid line) andM =10 (dashed ling Inset: Schematic diagram of the current response to an excitation pulse.

simplified substantially and, as already noted, become moré& METHOD FOR DETERMINING THE QW PARAMETERS

convenient for comparison with experimental data in the , ) , i

case of short carrier generation pulses with duratign It is O.bVIOUS from relation§12) a.r.1d(_14) that in the case
which satisfy the inequalities;<ty<7,. For such pulses ©f €xcitation by short pulses the ratip,(j,)(7,/7,) depends

we can disregard the slow relaxation processes occurringn the parameter./7q and the numbeM of wells. This
upon removal of the excitation. ependence, shown in Fig. 4b, gives a unique relation be-

The current response to an excitation pulse is showfween the emission time, from a well and the parameter

schematically for this case in the inset in Fig. 4a. When thefe/ Ta - ) )
generation pulse is switched on, the current jumps by an The slow relaxation processes after the generation pulse

amountj, determined by Eqs(3) and (11): ends.(_>t0) are described by expressi¢® with the initial
condition (13). The current through the layer of quantum

wells can be written in the general form as

. evng 1 K ewvng 1+ 74/ 7,
1= = .
M+1% \1+74/7¢ M+1 74/7 j(t) t—to t—to\ X
- = - B 1
M+1 I2 eX[{ T2 Ek: “ ) ’ 19
X1=|—F .
1 1+Td/TC) (12)

whereB, are the expansion coefficients, which depend only

on the parameter./r4. The duration of the response of the

The number of carriers in the wells at the moment the gensystem to a short carrier generation pulse is found as the

eration pulse is switched offtto) is determined by the solution of the equation((ty, —to)/ 7)/j,=1/2, depending

expression on the parameter./ 74 and the number of wells. The quan-
tity

b to
nk(to):nkT_- (13

) tar—toj2 72 tar—to ]2

——= — =const(t 16
T J1to to 11 (to) (18

Expression13) was obtained from the starting equatid@s

under the condition that no carriers are emitted from theThis dependence makes it possible to obtain the rafio:
d

wellg over the pu!se bassage tinmg;is given by. Ea(3). We from the experimentally determined current response param-
obtain the following expression for the quasisaturation U iars

rentj fter th neration pul n nd after fast relax-
entj,, after the generation pulse ends and after fast rela We note that as the parametey/ 7y approaches zero,

ation has occurred, and there is not enough time for the num-_ . . ;
o . I.e., in the case where the carriers are rapidly captured by the
ber of carriers in the wells to change:

wells, the drop-off time 4, —ty, as one can see from Fig. 4a,

‘ approaches the valud 7,. The same result can be obtained
1 ) _evng 1+ 7y/7c by from the assumption that each carrier visited all wells in
1+ 74/ 7, M+1 74l7. 75 succession.

is shown in Fig. 4a as a function of the parametgfr.

evng to Td
12_M-i-l Ty T K

M1 The following procedure for analyzing the experimental
]_ (14) data follows from what has been said above. Having deter-
mined the parametdi6) from experiment, we find with the

Xy1l—

Td
(M+1)—+1
Tc

1+ 74/ 7
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p*-GaAs 0.5 pm ;Be 507 cm
P*-AL, G, As Q4pmsBe 5-07 cm™

ALU.’ cﬂ-, .349 1. 1F:m

QWs AL, ,Ga, 5 As/GaAs
30%(130 A +130 A)

J, arb. units

Aloa.7caa.3 As t/}&m

N*-AL, G2, A8 0.85 pm3Si 1107 e’
I substrate n-GaAs

FIG. 5. Schematic representation of the experimental structure.

. . . . . . FIG. 6. Kinetics of the electron current through a system of QWs with a
aid of Fig. _43 the' l'at'C""c/.Td ) aft.er whichr; is th?rm|ned voltage of 20 V for generation pulses with duratigr- 0.51, 1.03, and 2.08
on the basis of Fig. 4a, i.e., ultimately the emission tifge  us. Solid curves — experimental results, dashed curves — theoretical cal-

from a QW. culation with 7,=340 ns andr./74=15.
The quantity(16) is found from the experimental data
and should not depend on the generation pulse duragon Carrier transport in the system of QWSs was investigated

This can serve as a criterion of applicability of the theoreticalby making time-resolved measurements of the current in-
expressions given above for describing relaxation processeficed by an electron prod8The application of this method,
in the experimental structure. instead of the conventional excitation of carriers by light,

We assumed above that the generation pulse is squareade it possible to avoid producing additional narrow-gap
and that it has ideal edges, i.e., it is switched on and off ovelayers(carrier generatoysand additional barriers separating
times much shorter thar, . However, in the case where the them from the system of QWSs. Electron-hole pairs were ex-
duration t; of the leading edge satisfies the condition cited in the undoped region of the top wide-gap emitter by a
t;<7;<7,, the same expressions can be used, assuming thgam of electrons with energy of the order of 10 keV, which
leading edge of the pulse is a sequence of infinitely smalis greater than the excitation energy of an electron-hole pair.
jumps with characteristic times; . In this case, the fast re- This makes it possible to disregard the contribution of the
laxation processes will occur over times of the orderrpf  primary electrons to the current response. The current of the
Therefore, in the case of pulses with duratigreto<7,, the  electronic probe was chose to be at the leval1® ° A.
duration 7¢ of the leading edge can be comparable to theUnder such conditions the current response to the excitation
pulse duration. Then the same expressions can be used jjalse ceased to depend on the probe current at voltages of
describe the slow relaxation processes, i.e., the slow compd-6—-18 V on the structure. It can be assumed, therefore, that
nent of the response of the current flowing through the QWor voltages on the structure exceeding 16—18 V the pro-
layer for this case does not depend on the shape of the exaiesses in the QW region do not depend on the carrier injec-
tation pulse. tion level.

Measurements of the current through the structure under
the conditions of excitation with short pulses were performed
with a voltage of 20 V on the structu@hich corresponded

The experimental structure, grown by molecular-beanto electric fields of~7-10* V/icm in the QW regioh and
epitaxy in a TsSNA-4 apparatus, consistedM 30 QWs in  generation pulse durationy=0.51, 1.03, and 2.08us.

a GaAs/A|lGa, _,As system. The parameters of the layers inSince the electron-hole pairs were excited in the wide-gap
the grown structure are shown in Fig. 5. (A00 n-GaAs emitter near th™* layer, it can be assumed that hole emis-
substrate was used for growth. All layers between Mie  sion occurs over times much shorter than the electron emis-
andP* emitters were not specially doped and actually possion time, and the hole current contributes only to the fast
sessed a weak-type conductivity. To optimize and check component of the current. Therefore, the electron current can
the conditions of growth during the epitaxy process, the inbe obtained from the curve of the total current through the
tensity of the directly reflected, high-energy, electron diffrac-structure by subtracting the hole currer a square pulse
tion (RHEED) reflection was recordetiThis made it pos- with durationt,. The amplitude of the subtracted pulse is
sible to select a temperature, growth rate, and excess Asbtained from the condition that the number of electrons
pressure above the group-lll elements. As a result, the norequals the number of holes. The electron current obtained in
radiative recombination rate in the QWs could be reduced tohis manner through the system of QWs is shown in Fig. 6 by
a minimum and sharp heterojunctions could be obtathed. the solid line.

7. EXPERIMENTAL RESULTS
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The theoretical curvesFig. 6, dashed linewere ob- method includes a procedure for checking the applicability
tained in accordance with the theory described above by omf the theory developed for describing carrier transport for a
timizing the parameters, and 7y/74 for all three curves specific experimental QW system. The first experimental re-
simultaneously. The best agreement with theory was obsults showing that the characteristic carrier transport times
tained for 7,=340 ns andr7./74=15, which givesr,  can in principle be determined by comparing the experimen-
~300 ns. Such a large value of for electrons in the struc- tal curves with the theoretical calculations were presented.
ture under study apparently stems from the fact that when an The theoretical part of this work was supported by the
electron is emitted from a QW, it must overcome not onlyVolkswagen-Stiftung Foundation and the experimental part
the potential barrier, but also pass into a different vatfey. was supported by INTA$Grant INTAS-93-268Y.

In summary, the first preliminary experimental results ~ We thank J. Gutowski and A. C. Walker for a helpful
have shown that it is in principle possible to determine thediscussion.
characteristic carrier transport times in a system of QWs by
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Electron localization in sound absorption oscillations in the quantum Hall effect regime

. L. Drichko, A. M. D'yakonov, A. M. Kreshchuk, T. A. Polyanskaya,? I. G. Savel'ev,
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A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Fiz. Tekh. Poluprovodr31, 451—-458(April 1997)

The absorption coefficient for surface acoustic waves in a piezoelectric insulator in contact with
a GaAs/A}Ga 7sAs heterostructure(with two-dimensional electron mobility

w=1.3x10 cm?/(V-s) at T=4.2 K) via a small gap has been investigated experimentally as a
function of the frequency of the wave, the width of the vacuum gap, the magnetic field,

and the temperature. The magnetic field and frequency dependences of the high-frequency
conductivity (in the region 30—210 MHzare calculated and analyzed. The experimental

results can be explained if it assumed that there exists a fluctuation potential in which current
carrier localization occurs. The absorption of the surface acoustic waves in an interaction

with two-dimensional electrons localized in the energy “tails” of Landau levels is discussed.

© 1997 American Institute of Physid$1063-782807)01504-4

1. INTRODUCTION localization but also the corresponding numerical param-
eters.

The problems of quantum interference of electrons, i.e.,  On this basis, it is helpful to extend the acoustic method
weak localization in a two-dimensional electron g2BEG),  of investigating rf conductivity to semiconductor structures
just as problems of strong charge-carrier localizatiasso- with a 2DEG. The interaction of surface acoustic waves
ciated with defects of the crystal latticeoccupy a central (SAWS) with two-dimensional electrons was first observed
place in two-dimensional nanoelectronics, but they have stilin GaAs/AlGaAs type heterostructurés it was shown that
not been adequately investigated. The characteristic featurgése SAW energy is absorbed as a result of this interaction,
of localization in a 2DEG can be studied by investigating rfand the magnitude of the absorption is determined by the
conductivity of a 2DEG in the quantum Hall effect regirhe. conductivity of the 2DEG. For this reason, in a quantizing

One proven method for investigating rf conductivity is magnetic field, when Shubnikov—de Hg&klH) oscillations
the acoustic method, which makes it possible to measure theppear, the absorption coefficient for the surface acoustic
rf conductivity of semiconductors without any electrical con-wave also oscillates. The oscillations of this coefficient are
tacts on the sample. The crux of this method is that a piezosharpest in the region of magnetic fields where the quantum
electrically active sound wave accompanied by an electri¢dall effect regime obtains. In this connection, by analogy
field undergoes absorption as a result of interaction withwith the three-dimensional semiconductors, the characteristic
electrons as it propagates in the semiconductor, and this akeatures of localization in a 2DEG in a quantum Hall effect
sorption is directly related to the electrical conductivity of regime can be studied by studying the temperature, fre-
the sample. guency and magnetic field dependences of the sound absorp-

Acoustic methods have been successfully used to studyon and, which is especially important, this can be done by
the rf conductivity of a three-dimensional electron gas instudying the conductivity measured by a contact-free
doped compensated semiconductors at low temperatdites. method.
has been shown that if the electrons are in a fdedocal- Two experimental configurations are now employed. In
ized state, then the ultrasonic absorption coefficient of thethe first one SAWSs are excited in the standard manner on the
electrons in the semiconductor, which is a piezoelectric masurface of a piezoelectric crystdbr example, LiNbQ), and
terial, in a magnetic fieldH is determined completely by its the experimental structure with the 2DEG is placed above
dc conductivityaﬂf(H). If, however, electrons are localized the surface of a piezodielectric crystal with a gap, whose
at separate impurity centers or in a random fluctuation powidth is less than the wavelength. In the second configura-
tential produced by the impurities, as in the case of aion the experimental structure itself, which must be a piezo-
strongly doped and strongly compensated semiconductoelectric, serves as the sound duct. Surface acoustic waves are
then the conduction mechanisms in a constant electric fieléxcited in it and at the same time the interaction of sound
and in the rf field accompanying the acoustic wave are difwith the 2DEG is investigated. The first configuration has the
ferent. In the static case the conductiv&tﬁ}f is of a hopping advantage that the gap eliminates the deformation interaction
character and the rf conductivity?s can remain “metallic,”  of the two-dimensionaf2D) electrons with SAWS, and only
and in additionaﬂ)? # ogy. By studying the ultrasonic ab- the interaction with the electric fields produced by the SAWs
sorption coefficient of the electrons as a function of the magin the piezoelectric crystal remains. However, this method is
netic field intensity, temperature, ultrasonic frequency, andnconvenient because it is almost impossible to determine the
ultrasonic wave intensity in the three-dimensional case it wawvidth of the gap by direct measurements. In experiments
possible to determine not only the character of the carrieemploying the second configuration there is no gap at all, but
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in this case the deformation interaction of the 2D electrons1=10'® cm™3 were grown. The tofcontac} layer of the
with the SAWSs cannot be ignoréd. structure consisted of a 200-A gallium arsenide film doped
The first configuration was used in Ref. 4 and the seconavith silicon [n=(3—4)x 10 cm™3].

was used in Refs. 5-8. In all of these investigations it was The samples for the dc galvanomagnetic measurements

concluded that the character of the dependence of the SAWnd for measurements by acoustic methods were prepared

absorption coefficient of the two-dimensional electrons orfrom neighboring regions of the heterostructure. The mea-

the magnetic fieldH is determined by the dc conductivity surements were performed with dc currénrt10—20 A

0% and its dependence ¢th. However, in Ref. 9, where the (which ensured that there would be no heating effeiatshe

SAW absorption of a 2DEG in a §n/Ga s As/InP hetero-  temperature range 1.8—4.2 K on mesa structures etched out

structure was measured in the first experimental configurain the form of a double cross with contact pads. We present

tion with T=4.2 K, it was shown that this assertion is valid below the results of our investigations for a structure with

only for high Landau-level numbers and in stronger mag-Hall density n=6.9x10'* cm 2 and Hall mobility

netic fields(i.e., small filling numberss=nhc/2eH, where  ©=1.3x10° cn?/(V-s) at T=4.2 K. The density calculated

n is the Hall electron densilythe variation of the SAW according to the SdH oscillations wasgy=6.8x10"

absorption coefficient as a function bff is not determined cm™2. The results of the measurements of the components

by O'S;:(H). pxx and p,, of the resistivity tensor as a function of the

In the present work the dependences of the SAW absorpnagnetic fieldH (in the quantum Hall effect regigonat

tion coefficient” of 2D electrons on the magnitude and di- T=2.1 K are presented in Fig. 1.

rection (longitudinal and transverse with respect to the nor- A piezoelectrically active surface wave, excited on the

mal to the plane of the 2DE)Gof the magnetic field up to Y-cut surface of a LiNb@ crystal (see inset in Fig. Rand

H=60 kOe, the SAW frequency in the range=30—210 propagating in theZ direction, was used for the acoustic

MHz, and the temperature in the range=1.4—4.2 K are

investigated using the first experimental configuration men-

tioned above for the purpose of studying the rf conductivity

and the character of electron localization in structures of this 2

type in the integral quantum Hall effect regime. To get a

better physical picture of the phenomena, galvanomagnetic

measurements of the components of the dc resistivity tensor

were performed as a function of the magnetic field up to g

H=50 kOe. N
=]
K

2. EXPERIMENTAL PROCEDURE AND RESULTS

The GaAs/A},:Ga ;As structures investigated were
prepared by molecular-beam epitaxy. A layer of gallium ar-
senide with residual impurity density ¥0cm™ 2 and thick-
ness of the order of km (the so-called buffer laygmwas
grown on a semi-insulating GaA®01) substrate of thick-
nessd=300 um. Next, a 50-A-thick undoped layer of the , _ , _

FIG. 2. Surface acoustic wave absorption coefficiémmersus the magnetic

SO“d. solution AI)KE’GEDWAS (SO-Ca”eq spac&irand an ap- field intensityH at f =30 MHz with vacuum gap widtha ( wm): 1—0.3,
proximately 500-A-thick layer of a solid solution of the same __g 5 and3—1.0. Inset: Arrangement of the sample with respect to the

composition but doped with silicon with an electron densitycrystal axes of lithium niobate.
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measurements. The SAW was produced and detected with ANALYSIS OF THE EXPERIMENTAL DATA

interdigital transducers with fundamental frequency 30, 90, h | . fth ks in the d d fth
and 150 MHz. In addition, higher-order harmonics were also € equal spacing ot the peaks 1n the dependence ot the

. . . absorption of surface acoustic wa&AWSs) on the quantity
useq n the gxperlment. The samplel was placed directly %%H makes it possible to determine the density of 2DEG
the lithium niobate surface, along which a SAW F’r()p""g""te‘jfrom the period of the oscillations by the standard method.

and detected with the aid of a spring. The sample was 101 gensity obtained in this manner equals, within the limits
cated in a cryoduct in a vacuum chamber. The vacuum gags accuracy of the experiment, the density,, calculated
between the piezodielectric and the sample, determined byccording to the SdH oscillations.
the roughness of their surfaces, is designated by the ketter The absorption coefficierif, which is associated with
in the diagram shown in the inset in Fig. 2. A longitudinal the interaction of a SAW with two-dimensional electrons, in
electric field(along the direction of propagation of the acous-the experimental configuration employed in our work was
tic wave), which arises with the motion of the SAW in the calculated in Ref. 10, taking into account the diffusion of
piezodie|ectric CrystaL penetrates into the experimenta| obcurrent carriers. If the absorption coefficidntis introduced
ject, and the 2DEG is then located in an alternating electri@SA=Aq exp(=I'x), whereA, and A are the signal ampli-
field whose frequency equals the frequency of the surfac!des at the entrance and exit, respectively, ani the
acoustic wave. The interaction of the 2D electrons in thdength of the sample, thefi is (in cm™*)
experimental heterostructure with the SAW electric field mof(K)egw
causes the wave to decay, and this decay is recorded by the I'=x"k 2 : : 1)
» _ 1+[Dk/v+27af (k) egv]?

transducer employed. The independence of the absorption
coefficient I' from the intensity of the sound wave was In Ref. 10 x("=K? is the electromechanical coupling con-
checked in the experiment, i.e., the measurements were peftant of LINbG; k and v are, respectively, the SAW wave
formed in a regime linear in the electric field. vector and velocityD is the diffusion coefficientg is the

Figure 2 shows the dependence of the absorption coeffRermittivity of the semiconductor; and is t'he 'conduc?ivity'
cient for a SAW with frequency =30 MHz on the intensity of the 2DEG. We shaII.e.stlma'ge the contrlbqtlon of dlﬁuglon
of a magnetic field, oriented in a direction normal to theto the absorption coefficient without expanding the functions

surface of the heterostructure, B 4.2 K and for different f1 andf; (expressions for Wh".:h are prese_nt_ed n Ref). 10
. - . For a degenerate 2DEG the diffusion coefficient is

vacuum gap widths. Similar curves were also obtained for

other frequencies and temperatures. An interesting feature is D= o7wh?%/e’m* =roag!es, (2

observed on the curves in Fig. 2: In strong magnetic fields

the maxima of the absorptidn split and the lower the tem- wherem™ is the electron effective mass, aag is the effec-
. . . . tive Bohr radiugfor electrons in GaAsig=100 A). We note
perature, the lower the magnetic field intensity at which

L . that for all frequencies and vacuum gap widths employed in
splitting is observed. The maxima bfare equally spaced as the experiment, the value df, calculated according to Eq.
function of 1H and for large Landau numbers they corre- (10) from Ref ’10 ranged from 0.6 to 1.4, so that the two
spond, with respect to the magnetic field, to the minima ofarms in the denominator of EqL) satisfy the relation

dc . ; ; dc
o4 (H); for higher fieldsH, wheno,, becomes small at the

minima of the oscillations €107 Q1) the absorption DE< 27T<Tf 3
maxima split in two and the conductivity minimu¢and also v veg !
the center of the Hall plateaeorresponds to an absorption

. (which reduces to the inequality<2f, /ag), and it is natu-
minimum. X -
ral to use below the formula for the absorption coefficient

We also measured the absorption of SAWs in a m"’u‘:]net'%eglecting the diffusion term. If expressiéh is rewritten in

field oriented parallel to the surface of the sample. In this[he “symmetric” form, settingo equal too,,—the conduc-

. . . 1 XX
geometry the SAW absorption oscillations were not ob- i of a4 2DEG in a magnetic field and assuming the dis-
served. This confirms the two-dimensional character of th@;nce from the channel with the 2DEG to the surface of the
absorption oscillations which we observed in a transversgample equals Gwhich corresponds to the experimental

magnetic field. structure, thenT in dB/cm is given by
An interesting feature of the absorption of SAWSs in

strong magnetic fields is the inequality, observed for small ' =34.72K?)k exp(—2ka)(s1+ o) ess5b(k,a)
filing numbers, in the amplitudes of the SAW absorption
maxima in the presence of splitting. In Ref. 5 this fact was
attributed to the inhomogeneity of the experimental samples.
We performed a very large number of measurements on sewheres ;=51 (Ref. 10, e,=12, andey=1 are the permit-
eral GaAs/AlGaAs differently positionedwith different tivities of LiINbO;, GaAs, and of the vacuum gap between
vacuum gaps samples, and we observed both a differentthe sample and LiNb©respectively;

asymmetry of the peaks and the same height of the peaks on _

the same sample; this is illustrated in Fig. 2. It is not yet clear b(k,a)={lc—t exp(—2ka)][c+m—t exp—2ka)
what causes this effect. —p exp(—2ka)]} 1,

(Ao legv)r(k,a)
T @mogle)r(ka) 2’

4
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0= up to values ofH for which o,,(H) reaches its minimum
value. As the magnetic field increases furtheg, again in-
creases, the changes Ihoccur in the reverse order. As a

o result, a second maximum appears in the dependence
E 20 I'(H). In weaker magnetic fields the quantity,(H) does
L not reach at the minima the values for which the equdlijy
=) holds. For this reason, splitting of the maximaltfH) does

not occur. As the temperature decreases, the oscillations of
o4 (H) become sharper and deeper, which is reflected in the
corresponding curves fdr(H) as a splitting of the maxima
with the larger numbers.

To calculate fronT" the dissipative conductivitglo,, it

i i
0 100 200 300 is necessary to know the gap widdhbetween the insulator

7, MHz and the experimental object. In our case the heterostructure is
pressed directly to the lithium niobate surface ands a
poorly controllable parameter, since it is determined by ir-
3 192 regularities of unknown amplitude on both surfaces. The ef-

FIG. 3. Theoretical value of the maximum absorptidy versus acoustic
wave frequencyf for different vacuum gap widtha (um): 1—0.3,2—0.6,

fective value ofa can be determined from acoustic measure-
ments by investigating the frequency dependence of the

c+m—texp —2ka) — pexp —2ka) maximum value of the absorption coefficiekit, . For the
r(k.a)= 2[c—texp(—2ka)] , same placement of the sample, i.e., for the same value of
but different SAW frequencies, we obtdisee Eqs(4) and
where c=(gq1teg)(estep), t=(e1—¢gp)(es—&p), ]
m=(e1+eg)(es—&0), andp=(e1—&o)(est&o)-
Let us now analyzé' as a function obr,y in accordance Ty(k) _ ﬁe—2a<k1—kz) b(a,ky) )
with Eq. (4). If the conductivity is high, then Fuks) ks b(a,ky) "
(Amoyylegy)r(k,a)>1 (5) The value ofa determined from this equation was found

to be 0.25-1um for different placements of the sample.
Knowing a, it is possible to determine from relatigd) and
(dmoylesv)r(k,a)<l, (6) the experimentally measured values Ibfthe conductivity
a5 and its dependence on the magnetic field. It was found
that this quantity, which was determined from the acoustic
measurements for different valuesain the range of mag-
(4moylesv)r(k,a)=1 (7)  netic fields corresponding to absorption coefficient minima

the functionT (H) possesses a maxinity, , and from Egs. (conductivity maximg, corresponds within 20% to the val-

d .
(4) and(7) it is obvious that the value df,, does not depend U€s 0fo (for the same values df) which were calculated
on the value ofr,,. The equality(7) in our case corresponds from the galvanomagnetic measurements of the dependences
to pxx(H) andp,,(H) in a direct current:

andI’~1/o,; if (for low conductivity

then the absorption coefficieht~ o,,. Therefore, it is obvi-
ous that for

Uxxr(k:a): v, dc(H) pxx(H) )

- 2 2"

since 4m/e~1 for GaAs. Let us now consider the depen- (o (DI LpadH)]
dence of the maximum absorption coefficidng, on the  This equality apparently meariby analogy with the three-
wave frequencyf, which follows from Eq(4) and which is  dimensional casethat in the indicated range of magnetic
shown in Fig. 3 for different values @. It is obvious from fields the static conductivity-2¢ is determined by carriers in
Fig. 3 that the dependendg,(f) has a maximum, and the delocalized states.
width of the vacuum gap increases with decreasing value of To analyze further the experimental SAW absorption
'y, SO that the maximum occurs at a lower frequency.  curves we employed the vacuum gapas a parameter,

If we now refer to Fig. 2, then on the basis of the fore- choosing it so that near the conductivity maxim{ would
going analysis of Eq4) it is possible to explain the splitting equalag)‘f. In this method of determination, the vacuum gap
of the maxima ofl” at low filling numbers. Indeed, near the a differs by no more than 20% from the gap calculated from
conductivity maxima, wherer,,=10"° Q! the condition Eq. (8).
(5) is satisfied and the absorption coefficidhtassumes its
minimum values. As the magnetic field increases, within the4
same Landau level the quantity,, starts to decrease rapidly,
and the coefficient” in accordance with Eq5) increases, Figure 4 shows the magnetic field dependences of the
until o, decreases to a value corresponding to condifon  dissipative conductivityray(H), which were obtained from
In this casel'(H) reaches its maximum valug,,. As oy,  the SAW absorption coefficient for different frequencies and
decreases further, the conditit®) is satisfied and the coef- gap widthsa, as well as the dependenuﬁg(H) near the
ficientI", correspondingly, also decreases. This occurs rightnaximum with filling numbew=nhc/2eH= 3.5, wheren is

. DISCUSSION

387 Semiconductors 31 (4), April 1997 Drichko et al. 387



pendence ot within the limits of the experimental error,
i.e., according to our dats=0. Therefore, a more adequate
model is the model of a large-scale fluctuation potential and
the assumption that for 2DEG a “mobility threshold” exists
4.2 in our samples. As a result, in the range of magnetic fields
where the Fermi level lies above the mobility threshigt
gion of maximumao,,), the electrons are delocalized and
4.0 o3%(H)=02%(H). As the magnetic field varies, the Fermi
level crosses the mobility threshold, causing a percolation-
type transition, in which the electrons are localized in the
random potential, forming so-called “lakes” with metallic-
type conductivity. In the latter case the static conductivity
mechanism becomes different from the rf conductivity
36 mechanism: The static conductivity is determined by the ac-
tivation transfer of electrons to the percolation level and the
rf conductivity, whose magnitude is larger than that of the
static conductivity, is determined by the conductivity in the
lakes(along closed orbits for free 2D electrons, determined
by the relief formed by fluctuations of the potential engrgy
This model is supported by the fact that in the range of
4.2 magnetic fields wheredS(H) = 025(H) the quantityp,, in-
creases abruptly at a transition between two quantum pla-
teaus(Fig. 4), which corresponds to the position of the Fermi
- 4'0 415 50'3-0 level in the region of delocalized stat¥s.
H,kQe It is very difficult to calculate the SAW absorption coef-
ficient of 2D electrons localized in a random potential. For
FIG. 4. ¢2¢ (solid ling) and o3¢ (symbol3 (1) versus the magnetic field this reason, we assume, by analogy with the three-
near the region of delocalized stat@s:-p,,(H). The symbols correspond dimensional caséthat for the two-dimensional conductivity
to frequencied (MHz) and vacuum gap widthes (in um): 3—213 and 0.3,  the formula forT", which describes SAW absorption in this
4—30 and 0.55—150 and 0.36—30 and 0.4/—90 and 1.2. case, will have the same structure as E4), but a factor
>, which depends on the magnetic field and temperature,

the Hall electron density. It should be noted that if the valug2PP€ars in this case in front of the fraction. For a three-

of a determined by the method described in the preceding'mens‘ion‘"II electron gas, the physical meaning of the coef-
section is substituted into E¢) and the value Offgi mea- icient 2(H) is that of a relative volume occupied by the

sured in a direct current is used fot,., then it is not pos- conducting “drops,” whereas in our cas@DEG) 2(H) is
sible to describe the entire experimental dependdH¢s). approximately proportional to the density of electrons which

It is obvious from Fig. 4 that the conductivities are equal@€ localized on the minima of the fluctuation potential
to each other in magnetic fields in the range 37—45 kOe, buf@ked and which realize in the lakes a conduction in the
as the magnetic field moves away from the maximum in€lectric field of the SAW. As a resullt,
differer(‘;t directions,_ they sepe_lrate, amff is always greater_ F=3S(H)[(d)), (10)
than o%5. In our view, the difference of the rf and static
conductivities describes the transition through the mobilitywhere lﬂ(ff%x) corresponds to expressidd) with oy, re-
threshold from free to localized electronic states and correplaced byo,,—the conductivity in the lakes. In the range of
spondingly to different mechanisms of conduction in staticfields H where the electrons are delocalized, the function
and rf electric fields. >2(H)=1and

To explain the experimental data on SAW absorption, 46 ) = 525 H
we assume that the Landau levels are smeared in space by Txx(H)=0(H),
the fluctuation potential which may not be small. Indeed, ingnd then the value af becomes less than 1. Therefore, to
the best GaAs/AlGaAs-type structures the mobility of thecalculates2S(H) in the entire range of magnetic fields, it is

. X
2DEG atT=4.2 K reaches values @f=10" cn?/(V-9), i.e.,  necessary to know the value Bfand its magnetic-field de-

it is two orders of magnitude greater than the mobility in thependence.

structure investigated by us. The simplest explanation for the  The following operation was performed to determine
difference ino3; and oS could be as follows: Far from the S (H): The ratio of the experimentally measured values of
maxima the conductivityo,, is of the character of hops T'(H) andI'(H,,,) Was determined near each maximum of
along localized states and should therefore increase with frer, . with respect to the magnetic field in the range of mag-
quencyf aso~f® (s=1)." However, as we shall show be- netic fields wherd ~ 1/o,,, assuming that near the perco-

low, this is at variance with the experimental conclusion thafagtion level o= ggg_ Then

in measurements of at different frequencies and calcula- i de

tions of ¢3¢ from them we did not observe a frequency de- ~ I'(H)/T'(Hmad = Z(H) 0yx(Hmad/ 04x(H), 1D

444

gI
+*
T

T

laay.,kﬂ

a4
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FIG. 5. = versus|A v|— absolute value of the change in the filling factor
v, measured fromy=3.5. The symbols correspond to frequendig8iHz)
and vacuum gap widtha (in um): 1—213 and 0.32—30 and 0.53—150

a1
O04F *2
o3
o4
21 3

14v1

and 0.3,4—30 and 0.45—90 and 1.2.

sincel'(H . is determined according to E€4). As indi-
cated above, the ratio?S(H ./ o2S(H) is calculated from
the componentp,,(H) andp,,(H) of the resistivity tensor
which are measured for this sample.

quantity Iy, (see Fig. 2 This method did not require a
knowledge ofo,y, since we obtain from Eqs4), (7), and

I I 1 1
0 a1 02 03 04 045

Another method to obtaiR was to determine it from the

(10) the expression

I'=3(H)17.36K%k exp(—2ka)(e,+&0)ee3b(k,a).

389

10

1

12

The dependence of the functiah which is determined
by the methods described above,|dnv| at T=4.2 K in the
magnetic field range corresponding to filling numbefsom
3 to 4, whereA v is measured fromy=23.5, is shown in Fig.
5. It should be noted that the points on the plot were obtained
from the values of the absorption coefficient for different
SAW frequencies and different values af The value of
> depends on the temperature and is a subject of our further
investigations. The solid line in Fig. 5 was estimated by eye
and extrapolated to the regidnw=0.5, so that it was impos-
sible to calculate the value OE near the conductivity
minima because of the lack of accurate data on the value of
the static conductivity in the limit-2¢—0.

Knowing the vacuum gap and the functi@(H), the
value of Z(H) could be determined according to Edg)
and (10) from the experimental values @f. The results of
such calculations are presented in Fig. 6 Ter4.2 K. The
different points correspond to curves obtained at different
frequencies and with different vacuum gaps. The solid line
represents the functio:m)‘f;(H). As one can see from Fig. 6,
for large Landau numbers2S(H)=o9S(H), just as in the
weaker magnetic fields, but only near the conductivity
maxima. In the regions of the magnetic field where
0%°-0, however, the values af’ and o2¢ diverge, and
o2 is always greater thamS, as should be the case on the
basis of the model proposed above. The equality
o2%(H)=a%%(H) for high Landau-level numbers is attribut-
able to the fact that the mobility thresholdsTat 4.2 K for
neighboring levels are smeared in energy and overlap, so that
the condition for carrier localization is not achieved in weak

1 3

170

20

40 50

H,kOe

FIG. 6. agg (solid line) and o35 (symbols versus the magnetic field. The different symbols have the same meaning as in Fig. 5.
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magnetic fields, even when the chemical potential falls bege-mail: pta@nano.ioffe.rssi.ru
tween the Landau levels. e-mail: sus@frost.shuv.ioffe.rssi.ru
Sincecosy is calculated frond™ after a rather complicated
procedure of analysis of the experimental data, we estimate
the error inog; to be of the order of 40%. To this accuracy,
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field for small filling numbers, i.e., in localized states, does 'D. G. Polyakov and B. I. Shklovskii, Phys. Rev.4B, 11 167(1993.

. . 2 e . ;

not depend on the sound frequeri@nd in our experiments Yu. M. Gal perin, E. M. Gershenzon, I. L. Drichko, and L. B. !_ltvak-
. Gorskaya, Fiz. Tekh. Poluprovod@4, 3 (1990 [Sov. Phys. Semicond.

the frequency varied by a factor o§.7 24, 1 (1990]

It should be noted that our results are at variance With3Yu’. M. Gal'perin, I. L. Drichko, and L. B. Litvak-Gorskaya, Fiz. Tverd.

the data of Ref. 12, where?¢ was studied in the Corbino  Tela (Leningrad 30, 3118 (1988 [Sov. Phys. Solid Stat@0, 1792

disk geometry in the frequency range 50-600 MHz. The (1988]; B. A. Aronzon and I. L. Drichko, Fiz. Tekh. Poluprovod,

authors found that3¢ does not equal tarlS either at the —,1446(1992 [Sov. Phys. Semicon@6, 811(1992)].

maxima or at the minima of the oscillations @f,(H) when g' Schenstrom, Y. J. Quan, M. . Xu, H. P. Baum, M. Levy, and B. K.
- . arma, Solid State Commu@5, 739 (1988.

the filling numbersy are small. They explained the observed s, Wixforth, J. P. Kotthaus, and G. Weimann, Phys. Rev. L6}.2104

frequency dependence of, in terms of the theory givenin  (1986; A. Wixforth, J. Scriba, M. Wassermeier, J. P. Kotthaus,

Ref. 13. G. Weiman, and W. Schlapp, Phys. Ré0, 7874(1989.
Sv. W. Rampton, K. McEnaney, A. G. Kozorezov, P. J. A. Carter, C. D.
5. CONCLUSIONS \(/;/glggson, M. Henin, and O. H. Hughes, Semicond, Sci. Techr647

The magnetic field and frequency dependences of théeR. Boulet, P. Coleridje, F. Guillon, M. D'lorio, and A. Sachrajda, Can. J.
high-frequency conductivity of the 2DEG in the heterostruc- Sgh{s-\?ﬁil“t‘?l'\(ﬂl?% | R R Ruel KW, West. L. N. Pleifer. and
ture GaAs/Ab G 75As (in the region 30-210 MHzwere [ Bilsr?op; Phys ;aesnigt‘ﬁéll.z&géq- -vest, L. . Flettier, an
calculated and analy_ZEd- |.t was shown that the eXperim_emadl. L. Drichko, A. M. D’ya.konov,‘ V. D. Kagén, A. M. Kreshchuk, G. D.
results can be explained if it is assumed that there exists akipshidze, T. A. Polyanskaya, . G. Savel'ev, I. Yu. Smirnov, A. V. Sus-
fluctuation potential in which carrier localization occurs. The lov, and A. Ya. Shik, Fiz. Tekh. Poluprovod®9, 1306(1995 [Semicon-

character of the SAW absorption in the presence of an interl-oducmfsz"' 677(1995]. ,
action with localized carriers is discussed V. D. Kagan, Fiz. Tekh. Poluprovodi®1, 478 (1997 [Semiconductors
> ' 31, 407(1997)].
We thank Yu. M. Gal perin, V. D. Kagan* and A. Ya. 11E. I. Rashba and V. B. Timofeev, Fiz. Tekh. Poluprovo2®.977 (1986

Shik for helpful discussions and G. O. Andrianov for assist- [sov. Phys. Semicon®0, 617 (1986].

ing in the work. 12 E. Batov, A. V. Polisski, M. L. Reznikov, and V. I. Tal'yanskii, Solid
This work was supported by the Russian Fund for Fun- State Commun76, 25(1990. | ,

damental Research Grants Nos. 95-02-0466a and 95-02.5: Y- Apenko and Yu. E. Lozovik, Zh.Ksp. Teor. Fiz89, 573(1985

04042a as well as INTAS Grants Nos. 93-1403, 93-1403- 50" Pys- JETRZ 328(1985].

EXT, and 95-IN/RU-553. Translated by M. E. Alferieff

390 Semiconductors 31 (4), April 1997 Drichko et al. 390



Spin relaxation and weak localization of two-dimensional electrons in asymmetric
quantum wells

A. M. Kreshchuk, S. V. Novikov, T. A. Polyanskaya, and I. G. Savel'ev?

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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The anomalous alternating-sign magnetoresistance in a two-dimensional electron gas on an

Ing 548G &y 47AS/INP heterostructure was investigated experimentally at liquid-helium temperatures in
a wide range of electron densities, including the case of two filled quantum-well subbands.

The data obtained are analyzed in terms of a theory that takes into account terms in the spin
splitting of the electron spectrum which are cubic and linear in the wave vector. The

linear term is related to the asymmetry of the quantum well, i.e., the presence of an electric field
at the heterojunction. It is shown that the new theoretical model describes the experiment better.
© 1997 American Institute of Physid$S1063-782807)01604-9

1. INTRODUCTION quantization of the energy spectrum is observed.
The appearance of spin-orbit scattering in weak localiza-

The theory of weak electron localization due to the in-tion effects in quasi-two-dimensional conductors has been
terference of the electron wave functions as the electronstudied in detail experimentally for the example of metal
diffuse along a closed trajectory was developed in the beginfilms® with thickness less thah,. It was shown that the
ning of the 1980s(Refs. 1-3. This theory explained the main spin scattering mechanism in these films is scattering
anomalous behavior of the negative magnetoresistance. Thisy impurity nuclei(Elliot—Yafet) (EY) effect’ However, it
effect has long been observed in substances with metal-tygellows from the theory of Ref. 4 that for this mechanism
conductivity in weak magnetic fields at low temperatures,scattering in a direction normal to the conducting layer is
when the classicalLorentzian magnetoresistance equals important. Therefore, the EY mechanism should not appear
zero(when the conditiok T<eg, is satisfied; hereg is the  in two-dimensional structures with one filled quantum-well
Fermi energyw.,<1, o, is the cyclotron frequency, andl  subband. Size quantization is never observed in metal films
is the momentum relaxation timet was also shown thél  because of the very short electron wavelength and it is quite
that because of the different behavior of triplet and singletasily achieved in semiconductor heterostructures with quan-
terms of the interference wave function of the electrons, theum wells. Indeed, the alternating-sign magnetoresistance in
specific experimental manifestation of this effect depends oheterostructures with a two-dimensional electron gas
the ratio of the characteristic times: the relaxation timeof ~ (2DEG) was observed for a long time, only in structures with
the phase of the electron wave function as a result of inelagwo® or a large number of filled quantum-well subbards,
tic or quasielastic collisions and the spin relaxation time duevhere scattering in a direction normal to the surface is pos-
to the spin-orbit interaction. If the spin relaxation is very sible. However, experimental studies where the magnetore-
rapid 7s<7,, then the anomalous magnetoresistance besistance in very weak magnetic fields was investigated in
comes positive, as is observed in experiments on degeneraBaAs-based heterostructures with 2DEG and an alternating-
p-type semiconductors, where the spin relaxation rate isign MR was observed in structures with one filled quantum-
nearly equal to the elastic scattering rate and is much greatevell subband have appeared in recent yéatiThe authors
than 1f,. In the casers<7, the theory predicts an interpreted this behavior as a manifestation of a spin scatter-
alternating-sign magnetoresistan¢®R), i.e., in a weak ing mechanism associated with spin splitting of the elec-
magnetic fieldB the singlet term predominates and a positivetronic spectrum because of the absence of an inversion center
MR is observed; a8 increases, the MR becomes negative,in the crystals—the D’'yakonov—Perel’ mechanis(bP
since the contribution of the singlet term to the MR saturatesnechanism In Ref. 10 a volume Hamiltonian was used for
and the triplet term comes into play. the DP mechanism that took into account only the term pro-

The dimension of the conductor from the standpoint ofportional to the cube of the electron wave vector. The theory
the weak localization effect is determined by the ratio of theof Ref. 12, however, attests to the fact that in the two-
dimensions of the conductor and the electron diffusiondimensional case, in addition to the cubic term, it is also
lengthl ,= yD 7, during the loss of phase coherence of thenecessary to include terms which are linear in the wave vec-
electron wave functiond is the diffusion coefficient If the  tor and are related to either the absence of an inversion cen-
film thickness is less thah, but the carrier density of states ter of the crystalDresselhaus mechanigthor the asymme-
is three-dimensional, then the conductivity of the film is saidtry of the quantum well, i.e., the presence of an electric field
to be quasi-two-dimensional. In contrast to quasi-two-at the heteroboundarRashba mechanisth. The contribu-
dimensional structures, we shall call structures two-tion of these terms to the spin relaxation time of two-
dimensional if the thickness of the conducting layer is com-dimensional electrons was taken into account in Ref. 12 in an
parable to the electron wavelength and in which size-analysis of spin-orbit scattering. However, a further theoret-
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ical analysi$® showed that the contribution of these three K3
terms is not additive and that the expression obtained in Ref. 3= Y- 2
4 for the magnetoresistance must be modified in order to
make the linear terms comparable to the cubic terms. AHowever, in a Ill-V based quantum well, size quantization
present, there exists only one experimental sttidere the leads to the appearance of a term that is linear in the wave
experiment is analyzed in terms of this theory and it is showrvector (Dresselhaus mechanigih
that the linear terms play a large role in AlGaAs/ 1
Ing.15Gap gAS/GaAs heterostructures in the density range (), = yk((k?)— _k2), 3
(1—1.8)x 10*2 cm 2. 4

In the present paper we investigate the alternating-sigivhere(k?) is the mean-square value of the component of the
magnetoresistance in a 2DEG in g {§Ga 4As layer atthe  \ave vector in a direction perpendicular to the plane. Fur-
heteroboundary in selectively dopech iG& 47AS/INP and  thermore, in an asymmetric quantum well an additional term,

INAIAS/INg 58G& 47AS/INP heterostructures. Preliminary in- hich was proposed by RasHBand which is linear in the
vestigations of these structures in strong magnetic fiélds gjectron wave vector

have shown that different spin effects are more pronounced
in them than in GaAs-based heterostructures. This made it 21r=aFk (4)

possible to investigate the effect of an alternating-sign magrr is the electric field at the heterojunctjoappears in the
netoresistance and spin-orbit scattering in a wider range qfi;miltoniant The coefficientsy and y are constants char-

- - - g l .
two-dimensional carrier densities from 1.8<10" to acterizing the energy spectrum of a specific semiconductor.

2 a2 ; i
210" cm ™2 and to determine the effect of the filling of @ These three terms appear additively in the expression for
second quantum-well subband on the spin-orbit scattering Qfalculating the spin relaxation rate

two-dimensional carriers.
1
—=2(0fr+0Qfgm+037y), (5)
S

2. THEORY OF ANOMALOUS MAGNETORESISTANCE IN where
THE PRESENCE OF SPIN-ORBIT SCATTERING

1
Negative magnetoresistance in weak magnetic fields is T—:f W(6)(1—cosn#)dd, n=1,3.

due to the suppression of the interference of the wave func- "
tions of electrons moving on closed trajectories in oppositdiere 7,= 7 is the transport electron momentum relaxation
directions or, in other words, the suppression of weak carrietime, andW(#6) is the probability of scattering by an angle
localization, i.e., the action of a magnetic field reduces tof.
destroying the coherence of the electron wave functions and However, if the spin-splitting Hamiltonian contains
is observed when the magnetic |engm:(hc/eB)1/2 be- terms which are linear itk, it is necessary to take into ac-
comes less than the spatial coherence lemgtand, in the count the correlation between the motions of electrons in the
case of scattering with spin flip, less than the spin coherenceoordinate and spin spaces. In this case, as shown in Ref. 15,
lengthl = \/D_Ts An expression for the quantum corrections the contribution of the terms which are linear and cubic in
to the conductivity in the two-dimensional case was obtainedhe wave vectok is not additive. Additionally, it was dem-
in Ref. 4 and can be represented in the form onstrated in Ref. 12 that the contributions of the Rashba and

Dresselhaus terms are also not additive, and the magnetocon-

Ao(B) v 1 Hy - 1 H. HA1 ductivity is determined not by their sum but rather by their
G, 2t tYT H_ n _¢+_S>_ difference. An analytic expression for the magnetoconductiv-
2 B B2 ity in the case where the cubic term is comparable to one of
1 H, 1 H, 2H the linear terms and the linear terms differ markedly in mag-
V| =+ —— |-V =+— S nitude was obtained in Ref. 15 in the form
\If2+B) \P(2+B+B”’ (1)
Aoc(B) 1 2ap+1+ H,/B . -
Ac(0) | (HetHs) 1 (Hy+2H, 1@ Go @ a@ot Hy/B)—2H4/B &
Gy Hir 2 H, '
_ _ _ _ _ 3 3a2+2a,H/B—1-2(2n+1)H/B
vyhere ¥ (x) is the digamma functionB is the magnetic X ﬁ_(an+HS/B)an,lan+1—2[(2n+1)an—1]H31/B
field, and
H, H,
€  Hy I} H¢:£ H :E _2|an_q, >+5]-3C (6)

wherea,=n+1/2+ H,/B+ H,/B, andC is Euler's con-
As shown in Ref. 15, this expression is valid if the Hamil- stant. Expressiof6), in contrast to expressiofl), contains
tonian for the spin splitting of the conduction band containstwo characteristic magnetic fields, which are important for
only a term that is cubic in the component of the wave vectodescribing spin-orbit scattering. In addition lth,, which is
k in the plane of the heterojunction determined by the total spin relaxation timg[Eqg. (5)]
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FIG. 1. MagnetoresistancdR/R versus
magnetic field B for InP/InGaAs
h structures—sample S258) and InAlAs/
InGaAs structures—sample IPG8), mea-
sured at temperaturg, K: 1—1.86,2—2.5,
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) ) ) As preliminary investigations showéd,the main mecha-
Hs= 276D (217t Qir7i+ Q5373), (7)  nisms of elastic scattering in these structures are scattering

by the alloy potential and by the irregularities of the hetero-
we have an additional parametdt;, which is determined strycture.

by the largest term linear in the wave vector INP/Ing 5,Al g 4AS/INg 546G 4AS  heterostructures were
271ma>{9§ QiR} grown by molecular-beam epitaxy. Here the electron source
s1= 25eD (8 consisted of a doped §B,Al 4¢AS layer. The parameters of

the structures were changed by illuminating the sample
gradually by pulses from a GaAs light-emitting diode. The
measurements were performed with direct current on

Selectively doped heterostructures, in which the oDEcsamples in the form of a double Hall cross. The contacts to
was located in a square potential well in a layer of the solidhe samples were established by brazing indium droplets in
solution In, 546G 47As isoperiodic to InP, were used as the Vacuum at a temperature of 400 °C, which ensured that the
object for investigating the spin-orbit scattering in effectscontacts would be ohmic.
due to weak localization of two-dimensional carriers. Hetero-

tr res in which the layers of InP an I wer
tSheU(e:tlgc?rSon sour((::e tar(?d ?’Eethseosame 'fi‘mde)gg\bg?rﬁ? Ia)?ef WeflléHANALYSIS OF THE MAGNETIC FIELD DEPENDENCE OF
. E MAGNETORESISTANCE
used to increase the range of the parameter of the 2DEG.

Selectively doped InP/jx{Ga 4/AS heterostructures The experimental magnetic field dependences of the
were grown by liquid-phase epitaxy on semi-insulating InPmagnetic resistance  MRAR/R=[R(B)—R]/R (where
(100 substrates. The structures consisted of successive laj®(B) andR are the resistance, normalized to a square, of a
ers of ap-type InP buffer layer with hole densitgy<10'®  sample in the magnetic field and without a field, respec-
cm 3and thicknessd=1 um, a InP layer as a source of tively) in weak magnetic fields are shown in Fig. 1 for
electrons with donor density from 1o 2x 10 cm™3,and  samples with 2DEG densitps=2.6x10'* cm2 (a) and
an Iy 5§Ga, 4As layer containing the 2DEG and having pa- 2.1X 10> cm 2 (b) and in Fig. 2 for a sample with
rametersp<10Y° cm 2 andd=0.3 um.8 In the process of n¢=1.8x 10" cm2.
establishing thermal equilibrium in such a structure, elec- We see that the alternating-sign character of the magne-
trons from donors in the InP layer are transferred into theoresistance is observed in a wide range of 2DEG densities.
narrow-gap InGaAs layer. Here they are partially captured-or a structure with a low-density 2DEG, negative magne-
by acceptors in the layer, recharge the defects on the surfateresistance is observed in the entire experimental range of
of the InGaAs layer, and the remaining electrons end up inmmagnetic fields(Fig. 2, curvel). However, even for this
the potential well in the InGaAs layer at the heteroboundarystructure, the magnetic field dependence of the derivative
and form a 2DEG. Heterostructures with a wide range of9(AR/R)/d(B?) of the magnetoresistance with respect to the
two-dimensional carrier densities from 1x80" to  square magnetic field is a curve with a minimufig. 2,
7x 10" cm 2 and similiar mobilities in the range from curve?2), which also attests to an appreciable contribution of
2.5x8* to 3.5x10" cn?/(V-9), which attests to the very spin scattering for this sample. The magnetoconductivity was
small contribution of scattering by the long-range potentialdetermined from experiment on the basis of an expression
of ionized impurities to the electron momentum relaxationthat is valid in weak magnetic fields, where the components
time in the structures, were selected for the investigationsof the resistivity tensor satisfy the relatipn, < py,

3. SAMPLES AND EXPERIMENTAL PROCEDURE
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FIG. 2. MagnetoresistanceR/R versus magnetic fiel& for a InP/InGaAs
structure—sample C23(l) together with the derivative of this function -0.054
with respect to the squared magnetic fi€l at T=1.86 K.

-0.10 H=1.63G ]
H=1042G
Ao(B) _ [R(B)—R]. - H:1=5”G
Gy R(B)RG ? o 3
It is presented in the form of magnetic field dependences in ]
Fig. 3. An initial analysis of the experimental dependences .
Ao (B)/Gy was made in terms of the theory of Ref. 4, i.e., -0.20 ;| H-1e36 .
expression(1). It follows from this analysis that the dimen- © | H=5706
sionless magnetoconductivity at the minimum is determined
by the ratio of the characteristic magnetic fields, and 0.254 1
H. Therefore, describing the initial section of the experi- — e —
mental magnetic field dependence of the magnetoconductiv- 0 20 40 60 80 100
ity with the help of expressioifl) (Fig. 3, dashed curves B G

and making the experimental and computed values of
AclGq coincide at the minimum point, we determined the FIG. 3. Comparison of the experimental dependences of the normalized

di tO bl terd dH hi |11 h teri th magnetoconductivityl o/ G, versus magnetic field (symbols with the
a Jusg e pargme'e ¢ an s Whic C aracterize ,e computed curves obtained on the basis of expreggiofashed curvgsand
phase interruption time, of the wave function and the spin- expression6) (solid curves. The data are presented for two states of sample
orbit scattering timer. In the entire experimental range of C282: a—lnitial statéone quantum-well subband is fillgd—in the frozen
the parameters of the 2DEG, it was found that is photoconductivity regime(two subbands are filled with carrier density

. e . 4.45x< 10" cm™2 and 4.6< 10" cm2 in the first and second subband, re-

temperature-independent, ang is inversely proportional to spectively.
the temperaturésee Fig. 4, where the typical temperatures
dependences of the characteristic times are presergadh
a temperature dependencemf corresponds to the theoreti- tively, the dependence af, on the temperature and the pa-
cal dependence predicted for electron-electron scatteringameters of the 2DEG when only one quantum-well subband
with small momentum transfer, characteristic of slightly dis-is filled, i.e., it can be asserted that at low temperature the
ordered 2DEG in a so-called “dirty” conductdf.The ex-  main mechanism for the relaxation of the phase of the wave
perimental values of the coefficiet,=h/7,T for struc-  function of two-dimensional electrons at the InP/InGaAs het-
tures with one filled subband are plotted in the inset in Fig. 4erojunction is electron-electron scattering of the ty@ejust
as a function of the sample resistanRe The theoretical as in most two-dimensional conductors. The phenomena as-

curve calculated on the basis of the expression sociated with filling of the second subband will be discussed
in Sec. 6.
K(b:m:zﬂ-GORm 27TGoR> 9 To analyze the parameters characterizing the spin-orbit

scattering, we take into account the fact that expresgipn
for electron-electron scattering in a dirty two-dimensionalwas obtained for the case of a simplified Hamiltonian de-
semiconductdf is also presented thefeWe see that ex- scribing spin-orbit(SO) scattering. In addition, it is evident
pression(9) describes well, both qualitatively and quantita- from Fig. 3 that the curve calculated on the basis of this
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expression(Fig. 3, dashed curvedescribes quite well the n, 1012 cm2

experimental magnetic field dependence of the magnetocon- _ .
ductivity (the section after the minimumAll this indicates ~ F'C: 5- Comparison of the experimentaymbols and computedcurves

. . . . density dependences of the magnetic fields characterizing spin relaxation.
that a more complicated expressi®8), which takes into  tpe fijed symbols correspond to structures with one filled subband and the

account the Hamiltonian for SO scattering terms which arepen symbols correspond to structures with two filled subbands.
cubic and linear in the wave vector, must be used. We ac-

cordingly introduce the additional adjustable parameter ) . ) )
H.,, which is associated with the largest term which is linearParameters in describing our data with the help of expression

in the wave vector8). There is only one published stddy (6 only the quantitiess and Hg; which characterize SO
where the magnetoresistance of a 2DEG is analyzed on tr¥attering and to take for the quantitidg, the values found
basis of the simplified1) and completg6) theories of the ~Previously from expressioiil). Therefore, as one can see
suppression of weak localization by a magnetic field in thd™©m the data in Fig. 3, virtually the entire experimental
presence of SO scattering. It was found that the values dfUVeAa(B)/Go with a maximum can be described by con-
H, obtained in describing the experimental dependencelUOUS CUVES.

with the help of expressiond) and(6) are virtually identi-
cal. The good agreement of the quantities (see Fig. 4 5. ANALYSIS OF THE PARAMETERS CHARACTERIZING

which we found as adjustable parameters in comparing thgFIN-ORBIT SCATTERING OF TWO-DIMENSIONAL

experimental curves with the theoretical relatidn, attests ELECTRONS

to the validity of the values oH obtained by the method Figure 5 shows the concentration dependences of the
described above. This makes it possible to use as adjustabtbaracteristic magnetic fields, (Fig. 58 andHg; (Fig. 5b),
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which describe the SO scattering and are found as adjustabléere and below the magnetic fiettl is measured i, and
parameters in describing the experimental curveghe density is measured in ¢rh For the Rashba mechanism,
Ao (B)/G, with the aid of the help of theoretical relatié®)  which is associated with the asymmetry of the quantum well,
for all experimental samples. The filled symbols in Fig. 5using Eq.(10), we obtain
correspond to samples with one filled subband and the open 27402
. . m 1\4/ng+Ng
symbols correspond to samples with two filled subbands. In His=3710a2<_ (_> >
this section we analyze again only the data for samples with X 10

0
one filled subband. Analysis of these expressions shows that in the investigated
Comparing the results presented in Figs. 5a and 5b, it ifange of 2DEG densities for typical values=5x 10
easy to see that the parametéy, which characterizes the cm~2 H_; varies much less thaH;r. Whenng varies by
total spin relaxation time, and the parameltty;, which is  an order of magnituded ;o varies only by a factor of 2 and
associated Only with the term linear in the wave vector in thq-' SIR increases almost by two orders of magnitude_ One can
SO scattering Hamiltonian, grow rapidly with increasing see from Fig. 5b that the experimental valuesigf increase
2DEG density. Furthermore, the valuestdf; are close in  rapidly with increasing 2DEG density. Therefore, it can be
order of magnitude tdis. This shows that the linear term stated that the parameter,,; in the experimental structures
must be taken into account in describing the magnetocondugs determined by the Rashba mechanism, i.e., it is due to the
tivity. In accordance with expressid8), to analyze the con-  asymmetry of the quantum well and, correspondingly, the
centration dependence bif;, it is necessary to compare the condition Hy;p<Hg g holds. Describing the experimental
magnitudes of the two SO scattering terms which are lineagependence dfig;, on n; (the filled squares in Fig. 5lwith
in k and which are predicted by the Dresselhpaigoression  the help of expressich(13) and using the quantity (Fig.
(3)] and Rashbdexpression(4)] theories. We accordingly sh solid curvgé as an adjustable parameter, we find
take into account that in a degenerate electron gas electrops= (33+3) (A)~2,
with the Fermi energy and wave vectog= y2mns partici- Let us now analyze the second paramédgr which is
pate in conduction. Furthermore, we note that in the experiproportional to the total spin-orbit scattering rate. It follows
mental structures the two-dimensional electrons occupy aftom the theory thaH=H g+ Hgp+Hgsp , Where the pa-
asymmetric quantum well at one heterojunction. One wall OframeterHS3D is determined by the term cubic in the wave
this potential well is formed by the offset of the conduction yector in the Hamiltonian(2), which characterizes the SO
band at the heterojuntion and the second is formed by thecattering in a crystal without an inversion center. The ex-

built-in electric field, which is determined by the charge dis- pression for this parameter can be written in the form
tribution in the structure, specifically, the two-dimensional-

2

(13

2 2
carrier density and the intensity, of the charged residual H :0_283}/22 m ( Ns (14)
impurities in the 1 54Ga, 47/AS layer: s3D 71\ Mo 107
Since in our casélg p<Hg g, the parameters iklg, which
F=4me(ns+No)/x, (10 characterize the SO scattering mechanism associated with

the incomplete symmetry of the crystdhe adjustable pa-
wherey is the permittivity of the semiconductor. This makes rametery) and with the asymmetry of the quantum well
it possible to estimate the average vafik€) of the wave (adjustable parameter), can be distinguished from one an-
vector of the electrons moving in the direction perpendiculather. Indeed, the quantitids—Hg; in this case is deter-
to the heterojunction by using the wave function proposed bynined only by the parameters associated with the absence of

Fang and Howard for a square potential v&Il, an inversion center in the crystats—Hg=Hp+Hap -

In Fig. 5¢ the symbols represent the valueHaf-Hg; ob-

, 1 ) 11 , |7° tained by subtracting the experimental datati; (Fig. 5b
(kz)= 7| 48mem| No+ =ons x| (1D from the data foH; (Fig. 5a. The computed curve in Fig. 5¢

was obtained by describing the experimental data with the

wherem is the effective mass of the two-dimensional elec-2id 0f a sum of the theoretical expressiofi?) and (14)
trons. As a result, we find for the linear term due to theUSing the coefficienty as an adjustable parameter. In so do-

absence of an inversion center of the crygtiaé Dresselhaus N9, allowance was made for the fact that/ 7, ~1 for the
mechanism mechanisms of momentum dissipation, which predominate

in the structures investigated, both by a short-range potential
of the heterojunction irregularities and by the composition
) nonuniformities of the solid solution. The agreement in Fig.
Heyp=1.132¢ 10772<ﬂ) 0.0233 _50 between theory and experiment is obtalngd W|t_h the ad-
o justable parametey=160+10 eV- (A%). Knowing this pa-
11 213 2 rameter, it is possible to check additionally the assertion
No+ ﬁns made above thatl ;;p<Hgr. We shall calculate the density
dependence dfl;p on the basis of expressidf2) (Fig. 5b,
dashed curveand compare with the previously calculated
dependence fad 4, g (Fig. 5b, solid curvie One can see that
the conditionHg p<Hg g is indeed satisfied in the entire

X

! i 157x104—3
_“O o 1 5
(12)
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investigated range of 2DEG densities; this confirms our con- e —————
clusion that the Rashba mechanism, which is associated with %% Tl one subband
the asymmetry of the quantum well, plays a large role. The O two subbands
validity of our analysis is also confirmed by the good agree-
ment between the experimental valuesf (filled symbols
in Fig. 53 and the theoretical curve calculated as the sum of
expressiong12), (13), and (14) with the values obtained 204
above for the coefficienta and y (solid curve. \
The values of the coefficients andy are determined by '\
the ratio of the different parameters of the band structure of
the semiconductor. We were not able to find published esti-
mates of these parameters for g 4G, 4As layer isoperi- )
odic to InP. However, theoretical estimates of these param-¢» 1.5 \ ; o
eters for GaAs and InAs have been publish&G.omparing ~s ' ; ‘
these data with our results, it can be concluded that the co-I " : : ’
efficient characterizing the Rashba effectp=233 . k
(A)72, is in good agreement with the theoretical estimates; ‘\
i.e., it is greater than the theory for GaAs predicts and less i‘\ ,
than for InAs. However, the valug=160 eV (A)® which 1.0 . : .
characterizes the effects associated with the symmetry of the N :
crystal, is much greater than the values predicted for a three- | |
dimensional electron gas in GaAs and InAs. The reason for 1 .
this large discrepancy remains unknown at present.

PRy

6. SPIN-ORBIT SCATTERING IN THE WEAK LOCALIZATION 0.57 -————————— '
OF TWO-DIMENSIONAL ELECTRONS FILLING TWO 0.2 0.3 04 05 06 07
QUANTUM-WELL SUBBANDS

n, 1012 cm2

To clarify the role of the second quantum-well subband,

we mves.tlgate.ol the alternating-sign magnetoreSIStgnce- Fc. 6. Density dependence of the magnetic field characterizing the relax-
samples in which two quantum-well subbands are filled ination of the phase of the electron wave function for structures with one filled

the initial state, specifically, in a heterostructure grown bysubbandfilled symbols and two filled subbandépen symbols
molecular-beam epitaxy with 2DEG density,=2x 102

cm 2. Furthermore, Fig. 3 shows the curves of the magne-

toconductivity for sample S282 in the initial stateig. 3a It is easy to see that the appearance of carriers in the second
and in the frozen photoconductivity stafeig. 3b. Analysis  subband results in a rapid increase in the valud piFig. 6)

of the Shubnikov—de Haas oscillations shows that in the iniand a decrease in the quantities characterizing the spin-orbit
tial state of the sample the two-dimensional carriers fill onlyscattering, botiHg andHg, (Figs. 5a, and 5b

the first quantum-well subband and illumination with inter- The increase i1, accompanying the filling of the sec-
band light changes the state of the sample and results in trend quantum-well subband was previously observed in Si-
appearance of carriers in the second subband. Because of thiS structure’ and explained by the need to take into ac-
frozen photoconductivity, at low temperature this state of thecount the increase in the density of states and,
sample remains unchanged after the light is switched off dureorrespondingly, the decrease in the electron diffusion coef-
ing the experiment. Comparing the data in Figs. 3a and 3b, iticient accompanying the filling of the second subband. The
can be concluded that the appearance of carriers in the sesame conclusion was drawn in Ref. 25, where the problem of
ond subband decreases the so-called “autolocalization’the magnetoconductivity associated with suppression of the
minimum in the magnetoconductivity. This attests to the factweak localization of electrons that fill two subbands was
that, in contrast to the results obtained in Ref. 8, the filling ofsolved theoretically. The question of the values of the char-
the second subband decreases the influence of the spin-orhitteristic magnetic fields for SO scattering of electrons in

interaction on the localization effect. two subbands has still not been solved, either experimentally
The experimental curves of the magnetoconductivity foror theoretically.

structures with two filled subbands were analyzed in exactly If it is assumed, as done in Ref. 25, that when carriers
the same manner using the same expressions as descriteggpear in the second subband the characteristic relaxation
previously for the case where only one subband is fftled.times remain the same and only the diffusion coefficient
The result turned out to be the values of the characteristichanges, then the character of the variationHof as the
magnetic field$4,,, Hg, andHg,;, shown in Figs. 5 and 6 for subbands are filled should be the same as that of One
three samples in which filling of the second subband is obean see from Figs. 5 and 6 that in our case this is not so. We
served in the frozen photoconductivity regime. The arrowsbelieve that it is necessary to take into account the difference
mark the light-induced transition from the initial stdfiled in the diffusion coefficients of the electrons in the first and
symbolg to a frozen photoconductivity staepen symbols  second subbands and also the characteristic phase and spin
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relaxation times. Just as in Ref. 25, we propose performin§Here and below, the parametargm, = 0.041 andy=14 for the solid
the averaging with a weight equal to the density of states insolution In s{Ga ,As were used.

the first and second subbands. which is identical in the tWO‘PThis approach is valid for the case of strong intersubband scattering of the

dimensional case. This approach reduces to a simple ari,[h_carriers, which, as a rule, occurs in heterostructures with a two-

) . . ; dimensional electron gas.
metic averaging oH , andHg, which are proportional to the
relaxation rates of the phase and spin of electrons in the first
and second quantum-well subbands. Fgy we write

H =l( H(l)+ H(Z)) (15) 1E. Abrahams, P. W. Anderson, D. C. Licciardello, and T. V. Ramakrish-
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Hall effect on inertial electrons in semiconductors
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A new effect, which is attributable to the Lorentz force acting on electrons in a semiconductor
undergoing acceleration, is predicted. An expression is obtained for the Hall field and the

Hall voltage is estimated for a real two-dimensional heterostructure. Possible schemes for
intensifying the Hall field are analyzed for the example of two Hall elements, one of

which is a voltage generator and the other is a load.1997 American Institute of Physics.
[S1063-782@7)01704-3

The Tolman-Stewart experiment, in which a currentregarded as a voltage generator loaded on the Hall element
pulsej associated with the inertia of free electrons was obAl. In this case, the no-load regime, for which the condition
served, is well known. In the presence of inertial separatioiR(X;—X;)<R(T,—T,) must be satisfied, should be at-

of charges, an electric field of intensiyarises in a conduc-
tor. If such a conductor is placed in a magnetic fiBldthen
it can be expected that a voltage, similar to the Hall effect

the inertial electrons.
A currentj, and fieldg, given by

. mdy, !

=0 5 G (1)
m dvy

SirarTe 2

appear in a conductor moving with acceleratidm, /dt,
whereo=eny is the conductivity, ang. is the mobility? In
a magnetic field=(0,0B,) a fieldE,=(1/ne)j,B, or

E:T B% (3)
AT,

is excited. The latter to

E,=E,uBz.

expression is equivalent

will appear as a result of the action of the Lorentz force on

tained. HereR is the resistance between the corresponding
contacts. In this case the field

EP=(EM+E!M)uB, (4
is excited in the Hall element |Il. Substituting
EM=E{"uB,, we obtain

EP=(1+uB,)uBEY. (5)

It is evidently difficult to observe the effect directly. It is
more realistic to perform experiments by vibrating the
sample in a magnetic field. The useful sigiglcan then be
separated from the interferen according to the qua-
dratic dependence on the vibrational frequencythe inter-
ference is proportional to the first power of the vibrational
frequency.

Indeed, for a given geometry of the experiméste Fig.

1) in a magnetic fieldB=(0, 0,B,) with the coordinatex
varying Xx=Xycoswt, where w is the frequency of driving
oscillator loaded on a piezoelectric element, aqdis the
vibrational amplitude of the element, we have from the rela-

The best object for observing this effect experimentallytion 3

are two-dimensional electrons in the
n-Al,Ga,_,As/GaAs. In a X1-cm sample withu=10*
cn?/(V-s) in a 1-T field a signaV,=6x10 ' V can be
expected fordv, /dt=10 m/$. This is easily accessible to
modern measurement techniques.

Let us consider one possibility for intensifying the effect
for the example of two Hall elements, one of whigdh is a
Hall-field generator and the othéll) is the load. Figure 1
shows a diagram of the connections of the Hall elements
and Il.

We have established that in a magnetic fiBld(whose
direction in the figure is indicated by the sym®) a cur-
rentj (", field S, and Hall fieldE(™, which are given by
expressiong1)—(3), are excited in the first Hall element |
with the potential(Hall) contactsX; — X, closed on the cur-
rent contactsT,—T, of the Hall element Il. In the latter
element, in addition to the primary field{?)=E(") deter-
mined by expressiof2), we have the fielE{" as well, so
that the resulting field has two components
EP=eM+EM. This is possible if the Hall element | is
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FIG. 1. Schematic diagram consisting of two elements | and Il for intensi-
fying the Hall field. The symbot> indicates the direction of the magnetic
field B,; the arrows indicate the direction of the acceleratiby /dt, the
Hall fields E{" andE{, and the current densitigé” and .
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3 ) driving oscillator. It is important to note that the mass ap-
Zy=g MBdyo ™xcoswt, (6)  pearing in expressiond)—(3) is the free-electron magsee
Ref. 2); the mobility ., however, is determined by the effec-
where |, is the distance between the Hall contactstive mass.

(Xy=Xy) of the sample, i.e£y=E,l,. The parasitic inter- This work was supported by the program "Physics of
fe.renceeff;‘ arnsing in the corlnect|ng wires In af?COfdancesolid-state nanostructures” of the Ministry of Science and
with Faraday’s law is determined by the expression Technology of the Russian Federation, Project 2-016/2.

&y =—B,lj wxgsin wt, (7)

% . . .
Where'>’_ is the effectlve. Ieng.th o,f the wires connecting th,e L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Media
sample into the measuring cw_cwt._Therefore_, the Usefu_l SI9- translation of 1st edition, Pergamon Press, N. Y., 19BQssian orig.,
nal £, possesses features which distinguish it from the inter- Nauka, Moscow(1982, p. 309.

w?, while /§~w At the same time/, varies in-phase, 18, 161(2975)
overtime, andg;‘ varies out of phase with the voltage of the Translated by M. E. Alferieff
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Modeling of mass transfer under conditions of local gas-phase epitaxy through a mask

L. B. Proékt, M. A. Kaliteevskil, V. B. Kantor, D. A. PiotrovskiT,
M. A. Sinitsyn, and B. S. Yavich

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted May 29, 1996; accepted for publication September 16,) 1996
Fiz. Tekh. Poluprovodr1, 470—474(April 1997)

The diffusion mass transfer of reagents under the conditions of local gas-phase epitaxy through a
mask has been studied by the method of numerical modeling. The possible effect of

adsorption of reagents on the surface of the mask and their surface diffusion on the local growth
rate is studied. The computational results are compared with published experimental data.

© 1997 American Institute of PhysidsS1063-782@07)01804-§

1. INTRODUCTION case of GaAs obtained by the GPE method this component is
. - . _ trimethyl gallium.
An (-_szectwe method_ for obtaining different s_em|conduc- Let b be the thickness of the stationary boundary layer.
tﬁr de;]/lce S““pf_tgfﬁ 'Sd Ioclal gas-ph?si elp'mfy;PE) The separation into a freely moving gas and a stationary
through a mask. e development of the local epitaxy boundary layer is somewhat arbitrary, since the velocity of

technilqﬁg .makes .it p?(sGsibIe to dalprl)=|>yb nEV\é approacges iﬂwe gas flow at the surface of a solid body varies continu-
monolithic integration of GaAs and InP based semicon uCt%usly with increasing distance from the surface of the sblid.

devices. The modern |evel of development of this teChnOIOgyI'here arises in this connection the question of what to take

makes_ .it possible to impleme_:nt growth regimes in WhiChas the thickness of the boundary layer in performing the

deposition of ths grown material on the surface of the mas‘fnodeling. This difficulty can be overcome as follows. As

doels not OCChU%' . h vill be shown below, if the thickness of the boundary layer
N gas-phase epitaxy the process parameters are ordi . greater than the spatial period of the structure, then

”f"‘”'y. chosen so that the growth rate would be Iimited- bythe computed growth rate does not depend on the thickness
diffusion mass transfer of one component through the diffu- f the boundary layer. The real planar dimensions of the

sion boundary layer to the surface of the substrate. In sucgrown elements(several or tens of microR§ are much
regimes the concentration of the limiting component on thesmaller than the thickness of the gas layer in which the dif-

fdsion mass transfer predominates over convective transfer
(see Appendix

We note that the mean-free path lengths of the molecules

thaf‘ the grpwth rate on the open surface of the_subs_trate h GPE processes are much shorter than the characteristic
ordinary epitaxy performed under the same condifi§risis dimensions of the figure of the masfor example, under

believed that this increase is due to the increase in the magg. -1 conditions the mean-free path length is of the order
transfer through the gas phase and an additional flow of ress 1 nm); this makes it possible to use a continuous medium
agents over the surface of the mask. Mass transfer duringS a model

local epitaxy has been modeled bef6rébut in the calcula- The distribution of the reagent concentration in the
tions the authors neglected the distortion of the concentratiO{hiCkness of the boundary layéFig. 1b is described by the

field of the limiting component in the d|ﬁgS|on bogndary solution of the two-dimensional Laplace equation
layer near the open surface. In general, this made it impos-

sible to make a correct quantitative comparison of the con- §°C  4°C
tributions of volume and surface mass transfers to the in- 2+ ?:0- @)
crease in the growth rate.

Our objective was to study theoretically the effect of aAs a result of the periodicity of the structure along thaxis,
mask on the growth rate of epitaxial layers during LGPEthe following boundary conditions for the concentration can
with allowance of the surface diffusion along the mask and?e imposed on the basis of symmetry considerations:
disregarding it. JC JC

x| _, X

can be regarded as stationdsge Appendix
It is well known that the growth rate in LGPE is higher

=0. 2

x=1

2. BASIC EQUATIONS We assume that the concentration at the boundary of the

Let the mask consist of a periodiperiod of the struc- boundary Iayer equals the con_centrat'@@ of the limiting
ture 2) system of strips of width & (Fig. 19. component in the vapor-gas mixture:

We assume that the growth rate is determined by the Cl,_,=C &)
diffusion mass transfer of one componéftdr example, tri- z-b o
methyl gallium), whose concentration in the thickness of the We also assume that the concentration at the open surface of
boundary layer we denote b$(x,z). For example, in the the substrate equals(De., the rate of adsorption and decom-
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where the ternD® 9C/ gz describes the diffusion flux from
the boundary layer on the surface of the maBkY  is the
volume diffusion coefficient

We take into account the finit@ifferent from 1 prob-
ability of passage of a reagent particle through the mask-
substrate boundary:

&(:suﬁ

- gCS“ﬁ . ©)

Here the coefficient is proportional to the probability of
passage of a reagent particle through the mask-open surface
boundary. If all molecules reaching the interface cross over
to the open surface of the substrate, then the boundary con-
b dition at the mask-substrate interface can be written in the
form

Csuri =0. (7)

Substituting expressio@) into Eqg. (5), we obtain
ac_
iz 0 dC

9*C
ac=0 9z B

z=0 x>
0<x<a 0<x<a
whereD = kd*""DbUk,
ac_ The relative growth rat&, (i.e., the ratio of the growth
on the mask substrate to the growth rate on the unmasked
substrate with other parameters being ejisabiven by

, ®

| Jo(9C192)|,—pdx
mask =0 | = Re=12 /b : C)

~N
a  |open surface We see that the relative growth refgy depends on the
design of the structurghe parametera andl), the thickness
b of the boundary layer, and the parametgrandD char-
€acterizing the surface diffusiofwe note that these param-
eters all have the dimension of lengtifo analyze the re-
sults, it is convenient to switch to the dimensionless
parameters3, v, andA, after normalizingb, g, andD to
position of the limiting component on the open surface ishalf the planar periodl of the structure and after introducing
quite high. We further assume that the reagents which havehe filling factorF, which characterizes the relative fraction
reached the open surface become uniformly distributed alongf the open surface:

it.
Fo=(1—a)/l, B=bl/l, y=g/l, A=DII.

FIG. 1. a—Schematic diagram of the structure; b—diagram of the structur
formulation of the problem, boundary conditions.

We now consider mass transfer along the surface of the
mask. We assume that the limiting reagent can be adsorbed
on the surface of the mask without the formation of nucle-3. RESULTS AND DISCUSSION

ation centers, and its surface concentration can be taken as .
The dependences of the relative growth rate on the

CsUf=kC, 4 boundary layer thicknes8 are shown in Fig. 2 for different
filling factors F, and parameters characterizing the surface
whereCs" is the surface concentration, akds the coeffi- diffusion. One can see that in all cases this is a saturating
cient of proportionality. dependence, and the _saturatior_1 is reached _vvhen the thickness
The motion of reagents along the surface of the maslef the bo.undary. layer is approximately ten times greater than
can be described by the diffusion equation, taking into acthe spatial period of the structure. In the case where the
count the possibility of mass transfer between the volumdhickness of the boundary layer is much greater than the

and surface: spatial period of the structure, the relative growth rate does
not depend on the parametg@r This case is important for
JC g2csurt practical applications, and in what follows we shall investi-
Db”'kE o surt w2 | -0’ 5 gate the behavior of the growth rate only for large values

0<x<a 0<x<a of B.
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FIG. 2. Relative growth rat®, versus relative thickness of the boundary
layer for the following values of the parametefs—F,=0.55, A=2.0,
v=1.0; 2—F;=0.36,A=2.0, y=1.0; 3—F,=0.18,A=2.0, y=1.0; 4—
Fy=0.55, A=0, y=0; 5—F;=0.36, A=0, y=0; 6—F,=0.18, A=0,
v=0.
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FIG. 4. Relative growth rateR; versus the parametey with relative
boundary-layer thicknesg=100 and the following values of the param-
eters:1—F;=0.55, A=2.0; 2—F,=0.36,A=0.3; 3—F;=0.36, A=2.0;
4—F,=0.18,A=0.3; 5—F;=0.18,A=2.0.

Figure 3 shows the curves of the relative growth rateparametery, which characterizes the probability that a par-
Ry versus the parameter characterizing the surface diffusiorticle absorbed on the surface passes through the mask—open
The dependence has, naturally, a saturating form. The satsurface boundary. The value=0 corresponds to closing of
ration corresponds to the case in which the surface magbe mass transfer channel along the surface of the mask.
transfer is so efficient that the volume concentration at thd.arge values of the parametgrcorrespond to the absence of

surface of the mask approaches zero.
Figure 4 shows the relative growth rag versus the

45+
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FIG. 3. Relative growth rat®, versus the relative surface diffusion coef-
ficient A for relative boundary layer thicknegd=100 and the following
values of the parameterd—F,=0.5, y=0.1; 2—F;=0.5, y=1; 3—
Fy=0.25, y=0.1; 4—F,=0.25, y=1.
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any barrier for particles diffusing along the mask at the
boundary of the mask, and for this reason this dependence
also has a saturating form. Saturation is reached fgreater
than 0.1.

In conclusion, we shall study the dependence of the rela-
tive growth rateR, on the ratio of the dimensions of the
mask and open surface. This growth rate can be set arbi-
trarily and controlled accurately in an experiment. Figure 5
shows the results of our calculations and the experimental
data from Ref. 5. Curv4 is the computational result when
there is no surface diffusion, cun&is the computational
result in the case of efficient surface diffusidtis curve
practically reproduces the hyberbola3), and curve2 is
the computational result for an intermediate case. We see
that the smaller the filling factoF,, the more rapidly the
surface diffusion increases the growth rate.

Comparing the experimental results from RefcBcles
with the computational data it can be concluded that in the
system studied in Ref. 5 surface diffusion was apparently not
important, since the experimentally determined values of the
relative growth rate do not exceed the valuesRgfcalcu-
lated for the case of zero surface mass transfer. It should be
noted that in Ref. 5 it is asserted that the increase in the
relative growth rateR, is due mainly to the additional mass
transfer of the limiting component along the mask, although
the authors do not support this assertion with any calcula-
tions.
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TABLE I.

50
Pressure in the react®, atm 1 0.1 0.02
45 Volume diffusion coefficienD® X, c/s 3 30 150
Gas flow velocityU,, cm/s 10 100 500
Viscosity, cnt/s 0.2 2 10
40 Boundary-layer thickness, cm 0.9 1.2 0.7
D®"ugy, cm 0.3 0.3 0.3
25
termined by the specific geometry of the reactor. Nonethe-
c:""w less, the concept of a “stationary” boundary layer near the
surface can be used in the calculatidh$n application to
25 this problem, the characteristic thickness of the boundary
layer is the distance at which the diffusion flux predominates
20 over the convective flux. An obvious estimate of this dis-
tance is the ratidd®/u,, whereu, is the characteristic
15 velocity of the gas flow in the reactor.
The quantities characterizing the boundary layer near the
10 substrate holder in a reactor with a typical GPE process con-

ducted at atmospheric and lower pressures are presented in
Table I. The approximate formulas presented in Ref. 10 and
the values of the volume diffusion coefficient presented in
bouncary ayer hicknese 108 and the folowing vatios of the parameters - & Were used in the calculation with the following as-
SRy e S 08 o s Gy S e o s eponn v o1 oot 1
A=1.0, y=1.0 (efficient surface diffusion 3—A=0.3,y=0.1; circles— J ) ; .
experimental data of Ref. 5. cn?, the linear dimensions of the substrate holder are of the
order of 10 cm, and the process temperature is 630 °C, just
as in Ref. 5. It is obvious that the thickness of the boundary
The main results of the present work are as follows.  |ayer, calculated according to the simplified formula from
1. The relative growth rate in local gas-phase epitaxyref. 10, is of the order of 1 cm, the same order of magnitude
through a mask was calculated numerically in the diffusiongg the ratid "/ u,, which characterizes the thickness of the
regime with and without surface diffusion. layer in which mass transfer of the reagent occurs mainly as
2. The effect of the design of the structure, the thicknesg, yesult of diffusion. In the case where the spatial period of
of the boundary layer, and surface diffusion along the maskne mask is much smaller than the thickness of the boundary
on the relative growth rate was analyzed. layer (this case is realized in Ref),3he relative increase in
3. It was shown that for large boundary-layer thicknessegne growth rate does not depend on the thickness of the
the relative growth ratein the case of a periodic masdoes  poundary layer and an arbitrary thickness much greater than
not depend on this thickness. the period of the mask can be used in the calculations instead

4. The calculations performed suggest that the increasgf the actual boundary-layer thickness, which, as a rule, is
in growth rate observed in local gas-phase epitaxy is due nQinknown.

to the additional flow of reagents over the surface of the
mask but rather an increase in the diffusion flux from the gas!J. p. Duchemin, M. Bonnet, F. Kielsch, and D. H Huyghe, J. Cryst.
phase. Growth 45, 181 (1978.

: ; : p 2K. Kamon, S. Takagish, and H. Mori, J. Cryst. GrovitB 73 (1985.
We wish to thank R. A. Suris and A. Yu. Kaminsior 3K. Kamon, M. Shimazu, K. Kimura, M. Mihara, and M. Ishii, J. Cryst.

helpful discussions. Growth 77, 297 (1986
4G. B. Stringfellow, J. Cryst. Growtls8, 111 (1984.
4. APPENDIX 5Y. D. Galeuchet, P. Roentgen, and V. Graft, J. Appl. PB$s560(1990.

5T. Sasaki, M. Kitamura, and I. Mito, J. Cryst. Growt82, 435(1993.
As a rule, gas-phase epitaxy processes are conducted iiP- G. Coronell and K. F. Jensen, J. Cryst. Growit# 581 (199).
the diffusion regime, in which the growth rate is determined ﬁg\gamagu‘:h" M. Ogasawara, and K. Okamoto, J. Appl. PAgs5919
by diffusion of one of the components through a nonstation-sy,, N. Makarov, M. S. Ramm, E. A. Subashieva, and A. I. Zhmakin,
ary boundary layer. This is a simplified model, since the J. Cryst. Growthl45, 271(1994.
velocity of the gas flowing around the solid surface varies °H. Schiichting,Boundary-Layer TheonMcGraw-Hill, N. Y., 1968[Rus-
with the distance from the surface continuously and not in a Sia" ans. Nauka, Moscow, p. 134

jump-like mannet? The character of this dependence is de-Translated by M. E. Alferieff
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Photoconductivity of the germanium-doped solid solution pP-GaAs 94Sbg o6
T. Yu. Allen? and T. A. Polyanskaya?

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

A. A. Kopylov and A. A. Shakmaev

Electrical Engineering University, 197376 St. Petersburg, Russia
(Submitted August 20, 1996; accepted for publication September 16) 1996
Fiz. Tekh. Poluprovodr3l, 475—-477(April 1997)

A new mechanism of impurity photoconductivity in semiconductors has been discovered. The
form of the long-wavelength photoconductivity spectra observaet@aAsg) 9.5k 0s: Ge

is satisfactorily explained in terms of resonance ionization of impurity levels by phonons excited
during absorption of infrared radiation. @997 American Institute of Physics.
[S1063-78287)01904-2

We investigated the long-wavelength photoconductivityfield strengths in the sample in the range 0-60 V/cm. It
of epitaxial layers of the germanium-doped solid solutionshould be noted that as the field strength increases, the shape
GaAg 9.5 o5 Which were described in Ref. 1. The optical of the spectra does not change appreciably. Only an absolute
measurements were performed in the range 100—650'cm increase of the signal was observed, and saturation occurred
with a LFS-1000 Fourier spectrometer and a R-118 vacuunat field strengths above 60 V/cm.
helium cryostat. The radiation was focused on the sample It is most interesting that all basic features of the absorp-
with the aid of a brass cone. No impurity photoconductivitytion spectra correspond to the features of the absorption
was observed at a temperatufe=80 K. At T=10 K the spectra associated with crystal lattice vibrations. This is
photoresponse was recorded for samples with hole densitlearly seen by comparing the spectfg. 1, curves2 and
no greater than 26 cm™3, which is lower than the critical 3) with the transmission spectruiifFig. 1, curvel) of an
charge carrier density corresponding to a metal—insulatoepitaxial structure similar to the one which we investigated.
transition in this material. The maxima in the photoconducitivity spectrum coincide

The long-wavelength photoconductivity spectra whichwith the two-phonon absorption maximiand a strong mini-
we obtained are shown in Fig. 1. Despite their complexmum is observed at the transverse opti@D) phonon fre-
structure, the spectra contain no characteristic features of inguency. This indicates unequivocally that photoexcited opti-
purity photoconductivity, such as a pronounced long-cal phonons participate directly in activation of the
wavelength threshold. For Ge acceptor in GaAs, in accorphotoconductivity. Efficient transfer of phonon energy to the
dance with the ionization energy ddtathe ionization impurity center is possible because of the closeness of the
threshold is expected ditw=40.5 meV. The photoconduc- ionization energy of the acceptdiE, and the energy of the
tivity spectra were also investigated with different electricoptical phonons in GaA&1o=33.5 meV(Ref. 4, and the

energy difference\E, for the 2P5,—1S;, states for the Ge

|— < 9
25 ~ R I3
X Ei 745 ast ~
S S of SR &
N K SRS (<)
20+ Lo - = i
[ : i [ ) ! l \
et - ' ! ! !
g ' ™M a 06 !
3 1.5 [ | o 1
= ot 3 - 1
[ 1t ] :
-) [ .
2 10 A | E 04 i
R : : : ' tl |
LN ] ] -
13 A I B R
~° O0—— 1 | Voo ~
05 (N by 02+
1 | ] 1 |
1 | I {
- \‘\N\i : . H | : —
oL 1 JVANEN L B P B (
17 2 J 4 ) § 7 0 1 1 i i | 1
g, 10 cm™! 15 2.5 35 45
q,700 cm
FIG. 1. Long-wavelength photoconductivity spectra of GafSh, os: Ge
epitaxial layers aff=10 K. 1 — Transmission spectrurh,(q); 2, 3 — FIG. 2. Calculation of the phonon—impurity photoconductivity spectrum in
photoconductivity spectr,,(q). The reference point for curvelsand3 is the one-phonon approximation Bt 10 K. Solid line — experiment, dashed

indicated by the horizontal lines with the marker zero. line — calculation.
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The best agreement between the curves is obtained for

due to the contribution of two-phonon absorption, which can

< < QO
o8- g z ;wl’ s y=5 cm ! and wro=272 cm?® for layers of thickness
i 21 3§ o5 | =20 um. We usedsy=12.9 ande.,=10.9 (Ref. 6. We
B B see that there is good agreement in the region of strong one-
261 ! E E i i phonon absorption. The discrepancy between the curves in
B i ! E E ! the short-wavelength region of the spectrum>wtg) is
|
A
] i

be taken into account empirically,

I, sarbunits
R
T

/ 1V
! I
| ! " Nopof{ @) =15(1—R)[1—exp —2wn"/c+wa Ao,
5 \’)://E\\'i/?\ phor( )= 1o ) o 2phor) 1 3
221 Vo il
// :V ; E i E i \\ wherea;nonis the two-phonon absorption coefficient, which
[~ ] E Py = was calculated as the difference between the measured value
obo 4 e of the absorption coefficient of GaAs and the theoretical
17 2 § 4 7 6 7 value of the one-phonon absorption coefficient
g,om @1phori=2wN"/c, and w is an empirical weighting coeffi-

cient, which accounts for the contribution of different types
FIG. 3. Calculation of th_e phpnon—impurity phoFocc_)nductiVity spgctrum in of phonons in the ionization of the impurity states. The con-
gh:sﬁgjo]ﬁ]heof’”ca?cpuﬁ;%’g:at'on A=10 K. Solid line — experiment, yp) rion of the difference two-phonon absorption was ig-

nored, since its probability afi=10 K is small. The best

agreement between theory and experiment is obtained with

w=10 (Fig. 3. The fact that the value of the weighting
acceptor is approximately4 meV. The efficiency of energy coefficient was found to be greater than 1 can be explained
transfer can also be increased by broadening the levels ashy the greater efficiency of the interaction of impurity cen-
result of the disorder in the film. ters with phonons with a nonzero wave vector.

To verify this assumption, we calculated the number of  The discrepancy between the curves in the region
phonons excited in an epitaxial layer and the substrate undére>45 meV could be due to several factors. First, the dis-
the action of the infrared radiation. Let us assume that th@ersion parameters of optical phonons are not known accu-
photocurrent is proportional to the phonon generation, andately for lattices of solid solutions. Second, we do not have
that all optical phonons created in the layer of thickness sufficient information about the characteristics of the
participate with equal probability in ionization of the impu- electron-phonon interaction at impurity centers. In addition,
rity centers. Herd is the phonon mean free path. To calcu-we disregarded the contribution of photoionization pro-
late the index of refraction, we employed the standard oneeesses. An attempt to explain the observed photoconductivity

oscillator model spectra with the help of a bolometric effect does not make it
112 possible to describe correctly the TO-phonon structure.
(o) n (g0~ &x)®To 1)
wW)=\&T 72 > - | Lo
0 WTo— w?—i wy YPresent address: University of Tennessee at Chattanooga, Chattanooga, TN

. ) . 37403, USA. Electronic mail: thilgild@utcvm.utc.edu
whereeg and e, are the static and high-frequency permit- 2Ejectronic mail: pta@nano.ioffe.rssi.ru

tivities, andy and wtg are the damping constant and TO-
phonon frequency. The contribution of free charge carriers'T. Yu. Allen and T. A. Polyanskaya, Fiz. Tekh. Poluprovodi, 405
was disregarded. Furthermore, for the calculations we em- (1997 [Semiconductor81, 405(1997].

. . 2D. J. Ashen, P. J. Dean, D. T. J. Hurle, J. B. Mullin, and A. M. White,
ployed the optical constants of GaAs, since the content of ; Phys. Chem. So86 1041 (1975,

antimony in the epitaxial layer is low. As a result, 3V. Spitzer, inOptical Properties of Semiconductoredited by R. Wil-

lardson and A. BegfRussian translatidn Mir, Moscow, 1970, p. 28.
j— n
Nphorl i) =1o(1=R)[1—exp(—2wn"l/c)/hw,  (2) 4G. Dolling and WJ. L. T. Waugh, iattice Dynamicsedited by R. F.

: : : P . . _ Wallis (Pergamon Press, 196p. 19.
vyherelo |s.tr.1e intensity of the incident lighR is the reflec 5A. Baldereschi and N. O. Lipari, Phys. Rev.981525(1974).
tion coefficient of the surface of the structure, and | andoit-BomsteinNumerical Data and Functional Relationship in Sci-
n"=n"(w) is the imaginary part of the index of refraction ence and Technologi)ew SeriesGroup IlI, V. 17; subsol. aPhysics of
(D). Group IV Elements and IlI-V Compoundsdited by O. Madelung,
In Fig. 2 the computational result obtained using B, SPinger-verlag1982.

is compared with the observed photoconductivity spectrumTranslated by M. E. Alferieff
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Propagation of a surface acoustic wave in a layered system containing a two-
dimensional conducting layer

V. D. Kagan¥

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted July 22, 1996; accepted for publication October 23,)1996
Fiz. Tekh. Poluprovodr3l, 478—482(April 1997)

A surface acoustic wave can propagate in a piezoelectric crystal above which lies a two-
dimensional conducting layer. The electric fields excited by the wave in the crystal penetrate into
the two-dimensional layer and excite dissipative currents in it, which results in absorption

of the wave and change of its velocity. These characteristics are calculated for different
configurations of the layered system taking into account not only the surface conductivity

but also surface diffusion. When the layer has an elastic contact with the crystal, for the
configuration allowance is made not only for the piezoelectric but also the deformation
interaction of the sound wave with the electrons. 1897 American Institute of Physics.
[S1063-78287)02004-9

1. INTRODUCTION possible only when a mechanical contact is present between
the medium, along which the surface acoustic wave propa-

Investigations of the properties of two-dimensional con-gates, and the conducting channel. An attempt to take into
ducting channels, formed in semiconductor heterostructuregccount of this interaction was made in Ref. 5, but we con-
especially in the region of strong magnetic fields, where thesider it to be unsuccessful. We derive the boundary condition
quantum Hall effect regime is realized, have been excitindor the equations of elasticity on a two-dimensional conduct-
great interest recently. Very promising methods for studyingng layer. For the deformation interaction of a surface sound
the properties of a two-dimensional electron gas are acoustiwave with electrons of a two-dimensional layer, this condi-
methods, since they make it possible to study the rf conduction plays the role of boundary conditions of electrostatics
tivity of two-dimensional systems in a contact-free mannerfor a piezoelectric interaction. The velocity and absorption of
These methods consist of investigating the effect of a consound in the two cases are therefore expressed in terms of the
ducting channel on the propagation of a surface acoustisame characteristics of the conducting layer.
wave in a piezodielectric crystdi.e., on the absorption co-
efficient I' and the sound velocity). Analysis of the rf
conductivity as a function of frequency, temperature, andf: CALCULATION OF THE ABSORPTION COEFFICIENT AND
magnetic field makes it possible to study the mechanisms fo ELOCITY OF A SURFACE ACOUSTIC WAVE

o : ; : PROPAGATING IN A LAYERED SYSTEM WITH A COMPLEX
localization of two-dimensional electrons in the quantum - o e TRy
Hall effect regime.

The first experimental studis were performed on The layered system consists of the half space(, oc-
GaAs/AlGaAs structures with a two-dimensional electroncupied by a piezoelectric crystal and a semiconductor placed
gas. The rf conductivity in the quantum Hall effect regime inabove it in such a way that a vacuum gap of thicknass
a In,Ga,_1As/InP structure was studied by acoustic methodsxists between them. The conductivity of the semiconductor
in Ref. 6. In Refs. 2-5, the theoretical formulas for absorp4is negligible. A two-dimensional conducting layer is built
tion and velocity of sound, extending to the two-dimensionalinto the semiconductor at a distangdrom its boundary. A
case White's standard formdléor a three-dimensional me- surface acoustic wau@SAW) with wave vectok, frequency
dium, were used to analyze the experimental results. Howe, and velocityv, so thatw= vk, propagates near the sur-
ever, these formulas ignore the complicated geometry of face of the piezoelectric crystal. The electric fields excited by
layered system. More complicated formulas, which take intdhis wave exit from the piezoelectric crystal and penetrate
account this geometry only partially, are given elsewhereinto the semiconductor. These fields induce electric currents
and in the theoretical papryhich contains some errors that in the conducting layer, Joule heating occurs, and the energy
are noted below. of the sound wave dissipates. The absorption of the SAW

This paper consists of two sections. In Sec. 1 the formuand the change in its velocity in the presence of a layered
las for the velocity and absorption coefficient of a surfacestructure are determined by the characteristics of the con-
acoustic wave are derived for the case of a layered systeuucting layer. Because of the vacuum gap, the piezoelectric
with a complex geometry. Generalizing all previous analy-crystal is coupled with the semiconductor only electrically,
ses, we take into account the fact that the current in théhere is no elastic contact, and therefore only the electrostat-
conducting channel consists of field and diffusion compo-ics problem need be solved. The electric fields are calculated
nents. In Sec. 2, we examine the role of the deformatiorby the method developed in Ref. 9. The surface wave con-
interaction between the surface acoustic wave and the elesists of two coherent wave components with displacements:
trons in the two-dimensional channel. Such an interaction isui(“)(r, t), wherea takes on the values 1 and 2. The waves
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propagate along the axis and decay into the piezoelectric complex dispersion equation for the surface wave. The dis-
crystal at a damping rate, proportional tok: sipative currents in the conducting layer result in damping of
U (r, 1) = ul@eketvex, o) _g-iot, 0 the f\mplitude of the _sound wave in gccordance vyith
exp(—TI'z2). We determind” by the following procedure:
We assume that theaxis is the symmetry axis: The permit- We multiply the equations of the theory of elasticity by
tivity parallel to the axis ise, and the permittivity perpen- u{®e~'%?, sum over the signs of the components of the dis-
dicular to the axis i, . The equation for the electric poten- pIacement and over the branch numbets setx=0 (i.e., at

tial ¢ in the piezoelectric crystal is the surface of the piezoelectric crygtend take from these
sums the imaginary part. We can then write
Pl Pl 4 (?Zui(a)(r,t) . ginary p
Bz e = Wﬁl,ikWa 2 S (2maler) fo(k) 10
. : . . 1+[D (k/v) + (2ol ves) f1(k)]?’
whereg, i is the piezoelectric tensor. The solution of E2).
consists of the solution of the problem of forced oscillations fl(k):1+e*2"d
o) — A By i (971 9 9% (uf elk?* 7a) 3 (e1+80)(8s—20)—€ (&1~ g0) (85T 20)
prez —gk?+e, v, (e1+&0)(este0)—€ P ¥(e1—g0)(85— &)’

and a free solution, which is the solution of the Laplace
equation for an anisotropic medium is,

2
(f) — ikz+ & Te % ) 4 (0 4) 8epes(erteg)e

€1= Ve gy

—2k(a+d)

¢ Ppe Ppiez= Ppiez T Ppiez- f.(K) =
e P pea” oz 2= [T eo)(eat e0)— € X(e1— o0 (6500 '
In the vacuum gap and in the semiconductor the dlelectrlc( 1
constants are isotropic and equaltpande,, respectively. is the piezoelectric coupling constant, which is ordi-
The electric field potential is the solution of the Laplacenar"y small in the known piezoelectric crystal. We express it
equation in terms of the amplitude of the surface wave
©o= (g €+ poe e, 0<x<a; 5 Y= 4 .\ez AL
+ kX~ a—kxy aikz (e1+e0)pw?Suix (@)ul®
=(pqs e+ o e e*?  a<x<a+a; (6) @
> > ,—kx+ikz
=¢p e , X>a+d. 7 g1— (e 1k
(PS ¢ ( ) % B(a)—f— 1 k( 1Ya Z)A&a)}, (11)
Electrostatic boundary conditions, imposed on the tangential EIRT &8 Ya
(along thez axis) components of the electric field and the 5
normal compone_nt@long th_ex axis) of the electri<_: i_nduc-_ Al:gliiku{(“)e*‘kz P (e'kz+7aX) ,
tion, must be satisfied at all interfaces. The electric induction 107 x=0

P in the piezoelectric crystal has the additional term 5

AZZBI ikur(c(a/)e—ikz J (eikz+kv(€\\/£L)X)

o J i IX X
PX=—sL5+4ﬂﬁx,ik5(u<k“>e'kx+vaX). (8) 19Xk x=0
The induction components have a jump on the two- =—(,BX,ku(“)/k)e*‘kzi(eik”Vax)
dimensional conducting layer: Their difference isrd, IXi X=0

where p is the surface charge densftywe write for the
charge density the continuity equation, in which, generaliz-
ing the standard analysis, we take into account the surface
diffusion current together with the ohmic current:

The constanty® can be calculated only by means of un-
wieldy numerical calculations, which are determined by the
tructure of the surface acoustic wave. We shall try to relate
xV) with an experimentally measured quantity. In the case of
dj ) de ap the propagation of a wave in a piezoelectric crystal bordering
at o 9z =0, J.= T 9% T E 9z ©) only on the vacuum, it is possible to perform measurements
of the velocity of the wave withiy) and without @) surface
where ¢ is the conductivity, and is the diffusion coeffi- metallization. In the former case, the electric fields are closed
cient. and completely “switched off.” The piezoelectric coupling
The system of boundary conditions for the three planegonstant is ordinarily determined as the relative difference in
(x=0, x=a, andx=a+d) is the complete system for the the velocities in these two cases, and in most stddiasis
six amplitudes of the potenti&)—(7), making it possible to  assumed to be equal sg*). Our calculation showed, how-
express them in terms of the elastic displacements in thever, that there is some difference:
surface wave.

In the piezoelectric crystal, the equations of the theory of v =vg[ 1+ P+ x2)], (12)
elasticity include a term with an electric field. Substituting (a) (@) (@)
into it the potential(4) expressed in terms of the displace- () _ 4m 92 AT AL
ment, we obtain a system of equations that determines the pw?s, u*(“ ssz—sL yi '
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~ I L 1+4D%Kk?/v?)f5(k
Alzu:(a)ﬁl,ike_lkz (eIkZ+an) ) M(3):X(1) ( ) 2( )
f1(k)

IX|IX; %=0
fi(k)y 1+

2] '
It is difficult to calculatex(®, but it should be noted that it
does not equal zero identically. In Ref. 6, Efj0) was used Experiments are often performed in a simpler system: The
to analyze the experimental data on the absorption of surfad#o-dimensional conducting channel is formed by layers
acoustic waves in LiNb@by a two-dimensional electron gas Which are produced by molecular epitaxy directly on the
in a INnGaAs/InP heterostructure. surface of a piezodielectric crystal® Our formulas are com-

In Ref. 1, the SAW damping coefficient was determinedpletely suitable for describing such a system as well—one
for a layered system in which the conducting layer bordergieed only sea=0 andd=0. In addition, the following cir-
on the vacuumd=0). Disregarding diffusion, the frequency cumstance must be taken into account: In our analysis the
dependencél0) is identical to that in Ref. 1, and the differ- upper half-space is filled by the semiconductor, while in the
ence reduces only to the numerical value, already note@xperiments of Refs. 2—5 the upper half-space is a vacuum,
above, of the coupling constant. so that in Egs.(10) and (13—(16) & is replaced bysg.

In Ref. 8 the absorption coefficient was calculated by aTherefore, we obtain foF the following formula which gen-
method different from ours for a system without a vacuumeralizes the analysis given in Refs. 2-5, taking into account
gap @=0). The authors determined it as the ratio of thethe surface diffusion:
energy dissipation in the bulk, equal to the product of a unit
area by the thickness of the conducting layer, to the flux =Wk

. . . . . 2
density in the wave. This quantity does not have the dimen- 1+[Dklv+amalv(ey+ep)]
sion ofI", and calculating it by the method of Ref. 8 does not
give the frequency dependen¢)) with a=0. The authors
included the factok and obtained the correct frequency de-
pendence from dimensional considerations.

The absorption coefficient must in fact, be determined as (1+4(D?K?/v?)
the ratio of the energy dissipation, which they indicated, toMY=0, M® = (% 15Dk
the total energy flux in the volume, equal to the product of a [D(
unit area by the entire thickness of the piezoelectric crystal.

For this definition ofl", there arises in the denominator of the
quantity employed in Ref. 8, an additional integration over3: CALCULATION OF THE ABSORPTION COEFFICIENT AND

x, which gives an additional factor 4/. This leads to the SOUND VELOCITY IN THE PRESENCE OF A

. ' DEFORMATION INTERACTION OF A SURFACE ACOUSTIC
appearance of a factérin the final formula for the absorp-
tigr? coefficientl” P WAVE WITH A TWO-DIMENSIONAL ELECTRON GAS

The complex dispersion relation makes it possible to de- | the experimental arrangement described above, a me-
termine the velocity of a surface wave in the presence of hanical contact exists between the conducting layer and the
semiconductor and to compare it with. This difference is  solid, along which a surface wave propagates. Therefore, it is
given by the real part of the sum whose imaginary part denecessary to take into account the deformation interaction
terminesl’: between the charge carriers and the sound wave. In a piezo-
electric crystal this interaction is added to the piezoelectric

(16)

mTT

Dr
—+
14

EVg

Adwral(eqteg)v

17

The equation for the velocityEgs.(13)—(16)] also simplify.
Equation(15) is expressed in terms of E(L7). For the other
terms we have

Iv) + (4mrol(e1+eg)u)]?
(18

2_ .2 ) . . o . :
v 2V0 DML M@ M), (13) interaction, but it also exists in nonplezoe_lectrlc (_:rystals_. The
vy effect of a sound wave on the electrons is manifested in the
‘ fact that it is necessary to include an additional current in Eq.
All quantities M@are proportional to the constang®.  (9) that depends on the corresponding consEanf the de-

Strange as it may be, the quantM(") does not depend on formation potential:
the characteristics of the conducting layer:

. o Jd E(?uz (19
17=Z S| B
(eote1) _ e dz\ 9z
M(l):X(l)m{(ss+so)[l_e 2k(a+d)]
1 2 . . ..
However, in the equations of the theory of elasticity the ad-
+(eg—eg) (e Kd—g 2kay1 (14)  ditional stress tensor is proportional to the electron density in
the solid, and such a volume density equals zero in a crystal.
Mi1=(e1t+eg)(estep), It turns out that the action of the electrons in the sound wave

is manifested not in volume forces but rather only as a

Mo=e 2K3(g,—g0)(es—80) +€ K81+ 80) (es—80) chgnge i'n the boundary conditiqn. The boundary cond'ition i;

_okatd) derived in the same manner as in electrostatics—the jump in

—-€ (81— 80) (85T 20), the normal component of the electric induction equals the

surface charge density. We obtained the boundary condition

M@ =2-T (15) in which the presence of a conducting layer is taken into
v account:
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Nigm [ U] duy,\  E dp tribution equals zero. It is obvious that the contribution to
2 o T t55,% =0 (200 T calculated in Ref. 5 is very small compared with E2{).
m x=0 It can therefore be invoked to explain an experiment only as

Here\ium is the tensor of the elastic moduli. This boundarya small correction to the deformation absorption, similar to
condition shows that the effect of the deformation interactiorthe well-known piezoelectric contributiofd7) and (18).

can be taken into account only by calculating completely the

structure of the surface wave. We performed such a calculd: CONCLUSIONS

tion for the simplest model—a Rayleigh surface wave in an It should be noted that the study of the rf conductivity of
anisotropic solid. The presence of a conducting layer on tha two-dimensional electron gas by acoustic, contact-free
surface of the solid requires that the standard thietly methods has been found to be very informative for investi-
modified by the boundary conditio20), the continuity gating the problems of localization of two-dimensional elec-
equation(9), the Laplace equation for the potential, and elec-trons in the quantum Hall effect reginié®! Such investi-
trostatic boundary conditions. It is well known that a Ray-gations require a quantitative analysis of the experimentally
leigh wave propagates with velocity=c;{, where{ is a  observed dependences of the absorption coefficient of a sur-
number which depends on the ratigc, ; herec, andc, are  face acoustic wav€SAW) on the magnetic field, the SAW
the velocities of the longitudinal and transverse sound wavedtequency, and the temperature. The formulas obtained by us
respectively. For the deformation damping of sound and thevere employed successfully to analyze the experiment per-
change in the velocity of the wave, because of the presendermed by us. However, analysis of Refs. 2—-5 showed that

of the conducting layer, we obtain Eq. (17) (for the casea=d=0, disregarding diffusion
E2)3 ol v which the authors employed to analyze the experimental
= f(0) (22) data, explains only qualitatively the experimental magnetic

2e? 1+[Dklv+4malv(es+eg)]* : i ici -
pCi€ [Dkliv+4malv(e;+eo)] field dependences of the absorption coefficient and velocity
22 E22 (olv) [D(KIv) + dmol(e+e0) V] of sound. It is possible that quantitative agreement could be
= —s LY 50, achieved by examining a more complicated experimental ge-
v pcie” 1+[D (kiv) + 4mal(ey+eg)v] ometry.
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Arrays of vertically aligned InGaAs quantum dots in a AlGaAs matrix have been investigated. It

is shown that increasing the band gap of the matrix material makes it possible to increase

the localization energy of quantum dots relative to the edge of the matrix band, as well as the states
of the wetting layer. The use of an injection laser as the active region makes it possible to
decrease the thermal filling of higher-lying states, and thereby decrease the threshold current
density to 63 A/crh at room temperature. A model explaining the negative characteristic
temperature section observed at low temperatures is proposed. The model is based on the
assumption that a transition occurs from nonequilibrium to equilibrium filling of the

states of the quantum dots. €997 American Institute of PhysidS1063-782807)02104-3

Arrays of semiconductor quantum ddt3Ds) are prom- tions. The array of vertically aligned quantum dots was
ising for applications in injection lasers. Specifically, it hasformed as a result of triple deposition of QD layers separated
been predicted that the threshold current denkitywill de- by AlGaAs layers with an effective thickness of 50 A.
crease substantially and the temperature dependendg, of InysGa, sAs with an effective thickness of 12 A was used as
will be reduced: The use of InGaAs vertically aligned quan- the material for the quantum dots.
tum dots(VAQDs) in a GaAs matrix as the active region of When a strongly strained InGaAs layer is deposited on
a laser made it possible to decreagto ~100 A/cnt at  an AlGaAs (100 surface, at a critical thickness a morpho-
300 K2 It was shown that one of the main factors determin-logical transition occurs from a two-dimensiorii&lyerwise
ing the threshold current density in such lasers at room tento a three-dimensiondisland-wisg growth regime. An array
perature is the filling of the states of the wetting layer and theof InGaAs islands, lying on a thitabout two monolayejs
GaAs matrix by carriers as a result of the relatively lowInGaAs wetting layer, forms on the surface. Buried by the
carrier localization energy in quantum déts. AlGaAs layer, these islands can be regarded as arrays of

The structural and optical properties of InGaAs QDs,quantum dots in a matrix of a wider-gap material.
placed in a GaAs matrix, as well as injection lasers based on According to the data obtained by observing the diffrac-
them have been studied extensiv&§We chose as the ma- tion pattern of high-energy electrons directly during the
trix material the solid solution AlGa _,As (x<0.3). We  growth process, the critical thickness corresponding to island
have shown that the use of a wider-gap compound as a marowth onset is 11 A, and within the measurement error
trix (GaAs is replaced by the solid solution AIGaAsakes (+0.5 A) it does not depend om, the molar fraction of
it possible to increase substantially the energy gap betweehlAs in the matrix material.
the states of the QDs and the wetting layer, as well as the Figure 1a shows the PL spectra of structures which con-
band edge of the matrix material. The use of such structurein InGaAs VAQD arrays and which differ by the molar
as the active region of an injection laser makes it possible téraction of AlAs in the ALGa, _,As (x=0, 0.15, 0.3) matrix.
decrease the threshold current density to 63 A/atroom  Photoluminescence was excited with an*Afaser (100
temperature. A section of negative characteristic temperatufé/cn?) and detected with the aid of a cooled Ge photodi-
has been observed at low temperatures and a model is prode. The detection temperature was equal to 10 K. The ob-
posed explaining the anomalous temperature dependence sérved PL line is due to recombination of carriers localized
the threshold current density. in VAQDs 2 Increasing the AlAs content in the matrix results

A Riber 32P molecular-beam epitaxy system with ain a small broadening of the line and a shift in the short-
solid-state source of arsenic was used to grow the structuregavelength direction.
on GaAs(100 substrates. To avoid segregation and reevapo- The PL excitation spectra for the cases0 and 0.3 in
ration of In, during deposition of the QDs and the 100-A-the energy range above the VAQD radiation are shown in
thick Al,Ga _,As layer, directly next to the array of QDs, Fig. 1b. In Ref. 7 it was shown for the case of a GaAs matrix
the substrate temperature was chosen to be 485 °C. Thbat the observed luminescence is associated with recombi-
growth temperature of the rest of the structure was equal toation in the wetting layer. The characteristic doublet shape
700 °C. Growth was conducted under As-stabilized condiof the (WL1, WL2) line could be due to the coexistence of
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FIG. 1. Photoluminescende) and PL excitatior{b) spectra at 10 K for structures containing arrays of InGaAs VAQDs in,&#l ,As matrix. The numbers
on the curves denote the molar fraction of AlAs in the matrix material.

sections of a two-dimensional coating of InGaAs which dif-the energy separation between the level in a QD and in a
fer somewhat in thickness, similarly to the case of InGaAswetting layer and between a level in a QD and the band edge
VAQDs in a GaAs matrix. of the matrix apparently increases. This in turn results in
The positions of the luminescence maxima for radiationlower filling of the states of the wetting layer and matrix with
due to VAQDs and the wetting layef8/L1) as well as the carriers at elevated temperatures.
edge luminescence of the matrix for structures containing The dependence of the width of the PL line of the
arrays of InGaAs/AlGa,_,As (x=0 and 0.3 VAQDs are  sample containing an array of INnGaAs§AlGa gsAs VA-
summarized in Table I. As one can see, when the band gap 6IDs on the observation temperature is shown in Fig. 2. The
the matrix increases by 370 meV, the short-wavelength shiftlependence shown is nonmonotonic in nature: As the tem-
of the VAQD line is only 120 meV. At the same time, the perature increases in the range 10—150 K, the linewidth de-
shift of the wetting layer line exceeds 300 meV. Thereforecreases, and an increase of the linewidth is observed at high
increasing the Al content in the matrix increases the energyemperatures. This behavior is uncharacteristic of the lumi-
separation between the PL peak of the quantum dots and thmescence of bulk material or quantum wells, where a regular
peaks of the wetting layer and matrix. increase of the linewidth with increasing observation tem-
The experimental results obtained can be interpreted gserature is typically observed. The reasons for the observed
follows: Increasing the AlAs content in the matrix increases
the energy barriers for electrofisoles localized both in the
wetting layer and in the quantum dots. However, as a result L A AL T T
of the lower carrier localization energy and therefore the
greater penetration of the wave functions into the barriers in
the wetting layer than in the QDs, the perturbation of the
energy levels under the action of a change in the height of
the barriers is greater in the wetting layer. A similar behavior
has been observed when arrays of InAs quantum dots were
placed into an external AlGaAs/GaAs quantum el
though the luminescence data do not make it possible to
distinguish unequivocally the contributions of the perturba-
tion of the electron and hole levels, for carriers of both types
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TABLE |. Energy position of the luminescence lines of structures contain-
ing InGaAs/ALGa, _,As (x = 0 and 0.3 VAQD arrays.

0 50 100 150 200 250 300

VAQD Wetting layer Matrix
Matrix material Line position, eV Temperature, K
GaAs 1.246 1.388 1514
Al Gay /As 1.364 1.689 1.883 FIG. 2. Observation temperature dependence of the width of the PL line due

to emission from InGaAs/AlGa gsAs VAQDSs.
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FIG. 3. Electroluminescence spectra near the thfeS(ﬁBdA_/sz) (solid  FIG. 4. Temperature dependence of the threshold current density for injec-
line) and PL with a low excitation levell W/cnT) (dotted ling of struc-  tion lasers based on an array of InGaAg(®4#, _,As VAQDs. The numbers
tures in INGaAs/A{ 1:Ga gsAs VAQDs at 300 K. on the curves designate the molar fraction of AlAs in the matrix material.

anomalous dependence will be discussed below.

We investigated injection lasers with an active regionlevel of the wetting layefmatrix band edge
based on InGaAs/AlGaAs VAQDs. The standard geometry A decrease of the threshold current density with increas-
of a AlGaAs/GaAs heterostructure laser with separate coning observation temperature is observed at low temperatures
finement was employed. An array of (77-150 K); i.e., the laser possesses a negative characteristic
Ing sGay sAS/AlG 1:Gay gsAS (N=3) VAQDs was placed at temperature Ty~ —200 K). This behavior is unusual for la-
the center of an undoped Own-thick Al,Ga_,As  sers with four sheared faces, since in the case at hand it
(x=0.5—-0.15) waveguide layer. The MGa sAs emitter cannot be assumed that the effective strip width changes with
layers were 1.5um thick. Si and Be were employed as the temperature, as could happen in strip lasers.
n- and p-type dopants. The laser diodes were formed by The variance in the dots sizes results in a broadening of
depositing and melting in AuGe/Ni/Au and AuZn/Ni/Au the aggregate density of states of the QD array. Assuming
metallization to an* -GaAs substrate and@' -GaAs contact that the electron(hole) distribution over the states is de-
layer, respectively. Lasers with four sheared faces were enscribed by a Fermi—Dirac function, an increase of the tem-
ployed. The measurements were conducted at temperaturpsrature at a given injection level results in increased filling
in the range 77—-300 K with 5-kHz pulsed pumping with of the higher-lying states corresponding to smaller dots as a
1-us pulses. result of the decrease in the filling of larger dots. Therefore,

The electroluminescence spectrum of the laser structuras the temperature increases, a higher injection current is
based on InGaAs/AlGaAs VAQDs near threshold at 300 K isrequired in order to maintain the required maximum gain.
presented in Fig. 3. The PL spectrui®00 K) with a low  Therefore, the negative characteristic temperature cannot be
excitation level is also presented. The lasing line lies withinexplained on the basis of a quasiequilibrium carrier distribu-
the PL band, due to recombination in the QDs, near thdion.
maximum of the PL. Therefore, generation occurs through In the model which we propose, the absence of a quasi-
the ground state of the VAQDs. equilibrium filling of the QD states at low temperatures is

The temperature dependence of the threshold curremegarded as the reason for the appearance of the section of
density is shown in Fig. 4. The corresponding data for a lasenegative characteristic temperature. To achieve quasiequilib-
based on an array of InGaAs VAQDs in a GaAs matrix arerium, there must exist a mechanism for carrier transport be-
shown for comparison. As one can see from Fig. 4, the valtween dots. Tunneling or thermal transfer of carriers from
ues ofJ;, in the high-temperature ranges(L50 K) for alaser  QDs into the wetting layer or matrix followed by trapping in
based on InGaAs/AlGaAs VAQDs are appreciably lowera different dot serves as such a mechanism.
than in the case of a GaAs matrix. At room temperature the  According to transmission electron microscopy dta,
threshold current density is 63 A/émwhich, to the best of the typical distances between neighboring islands exceed 300
our knowledge, is the lowest value for all types of lasers withA. Therefore, the contribution of tunneling is negligible, and
an active region with dimension less tharicqantum wires the condition for achieving a quasiequilibrium distribution is
or quantum dots We assume that the decreaselgfin a  a short thermal transfer time compared with the radiative
laser employing a QD array in AlGaAs, as compared withrecombination time in QDs. The ejection of carriers is
the case of QDs in GaAs, is a direct consequence of thetrongly suppressed at low temperatures as a result of the
increase in the energy splitting between a QD level and a@hermal activation nature of such processes. In Ref. 10 it was
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shown that there exists a limiting temperatuiigs which  AlGaAs solid solution as the matrix material makes it pos-
separates the region of equilibriuni¥ Tgz) and nonequilib- sible to increase substantially the energy separation of the
rium (T<Tg) filling of the QD states. QD states from the band edge of the matrix material and

In the latter case, the filling of the QD states is deter-from states in the wetting layer as compared with the case of
mined not by the Fermi distribution but rather by the trap-a GaAs matrix; this lowers the threshold current density at
ping probability of an electrorthole) in a dot of a definite  room temperaturé63 A/cn?). A model based on the as-
size. Since approximately the same number of carriers isumption of a transition from nonequilibrium to equilibrium
injected into dots of different sizes, the region of nonequilib-filling of the states of the quantum dots was proposed to
rium filling is characterized by a wider carrier distribution explain the section of negative characteristic temperature ob-
over QD states than in the case where quasiequilibrium iserved at low temperatures.
achieved. In the latter case, the position of the Fermi quasi- This work was supported by the INTAS progrd@rant
level in the low-temperature limit is the upper limit of the 94-1028 and the Russian Fund for Fundamental Research
filled states, while in the nonequilibrium case the higher-(Grant 96-02-178%
lying QD states are also filled.
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Neutron-activation analysis of the impurity composition of gallium arsenide based
semiconductor structures

A. G. Dutov, V. A. Komar, S. V. Shiryaev, and L. A. Smakhtin

Institute of Solid-State and Semiconductor Physics, Bellorussian Academy of Sciences,
220072 Minsk, Belarus
(Submitted March 12, 1996; accepted for publication May 22, 1996

Fiz. Tekh. Poluprovodr31, 488—491(April 1997)

The impurity composition of gallium arsenide slabs has been investigated using the highly
sensitive method of neutron-activation analysis. The content of Se, Cr, Ag, Fe, Zn, Co, and Sb in
the slabs as well as variations of the content of these impurities for different batches of

slabs were determined. It is shown that neutron-activation analysis can be used, together with
layerwise chemical etching, to study the volume distribution of impurity elements in
gallium-arsenide-based semiconductor structures.1997 American Institute of Physics.
[S1063-78287)02204-1

1. INTRODUCTION ductor structures formed on these wafers under test produc-
tion conditions served as the experimental objects.

High purity (10°— 10" atoms/cm) of the constituent : : o

) . : The prepared gallium-arsenide samples were irradiated
layers and films of a semiconductor device strucfifre, . e )
with a thermal-neutron flu® =10 cm~2.s % in the verti-

which is very difficult to ensure considering the processes
which occur during the growth and processing of galliumcal channel of a VVR-Ts nuclear reactor. The mass of the

arsenide wafer$;® takes an important place among the basicsamp!?s w.as”50—250 mg. The irradiation time was 100 h.
requirements which gallium-arsenide-based semiconductdor‘fter (_:oolmg for 30__40_ days, the samp_les were ‘_’ecom'
structures must meet, such as, minimum content of differenposed in a mixture of nitric and hydrofluoric acids with sub-
defects, reproducibility of the carrier density distribution I|m:i11t|on of arsenic fluoride in order to decrease the activity
along the growth axis, and other requirements. At the sam@f “As, the most long-lived matrix radioisotope; this made it
time, information about extraneous impuritiégpe, density, ~POossible to increase substantially the sensitivity of the deter-
character of distributionis important for understanding the Mination of the elements as compared with the purely instru-
physical—chemical processes occurring in the semiconductépental method of NAA.
structures and for the fabrication technology of devices based A DGDK-160-type semiconductor @&) detector, com-
on them. bined with a LR4900V multichannel pulse-height analyzer,
In this study we looked at improving the methods for was used to measure theray spectra of the samples.
analyzing gallium arsenide based semiconductor structures. In the investigation of the semiconductor structures, the
Using the methods of neutron-activation analy@AA) part of the gallium arsenide wafer(1 cn?) with structure
which have been developed, the impurity composition wagleposited over the entire surface area was irradiated twice.
investigated for several batches of gallium arsenide wafersThe first irradiation <20 h) is required in order to activate
as well as the impurity distribution in semiconductorsimpurities which have long-lived radioisotopes; the second
formed on these wafers. irradiation (1 min) was performed immediately before the
measurements in order to activate elements with short-lived
radioisotopes as well as matrix elements, whose radioactivity
2. SAMPLES AND METHOD OF ANALYSIS was used to monitor the thickness of the layers being etched

In purely instrumental neutron-activation analysis ofOff'

gallium-arsenide-based samples, substantial problems appear A method was developgd fqr gradual- removal ,Of thin,
as a result of the high, specific, post-irradiation activity ofPlane-parallel layers on an irradiated gallium-arsenide slab,

the samples. This activity is due to the long-lived radioiso-Py chemical etching. The etchant consisted of the mixture
topes formed from matrix elemenEable ), which neces- NH4OH-H,0,—H,0, with polishing properties, in different
sitates a long post-irradiation holding period for the samplegatios, depending on the required rate of etching of the
and makes it difficult to determine many elements whichsample and the thickness of the layers removed. The tech-
have short-lived radioisotopes. For this reason, as a rule, diftique used to remove the layers was the same as the tech-
ferent methods of radiochemical post-irradiation separatioftique described in Ref. 8 for etching silicon wafers. The
of the analyzed elements are used in the analysis of galliunthickness of the layers removed was monitored according to
arsenide-based sampfes. the activity of “Ga and’®As in the etched-off layer and a

In our work we employed simpler procedures to performstandard layer whose weight was known accurately. A small
the analysis that makes it possible to substantially decrease weighed quantity 0.2 mg) of single-crystalline gallium
the same time the noise due to the high activity of the elearsenide, irradiated together with the sample, was used as a
ments. Commercial gallium arsenide wafers and semiconstandard.
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TABLE |. Principal radioisotopes contributing to the activity of GaAs irra- B8
diated with reactor neutrons. 75As(n 'y)76AS—> 76Sén 2n)75Se.
Nuclear reaction o Specific activity  For the conditions of our analysis, the quantity of the isotope
and production _ Activation after iradiation, 755 formed from arsenic was comparable to the amount of
of radioscopes Half-life cross sectibn, Bg/mg 75, . . . . .
Se formed from impurity selenium in the reaction

59Ga(n,y)"°Ga 20 min 1.4 1.8%108

) 7 75
iGa(n, y)°Ga 141 h 5.0 1.5%10° “Sen,y)""Se,
69Ga(n,2n)%%Ga 68 min 0.55 2.810* . . . .
59Ga(n p)zn 14.0 h 0.024 1 %102 so that the se_lenlum concentration was determined relative to
1Ga(n,p)’1zn 39h 0.05 2 610! a sample Whlph had the onvest selenium content. .
89Ga(n, a)®®Cu 5.1 min 0.105 4.810° The contribution of the isotop®Zn formed from matrix
"'Ga(n,@)**Cu 30s - - gallium in the reaction
" As(n,y)"®As 26.5h 45 2.x108
"5As(n,2n)*As 18 days 0.55 2.810* B
75As(n,p)75Ge 82 min 0.118 5.810 89%Gan, y)®%Cu—*%zn(n,2n)%zn
"SAs(n,a)?Ga 14.1 h 0.123 5.210'

to the impurity zinc concentration was, according to our es-
Note Irradiation time 12 h, dosé=2.5x10"* cm3-s', timates, very small and did not exceed 0.5%.

Among the elements found in the gallium arsenide wa-

fers (Table Il), the highest content was that of the iron, zinc,

3. RESULTS OF ANALYSIS AND DISCUSSION and chromium impurity metals. The source of these impuri-

The results of an analysis of four different batches ofti€S iS probably the technological equipment employed for

single-crystalline gallium arsenide wafers are presented i§fowing and processing single-crystalline gallium arsenide.

Table II. In determining zinc and selenium, allowance isThe negligible batch-to-batch variance of the content of

made for the fact that when the samples are irradiated in H€S€ impurities is within an order of magnitude. A larger
nuclear reactor, the radioisotop®zn and’®Se, which were Variance was observed in the selenium, antimony, and silver

used to determine the zinc and selenium, formed not onlgontents. Differences in the concentration of these elements

from the impurity elements themselves, but also from theor different batches of wafers are also clearly observed. Of
matrix elementgAs, Ga. Specifically,’>Se can form from &l experimental samples, the purest samples were those from
arsenic along two possible paths: the batch “C”, in which not only the content of the impurity
o elements was lowest, but the sample-to-sample variance in
7 74 7 the content of impurities was smallest.
"As(n,2n)*As—74Sdn, y)"*Se Neutron-activation analysis combined with layerwise
and chemical etching of irradiated samples provide greater pos-

TABLE Il. Results of neutron-activation analysis of single-crystalline gallium arsenide wafers.

Elemental content, at./cn

Se Cr Ag Fe Zn Co Sb

Sample 10 (x10%9) (x10%3) (x10'9 (x10%9) (x10%3) (x10%9)

s1 0.97 0.65 0.43 0.90 0.83 0.25 0.92
S6 0.81 0.35 0.76 1.34 0.47 0.20 1.81
s81 0.99 0.26 0.64 1.70 0.70 0.20 2.40
S82 0.95 0.80 0.81 1.36 0.80 0.41 2.65
V18 0.91 1.16 0.68 0.81 111 0.33 2.46
Vel 1.22 0.51 1.34 1.82 1.59 0.32 3.22
V95 6.05 0.93 1.19 2.51 3.92 0.57 3.36
vi21 0.96 0.66 0.53 0.71 0.59 0.24 2.47
v221 7.48 0.63 0.32 1.24 1.49 0.26 2.38
V251 3.64 1.84 1.26 2.04 1.31 0.52 5.84
V261 461 1.81 0.48 2.25 1.07 0.72 8.11
B1 6.33 0.33 0.44 1.43 1.44 0.29 1.88
B2 3.15 0.13 0.65 1.52 0.81 0.25 1.23
B31 8.75 0.34 0.46 2.53 1.11 1.12 2.90
B41 6.58 0.11 0.46 1.02 0.72 0.18 0.93
B61 1.66 0.83 0.41 0.95 0.38 0.22 1.25
M32 0.89 3.10 0.12 1.63 0.84 0.33 1.81
M42 1.25 3.15 2.18 1.12 0.94 0.56 16.50
M52 0.64 0.67 2.48 1.43 1.49 0.34 20.05
M62 0.74 1.68 1.14 1.48 4.30 0.36 12.30
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FIG. 2. Copper and sodium distributions in the SAG-2BK structure. The
g TR— distribution was obtained by the NAA method combined with layerwise
g 0.2 0.4 0.6 0.6 1.0 1.2 chemical etching of the samplé.— Copper,2 — sodium.

Dept); )

FIG. 1. Chromium distribution in a SAG-2BK structure. The distribution e!emem in the.initiajl gaIIiu'm-arsenide slabs. For SOdiumv' the

was obtained by the NAA method combined with layerwise chemical etch-directly opposite picture is observed. Most of the sodium

ing of the sample. enters the semiconductor structure when its working layers
are formed.

In summary, the results presented above show that the
sibilities for monitoring the impurity composition. Figure 1 mMethods of neutron-activation analysis proposed above, first
shows the chromium distribution in a SAG-2BK structure, Of all, make it possible to reliably monitor the impurity com-
whose buffer layerd;) was doped with chromium. As one Position of gallium-arsenide slabs according to an entire se-
can see from the distribution obtained in performing the sucfies of elements at the level ¥8- 10'® atoms/cm and, sec-
cessive operations, chromium diffuses from the buffer layePnd, they make it possible to obtain a detailed picture of the
into the Working |ayers of the semiconductor structure, andmpurlty distribution in the device. These methods also allow
its density at the surface of the" layer is very low and @addtional monitoring and further improvement of the semi-
comparable to the density in the buffer layer. conductor device fabrication technology.

The distribution of sodium and copper metal impurities
(Fig. 2), which were not specially introduced into the struc- !B. v. Luft, V. A. Perevodchikov, and L. N. Voslikova, iRhysicochemi-
ture but rather enter it in the course of different technological cal Methods of Tfeatmegt of Semiconductor SurfdteRussiar, Radio

; : i ; :_ and svyaz’, Moscow1982, p. 136. ;
operations _as u.ncontro”apl.e Impurities, .Was aI_S(_) Invest 2T. G. Yugova, A. V. Govorkov, and A. S. Bruk, l&ktron. Tekhnika,
gated. Having higher mobility and electrical activity, they waterialy 2, 24 (1984.
can appreciably affect the parameters of the semiconductofD. Brice, J. Mat. Sci2, 131 (1967.
structures. The manner in which they are distributed is thereg\éV-BKe_(fjﬂ, J. E'sctrocgen;- ioiloirfOO(éﬁGZ. Methofiudapes(1963
. . . Bujdoso, inProc. Conf. Appl. Phys. Chem. Metho apes ,

fore of particular interest. o Vol. 2, p. 262.

As one can see from the distribution of these elementsk_ kydo, N. Hishinuma, J. Radioanal. CheB.369 (1969.
over the volume of the SAG-2BK structure in Fig. 2, the ;K. Kudo, N. Hishinuma, J. Radioanal. Chef.331(1970.
copper content is typically higher in a single-crystalline A. G. Dugov, V. A. Korﬁar, S. V. Sh|rua(_av, K. E. Lobanov, V. V. Zabrod-

. . . skaya, and L. P. Mozhko, Zh. Anal. Khim.49, 76 (1994).
gallium-arsenide substrate and the total copper content in the
semiconductor structure is determined by the content of thiSranslated by M. E. Alferieff
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Effect of laser radiation on the electronic density of states of an (insulator gallium
arsenide ) interface
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The effect of annealing with pulsed laser radiation with wavelengths of 0.69 ang808n the
capacitance-voltage and conductance-voltage characteristics and the density of surface
states at the insulato(r, p)-GaAs interface as a function of the radiation energy density has
been investigated. €997 American Institute of Physids$1063-782@07)02304-1

The high density of surface electronic states SESs at axide was deposited in a static-voltage regime. An electrode
GaAs-insulator interface gives rise to a weak dependence @b the insulator (controlling electrode with fixed area
the surface potentiaps on the gate voltage) and prevents S=2x10 3 cn? was obtained after PLA by thermal vapor-
realizing a MIS transistor based on gallium arsenide. At-ization of NiCr through appropriate templates.
tempts to lower the SES density reduce to treating GaAs in The wavelengths of the laser radiation=0.69 um
passivating solution’;® treatment with a rf plasm%’ depo-  (pulse duration 7=1x10% s) and A=0.308 um
sition of films with different composition on the semiconduc- (r=3% 108 s) were chosen from the condition that the in-
tor surfacé'°and matching the insulator materfal*?Pas-  sulator be transparent. This made it possible to treat the
sivating treatments make it possible to decrease the SESmiconductor-insulator interface directly. The pulsed laser
density and, in the opinion of the authors, to “detach” the annealing was conducted on the insulator side before the
Fermi level at the GaAs surface. However, the effect is recontrolling electrode was deposited. The radiation energy
versible: After some time the surface returns to the initialdensityW was varied from 0 to 15—20 J/énfor radiation
staté3and the characteristic features in the behavior of MISwith A=0.69 um and up to 100—150 mJ/énin the case
structures for an alternating signal, which are due to the highh =0.308 um.
density of SESs and the large set of relaxation times, are The capacitance-voltage and conductance-voltage char-
observed again. acteristics were measured in the frequency range
Pulsed laser annealir@LA),14 combined with matching f=10°—10° Hz at room temperature. The error in determin-
of the insulator, could be an effective method for controllinging the capacitanc€ at a frequency of 1 MHz did not ex-
the GaAs-insulator interface. This paper discusses the resulteed =0.1 pF in the bias voltage rangd=+*5 V and
of an investigation of the effect of PLA on the capacitance-+0.35 pF for higher values dff. The active component of
voltage characteristic§FVCs) and conductance-voltage the total conductanc& was determined to withinc 1 uS.
characteristic§SVC9 of metal-insulator-GaAs structures.

1. EXPERIMENTAL PROCEDURE
2. EXPERIMENTAL DATA

The samples were fabricated on the basis of epitaxial
layers of electronic(doping level Ng=1X 10'%—2x 10 The capacitance-voltage and conductance-voltage char-
cm %) and hole(doping levelN,=(1—2)x 10 cm™3) gal-  acteristics of MIS structures exhibit a strong frequency de-
lium arsenide, which were grown am" and p*-type sub-  pendence up to fHz, irrespective of the type of conduction
strates, respectively, and oriented in {190 plane. Films in GaAs and the insulator material. A somewhat weaker fre-
prepared by the plasma chemical method—silicon oxynitridequency dependence of the FVCs and SVCs is observed for
(SikNyO,), silicon dioxide (SiO,), boron nitride (BN), samples with BN. However, the boron nitride layers which
double layer§BN+Si,N,O,), and also anodic oxide films— are synthesized at a low temperature possess inadequate elec-
were employed as the insulator. Before the insulator wagrical strength. Because of this circumstance, to perform
deposited by the plasma-chemical method, after degreasingieasurements up to voltages of 40-50 V, a silicon oxyni-
the semiconductor substrates were etched i Nidsma for  tride film was deposited on top of BN. For all MIS structures
2—-3 min. Insulator films of thicknes$=115-190 nm were investigated, the maximum capacitance is less than the de-
grown in a tunnel-type reactbrwith substrate temperature sign capacitanc€, of the insulator(see Table)l When the
Ts=200 °C(BN) and 400 °C(SiN,O,, Si0;). The anodic  same insulator is used, the modulation of the capacitance and
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TABLE |. Effect of laser radiation on the density of electronic states at the interface.

Ny, 1012 Ny, 1082 N, 101 N,, 101
Cq, Nag cm 2.ev?! cm2.ev?t cm 2.ev?t cm2.ev?! A

Sample No. Structure pF 10 cm3 before PLA after PLA before PLA after PLA Jlent
1 M-SiN,O,— p-GaAs 75 3.0 30 2.8 4.8 54 10

2 M—SL(NyOZ—BN—n—GaAS 76 1.5 62 39 1.4 5.7 8

3 M-—anodic oxidep-GaAs 81 2.0 7.5 4.3 4.8 7.7 8

2.6 7.4 10

6.9 6.4 12

Note: M—metal.

the maximum conductance are observed at negative voltagg§e voltagesC,,., decreases, andiC/dU decreasesFig. 1,

for structures based gurtype GaAs and at positive voltages curves4 and5).

for samples based amtype GaAs. After PLA with A=0.69 um andW<=8 J/cn?, the dis-
Irrespective of the type of conductivity in GaAs and the persion of the FVC also decread€dy. 2). Similar data were

wavelength of the radiation, after pulsed laser annealing thgbtained for MIS structures based on electronic gallium ars-

FVCs and SVCs shift along the voltage axis, and the maxienide. The only difference is that after laser annealing with

mum conductanc& ., and also the minimum capacitance W=8 J/cnf the FVCs and SVCs shift to lower positive volt-

Cmin @nd maximum capacitand@n,y of the MIS structures  ages.

change. Figure 1 shows the FVCs and SVCs for a sample Decreasing the wavelength and duration of the laser

based on hole-type GaAs befdfeurve 1) and after(curves  pulse has no effect on the changes in the electric character-

2-5) the action of laser radiation with =0.69 um. For stics of the experimental samples. Once again, there exists a

W=6-8 J/cnt the FVCs and SVCs shift to lower negative critical energy density,, which determines the effect of

voltages, the slope of the capacitance-voltage characteristigge laser radiation. After laser annealing witk-0.308 um

increases on the capacitance modulation section,Gpg  and W<W,=9.1 mJ/cmi, the minimum and maximum ca-

increasegcurves2 and3). At the same time, the maximum pacitances of the MIS structures increa$ég. 3, curves

on the conductance-voltage characteristic becomes narrowerr,-3) and the frequency dispersion of the FVCs and SVCs

and its position on the voltage axis corresponds to lowegecreases. In the ca¥¢>W, laser annealing has the oppo-

values ofC,, (curves2 and3). As W increases, the reverse sijte effect(Fig. 3, curves4 and 5). As the density of the
effect is observed: The FVCs and SVCs shift to higher nega-

, - :0 1 1 )
-5 5 -20 -10 0 10
U ’ 4 v ? V

FIG. 1. Capacitance-voltage and conductance-voltage characteristics of IG. 2. Capacitance-voltage characteristics of NiCr—anodic oxide—
NiCr—anodic oxidep-GaAs structure befor€l) and after(2-5) PLA with p-GaAs structure beforél, 2) and after(1’, 2') PLA with W=10 J/cni.
A=0.69 um andW, J/cnt: 2—8, 3—10,4—10 (twice), 5—12. f=10° Hz. f, Hz: 1,1'—10°%; 2,2'—10%.
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regime is not realized in the voltage interval studied, and the

r appearance of a section of capacitance modulation and a con-
i 7 ductance maximum is due to charge exchange on the fast
4o T ““z surface states, which have enough time to respond to the
- $30 yvv- T +§ measuring signal at the given frequertéy! In this case the
'h"s i wai 'v" s maximum value of the capacitance can be less than the ca-
& [ == il ooa—o—a7 pacitance of the insulator. The quantily,., corresponds to
Jor ] goad® the low-frequency andC,,, corresponds to the high-
- agoon frequency capacitance of the MIS structure. As the voltage
25} increases >|Uy|), a transition occurs from the high-
& frequency value of the capacitance of the MIS structure
208 _+ 1 1 [ W S I I T A 1
0 5 0 5 10 # 2 e SdCa _ )
v,y "MTCytCy M

, o _ S to the low-frequency value
FIG. 3. Capacitance-voltage characteristics of NiCr-anodic omiaAs

structure beforg1) and after(2-5) PLA with A=0.308 um and W, J/ Cd(Cd|+Ct)
cn?: 2—4.6,3—9.1,4—14.6,5—27.4.f =10 Hz. H=C 1c.rC.  Cmac 2
d dl t

where U, is the voltage corresponding to the onset of the
energy incident on the sample increases further, an inversiotapacitance modulation section,
of the FVCs and SVCs is observed. FetGaAs samples C.=Sé 3
t Ni(Fs) )

with a double insulator, the maximum conductance and

modulation of the capacitance after laser annealing are of$ the low-frequency differential capacitance limit due to
served for negative potentials on the controlling electrodéNarge exchange on fast surface states whose energy equals

(Fig. 4, curve3 and4). A similar inversion of the FVCs and the Fermi energyKs) at the semiconductor surfads, is the
SVCs after the action of radiation with=0.69 um and ©€nergy density of fast SESs, is the electron charge, and
r=1x103 s on the SiN,O,-n-GaAs interface for Cal is the capacitance of the depleted Ia)_/er.
W>15-20 J/cnt was observed in Ref. 14. Since at voltagedJ<|Uo| the capacitance Q) of

The change in the electrical characteristics produced if!!S structures s virtually independent of the voltage
GaAs-based MIS structures by PLA is not a short-time ef_thgre is no nonequilibrium depletiprit can be assumed t_hat
fect. Measurements performed on samples subjected to laskliS Section of the FVCs corresponds to strong depletion or
action immediately after annealing exhibit approximately the'V&@k inversion. The capacitance of the depleted layer is de-
same results a year and three years later. termined by the expressith

esggNg a
3. DISCUSSION OF THE EXPERIMENTAL DATA Ca=S my (4)

In analyzing the experimental data, we note thaf,x  where e is the relative permittivity of the semiconductor,
does not equal t&€. This indicates that the accumulation ¢ is the permittivity of free space, angs(U)| is the abso-
lute value of the surface potential at the voltdge

The surface potentiab;(0) atU=0 before and after the
action of laser radiation can be estimated with the aid of Egs.

W : :
c;]: o (1) and (4). It is well known that in GaAs the value of
< ; © ¢4(0) is determined by the total density of surface states
400 40 N, whose energy levels lie near the Fermi level at the sur-

face (Fo)'’ and which can be conventionally divided into
fast and slow levels. The calculation for NiCr—anodic
oxide-n-GaAs structuregFig. 3) was performed for the fol-
lowing values of the parameter§=2x 102 cn?, anodic
oxide permittivity e4=8.5, andNg4=5x% 10" cm 3. Before
laser annealingp(0)=0.81 V and it decreases to 0.67 V
after the action of laser radiation witW=9.1 mJ/cm. An-
nealing of the structures aV=27.4 md/crA increased
¢4(0) to 0.97 V. In the calculations it was assumed that PLA
does not change the charge carrier density in the surface
— e == - == region of GaAs.

8 642 17 vz 4 6 6 1072 The variation of the height of the potential barrier at the

’ surface of gallium arsenide after PLA correlates with the

FIG. 4. Capacitance-voltage and conductance-voltage characteristics of%ecrease n th_e total de,nSIty of surface states for low values
NiCr—Si,N,O,~BN-n-GaAs structure beforél, 2) and after(3, 4) PLA of W and the increase iNy for W>W, (see Table)l The
with A =0.308m andW > W,. f=10f Hz. values ofN;; were determined by the method described in

J00

200

00 0

420 Semiconductors 31 (4), April 1997 Vozmilova et al. 420



Ref. 17. However, pulsed laser annealing can actuallface. The energy stored in the electronic subsystem relaxes
change not onlyp(0) but also the impurity density in the through several processes, including the electron-phonon in-
surface region of the semiconductor. This effect is especiallyeraction. We assume that the energy released with recombi-
important in the case of annealing of structures withnation or trapping of nonequilibrium charge carriers is suffi-
W>W,. cient for multiplication of defects responsible for fast surface
According to Egs(2) and(3), the increase and decrease states N,, whose energy density is comparatively low
in the maximum capacitance after PLA with<W; and  (N,=10'"cm 2-eV).
W=>W, are explained, correspondingly, by the change inthe  The locally excited states of a defect which arise at the
density of fast surface states. The expression surface exist for a comparatively long tirfeguring which a
_ 2 rearrangement of the atomic structure of the primary defects
(Gt/@)max=0.4"Ni(F9)S, © is possible. As a result, the density of defects of the second

where G;/®)maxis the maximum value of the conductance, type decreases. These defects play the role of slow surface

due to charge transfer on the fast surface states and norma&ltates whose energy density exceeds that of SESs by two

ized to the frequencw, was used to estimafe; (see Table orders of magnitude, as is indicated by the decrease in the

). The values of5; were calculated according to the formu- frequency dispersion of the electrical characteristics of the

las presented in Ref. 17. As follows from the table, the denexperimental structure@=ig. 2). Annihilation of defects of

sity N, of fast surface states is higher after PLA in the casdhe second type foW<W, proceeds more rapidly than mul-

W<W,; and lower in the cas&/>W,. tiplication of defects of the first type. Ultimately, the total
The displacement of the FVCs and SVCsUe-0 and  density of surface states decrease®\aisicreasegsee Table

also the increase in the slope of the capacitance-voltage chdg-sample 3. Therefore, under PLA wittW<W, two pro-

acteristics(Fig. 1) as a result of PLA atW<W, is explained cesses occur simultaneously: multiplication of defects re-

by the change in the surface potenialdue to the decrease sponsible fo, (their initial density is low and annihilation

in the total densityN,; of surface state¥’ This is confirmed  of defects which give rise to slow surface stateir initial

by the estimates df;; presented in Table I. It follows from  density is high. The effect of the initial density of defects in

the data in the table thay; is, on the average, approximately GaAs crystals on the effect of pulsed laser annealing was

two orders of magnitude lower than the total density ofgiscussed in Ref. 22. An estimate of the powgrconsumed

SESS, i.e., the slow surface states make the main contributiqgy \w=w, shows thatP,=8.0x10®* W-s ! in the case

to pinning of the Fermi level at the surface. 7=102% s and P,=2.3x10° W-s ! for 7=4x10°8 s.
Consequently, a8V increases, the density of fast SESSTherefore, increasing the pulse duration ff<W, in-

and the total density of surface states vary in phase 0ppOSieases the efficiency of annihilation of the defects. In Ref.

tion. This is probably attributable to their different nature. 53 5 similar effect is explained by the prolonged existence of

SinceN; <Ny, the resulting action of the PLA on the elec- 405 with a high density of nonequilibrium charge carriers.
trical characteristics of MIS structures is determined mainly Comparing the Auger spectra of the insulator-GaAs in-

by the change in the slow surface stategth the exception terface before and after laser action with<\W, (see Figs.

Of Crma- . 5a and 5b does not show any appreciable changes in the
We shall use the eIeptron-deformatlon-thermEDT) elemental distribution profiles. The interface remains sharp
model to analyze th_e possible mechanism responsible for .thaefter PLA with W<W,. This indicates a weak interpenetra-
change in the density of SESs under pulsed laser annealin bn of the components of GaAs and the insulator. It can be
This model was proposed in Refs. 19 and 20 to explain the : )
change in the density of defects in semiconductors under th ssumed, therefore, th.at under Igser annealing WthW .
action of laser radiation. This model assumes a multifactof '€ ProCesses developing at the interface and on the gallium
action of PLA on the semiconductor surface: excitation ofarsenlde surface are of an athermal character.

the electronic subsystem, increase in the temperature, and 1 hermal ef;gcts anﬂ deformatlgnlpl';ly a larger role when
appearance of deformation as a result of thermal expansioW>Wc- According to the EDT r(')no el, the activation energy
defect formation decreas&%?’ which results in a higher

of the surface region of the semiconductor and because of t i ‘ -
photostriction effect. One or another factor could dominate,dens'ty of defects and a higher total density of surface states.
For W>W, thermal annealing of defects, which are re-

depending on the energy density. g
In our experiments, laser radiation energy densitiesSPonsible for fast surface states, probably occurs, and the

which do not exceed the melting threshold of GaAsdensity of such states decreases with increadingut since
(W<W.,,) were used. We take into account the fact that forNt<Ni, & decrease df, does not change the character of
the indicated wavelengths the energy of a laser photon ithe behavior of the total density of surface states with in-
higher than the band gap in GaAs; this gives rise to interbangreasing laser radiation energy ar, increases for
transitions and results in a sharp growth of the density o#V>W. This gives rise to a shift of the FVCs and SVCs to
nonequilibrium charge carriers in the absorption region.  higher voltages, decreases the slope of the FVCs, and in-
For W< W, the heating and deformation of the semicon-creases the frequency dispersion of the electrical character-
ductor surface are apparently weaker than in the case of eletstics.
tronic excitation, which is mainly localized on biographic Quenching of the photoluminescence signal was ob-
defectst®?° Their density is higher in a thin surface layer of served in Ref. 21 for approximately the same values\of
the semiconductor and directly at the GaAs-insulator interand higher values. The authors attribute this behavior to gen-

421 Semiconductors 31 (4), April 1997 Vozmilova et al. 421



a ceptor impurity?® It should be noted that thus far we have
observed the above-mentioned efféchange in the type of
conductivity only for n-GaAs—based MIS structures.

In summary, the electrical characteristics of MIS struc-
tures based on gallium arsenide can be effectively controlled
up to inversion of the type of conductivity in the surface
region of the semiconductor, by matching the conditions of
PLA (wavelength of the laser radiation, pulse duration, and
energy density For W<W, the character of the changes in

Concentration,arb.units
Dy O

7 % & @ 10 12 14 16 16 the FVC§ and SVQS does not depend on the insulator mate-
t, min rial and is determined by the wavelengthand the pulse

2k duration 7 of the laser radiation. An advantage of this

= b method is that the post-PLA parameters of the characteristics
101 remain unchanged when the samples are stored for several

- B ey Ga years under ambient atmosphere conditions.

3 AR, T e +

< F +

A f/'v.__.\’" ’-v"".\ 1‘

1B. 1. Bednyi, N. V. Baidus’, T. V. Belich, and I. A. Karpovich, Fiz. Tekh.

Concentration, arb.units

9 teseesesete,, T Poluprovodn26, 1383(1992 [Sov. Phys. Semicon@6, 775 (1992].
Cecsocctct . 2B. N. Bessolov, A. F. Ivankov, E. V. Konenkov, and N. V. Lebedev,
Ll Pis'ma Zh. Tekh. Fiz21, 46 (1995 [sic].
L4 a0 3S. I. Kirillova, V. E. Primachenko, and V. A. Chernab&overkhnost,

No. 12, 80(1994.

4Berkovitz, V. N. Bessolov, T. V. L'vova, and B. V. Tsarenkov, Fiz. Tekh.
Poluprovodn25, 1406(199J) [Sov. Phys. Semicon@5, 847 (1991)].

SM. S. Carpenter, M. R. Melloch, and T. E. Dangan, Appl. Phys. I58t.

60 (1988.

6S. Cassette, F. Plais, and J. Olver, Surf. Interf. At8).1 (1991).

"T. Sugino, T. Yamada, K. Matsuda, and J. Shiraafuju, Appl. Sur. Sci.
56-68, pt A, 311(1992.

8J. R. Waldrop and R. W. Grant, J. Vac. Sci. Technob,B.015(1988.

‘f'.o....ooo........o.n-.'.-o

Concentration ,arb.units

| A A L ' N L N %K. Kjyanagy, S. Kasar, and H. Hasegava, Jpn. J. Appl. PBgs502
0 20 30 40 (1993.
t,min 105, A. Chambers and V. S. Sundaram, J. Vac. Sci. Technd, B256
(1992).

Multilayer thin-film structure Matsumoto Yosinari; nippon denki k. k.
Patent 60—223134, Japan, Patent April, 19, 1984, No. 59-74957, pub-
lished Nov. 7, 1985, MKI N 01 L21/314, C23C16/30. .

12G. Yu. Bagratishvilli, R. N. Dzhanelidze, N. |. Kurdiare al., Elektron.
Tekhn., Ser. 2. Poluprovodnikovye Pribogy, 31 (1972.

M. Yoichi, W. Kazumi, and W. Yoshinori, Appl. Phys. Leti61, 2993
eration of defects which are nonradiative-recombination cen- (1997,

ters. 14y, P. Voronkov, V. M. Kalygina, S. Yu. Mulenkov, E. |. Oborina, E. G.
The experimental results for PLA with  Sal'man, and T. P. Smirnova, Fiz. Tekh. Poluprovod6, 1120 (1992
W=15-20J/cr? (\=0.69 um,7=10"3s) andW equal to SOV~ Phys. Semicon@6, 626(1992]. _
o _ _g T. P. Smirnova, L. V. Khramova, and I. K. Yashkin, Neorg. Mat28,
several tens of mJ/cm(A=0.308 um,7=3x10"8 s) are 1414(1992.
explained under the assumption that under these conditionsy. N. ovsyuk, Electronic Processes in Semiconductors with Space
doping of the surface region of GaAs with an acceptor im- Charge Region$in Russiaf, Novosibirsk(1984.
punty occurs as a result of hlgh mass-transfer rates. As la7V I. Gaman, N. N. IvanO\{a, V. M. Kaluglna, and E. B. Sudakova, lzv.
result, the type of conductivity in the semiconductor ,, YSSh: Uchebn. Zaved., Fi5, 99 (1992.
. V. I. Gaman, V. M. Kalygina, A. V. Panin, and T. P. Smirnova, Poverkh-
changes. This change accounts for the observed course of the,q: ‘o, 5, 18(1995.
capacitance-voltage and conductance-voltage characteristi®s. |. Emel'yanov and P. K. Pashkarov, Poverkhnost’, No. 2,(7990.
after ILA (Fig. 4). This assumption is confirmed by the 2°P K. Kashkarov and V. Yu. Timoshenko, Poverkhnost', No. 61995.
change in the elemental distribution profiles at the insulator>"A \gaz"tee" P. K. Kashkarov, and V. F. Kiselev, Poverkhnost', No. 5, 97
GaAs mterface(Flg 5, which are substantially different 22| s, Belichev, P. K. Kashkarov, and V. Yu. Timoshenko, Vest. MGU, Ser.
from the corresponding data before laser annealing and after3 30, 77 (1989.
the action of laser radiation with/<<W,. Strong mixing of  2*H. Okigawa, T. Nakayama, K. Talayama, and N. Itoh, Comn#.347
the components of the semiconductor and insulator is ob (1984.
served for Iarge values of/. This results in an appremable 24N. Ainsbrugh and Y. WissmafEds], Gallium Arsenide in Semiconduc-
. . tors [Russian trang,. Moscow (1988.
smearing of the interface. The surface layer of GaAs be-

comes enriched with boron, which plays the role of an acTranslated by M. E. Alferieff

FIG. 5. Elemental distribution profiles at the,[8jO,—~BN—-GaAs interface
before(a) and after PLA withW<W, (b) andW>W, (c).

422 Semiconductors 31 (4), April 1997 Vozmilova et al. 422



Radiative cooling under the conditions of magnetoconcentration
A. I. Liptuga, V. K. Malyutenko, and V. I. Pipa

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine

L. V. Levash

Institute of Physics, Ukrainian National Academy of Sciences, 252028 Kiev, Ukraine
(Submitted May 12, 1996; accepted for publication June 26, 1996
Fiz. Tekh. Poluprovodr31, 498—-502(April 1997)

The results of theoretical and experimental studies of the time dependences of radiative cooling
produced by a pulsed semiconductor source of negative interband luminescence are

presented. The kinetics of cooling and subsequent temperature relaxation of the passive element,
which depend on the power and duration of the luminescence pulse, are studied. It is

shown that the luminescence excitation method empldifezl magnetoconcentration effct

makes possible both radiative cooling and heating of the passive element; this is promising for
practical applications. The results of a theoretical study are in qualitative agreement with

the experimental data. The maximum cooling achieved in the experiment at room temperature is
0.62 K. © 1997 American Institute of Physid$51063-782807)02404-9

One manifestation of negative luminescence ofthe thermal radiation of the current-heated cooling element,
semiconductors’ is radiative coolingRC).2 This effect can  were investigated theoretically in Ref. 5.
be described as follows. If nonequilibrium electron and hole  In this present study we investigate experimentally and
densities are maintained below the equilibrium values bytheoretically the time and field dependences of the radiative
some method, then the radiative-recombination intensitgooling produced by semiconductors under conditions of
drops below the intensity of the equilibrium radiatibAs a ~ magnetoconcentration. The kinetics of cooling and subse-
result, in the regionv>E, /% (E4 is the band gapabsorp-  quent temperature relaxation of the cooled layer are studied.
tion dominates over emission, i.e., a radiation energy fluxThe possibilities of practical applications of the radiative
from the outside toward the surface of the semiconductogooling, making it possible to cool and heat a passive ele-
appears. Therefore, the semiconductor absorbs the thermallent, are discussed.
radiation from the surrounding bodies in this part of the
spectrum and can thereby lower their temperature.

Radiative cooling was first observed in Ref. 3. An InSb
crystal was employed as the coolif@ctive element under
the conditions of magnetocondensation, which is one of the  The radiative cooling was studied @t=300 K using
most effective and well-studied methods for exciting negainSb and CdHgTe semiconductor crystals as the active ele-
tive luminescence. It is realized in a semiconductor placed ifment. The crystals were made in the form of
a magnetic fieldH and in a pulling electric fieldE oriented  (0.015-0.02)x 3x 8-mnt thin plates fitted with ohmic con-
perpendicular to the magnetic field. Bipolar depletion ap-tacts. The semiconductor was cemented to a substrate, which
pears near one of the wide faces of the plate, which is pamwas secured to a copper radiator with the aid of a heat-
allel to H andE and which is characterized by a low rate of conducting Paste. The radiator was built into the casing of a
surface recombination, and therefore the radiation from thigacuum capsule so that the part of the radiator to which the
face is suppressed in the spectral region; Eq/A. When  semiconductor crystal was secured was located inside the
the polarity of the controlling voltage is reversed, this sur-capsule. The cooled element was placed in the capsule di-
face becomes enriched with nonequilibrium carriers, whichrectly near the surface of the semiconductor with a low sur-
results in excess emission. face recombination rat@t a distance=1.5 mn). An optical

Since the cooling element is heated when a currenfilter was placed between the cooling and cooled elements.
passes through it, its thermal emission in the rest of the sped-he measuring capsule was placed between the poles of a
trum (w<Eg4/#) increases, which in itself results in heating magnet; the magnetic field could be regulated from 0 to 20
of the cooled(passivé element optically coupled with it. kOe. The duratiort; of the controlling electric field pulses
Therefore, the magnitude of the radiative cooling dependsvas varied from 30 to 500 ms.
not only on the power of the negative luminescence, but also  The choice of the semiconductor materials employed as
on the duration of the luminescence pulse. The analysis dhe active element is dictated primarily by the possibility of
this effect performed in Ref. 3 was based on the assumptioabtaining a high negative-luminescence power. The latter
that the change in the temperature of the cooled layer ipower with the same bipolar depletion of the semiconductor
proportional to the luminescence power; this assumption igncreases with decreasing band gap. The maximum possible
valid if the Joule heating of the active element is ignored.modulated radiation flu® is reached with complete bipolar
The main laws of the radiative cooling, taking into accountdepletion of the surface region of the semiconductor. Ac-

1. EXPERIMENTAL PROCEDURE
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FIG. 1. Oscillograms of the electrical signal of a pas-
sive element(temperature of the elementThe mag-
netic field intensityH =15 kOe. a—Duration of the
negative-luminescence pulse 300 ms, voltage, V: 0.4,
0.8, 1.2, 1.6(oscillograms top to bottojn cooling
element—InSb; b—voltage 3.2 V, durations of the
negative-luminescence pulses, ms: 100, 200, 300, 400
(oscillograms from left to right cooling element—

(%)

Cdp1Hgo 1T
cording to Ref. 2, ak increasesP, decreases according to dT T-T, Tot
the law EJexp(—E,/kT) with Eg>KT. -+ =—- 1)
9 9 dt T TTg

A lithium tantalate single crystal, consisting of a thin
0.015<3x 8-mn plate with metal electrodes deposited 0N ere T,=T(0) is the initial temperature of the cooled ele-
the wide faces was used as the cooled element. The plate Wasnt and the cooling semiconductistate of equilibriuny
secured in a fixed position, without touching other elements; js the cooling time of the layer due to the thermal emission
of the capsule, with the aid of thin contact wires. One of theyt the |ayer,r, is a constant determining the Joule heating of
wide faces of the cooled elemeftitirned toward the semi- the semiconductdiit is assumed that the temperattie of
conductor platewas blackened. The cooled pyroelectric el-tne  semiconductor  increases according to the law
ement, which served as a temperature sensor, possesseq-sa_,TO(1+t/Ts) wherer,~1~2 for a semiconductor with a
high temperature sensitivitjat a level of 0.01 Kand was  cyrent| that is uniform over the cross sectiph is pro-
inserted into the amplifying circuit with a high-resistance pqtional to the negative-luminescence poter
input®

_ pCd We P
T 40TI1-R)’ " pCd’

2. RESULTS AND DISCUSSION (2

The variation of the temperatufigt) of the cooled layer
under conditions when the luminescence pulse durdtiem  wherep, C, andd are the density, specific heat, and thick-
much greater than the characteristic cooling time of the layeness of the layery is the Stefan—Boltzmann constar,is
was calculated in Ref. 5. We shall investigate here the time¢he reflection coefficient of the semiconductor surface, aver-
dependencd (t) for a pulse of finite duration. ForQt<t; aged over the entire spectrum <@ <), and P is the
the temperaturd(t) of the cooled layer is described by the power of the negative luminescence. The expressiorr fer
equation given for the case corresponding to the experimental condi-
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FIG. 2. Kinetics of the temperature of the cooled elen{@mtory as a function of the powei) and durationb) of the negative-luminescence pulses. a—
(P, Wicn?, 74, 9): (0.0016, 809, (0.0026, 550, (0.0046, 36] (curves top to bottom 7=0.74 s; b—P=0.01 W/cn?, 7,=100 s,7=0.74 s t;, ms: 100, 200,
300, 400(curves from left to right

tions when the frontturned toward the conductosurface is T=300 K andR=0.36, was used for the calculation. The
blackened and the back surface is metallized. Joule heating parametet, of the semiconductor was esti-
The timet; over which a photon deficiency is produced mated from the temperature relaxation of the passive element
can be estimated as the bipolar depletion time of the semifter the negative luminescence pulse is switched off. When
conductor surface layer with a thickness of the order ofarying the luminescence powev, which depends linearly

a” ! (a is the interband absorption coefficigntnder mag- on the applied voltageU, the voltage dependence
netoconcentration conditions t;=(aV)1, where (U)~U~2 was used
S .

?]/ I'“ nipHF/C is dthe trantsr\]/ ersle (:”ft velgcgylof eliﬁt{.o n The characteristic features of the experimental observa-
Ol pairs,u, and i, are the electron and hole MODIUES, o ¢ 14diation cooling are determined by the fact that
andc is the speed of light. After the voltage is switched off, : . )
o SRV ... when a controlling voltage was applied to the cooling ele-
the recombination radiation is restored to the equilibrium .
ment, the temperature of the element always increakade

value over a timé, of the order of the recombination time. . , , .
Under the experimental conditioris=10"9 s, t,=10"8 s heating. The increase in the temperature of the semiconduc-

and the thermal constants r>t;,t, (=1 s and, accord- tor depends on the duration and amplitude of the controlling
S ’ 1

ing to our estimates, varies in the range 100—1000 s, Voltage and on the amount of energy lost by the crystal as a

depending on the controlling voltageso that the lumines- Tesult of heat transfer to the substrate. As a result, during a

cence pulse can be assumed to be square. time corresponding to the pulse duration, two processes com-
For AT=T—T, we obtain the following expression pete with one another—negative luminescenspectral
from Eq. (1) for t<t;: range E4/A<w<, cooling and nonequilibrium thermal

radiation(the range 0< » < Eg/#, heating. Naturally, the
action of negative luminescence should result in a decrease
After the controlling voltage is switched off, the temperatureof the temperature of the cooled element and an increase in
of the cooled element starts to decrease mainly as a result ge intensity of the thermal radiation should result in heating
contact with the substrate. The change in the semiconductejt the element, i.e., the cooling element possessed the prop-
temperature can be ignored for the short time interval aftepties of a radiative cooler and heater simultaneously. We
t=1;, during which the temperature of the thin cooled layery o that the onset of the negative-luminescence corresponds
relaxes. In this case t_he tgmperatﬂn(e) is described by Eqg. in time to the leading edge of the controlling pulse. The heat
(1).’ where the right side is now equal 1qt;/775. The so- flux from the active element, however, increases as the heat-
lution for t=t; has the form . . ; .
ing of the semiconductor by the passing current increases.

AT=7(W+Ty/7g)(e V"=tV £ Tot, [ 7. (4) A massive absorbing filter, transmitting radiation in the

The experimental temperature dependens@gt) as a  SPectral regionn>E,/%, was placed between the semicon-
function of the magnitude of the controlling voltage and ductor crystal and th_e cooled element. This made it po_SS|bIe
pulse duration(oscillograms are shown in Figs. 1a and 1b, 0 decrease substantially the effect of the thermal radiation of
respectively. The theoretical time dependenadt), cal- the active element on the cooled element, although this effect
culated for different powers and durations of the lumines-could not be completely eliminated. The maximum decrease
cence pulse, are illustrated in Figs. 2a and 2b. The valu# the temperature of the cooled element under the experi-
7=0.74 s, obtained from Eq(2) for the parameters of mental conditions also depends on the heat flux to this ele-
lithium tantalaté p=7 glcn? and C=0.42 J/gK at ment as a result of heat conduction through the metal con-

AT=17(W+Ty/7e)(e V"= 1)+ Tt/ 75. 3
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Hence, forWz,/To<<1 we obtain
AT pin= — W2 77/2T. (6)

Therefore, forW~U and 7~ U2 the function AT ,i,(U)
saturates. We see this tendency on cufvesd 6 (Fig. J),
which correspond to the longest pulses.

The duration and amplitude of the controlling pulse can
be chosen in such a way that the temperature of the cooled
element does not rise above the equilibrium value after the
voltage is switched offFig. 1g. This latter circumstance is
very important in the case of practical applications of the
effect described above.

It was found that the field dependences of the radiative
1 1 cooling are approximately the same for the InSb and

o 20 uv 0 CdHgTe crystals used as the cooling elements, while the

maximum values oA T differ substantially. The greatest de-

FIG. 3. Experimental field dependence of the cooling temper&t@) and crease in temperature of the cooled element is observed in

heating temperaturél’—6') of the cooled element for different lumines- the case where a CdHgTe crysté &=0.14 eV} is used as

cence pulse durations, mst, 1'—30; 2, 2'—100; 3, 3'—200; 4,  the active element and equals 0.62 K. The somewhat lower

4'—300; 5, 5'—400; 6, 6'—500.H=20 kOe, cooling element—InSh. values which we obtained fak T, from theoretical calcu-
lations (Fig. 2b could stem from the fact that the theory
ignored the effect of a filter on radiation transfer and heat

tacts of the holde(the capsule was evacuated and there wasransfer through the metal contacts-holders.

no convection Our studies showed that the radiative cooling has prac-

The change(maximum value achieved over the pulse tical applications. It is important that in the present situation
time) in the temperature of the cooled element is plotted inthe active semiconductor element can function as a cooler
Fig. 3 as a function of the voltage applied to the active eleand heater, depending on the polarity of the controlling volt-
ment (InSb crystal. The parameter of the curves is the du- age(see Fig. 3. This is especially important when it is used
ration t; of the electric field pulse. We see that for a shortas an active element in a temperature stabilization device.
pulse duratioricurvesl, 1', 2, 2') the voltage dependence of We developed such a device and used it successfully to sta-
the change in the temperature of the passive element isilize the frequency of a small quartz oscillator. Analysis of
nearly linear. For long durations, heating of the InSb latticethe operation of the device shows that because the active
has an effecta small fraction of the thermal radiation from element switches on and off rapidly, it has advantages over
the semiconductor penetrates through the jilterhich re-  analogs(for example, thermoelectric devigesVe note that
sults in the sublinearity of the cooling curvé®-6) and su-  to improve the performance of this device, especially to de-
perlinearity of the heating curvg8’'—6'). An increase in the crease the time of the radiative effect on the controlled ob-
voltage (Fig. 13 and the pulse duratio(Fig. 1b results in  ject, the cooling elements should be made of tliiigh-
appreciable competition between the thermal radiation angesistancesemiconductor films fabricated from narrow-gap
the negative luminescence. As a result, the cooled elemembaterials.
cools for some period of time and then starts to heat up.

After the controlling voltage is switched off and, correspond-

ingly, in the absence of negative luminescence, the rate of

increase of the temperature of the cooled element increases

with increasing amplitude or duration of the voltage pulse. :c.c. Bolgov, V. K. Malyutenko, and V. I. Pipa, Pis'ma Zh. Tekh. Fz.

For the controlling-field values employed by us the lu- 21444(1979 [Sov. Tech. Phys. Let6, 610(1979].

minescence power is a linear function of the voltagieIn S. S. Bolgov, V. K. Malyutenko,. and V. |. Pipa, Fiz. Tekh. Poluprovodn.
. 17, 208(1983 [Sov. Phys. Semicond.7, 134(1983].

the case of short pulse$i{€ T) it follows from Eq. (3) that 3p. Berdahl inProc. of the 18th Int. Conf. on the Physics of Semiconduc-

AT=-Wt, i.e., it does not depend on the heating param- tors, Stockholm(1986), p. 1595.

eter 74 of the cooling element, andT increases linearly :V-K- Malyutenko. Semicond. Sci. Technd, S390(1993.

with the voltage, as is observed experimentalfig. 3, V. |. Pipa, Fiz. Tekh. Poluprovodr29, 526 (1995 [Semiconductorg9,

L. 272(1999)].
curvesl, 1,)- For Iong pUISES&T(t) reaches a minimum for 8V. F. Kosorotov, L. S. KremenchutgkiV. B. Samdlov, and L. V. Shche-

AT,K

tmin<t; (see bottom curves in Figs. 1b or)2FFrom Eq.(3) drin, Pyroelectric Effect and Its Practical Applicationsn Russian,
we find thatA T, is determined by the expression Naukova dumka, Kiey1989.
"M. P. Shaskol'ski[Ed.], Acoustic Crystal§in Russian, Nauka, Moscow
AT min 7| Wrg Wrg (1982.
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Effect of ultrasonic treatment on deformation effects and the structure of local centers
in the substrate and in the contact regions of MIn — n*-GaAs structures ( M=Pt,
Cr, W)

I. B. Ermolovich, V. V. Milenin, R. V. Konakova, L. N. Primenko, I. V. Prokopenko,
and V. L. Gromashevskil

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted August 15, 1994; accepted for publication July 1, 1996
Fiz. Tekh. Poluprovodr31, 503—-508(April 1997)

The effect of ultrasonic treatment on the physicochemical, structural, and electrical properties of
Pt, Cr, Wh—n"-GaAs structures has been studied. It is shown that the ultrasonic treatment
produces spatial and chemical ordering of the contact GaAs region. This decreases the reverse
currents in diode structures with a Schottky barrier. A possible mechanism of the effect of
ultrasonic treatment on the structural and chemical reorganizatioima— n*-GaAs contact is
discussed. ©1997 American Institute of PhysidsS§1063-782807)02504-(

1. INTRODUCTION sample. In so doing, we assumed that the radius of curvature
P>O for a concave surface a0 for a convex surface.

metllrjse\r/nalc?oens dagt(z(“\sﬂtg;) '(I:'c%g;ttgzeeliﬁtg%ﬂ t?\irihm;fcrtser? The spectrum of local states in the band gap of the sub-
! u P strate and near the heterojunction of the structures was de-

istic features of the physical-chemical state of the interface . .
L . . termined from the photoluminescen@®l) spectra measured
Variations of the microscopic bonds between atoms at th P ) Sp

interf result in a sharb variation of the electronic or r%n the substrate and metal sides, respectively. The lumines-
nierface resu a sharp variation ot In€ 1ectionic propere . \yas recorded in the spectral range 0.54-2.0 eV at 77
ties, operational characteristics, reliability, and longevity of

macroscopic MS junctions. Controllable actions on the deK' Excitation was performed with light from a PZh-100 in-
P J . . . andescent lamp withv>2.0 eV[the absorption coefficient
fect structure of a semiconductor in the contact region coul

. . . Al as 10 cm ! (Ref. 6]. A PbS photoresistor served as a PL
make it possible to vary the interdiffusion of the Conta(.:tdetector. The PL measured on the metal side was approxi-

materials and the character of the interphase reactions, "eiﬂately ten times weaker than that on the substrate side, since

e 1 St ol phcse Dl e o esablive metsl ayer Served 2 el aenuator for he exct
ion and the luminescence light.

(UST) on the microdefect structure of semiconductors: dif- The data on the spatial distribution of the components of

fusion and association (_)I po!nt defects, dlssquatlon of COMihe metal-GaAs contacts in the direction normal to their sur-
plex centers, and othets? which can strongly influence the

formation and parameters of Schottky barriers. face were obtained with the aid of Auger spectroscopy with

In the present work we studied the effect of UST on thelayerW|se etching of the samples using 1-keV Ar ions. The

. . . . . Auger spectra were measured in a differentiated mode in the
physicochemical properties of technically important hetero- gersp

o L region of the LMM transitions in Cr, Ga, and As aiMNN
structgresj\/l/n - n GaAs formed by metals with different transitions in Pt and W. The spectra were recorded with ana-
chemical activitiegPt, Cr, W).

lyzer resolution of 0.6%, primary electron beam energy

E=3 keV, and a modulation amplitude of 5 V.

2 SAMPLES AND EXPERIMENTAL PROCEDURE The atomic electron densities were calculated by the

method of elemental sensitivity coefficieritssing the most

The MS structures were fabricated by electron-beamntense lines in the Auger spectra.

evaporation of Pt, Cr, and W in a 16 Pa vacuum on a

n—n*-GaAs substrate wit(100) surface orientation and

heated to temperatures of 200, 180, and 260 °C, respectiveh??'. EXPERIMENTAL RESULTS AND DISCUSSION

The metallization layers were no more than 800 A thick. The  The normalized elemental distribution profiles reflecting

structures fabricated were subjected to UST in a longitudinalhe variation of the chemical composition of the

pulse mode with frequency in the range 0.2—-14 MHz andVi/n—n*-GaAs interphase boundaries before and after UST

power 6 W/cm at the transmitting transducer. The treatmentare shown in Fig. 1.

time was 1 h. We see that the main process occurring at the interface
The physicochemical state of the heterostructures wasnder the conditions chosen for preparing the structures is

analyzed using the following methods. The deformation efinterdiffusion of the contact components, which destroys the

fects in theM/n—n*-GaAs systems were studied by the stoichiometric composition in the surface layer of the semi-

x-ray diffraction method. The uniformity of the bending of conductor. There are no pronounced effects associated with

the system was checked on the basis of measurements of ttiee chemical interactions between the metals and GaAs, even

peak intensities of the Bragg reflections and the radii of curunder the most favorable conditions—with deposition of Pt,

vature, measured at intermediate points of translation of thevhich are characterized by high chemical actifity.
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FIG. 1. Normalized depth distribution of the components of contacts before
(a, ¢, & and after(b, d, f) ultrasonic treatment. a, b—Cr/GaAs; ¢, d—
Pt/GaAs; e, —W/GaAs.

Ultrasonic treatment does not influence appreciably the
penetration depth of metal atoms in GaAs or the variation of
the stoichiometric ratio of the components in the surface re-
gion of the semiconductor. The observed characteristic fea- 08 1.2
tures in the Ga and As distributions in contacts with Pt and
W are most likely et.Chlng artn‘acts,_ which are especially pro_FIG. 2. Luminescence spectra ®fi/n—n*-GaAs structures at 77 K:
nounced on the “tails” of the prOf'Ie%' M=Pt(a, b, c, f, g, b M=Cr (d, i); M=W (e, j) on the metal side—a—e;

Ultrasonic treatment under the conditions employed byon the substrate side—f—j. 1—Initial, 2 and 3—after UST-1 and UST-2,
us therefore does not influence the redistribution of theespectively.
atomic components in the experimental contact pairs. The
degree of smearing of the boundary, however, is determined
by the chemical activity of the metal and the initial condi- hv,,,,=0.78, 1.02, 1.20, and 1.33 eV, whose intensity ratios
tions under which the structures were prepared: The highesire different in different samples, are observed in the PL
degree of smearing occurs in the case of Pt and the smearisgectra of the substrates. The PL spectra obtained on the side
is much weaker for Cr and W. For the latter two metalliza-of the metallized layers of the initial structuré@sgs. 2a—2g
tions, the diffusion of the semiconductor components is more&ontain a larger number of bands than the spectra obtained
nonstoichiometric due to the large penetration depth of Ga imn the substrate side, where the bands are poorly resolved.
the metal layers. The observed interactions at the interface dfhis shows that the density of defects is higher in the contact
the MS contacts should result in variations in the structur@egions than in the bulk. We note that the shape of the PL
and evolution of the boundary states in GaAs. energy spectrum of the contacts is close to that of the PL

Typical PL spectra of the experimental structures beforespectra of GaAs epitaxial layet$ Metallization transforms
and after UST are shown in Fig. 2. The spectra were meathe spectrum, but it is not possible to establish a correlation
sured on the metallized layer sidEigs. 2a—2gand on the between the variations and the nature of the deposited metal.
substrate siddéFigs. 2f—2). Wide overlapping bands with Ultrasonic treatment intensifies PL as a whole for the sub-

16 2.8 1.2 16
hv,ev
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TABLE I. Radii of curvatureRand deformations of contacts before and  and propagation of elastic waves does not change the density
after ultrasonic treatmerUST). of the structural defects in the crystal that could be recorded

Before UST After UST according to the level of the residual deformations. However,
Type of metal- sharp variations, which correlated with the sign of the cur-
conductor contact  R,m € R,m € vature of the investigated structures, in the structure of the
Pt/GaAs PL spectra are recorded. As the stresses deci&ige. 2c
1 29.5 510 ° 34 4.4¢10°° and 2@, the most intense band becomes the 1.02-eV band
; ig-g f;(lf; - - and under tensile stresses the 1.2-eV band is strofgiest
4 34 4x10° 295  5x10° 2a, 2b, and 2d ,
5 23 6.5¢10°© . . In accordance with Ref. 12, the external stresses change
6 258  5.%10° - - the chemical potential of the vacancies as compared with the
7 29.5 5<10’66 - o corresponding value in the undeformed crystals, a conse-
g 129 120 —129 1210 quence of which is the appearance of directed diffusion
10 18.8 106 i i fluxes of vacancies. In the presence of compressive stresses,
1 229  6510°° 22.9 6.5¢10°° a state of supersaturation with respect to vacancies is real-
ized. This supersaturation relaxes in time to a new equilib-
V\,”GaAS . . rium state of the system because of the vacancy losses at a
1 -6.9  2.2¢10 -6.6 23510 . X :
o 65  2.3¢10°° ) ) free surface or because of dislocations or the formation of
3 -6.0 2.5x10°° . - complexes and clusters of point defects. The picture is re-
CriGaAs verse_d when the cry_stallis stretched: C_omplexes or clusters
1 100 1.94¢10°5 i i of point defects, which include vacancies, decompose into

point-like components. The degree of supersaturation or un-
dersaturation with vacancies depends on the concentration of
dopants and background impurities, which can participate in

strates and the contact regions and it results in band narro/f?€ formation of impurity-vacancy complexes—radiative and
ing and redistribution of the band intensities, which are eshonradiative recombination centers. Indeed, it has been
pecially pronounced in the PL spectra obtained on thdound that compressive stresses give rise to the appearance
metallized-layer side. This means that the ultrasonic wav@f complex centers of emission for tqg_l%.oz-ev band—
substantially weakens the nonradiative recombination charfioner-acceptor pairs of the typ¥/¢, — D). At the same
nel, homogenizes the structure as a result of the large ordefiMe; pPredominant centers of emission in the presence of
ing of the spatial localization of defects and impurities in thel€nSile stresses are isolated acceptorg,CLi02-eV bangi™
lattice, and also changes the spectrum of localized statedh€ presence of the band withw,,,=1.33 eV, which is
which is most effective in the contact region. attributed toVasClaVas cOmplexes, points to the presence
Although there is no single point of view concerning the ©f Packground Cu impurity in the experimental sampfest _
microstructure of the centers responsible for the observelPW (room) temperatures, the association of defects into
radiative transitions, it is believed that the luminescence cen®MPplex centers and dissociation of complex centers are re-
ters are complexes, whose common constituent ariarded as a result of the extremely I0\_/v diffusion coel_‘fluent
vacancie€.On the other hand, the form of the PL spectra of®f vacancieg ~ 102 sz_/s (Ref. 18]; i.e., there are virtu-
epitaxial structures subjected to moderate deformations ally no vacancy flux_es. Stimulated diffusion of vacancies and
correlates well with the data obtained in the present work®f impurities, including those from the metallized layer, oc-
absent or weak edge band and quite intense long-wavelengB¥"s unqler _the action of the ultrasonic wave, since the_ diffu-
PL bands. All this indicates that deformation effects, whichSiOn activation energy decreasés: Eqo— oy, V, wherek, is
occur during the formation of a contatin the restructuring  the equilibrium diffusion activation energy;y is the ultra-
of local centers in the contact layers of a semiconductorsonic stressV is the activation volume, and the complex-
including also with UST, must be taken into account. formation procesgdissociations, depending on the sign of
The radii of curvatureR of structures, whose PL spectra the deformation of the metal/GaAs contait more vigor-
are shown in Fig. 2, are presented in Table I. As followsous. The increase in the PL intensity as a whole over the
from these data, in the case of Pt under standard conditiorentire spectral region and the narrowing of the bands, which
of metallization, the mechanical stresses vary from sample toould be associated with an increase in the mobility of struc-
sample even for the same film thickness: In most cases, itural defects and impurities resulting in their spatial and
addition to the absence or compensation for the stresses inchemical ordering, also attest to such a mechanism of the
metal/GaAs contacfR=0), a tensile stress with deforma- action of UST.
tions in the ranges=510 6—1.4x10° is present in the This is also confirmed by the character of the change in
semiconductor R>0), together with a compressive stressthe PL from the backside of the heteropairs, which are
(R<0) with e=1.2x10"®. The sign of the deformations strongly disordered by mechanical grinding at the stage of
R<0 for samples with tungsten metallization aRd-0 for  preparation of GaAs substrates for epitaxy. The increase in
samples obtained with deposition of Cr. the intensity of the luminescence bands in this case is most
Ultrasonic treatment does not influence appreciably thdikely due to the ordering of the dislocation structure. The
deformation parameters of the structures; i.e., the appearangacancy fluxes, stimulated by ultrasonic deformation, ab-
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defect complexes in it and therefore the energy position of
local centers, whose real physicochemical structure is deter-
mined by many technological factors which are difficult to
control. This objective circumstance makes it difficult to un-
derstand the evolution of the boundary electronic states. At
the same time, in Ref. 21 a correlation was observed in the
position of the PL peaks and the height of the Schottky bar-
rier; this confirms the importance of taking into account the
spectrum of local states in the contact regions of metal/GaAs
contacts.
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The kinetics of the establishment of a current througt-a junction with microplasmas, upon
application to the junction of a voltage less than the threshold voltage for switching-on of
microplasmas under stationary conditions, has been investigated. A transitory switching-on of
microplasmas and a current an order of magnitude higher than the stationary current were
observed. An explanation is proposed for the observed effect. The explanation is based on the
previously discussed strong effect of nonuniform heating pfa junction on the

avalanche current. €997 American Institute of Physid$51063-7827)02604-5

In the presence of microplasma breakdown op-en  p-n junctions. The curve was taken from the screen of an
junction, a region of current instability is present on the re-oscillograph with the voltage) applied across thp—n junc-
verse branch of the current-voltage characteriéC) of tion which increased from 0 to 1330 V in 1 min. A sawtooth
the junction. If the voltag®) on thep—n junction lies in this  voltage with a frequency of 500 Hz and an amplitude of 6 V
region, then the currerit through the junction possesses awas summed with this voltage. The noise sections on the
component that varies randomly in tirhélhis component |-V characteristic are the regions of current instability.
appears for the following reason. Microplasma channels are The current oscillogram 2 was obtained with a constant
present in the space charge regi&CR of thep—njunction.  voltageU,< U, switched on. The rise time of the voltage
These channels are sections where the electric field is stromvas less than Ls; the values o, andU, are indicated in
ger than elsewhere in the SCR. In the presence of instabilitthe figure. The initially high current drops over a tirhé¢o
the electric field in a channel is strong enough for avalanchéhe valuel; realized on the |-V characteristicurve 1) at
multiplication of electrons and holes to occur there, and outlU =U,. Noise sections are observed in the oscillogram. The
side the channel the electric field is too weak for such amumber of such sections is the same as on the 1-V charac-
occurrence. An electrofhole) which has randomly entered a teristic. The current values of these sections are close to the
channel triggers an avalanche there and increases the currefatiues of the corresponding sections of the |-V characteristic.
— it switches on a microplasma. The current flowing As U, decreased, the initial current and the number of noise
through the microplasma channel is weak and the number afections decreased.
electrons and holes in the microplasma is small. Therefore, 2. The effect of nonuniform longitudinal heating of
the probability for all electrons and holes to escape randomlynicroplasma-freep—n junctions on the impact-ionization
from the channel and for the avalanche current to cease -eurrent was investigated on the basis of Refs. @ &nlt was
the microplasma is switched off — is high. found that even weak, but sharply nonuniform, heating can

At voltagesU less than the lower limit of the region of substantially decrease the impact-ionization current — the
instability avalanche multiplication does not occur in a mi- heating can nearly switch off the impact-ionization current.
croplasma channel. FdJ above the upper limit of this re- The strong effect of nonuniform heating can be explained by
gion the number of electrons and holes in the channel is largthe action of the mechanism studied theoretically in Ref. 4 .
and a stationary avalanche-multiplication current is estab- Using the results of Refs. 2 —4 , the observed change in
lished through the channel. We denote By the voltage the current in g—n junction with microplasmas can be ex-
corresponding to the lower limit of the region of instability plained as follows. When a voltad#yis applied, four micro-
of the lowest-voltage microplasma in tpen junction. This  plasmas are switched on in the junction. Impact ionization in
is the threshold voltage. FAd< U, all microplasmas are the microplasma channels gives rise to a high current. As the
switched off, and folU> U, one or more of the microplas- channels heat up, the mechanism of Ref. 4 at first decreases
mas are switched on. This is the known behavior of micro-and then completely stops the impact-ionization currents that
plasmas. flow through them — it switches off the microplasmas. Be-

We have discovered the possibility of a different behav-fore each microplasma is switched off, the current through its
ior of silicon p—n junctions — transitory switching-on of channel is weak and the number of electrons and holes in it
microplasmas for subthreshold valueslaf is small. Therefore, the probability that the electrons and

1. Thep-n junctions employed were similar to those in holes escape simultaneously from the channel is high, which
Refs. 2 ad 3 . They differed by the presence of the micro- accounts for the characteristic noise.
plasmas. The experimental sample consisted of a crystal 1.8- Comparisons of the currents on the noise sections of
mm-diam and 0.25-mm-thick disk. Measurements were alscurvesl and 2 shows that the switching-off starts with the
performed on KD 243 diodes. In these measurements, thieighest-voltage microplasmas. This sequence agrees with the
crystals were enclosed in a plastic case. mechanism that follows from Refs. 2 &d — the effect of

Curvelin Fig. 1 is the |-V characteristic of one of the the nonuniform heating on the impact-ionization current in-
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u,v the microplasma channels and around them. However, be-
U cause of the large value &f,, the current does not switch
1330 1940 i e, off the microplasmas or the noise that accompanies this pro-
g cess.
A memory effect occurred just as in a microplasma-free

p—n junction®. The voltageU, was switched off and then
1 again switched on after some time had passed. With such
repeated switching on, a high initial currefaurve 2) was
70 observed only with a time interval of the order of a second or

more.
The observed effects remained virtually the same in the
range 77-300 K for the same energy of the first pulse.

“{ 3. The explanation presented above depends on the
200 = mechanisth of the strong effect of nonuniform heating of a
p—n junction on avalanche breakdown. On the other hand,
the microplasmas can be switched off as a result of a slight
increase irJ,, due to a heating-inducedniform or nonuni-
form) decrease of the electron and hole impact-ionization
coefficients: The following considerations indicate that this
<4 300 does not happen.

To switch off microplasmaslJ,, must increase by an
amount greater than the difference in the voltages at which
the highest-voltage microplasma exists ahd Calculations
according to the formulas in Ref. 1 show that at room tem-
perature heating by not less than 10 K can produce such an
increase inUy,. At low temperatures the heating should
reach hundreds of degrees. Both are less than the estimated

FIG. 1. Current-voltage characteristic opan junction with microplasmas
(1) and an oscillogram of the curre().

creases with increasing avalanche-breakdown voltage.

The microplasma channels are heated by about 1.5 ré?ea“”g of the channgl. -
This value was estimated as follows. The breakdown voltage The above-described characteristic features of the behav-

U, of the p-n junction was determined from the -V char- " of microplasmas must be taken into account when mak-

acteristic. On the basis of the impurity density dependence'g,%[]hptLEd'C,t('jonfS O,f thel rellablllt)t/hog semlconducttorédewces
(presented in Ref.)50f U, and the thickness of the SCR at wi € aid of microplasma cathode-ray curve tracers.
breakdown, the length of a microplasma is 0.1 mm. The
diameter of microplasmas is ordinarily of the order of their
length? Assuming that the diameter equals the length, thell. v. Grekhov and Yu. N. Serezhkimyvalanceh Breakdown of-m Junc-
thermal resistance of the microplasma charratsl then the Jions in SsmiC?ndkuctorc[jfin Russian, Energiya, Lenli(nhgrad}%()- ]

: : ; V. N. Dobrovol'ski and A. V. Romanov, Fiz. Tekh. Poluprovod26,
Qegree of heating were calcylated. The heatlng is .sev'eralmel(lgg2 [Sov. Phys. Semicon@6, 763 (19921,
times weaker than that occurring when the Impact-1onizationsy, N. pobrovol'skii, A. V. Romanov, and S. B. Gryaznov, Fiz. Tekh.
current was switched off in a microplasma-figen junction Poluprovodn 29, 1453(1999 [Semiconductorg9, 757 (1995].
with Ub2400 V.3 4V. N. Dobrovol'ski and S. B. Gryaznov, Fiz. Tekh. Poluprovodis,

. e 1366(1992 [Sov. Phys. Semicon@6, 766 (1992].
Wh(_an a voltagaJo great_er than the InS:t{;_It_)lllty VOItageS 5S. M. Sze,Physics of Semiconductor Deviga¥iley Interscience, N. Y.,
of all microplasmas was switched on, the mmgl .cur_rent Was 1981, 2nd editiorfRussian trans., Mir, Moscowd 964, part 1.
greater than the curreihg on the |-V characteristi¢Fig. 1, ®R. V. Konakova, P. Kordosh, Yu. A. Tkhorik, V. I. Faberg, and
curvel). The current without noise sections then dropped to F. Shtofanik,Prediction of the Reliability of Semiconductor Avalanche
l,. The absence of noise is explained as follows. Heating D'°deslin Russiad Naukova dumka, Kiev, 1986.

decreases the impact-ionization currents that flow throughransiated by M. E. Alferieff
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