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PbTe/Bak films were grown under nonequilibrium conditions by laser-modulated epitaxy. The
structural properties of the layers were investigated by x-ray crystallographic methods and
scanning tunneling microscopy. It was established that the films obtained under nonequilibrium
conditions on(lll )BaF, substrates are granulad£<250 A) with (001) orientation. The
electrophysical and photoelectric properties of the films depend on the technological conditions
of growth and are determined by states at intergrain boundariesl998 American

Institute of Physicg.S1063-782808)01603-3

There are a large number of works on the preparationze the target—source material so as to localize the delivered
and investigation of layers of IV-VI semiconductor com- energy in the zone of the laser spot without substantial heat
pounds. Most of these works studied the electrophysical anteing removed by the crystal during the time the laser pulse
photoelectric properties of PbSnTe films grown by differentacts. This is possible if the semiconductor source has a low
thermal methods on BaFand NaC{KCI) substrates, whose thermal conductivity and a high vapor pressure. Furthermore,
thermal expansion coefficient and lattice constant are close#ftthe source is a binary or more complicated compound, then
to those of the solid solutions PbSnTe. The properties of th#és dissociation energy is important. When the compound dis-
grown layers are virtually identical to those of the bulk sociates, a liquid phase, which has a lower vapor pressure, of
single crystals. New methods of growth have now been dethe metallic component accumulates in the zone of action of
veloped — laser-molecular and electron-beam epitaxythe radiation and is carried out by the erosion plume into the
which in application to IV-VI compounds have shown that it condensation region, i.e., onto the substrate. One of the few
is possible to obtain layers whose properties differ substarsemiconductor compounds satisfying these requuirements
tially from those of films and bulk single crystals grown by are narrow-gap IV-VI semiconductors and their solid solu-
conventional methods.® tions.

In the present work we performed diverse investigations ~ The main mechanism of radiatiort ¢ <Eg) absorption
of PbTe/Bak films (electrophysical, photoelectric, struc- by the target—source is absorption by free carriers. Depend-
tural) grown by modulated deposition with laser vaporizationing on the carrier density in the single-crystal target
of the source—target in a wide range of substrate temperdP™°"%=10'8—10" cm™3) the absorption coefficient can
tures and laser radiation power densities. In contrast to lasefeach valuesy=(10°—10%) cm™*. For such values of the
molecular epitaxy;” where a semiconductor target is vapor- absorption coefficientr™*<(Dt)"? (D=K/cp is the ther-
ized by radiation pulses with a high power densitymal diffusivity, K is the thermal conductivityc is the spe-
(W>10° W/cn?) and photon energlw= E4. We employed cific heat,p is the density of the material, arids the timeg
an infrared(IR) laser iw<Eg) with modulated radiation the surface temperature of the sample will equal
and power density on targal/<10P W/cnf. The laser- T=To+ 2P% (D) 7K, o
modulated epitaxy(LME) apparatus contains, besides an
IR laser, an optical system for introducing and focusing thewhere T, is the temperature of the semiconductor crystal
radiation, a mechanical modulation system, a vacuum chanbefore the action of the laser radiatid®; =(1—R) Py, R is
ber, a radiation scanning apparatustation of the source is the reflection coeffcient, anB is the power density of the
combined with translational motignand a unit for heating laser radiation. Estimatdssing the parametets, c, p, and
and controlling the temperature of the substrates. Th& for PbTe® show that the temperature in the zone where the
layers were deposited with a residual vapor pressuréaser radiation interacts with the target—source during the
p=(1—2)x10 ° torr and radiation power density on target deposition process can reath: 2520 K. The vapor pressure
W= (10—~ 10°) W/cn?. The pulse duration was=(3—6)  of the sputtered PbTe at this temperature i% tiies higher
X102 s and the pulse repetition frequency was 12—-25 Hzthan the equilibrium value. This indicates that when laser
The substrate temperatufg was varied from 20 to 400 °C. radiation is used for vaporizing the target—source, the growth
The deposition rate depended on the power density of thef PbTe films occurs under extermely nonequilibrium condi-
laser radiation, the pulse duration, and the distance betwedions. Considering the fact that the surface energy of the
the substrates and the target—source. condensed material is much lower than that of the Bab-

Modulated or pulsed laser radiation is required to vaporstrate, such conditions of growth should promote a decrease
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FIG. 1. Current carrier densityT(= 77 K) in PbTe/Bak films versus sub-
strate temperature with laser power dendity=8.5x10° W/cn? on the 101 B 1102
target—source.
]
1
in the size of critical nuclei, while the film will consist of a
close-packed continuous fine-grain structure. Another impor- 1 \
tant factor is that on account of the high growth rates 10° ! L 10

] [

(V=2-28 Alpulsg¢ the “effective” vacuum, which is 100 %’—”"K 300
equivalent in terms of the conditions of purity, is five to six ’
orders of magnitude higher than the residual pressure in th&G. 2. Temperature dependences of the Hall coeffidq(T) of PbTe/
vacuum systerﬁ. This virtually competely eliminates the BaF, films grown with different substrate temperatures and power density

- . . . X on targetW=_8.5x 10* W/cn?. T, °C: 1 — 160,2 — 295,3 — 310,4 —
possibility of the vapor phase |nteraqt|pg with the reS|duaI320’5_330,6_ 3507 — 380.
oxygen atmosphere and thereby oxidizing the condensate
during the growth process.

Stoichiometric Czochralski single-crystal PbTe with freein the most perfect films grown by conventional thermal
hole densityP=(3—5)x 10" cm 3 was used as the target— methods is at least:210*® cm™3. In the second place, hole-
source to obtain the layers. type conduction can be obtained only by using an additional

X-ray crystallographic investigations of the PbTe/BaF source of the chalcogen, whose vacancies are donors in
films grown showed that under such conditions of growth thdV—VI compounds. In the third placen-type conduction
films possess predominant{@01) orientation with a degree with current-carrier densitiN,,=4x 10" cm 2 is possible
of disorientation that is determined both by the growth tem-only with additional doping with donor impurities. Thus, the
perature and by the power density of the laser radiation odependenc®,N(T,) is not associated with a phase diagram,
the target. but rather it is caused by the peculiarities of PbTe film

Figure 1 shows the current-carrier density in PbTe/BaF growth under extremely nonequilibrium conditions @ri1)
films grown with constant laser radiation power densityBaF, substrates.

W=8.5x10* W/cn? versus the temperature of the BaF Detailed investigations of the temperature dependences
substrate. Varying the laser power density in the rangef the Hall coefficient for samples prepared at different sub-
10*<W=<10> W/cn? did not produce any substantial strate temperatureB, are presented in Fig. 2. For substrate
changes in the electrophysical properties of the films in theemperatures 338T,<380 °C the dependencéy,(T) are
interval 100<T <400 °C. virtually identical toRy(T) for films with the same electron

As one can see from Fig. 1, at low growth temperaturesiensity but grown by different methods. At lower substrate
100<T4=<260 °C the films arg-type, while in the tempera- temperatures the dependenBg(T) is of an activational
ture interval 266 T,=<380 °C the films change to-type. character. Moreover, in a quite wide temperature range

This is an unusualP,N(Tg) dependence for IV— 260<T;=<300 °C the films grown are characterized by
VI compounds. In the first place, the current-carrier densityanomalous low-temperature inversion-p of the conduc-
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tion type, and the inversion temperature is virtually indepenwhile at lower growth temperatures oris, = E3,=0.24 eV
dent of the growth temperatuf®, (T,,~= 140 K). =>E{°T°=0.19 eV is present.

To explain the results obtained we investigated the sur-  In n-type sample&, andE; shift toward the conduction
face morphology the PbTe/BaHilms by the method of band as temperature increases. The activational section cor-
scanning tunneling microscopy. Analysis of the images obresponding t&e; vanishes.
tained showelf that the complicated electronic structure of The temperature at which shallow traps in the high-
the film surface is due to the polycrystalline nature of theresistance sample§ €110 K) are completely emptied cor-
film with crystallite sized<250 A. X-Ray structural inves- responds to the temperature at which long-time relaxations
tigations confirm the results obtained. and “frozen” photoconductivity, which appear under equi-

For crystallites of such sizes, away from the surface thdibrium background radiation conditions at temperatures
conduction- and valence-band edges cannot reach positiofs<110 K, vanish under the same condition§at77 K. For
relative to the Fermi level that they should occupy in thethis reason the low-temperature activational sectior¥(af)
volume of a bulk sample with the same doping level. For thisand o(T) apparently can be attributed to the appearance of
reason the bands acquire a small curvature. The distributiocovariant modulation of the conduction and valence bands of
of the potential and charge-carrier density in the films will bethe crystallites in PbTe/BagHilms.
almost uniform, while a weak potential relief will appear The relaxation kinetics of photoconductivity is very sen-
only at low temperatures, whereU =KkT. sitive to the background illumination. When the background

The high-resistance statd €77 K) of the PbTe/Baf  level was increased, the relaxation time of the photoconduc-
flms (P,N=10"-10%) cm 3, while in single-crystal tivity decreased substantially and reached1x 10 © s for
PbTe/KCIKBr) films prepared in a single cycle the carrier background radiation corresponding to room temperature.
density is(10'°— 10 cm™3) can be explained by the forma- The current carrier density and the conduction type in
tion of states in the band gap at grain boundaries that calayers with such a crystalline structure should be determined
manifest acceptor or donor character depending on the prephy the density and the degree of filling of intergrain states,
ration conditions. Depending on the doping leikelnd the i.e., the current carrier density in a grain.
crystallite sizd, it is possible to have situations in which the As the investigations showed, the density of states at the
density of surface statdé;=IN or Ng<IN. In the first case intergrain boundaries depends strongly on the growth tem-
a grain is completely devoid of charge carriers and the interperature and neaf,=150 °C at power densities at the
grain states are partially occupied, which corresponds to thtarget—sourc&V=1x 10° W/cn? (the electron density in the
appearance of a high-resistance hole-type sfite 2. The  PbTe/KCIKBr) films under such growth conditions reaches
second case can be realized by increasing the electron deN=1x 10" cm™ 2, which gives a basis for assuming that it is
sity in a crystallite with fixed\g andl or by decreasing\s, the same in crystallitegshe PbTe/Bak layers are hole-type
which will result in an inversion of the conduction type and P=(10"1—10') cm™3, i.e., the density of intergrain states
a low-resistance state in the region of electronic conductioncannot be lower thalg,=10" cm 2. As the growth tem-

It was established experimentally that in the high-perature increases, the density of states decreases substan-
resistance- and n-type states the temperature dependencesially, as is indicated by the inversion of the conduction
o(1/T) and P,N(1/T) are characterized by three activation type in films even with electron density in grains
sectionsE,, E,, andEj, while w(1/T) is of an activational N=1x10" cm 3 i.e., 10°<N,=<10" cm 2. Such depen-
character only at low temperatures. The temperature depedencesNg,(T,) andE,(Ts), as x-ray crystallographic inves-
denceso(1/T) and P(1/T) for films obtained at low sub- tigations show, could be due to the large decrease in the
strate temperatureb;<210 °C are exceptions. In this case disorientation of the grains with increasing growth tempera-
only two activational section&; and E; are observed. In ture, while the grain size does not change.
both cases an activational increase of the mobility occurs The results obtained indicate that in our case the electro-
below T=110-120 K. As the preparation temperature in- physical and photoelectric properties of lead telluride for
creases, this region shifts to 250 K. The slope decreases afid< 120 K must be treated just as for polycrystalline samples
for Ts=380 °Cu(T) has a temperature dependence characand just as for a uniform film at higher temperatures.
teristic for lead telluride. The following can also be said about the nature of the

The conduction activation energies and the carrier denerystallites. Since growth, which was discussed above, oc-
sities in the high-resistance state in the region where theurs under extremely nonequilibrium conditions, vapor con-
mobility grows exponentially with temperature are virtually denses under conditions of strong supercooling and high
identical for n- and p-type conduction Ts=210 K): pressure of the vapor flux. These conditions promote the ap-
E;,=—17x102 eV, E1pn=—1.0X 1072 eV, and pearance of metastable states, each of which is characterized
E,.=Ei1,—Ejpn, as expected for samples with a potential by its own free energy:i.e., the condensed layer can consist
relief. In films grown atT,=150 °C the activation energies of an entire collection of crystalline phases of Pb¥iich

are somewhat higher —E;,=—2.8x102 eV, Eipn= are unlikely to appear under equilibrium conditions. Indeed,
—5.2x10°2 eV, Eyu=—1.3X 102 eV, and in addition x-ray crystallographic investigations of layers showed the
E1,#E1,—Eqp- presence of not only a phase corresponding to a NaCl-type

At higher temperatures the functions(1/T) and  structure but also a CsCl-type phase. In addition, the specific
P,N(1/T) for layers grown aff =210 K exhibit two slopes weight of the phases depends on the technological conditions
E2e=E2pn=(0.11-0.12) eV and E3,=Egzp,= Enge, of growth. This indicates that such objects should be treated
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not simply as polycrystalline compounds with a predominanthe energy position and density of intergrain states depend on
orientation but rather as complicated heterophase structurethe technological conditions of growth.
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On the effect of a dopant on the formation of disordered regions in GaAs under
irradiation with fast neutrons
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The effect of the irradiation dose and the density and type of dopant on the size of disordered
regions in GaAs was studied by x-ray methods. The role of the impurity in the formation

of disordered regions and their evolution with dose was analyzed 988 American Institute of
Physics[S1063-782808)01703-1

The irradiation of semiconductors with heavy particleswith the densityN* of DRs and the average effective size
leads to, together with the generation of point deféPB9 R,, for the cluster model by the formfla
in the volume of the semiconductor, the formation of disor- AL=N*.RS &
dered regiongDR9).! Being a collection of points defects av*
integrated in a local volume, a DR possesses properties Thus, using the dose dependencéNdf the value oRR,,
which are specific to the semiconductor matrix and are, as and its evolution as a function of the irradiation dose can be
rule, mainly responsible for the degradation of the opticaleasily calculated from the experimental valuesAdf. The
and electrophysical properties of the semicondutiarthis  dose dependences Bf,, calculated from Eq(1) for irradi-
connection it is important to determine the main parameterated n- and p-type crystals are presented in Fig. 1. The
of DRs experimentally and to study the factors determiningchange in the ratio of the components in the crystals during
these parameters. irradiation was monitored by measuring the total intensities

In the present work we investigated the effect of the typefor quasiforbidden reflection'sThese results are presented in
and level of doping on the effective size of DRs in the caseFig. 2.
of irradiation of gallium arsenide with fast neutrons. To this To analyze the dependences obtained we shall proceed
end samples ofi- andp-type single-crystal GaAs, grown in from the model for DRs which has become firmly estab-
the [100] direction by the Czochralski method, were se-lished in the last few yeafsFour basic stages are distin-
lected. Then-GaAs crystals differed by the densilNg, of  guished in the process leading to the formation of DRs: cas-
the main donor impurity Sf,. The densityn, of equilibrium  cade, postcascade, quasichemical, and accomodation. During
electrons in these crystals was determined by the dopant dethe first two stages a 50—150 A nucleus of a DR forms over
sity and atT =300 K equalled X 10'°—2x 10 cm 3. The  very short timeg10 *4—10 '3 and 10 *- 10 1°s, respec-
p-type crystals were doped with zinc atorf&ng,) and the tively). During the quasichemical stage PDsainly intersti-
hole density in the crystals wap,=2x10® cm 2 at tial atoms As and Gg) displaced from the cascade actively
T=2300 K. The dislocation density was virtually the same indiffuse toward sinks in the semiconductor matrix, where they
the experimentah-GaAqSn) and p-GaAgZn) crystals and either recombine or form complicated defects or defect—
equalled (2-3)x10* cm 2. The samples were irradiated impurity complexes(DICs). The sinks can be both growth
with fast neutrongaverage energf,=2 MeV) with doses defects and PDs induced in the matrix. These so-called ac-
®,=10"-10' neutrons/crh in a reactor channel with comodation processes occur during the entire accumulation
forced cooling(the temperature of the samples did not ex-time of the irradiation dose.
ceed 60 °Q. The densityNg of point defects induced by Thus, the size of a DR will be determined by the size of
neutron irradiation with dosé, and the densitN* of dis-  the defect-impurity shel{DIS), consisting of cluster of dif-
ordered regions are proportionaldg, and equal 50b,, and  ferent types of DICs, that forms around the nucleus of the
0.21: @,,, respectively’ As is well known, when semicon- DR. From the standpoint of x-ray measurements, a DIS is a
ductors are irradiated with fast electrons with ddsg TDs  distorted region of the crystal lattice of GaAs near the
are producedtheir density equals 8b.), while DRs do not nucleus of the DR. The effective size of this distorted region
form right up to very high doses. is proportional to the deformation gradient produced by the

The irradiated crystals were investigated by x-ray topog-distribution of DICs between the DR nucleus and the unper-
raphy and diffractometry methods.According to the x-ray  turbed matrix. As the DR density increageserlap procegs
topographic data, the dislocation density remained virtuallythe deformation level of the entire crystal increases and the
unchanged during irradiation. The static Debye—Waller fac-detected limit of the deformation gradient shifts closer to the
tor L, which characterizes the relative volume fraction of theDR nucleus(the effective sizeR,, decreases
distorted lattice in the crystal, was determined by the method As one can see from the curves presented in Fig. 1, the
of Ref. 5. On the basis of the fact that the dislocation densityeffect of the doping level on the value Bf, is substantial at
in the crystals remained unchanged during irradiation, allow irradiation doses®,= 10" neutrons/crf). As the dose
changes AL) in the value of the static factor can be attrib- increases, the dependenceRgf, on the density of the dopant
uted to the formation of DRs. The correctidri is related atoms decreases and completely vanishes wher 10

235 Semiconductors 32 (3), March 1998 1063-7826/98/030235-03%$15.00 © 1998 American Institute of Physics 235



4
3 1.5 %
50k {
¢ 3 4
2
:’.P h‘e
a ~
~y
1.0
25 2
1
1
0.5¢
o 1'0” 127" 07
2 1 ! 1
B morem 10" 10" 1077
FIG. 1. Effective sizeR of disordered regions in GaAs versus the neutron @, s N/ cm?

irradiation dose and doping level, 2, 3 — Crystals doped with Sn to

density 2<10'6, 2x10Y, 2x10"® cm 3, respectively;4 — Zn with FIG. 2. Ratiol/l of the total intensities of quasiforbidden x-ray reflections

Nz=2x10% cm 3. (200 measured in the irradiated)( and initial (1) crystals versus the
irradiation dose and doping level. The designations are the same as in Fig. 1.

neutrons/cri The character of the variation &, with ir-

radiation dose in samples with different doping levels showof R,,. At the minimum level of doping and, correspond-
thatR,, is determined by several basic factors. In the case oingly, the minimum value oR,, of an isolated DR, increas-
low doses the generation of PDs in the GaAs matrix hasng the dose load increas&s, as a result of accomodation
virtually no effect on the properties of the matrix and, spe-processes as long as the DRs are isolated. &gr 10
cifically, Ng<Ng, for all values ofNg,. Moreover, since the neutrons/crh the overlapping of the DISs is the dominating
DR density is low, the average distance between separatactor and for all samples, irrespective of the valueNgf,,
DRs is greater thafR,,, i.e., the DRs are isolatettheir  the effective size of the DRs decreases.

DISs do not overlap These considerations and the data pre- It is important to note that the character of the change in
sented above suggest that for low irradiation dogeBRs  R,, with irradiation dosed,, is virtually the same in GaAs
form mainly at the quasichemical sta¢gccomodation pro- samples with different types of conduction but the same dop-
cesses have virtually no effect on the formation of PRsd  ant density Ng,=N,) (Fig. 1). This also attests to the fact
b) the increase imR,, with increasing doping level is due to that the dopant atoms are effective sinks for PDs during the
the PDs displaced from the cascade interacting effectivelyormation of DRs.

with the S, atoms accompanied by the formation of DICs. In summary, the radiation defects produced by irradia-
Analysis of Fig. 2 shows that the number of,Amd Sn in  tion with fast neutrons are not purely vacancy defects. Most
DRs increases. As the irradiation dose increases, on the ofligely, in our case complexes of vacancies and interstitial
handN* increases and at a definite valuedaf the DRs can atoms as well as complexes of of primary defects with tech-
no longer be regarded as being isolatee., their DISs start nological impurities(dopant$ are formed in the regions of
to overlap, as a result of whiclR,, should decrease. On the disordering. The largest changes in the system of point de-
other hand, ad,, increases so dodés, for a given value of fects occur at a dose of 1cm™2 (Fig. 2), In addition, these
Ns,Ns>Nsg,, andR,, can increase as a result of decorationchanges are all the larger, the lower the doping level of the
by PDs generated in the matrix. As one can see from therystals. An increase in the size of the DRs is also observed
dose dependences Bf, , at the maximum value dfis,, for  up to irradiation doses of 30 cm™2. Further limitation on
which R,, of an isolated DR is maximum, increasin, size is due to the overlapping of the deformation fields of
results in overlapping of the DRs and a decrease in the valudifferent DISs.
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ELECTRONIC AND OPTICAL PROPERTIES OF SEMICONDUCTORS

On the mechanisms of long-term relaxation of the conductivity in compensated Si (B,S)
and Si(B,Rh) as a result of irradiation

M. S. Yunusov, M. Karimov, and B. L. Oksengendler
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Experimental data on the long-term relaxation of the photocurrent in compensated samples of
Si(B,S) and S{B,Rh) are analyzed on the basis of three mechanifstisking levels,

recombination processes via levels with large relaxation, and separation of carriers in the spatial
inhomogeneity fielll It is shown that in a number of cases irradiatity °Co y-rays at

different temperaturgsmakes it possible to determine the dominant mechanisms19@8
American Institute of Physic§S1063-7828)00103-3

Long-term relaxation of current carriers, which has been~2800 R/s up to doses of 1x 10° R at a channel tempera-
studied in a number of semiconductor systéiS;s of spe-  ture of ~60 °C.
cial interest in silicon compensated by deep-level impurities ~ Results of our studies are plotted in Fig. 1. The decrease
since it is in just such materials that the three main mechain the photoconductivity can be represented, in general, with
nisms responsible for long-term relaxation are realized: ~ adequate accuracy by the formula

« carrier capture at a sticking levéef®

- recombination through defects with large relaxatfon; | p=Asexp( —t/7;)P1+ Ajexp( —t/ )"z,

 separation of carriers by barriers due to spatial inho-
mogeneities in  the distribution of  unscreenedwhere A;>A;, 7,<7,, and[B;,B,]<1. HereA; and 7
impurities!% 710 (j=1,2) depend on the concentration of electrically active

Separating these mechanisms is in many cases a nofulfur atoms inp-type SiB,S and electrically active
trivial problem, and the irradiation method can be importanthodium atoms irp-type S{B,Rh) (t is the observation time
in this case. Below we present the results of studies based ¢#1d 7; is the time constant of the proces§ig. 1).
this method. Irradiation with y-rays substantially alters the kinetics of

We examined the relaxation kinetics of the photocon-l0ng-term relaxation, where the quantity seems to be the
ductivity in the compensated materialBs) and S{B,Rh) ~ MOst sensitivedr,/dd>0; i.e., this phase of long-term re-
before and after irradiation b§’Co y-rays at 77 K at the laxation is extended with increasing radiation dasee

same light intensity150 luX. The applied voltage was 1 V. Fig. 2),' o ) )
As the starting material we usexitype silicon with ini- It is significant that the observed trend remains valid at
tial resistivity 1-2Q.cm (sulfur-compensatdd and different measurement temperatufies 77 and 300 K, where

7-10Q - cm (rthodium-compensatgdDoping was performed the rate of change af, with dose varies more rapidly at low

by thermal diffusion in the temperature interval temgrre]ratureﬁlgit. 3)'” ¢ | h hani ¢
1250-1290 °C for ~20 h. We thus succeeded in es€ resulls alow Uus o analyze fhe mechanisms o

. L — 6. 3 long-term relaxation in a quite convincing fashion.
attaining ~ mean concentrationsNs~10" cm and The mechanism of sticking levebfs was shown in Ref.
Ngy ~5x10"cm™3, and mean resistivitiep~(8—10) 2, if we start from the scheme of relaxation stretching due to
X 10" Q- cm in both types of samples at room temperature.participation of sticking levels in the kinetics of the pro-
The sulfur center and rhodium center concentrationgesses, then a criterion of realization of this mechanism is
were determined by the conductivity compensation methodsatisfaction of the inequality 7)< 7=V Omin-AP) 3,
i.e., Ns ri=Po— P, wherep, and p are the hole concentra- whereo,;;=(10"?>—10 2% cn? is the minimum cross sec-
tions before and after S and Rh diffusion. The sulfur centetion for the capture of carriers at the local le¥él;
and rhodium center concentrations were varied by varying&pz[NS,NRh]<1O16 cm™ 2 since the free hole concentration
the diffusion temperature; reproducibility of the parameterseaches ~(5—10)x 10 cm~2 upon illumination; and
of the samples was achieved by experimentally selecting thg~ 10" cm/s is the thermal velocity of the electrons. For
diffusion temperature with small steps-6 °C) for each these quantities we obtain,,,<1 s. Obviously(see Fig. 1,

starting sample op-type silicon. T2 Trmax, 1-€., the mechanism of sticking levels is inefficient
Ohmic contacts were prepared by melting-in aluminumin this case.

in vacuum at a temperature of 700 °C for ~30 s. The The mechanism of recombination through levels with

dimensions of the samples wer&x8x 0.6 mm. large relaxation To interpret the results of the existence of

Irradiation was produced by g-source with a power of long-term relaxation before irradiation and its augmentation
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FIG. 1. Kinetics of photocurrent relaxation in samples refSi(B,Rh)

(N&;~2.5x 10* cm™3) (a) andn-Si(B,S) (b) for different concentrations of
sulfur atoms Ng (the measurements were performed at 77:14&

~8.5x10% cm 3, 2—~9.1x 10" cm 3, 3—~1.1x 10" cm ™3, .
cm cm cm whereV, |, andD are the concentrations of the correspond-

ing defects and impuritiess,, 7,, and rp are the corre-
after irradiation, we propose the following scheme. BeforeSPonding relaxation times, is the rate of introduction of the
irradiation the sample has a deep centbf,f with large ~ Primary defects, and; andk; are the quasichemical reac-
relaxation, the cross section for recombination througH'On rate constants.

which depends on temperature according to the law For the initial conditiong=0, V=1=N,=0 we obtain
o1=oNexp(—E, /kT), whereE; is the recombination bar- N,=N5"(1—e0), where N§”=k\ 7D rp .

rier, ando? is the pre-exponential factdt.As a result of _ _ _

irradiation, vacancies\) and intrinsic interstitial atomsl J In the solution of this system, as is customary, we as-

are generated. These vacancies and atoms interact with tfMed that the fastest process is relaxation of intrinsic inter-
impurities (D) in the sample in such a way as to increaseStitial atoms and thak,<k;. In this case the expression for
either the concentration &, centerswhich is not observed 72 Nas the form

in the experimentor to form a new radiation centeiM,) 7=[Njwo(T)+Nyuwa(T)]

with large relaxation, for which the capture cross section is_ . .

o,=oP)exp(—E,/kT), whereE,>E;. This center possesses This gives

particular kind of kinetics of accumulatiomN,~ f(t;,), drp/d®~d7,/1dt=(d7,/1dNy)(dN,/dt)~eF2/T,

which corresponds to a particular scheme of quamchemm%hich is in qualitative agreement with the results shown in

reactions and which is described by the system of equat|on|§igs_ 2 and 3. Note, however, that in this case the concentra-
dvidt=\—k;VI-k,VD—-V/7, tion of theM centers should decrease, while the concentra-
di/dt = \— kI — I/7, tion of the M_z ce_nters should increase _to some noticeable
value N,, which is not observed experimentally. The de-
crease in the concentration of thd; centers is small
dN,/dt = k,VD — N,/7p, (Ng~10%cm™2 for SiB,S), while for SkB,Rh
Nrn~ 5% 10'° cm™3), whereas the concentration of radiation
centers for the set of doses used reacNgs-10'° cm™3
(Ref. 12. Consequently, we may conclude that the mecha-

D = const,

107 nism of recombination through levels with large relaxation is
unrealizable in this case.
1073 The mechanism for separation of carriers by spatial in-
< homogeneitiesThis mechanism is connected with separation
‘;10” of nonequilibrium electrons and holes by barriers caused by
~ impurity concentration fluctuations. As is well knomar-
riers separated by such barriers relax with characteristic re-
1077 laxation time
T= ’ToeXF(AolkT),
107° [; 5b 1éa 10T where 7, is the pre-exponential factor, ary, is the barrier
t, min between the high-resistancp)(and low-resistancep(") re-

FIG. 2. Kinetics of photocurrent relaxation mSi(B,Rh) (a) andn-Si(B,S) gions in compensat_ed_ samples O{E_58> and S{B’Rh>' .
(b) for different radiation doses of°Co y-rays (the measurements were _AS the sample is irradiated, W'th eff'?|ent formatm_” of
performed at 77 i 1—before irradiation2—~5x 10’ R; 3—5x 10 R.  various complexes of defects and impurities, the Fermi level
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of the entire system shifts. This shift is much smaller in theKohlrausch type is realized exp(—t/7)?, where <1 (Ref.
low-resistance regions than in the high-resistance regions, sp). We analyzed our experimental results from this point of
that the barriers separating these regions grow with the rasiew (Fig. 2. We see that in fact3=0.89.

diation dose. Let us consider the effect associated with the |n summary, we can say that irradiation is a very effi-
formation of divacanciesW) since the other complexe#\(  cient mean of determining the mechanism for long-term re-
E, andK center$ in the investigated samples have levels|axation of the photocurrent.

located far from the Fermi level in the high-resistance re-

gions; 1.e., their participation in the compensation of carrlersi)” we assume that the fluctuations in the distribution of initial carriers are

is virtually nonexistent. of the order of+ 5%, and that the compensating impurities are of the order
The kinetics of the quasichemical reactions in this case of +20%, then for complete compensation, regions are realized with dif-
has the form ferentp and conductivity typerf*,p*,n,p). A general analysis of their

role in the conductivity is given, for example, in Ref. 12.

dV/dt=\—k;VI—k,V2—V/7y+ kgl W,

di/dt=A—KkVI—=1/7—kslW, S. M. Ryvkin, Fiz. Tekh. Poluprovodrg, 373 (1974 [Sov. Phys. Semi-
i _ . cond. 8, 237 (1974]; Fiz. Tekh. Poluprovodnll, 2378 (1977 [Sov.
dWidt=kylV — /7 — kslW, Phys. SemicondL1, 1399(1977].

with the initial conditionst=0, V=1=W=0, wherekl, k2! M. K. Shankman and A Ya. Shik, Fiz. Tekh. Poluprovodio, 209
dk h ich ical . vsind (1976 [Sov. Phys. Semicond.0, 128(1976)].
andks are the quasichemical reaction rate constants,Ven 3Deep Centers in Semiconductpesiited by S. Pantelide® 1 Press, New

is the divacancy concentration. York, 1986, p. 950.
For the characteristic hierarchy of rates of the defect-*A. A. Lebedev, N. A. Sultanov, and V. M. Tuchkevich, Fiz. Tekh. Polu-

: provodn.5, 31 (1971 [Sov. Phys. Semiconds, 25 (1971)].
formation processesd(/dt>dV/dt>dW/dt) we then have SA. A. Lebedev, A. T. Mamadalimov, and Sh. Makhkamov, Fiz. Tekh.

l=\7, V|ime=N7y, and W(t)=Kk, 7y /kg7[1— e kst Poluprovodn8, 262 (1974 [Sov. Phys. Semicon®, 169 (1974].

where 1’5\/: kA7, +1/7y. The divacancies capture current 6Sh. Makhkamov, N. A. Tursunov, and M. Ashurov,Riotoelectric Phe-
. .. . . nomena in Semiconductofi® Russian (Abstracts of the All-Union Con-

carriers and compensate the conductivity, which effectively ference (Fan, Tashkent, 1989p. 326.

increases the barriek>A,. When the low-resistance and 7m. K. Bakhadyrkhanov, iDeep Levels in Semiconductdia Russiaf,

high-resistance regions come in contact with each dthee,  edited by V. 1. Fistul’(Tashkent, 1984 p. 52.
i . Qi A= . M. K. Bakhadyrkhanov and S. Z. Zisabidinov, Uzb. Fiz. Zh., No. 6, 5
have respectively: )afor p-Si, A=Ay+kT W(t)/n; b) for (1092,

n-Si, A :_Ao+ kT \I\/(t)/p This leads to a CorrESpon_ding iN- o8 7 "Sharipov, N. Norkulov, and Kh. Sh. Askarov, Rhotoelectric Phe-

crease in the lifetime of the current carriers) a nomenain Semiconductdis Russiad (Abstracts of the All-Union Con-

7(t) = 7o[ L+W(t)/n]; b) 7(t) = 79[ 1L+ W(t)/p]. Clearly, as loference (Fan, Tashkent, 1989p. 33. . ) )

the temperature is lowerdétom 300 to 77 K, the quantities Sh. I Askar_ov and B Z. Sharipov, lPlhotoeIectrl(_: Phenomena in Semi-
. . e L. conductors[in Russian (Abstracts of the All-Union ConferengdFan,

n andp decrease rapidly, which leads to an amplification of Tashkent, 1989 p. 237.

the dose dependene¢t) — 7(P), in agreement with experi- 'v. I. Fistul’, Introduction to Semiconductor Physidsn Russiad
ment(Fig. 3. (Vysshaya Shkola, Moscow, 1984

12 . N .
. . . J. M. Meese and P. Gleron, Neutron Transmutation Doping in Semi-
Thus, in our analysis of the results of the experiments on conductors edited by J. M. MeeséPlenum Press, New York, 1979

the basis of the three indicated mechanisms we must givey. v. Emtsev, T. V. Mashovets, and E. Kh. Nazaryan, Fiz. Tekh. Polu-
preference to the last one. provodn.15, 1018(1981) [Sov. Phys. Semicond.5, 587 (1981)].
Itis eXpeCtea3 that in strongly inhomogeneous samples 4. Pietronero and E. Tosatti, edszractals in Physics(North-Holland,
. ; . ' Elsevier, 198
where theA values are different, a relaxation law that is not = °¢Vie" 1982
purely exponential applies. For many cases, a dependence Dhnslated by Paul F. Schippnick
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Tin telluride based thermoelectrical alloys
V. P. Vedeneev, S. P. Krivoruchko, and E. P. Sabo

Sukhumi Physicotechnical Institute, Abkhasian Academy of Sciences, Sukhumi, Georgia
(Submitted March 26, 1997; accepted for publication July 14, 1997
Fiz. Tekh. Poluprovodn32, 268—271(March 1998

The effect on the Hall hole concentration and the thermoelectric coefficient of various elemental
impurities in SnTe containing excess Te and in some solid solutions based on it is

investigated in the temperature interval 300—900 K. The variation of the kinetic parameters is
treated on the basis of the concept of resonance states bound to cation vacancies and to

the impurities determining the hole concentration. The low values of the thermoelectric coefficient
in SnTe is explained by selectivity of scattering of charge carriers with more probable

transition of the holes to the resonance states and vice versa. In isomorphic solid solutions based
on SnTe, because of a shift in the energy position of the resonance states relative to the

band edges and the Fermi level, it is possible to alter the nature of the resonance scattering and
raise the thermoelectric coefficient to values which are optimal from the standpoint of

obtaining maximum thermoelectric efficiency. In solid solutions of chalcogenides of group-IV
elements with SnTe content about 40 mol% of the dimensionless parameter of
thermoelectric efficiency T=1 at temperatures above 700 K. ®98 American Institute of
Physics[S1063-782808)00203-9

Tellurides of group-1V elements and alloys based ontable exhibit donor properties in SnTe, which occupy the Sn
them have find wide application in the construction of ther-atom sites and which apparently decrease the number of me-
moelectric generators. Sodium-doped tintelluride, and solidallic vacancies. Elements of group I¥b, Ge, and Sieven
solutions based on GeTe are the most efficient thermoelectrat concentrations as high as 5 at. % have a weak effect on the
materials ofp-type in the intermediate temperature rangeelectrical properties of SnTe. Elements of grougBi, Sb,
with figure of meritZT=1.1-1.4. For SnTe this value does As) by virtue of their position in the periodic table can re-
not exceed 0.35, but thanks to such attributes as its chemicplace Te and Sn, but in the given experiment they act as
compatibility with many metals, it continues to be one of theweak donors. lodine atoms exhibit their inherent donor prop-
widely used materials:® In view of this circumstance, rais- erties, replacing Te atoms.
ing the thermoelectric efficiency of SnTe is still a task of  Attention is drawn to the fact that if the Hall hole con-
current importance. Within the scope of efforts to solve thiscentration grows with growth of the excess Te content and,
problem for SnTe containing excess Te, and some alloysonsequently, the number of cation vacancies, then the ac-
based on it, we conducted a study of the effect of variou£ompanying change in the thermoelectric coefficient depends
elemental impurities on the Hall hole concentration and theon the type of dopant impurity and can increase as well as
thermoelectric coefficient. decrease. For a fixed deviation from stoichiomettiie

The test samples were prepared by melting in vacuumédashed curves in Fig.)lthe thermoelectric coefficient in-
sealed quartz cells the components of the material to be prereases with decreasing Hall hole concentration when SnTe
pared, with no less than 99.99% purity, with subsequents doped with a single impurity, but this dependence reverses
grinding of the ingots and hot vacuum pressing of the powwith combined doping. Figure 2 plots isotherms of the de-
ders at a temperature above the recrystallization temperaturneendence of the thermoelectric coefficient on the Hall hole
The multicomponent alloy samples were annealed at 825 KKoncentration for SnTe co-doped with 1 mol % indium
for 150—300 h with the aim of homogenization. monotelluride and 1 mol % silver monotelluride, and also

The hole concentration was determined from the Hallwith different amountgup to 2.0 at. % of excess Te, indi-
effect. The measurements were conducted by the doubleated alongside the dashed curviesat. %9. The isotherms,
modulation method with a frequency of 20 Hz. The thermo-without hardly changing their slope, shift with growth of the
electric coefficient, electrical conductivity, and thermal con-temperature toward higher values of the thermoelectric coef-
ductivity were measured in steady-state regime at temperdicient with a significant increase in the Hall hole concentra-
tures of 300—900 K with error no greater than 5%. Figure 1tion in the high-temperature region. According to theoretical
plots the thermoelectric coefficient as a function of the Hall(and subsequently experimentally confirpedtimates, the
hole concentratiofisolid lineg at room temperaturé800 K) optimal value of the thermoelectric coefficient ensuring
for SnTe samples with different impurity conterié®e Table maximum thermoelectric efficiency is found in the range
I). The hole concentration in the samples with the impurity200—240 uV/K. Such values of the thermoelectric coeffi-
content held fixed was varied by means of deviations frontient are not reached in doped samples of SnTe and the value
stoichiometry. The dashed lines in Fig. 1 plot these depenef the thermoelectric efficiency parameter at its maximum
dences for two concentrations of excess Te—0.5 andoes not exceed 0:610 2 K~ (Refs. 1 and 2 which,

1.5 at. %. Elements of groups I, Il, and Ill of the periodic however, is higher than in the undoped alloy.
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FIG. 2. Isotherms of the dependence of the thermoelectric coefficient on the

1@[}7” , cm-3] hole concentration for SnTe containing 1 at. % In, 1 at. % Ag and different
amounts of excess Te indicated in at. % alongside the dashed curves. The

FIG. 1. Dependence of the thermoelectric coefficienbn the Hall hole numbers next to the solid lines indicate temperature of the isotherms in K.

concentrationp,;, at 300 K for SnTe containing excess Te and dopant

impurities. The type and quantity of the impurities are indicated in Table I.

The dashed lines are drawn through the experimental points for sampldsole concentration is observed to grow when the GeTe con-

containing excess Te in the percent amo@t}: a—0.5, b—1.5. tent is increasedmovement along the axi€—M) and to

fall when the PbTe content is increagedovement along the

The dependence of the thermoelectric coefficient on théxis H’—H"). However, the thermoelectric coefficient
Hall hole concentration at 300 K for solid solutions of somedrows in both cases.
compositions of the ternary system of group-1V tellurides is
plotted in Fig. 3. The compositions of the samples can be
read off the concentration triang(amset, Fig. 3, where they
are denoted by the same letters as the corresponding curves
in Fig. 3. Each of the compositions contains an additional
2% SbTe with varying contentsip to 4 at. % of excess Te.
The composition of the alloyH] (see curvel in Fig. 3
corresponds to the poilt” of the concentration triangle and
to the alloy in which 5 mol % GeTe is replaced by the same
amount of SiTe. The introduction of Si into the alloy, like the 140
substitution of Se or S for part of the Te, leads to a moderate
increase in the Hall hole concentration and to a more vigor-
ous falloff of the thermoelectric coefficient. Figure 3 shows
curves for SnTe with 30% substitution of tellurium by sulfur
and selenium. The dashed curves correspond to a content of 700
2 and 3 at. % excess Te, respectively, in the alloys. The Hall

120

x

G\a 80
TABLE I. Data on the type and quantity of impurities for th€p,) curves L
in Fig. 1. -

8 60
Curve No. Type of impurity Amount of

impurity, at. % 40
1 In+Cd+Ag 1+1+1 3 \
2 In+Cd 1+1 20 =z,
3 In+Ag 1+1 r . , \ j: .3: , .
g ('Bnd 11 79.8 20.0 20.2 204 20.6 208 21.0
g i cm 3]

6 TI 1 §LPns
7 cd 1 FIG. 3. Dependence of the thermoelectric coefficierdn the hole concen-
8 ! 1 trationpy , at 300 K for the cases indicated in the concentration triangle of
9 Ag 1 alloys doped with 2 mol% SbTe and containing different amounts of excess
10 Pb 5 Te, indicated in at. % alongside the dashed curves. The capital letters along-
11 Ge 5 side the solid curves correspond to the poifsmpositiong in the inset
12 Si 5 with the additional cases a—Sn#Se, ; and b—SnTg;S, 5. The inset lo-
13 Sb 1 cates the various solid-solution compositions examined in this study on the
14 Bi 1 concentration triangle. The two-digit figures on the straight lines parallel to
15 As 1 the lower and upper-right sides of the triangle indicate the composition of

the corresponding component in at. %.
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FIG. 4. Isotherms of the dependence of thermoelectric coefficiemt the e
hole concentratiomp,, , for alloys with the composition $n¢Phy .§G&) 2sT€ It f(?llOWS from these results tha,‘t mpd|f|cat|on of the
(the point E on the concentration triangle in Fig.) 3doped with  Properties of SnTe-based alloys, like its nearest analog
ShyTe; (2 mol %) and containing various amounts of excess Te, indicated inGeTe? is hindered by the complex dependences of its ther-
at. % alongside the dashed curves. The numbers alongside the solid linggqelectric and other physical parameters on the temperature
indicate the temperature of the isotherms in K. composition, and mode of doping. An explanation of many
of these dependences may be sought in the band structure.
_ _ However, none of the considered models which make use of
_ Figure 4 plots the dependence of the thermoelectric cosubbands or the distorted shape of the Fermi surface such as
efficient on the Hall hole concentration for alloys of the com- “trefoil,” which allow one to represent some variation of the
position Sg.4Pky 2656 26T€ (the pointE of the concentra-  dispersion laws of the current carriers, gives a comprehen-
tion triangle in Fig. 3 containing 2 mol% SfTe;, with  sjve description of the experimental results for the available
dlﬁergnt deviations from st0|ch|ometry. The thermoelectric cglculational accuracy, which puts in doubt the possibility of
coefficient grows as the temperature is increased; howevethe practical use of these models even at a qualitative level.
for alloys with large Te content the optimal values of the A more conducive description of changes in the kinetic
thermoelectric coefficient are not reached. In samples COharameters of SnTe based alloys may come from a picture
taining 2 at. % Te, which corresponds to introducing 2 mol%pased on resonance states. Smeared bands of resonance
Sh,Te; into the stoichiometric solid solution, like for lower states bound to vacancies have been detected in PbTe and
Te contents, the thermoelectric coefficient is higher, with itSGeTe by measuring the thermal conductivity of the free
maximum at a temperature about 700 K. _ charge carrier®’ Resonance states formed by impurities
In the same temperature region we see a maximum dhaye also been examined in sufficient detail in PB&ince
the thermal efficiency parameter, whose temperature depethe behavior of the kinetic coefficients in materials based on
dence is plotted in Fig. 5 in the form of a field of values for ppTe, GeTe, and SnTe is characterized by a number of gen-
some of the investigated compositions with excess telluriungra| regularities, there is every reason to believe that impurity
content in the range 0:52.0 at. %. The thermoelectric effi- and structural defects also form resonance levels in SnTe and
ciency of the alloy Spud by 265&.2eT€ (CompositionE),  alloys based on it. Their contribution to scattering is of a
doped with SpTe; (2 mol %), is significantly higher than for  selective nature, which finds its reflection in the complicated

SnTe, whose doping leads to a marked increase in this pgependence of the thermoelectric coefficient on the compo-

rameter primarily in the low-temperature regidqop to  sjtion.

700 K). Figure 5 plots values of the thermoelectric efficiency

parameter for SnTécompositionA), co-doped with 1 at. %

In and 1 at. % Cd or Ag. As the GeTe content of the solid

solution is mcrease(ihe_ segmenC—M, see Fig. 3, insgt 'A. R. Regel, ed.,Thermoelectric Generatorfin Russiai (Atomizdat,

the thermoelectric efficiency grows and for the alloy, an Moscow, 1976, p. 62.

Phyo» Geysgle (composition G), doped with 2 mol % ZN"KP.[Abgkosqvﬁa(rl]\(lj Li(E. '\S/Ihelimovi\é;);/l Bg;ed Semiconductor Ma-
H ; terials | in Russia auka, Moscow, P. .

SbyTe,, it reaches values in the range (L2.4) s " g ang vu. B. Shubin, Fiz. Khim. Obrab. Matd, 127 (1967,

X102 K™~ and the thermoelectric figure of medT is “M. A. Korzhuev, Germanium Telluride and Its Physical Propertifis

equal to 1.0. Russiaf (Nauka, Moscow, 1986
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The phase dependence of the photoreflectance signal in the regionBf thensitions in GaAs
samples has been investigated using the two-channel lock-in technique. The spectral
components and their synchronous phases have been established as the result of a detailed
analysis of the photoreflectance spectra. The time constants of the photoreflectance signal have
been calculated for the observed single-component and multicomponent photoreflectance
spectra. The time dependend&®/R;~ = exp(—t/7;) of the photoreflectance signal is due to the
delayed reaction to the photomodulation of the electric field in the region of the
semiconductor surface or interface. 98 American Institute of Physics.

[S1063-7828800303-2

The photoreflectance is a sensitive, nondestructive, A
contact-free, optical method for examining the surface and —(E,F4(7,0))=—=(E,Fy)
interface properties of semiconductors and semiconductor R R m(1+ w?7?)
structures. The acquisition of the information contained in @
photoreflectance spectra proceeds, in general, by means of aumere E is the photon energyf is the electric field inten-
analysis of the different spectral components making up theity, and w=2=f is the modulation frequency. The time
spectrum. As a rule, it is assumed that the reflection responstependenc®(t) yields the phase dela§ of the photoreflec-
to optical modulation takes place instantaneously. This isance signal relative to the phase of the modulating light.

(1-iw7),

contradicted, however, by many experimental restttsdi- The lock-in amplifier defines the amplitude of the first
cating a phase delay of the photoreflectance signal relative Bourier component of the input signal at the reference fre-
the optical modulation. guency and for the preset phage Using a two-channel

The photoreflectance was modulated by means of periock-in amplifier, one can determine either the component of
odic illumination of the surface of the investigated object bythe signal in phase with the reference frequenxy énd the
an additional optical source, as a rule, a laser, whose lightomponent shifted by 90°Y(), or the amplituder (E) and
passes through a mechanical shutter with frequéncy phased(E) of the modulated variable signal relative to the
The photoreflectance signal possesses a time dependenoedulating signalFig. 1):
R(t), which in the simplest case—for rectangular modula-
tion, is described by an exponential function with a single  —__ () —r(g)el 4B =x(E)+iy(E). (3)
characteristic time constant R

The phase of the signadlis defined in Fig. 1 as the angle

Ry+ AR— AR et r between the phase of the scattered modulating light and the
1+e T2r ' photoreflectance signal. The negative value of the aidgle
R(t)= 1) means that between the modulation and the response there is
Ro AR i a time delay. The figure also shows the preset phse
1+e T2r ' whose practical significance is explained in the experimental
section.
wheret is time, andT=1/f is the modulation period. The Figure 2 shows a parametric representation of the output

first term describes the behavior of the reflection sidghah signal of the two-channel lock-in amplifier—components

the presence of laser excitation, and the second describesM{E) and X(E)—for a two-component spectrum. Working

in the absence of laser light. with a software package developed for modeling and nonlin-
The use of a two-channel lock-in amplifier, i.e., an am-ear fitting of experimental spectra, we calculated two typical

plifier whose output is a complex signal consisting of a sig-spectral shapes of the photoreflectance. Let us consider the

nal in phase with the modulation and a second imaginangpectrum(see the upper right part of Fig. 2, componéjit

component shifted relative to it by 90°, leads to the resultypical for the photoreflectance in the low-field case or for

that the photoreflectance spectrum, with the time dependen@citon transitions. The phase of this spectrum is delayed

of the reflection signaR(t) taken into account, is described relative to the laser modulation by the anglg The vector

as follows: representation of the photoreflectance signal is shown in the
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It is clear that for only one spectral component and con-
stant modulation frequency the quantity- remains constant
[here the photon enerdy, and hencé R/R(E), remains the
only variable quantity which makes it possible from the
phase position of the photoreflectance spectrum and fre-
guencyw to determine the characteristic time constant of the
modulation process.

In the casew7=0, the real part of the photoreflectance
signal (X) has the maximum value and is synchronous with
the modulation §=0), which is possible both for=0 and
for vanishing modulation frequencyw(—0). In the other
limiting case,w 7=, the magnitude of the photoreflectance
signal becomes vanishingly small, while the phase détzs
angle 6) approaches-m/2. The phase line thus lies com-
pletely in the fourth quadrant. Since the values of the photo-
reflectance amplitude can take both positive and negative
values, the values of the phaséE) can also lie in the sec-
FIG. 1. Phase position of the photoreflectance siginalicated by the thick ond quadrant; in this case, however, the relation
arrow) relative to the modulating light. The phase of the signal, measure)= = — 7/2 still holds.
with a Iock-_in amplifier, in the absendeoordinate system,y) and pres- To demonstrate the behavior of muIticomponent spectra,
ence(coordinate system’,y’) of a preset phasé. The true value of the .
phase delay anglé is found for 6= 0°. we modulated the second spectral comporienthe upper

right corner of Fig. 2, componer®), a characteristic feature

of which is the so-called Franz—Keldysh oscillatigf&0).°
upper left part of Fig. 2 for one of the points of this spec- The phase delay angle of this component relative to the laser
trum. The set of all points of the spectru(E=hv), modulation isés.
Y(E=hv) should thus form a straight line subtending the  Each spectral point of the two-component spectrum, the
angle 6; with the X axis (the latter by definition coincides latter consisting of a superposition of componehtnd2, is
with the phase of the modulating laser ligh& completely  defined by the vector sum of the two spectral contributions
analogous result is expected for all photoreflectance specti@ee the upper left part of Fig.).2The magnitude of the
consisting of only one spectral component whose time devector sum and its phase position depend on the spectral

pendence is defined by only one time constant. shape, relative amplitude, and time delay of the individual
Thus, for the given representation, called the phase diacomponents. Thus, for each point of the superposition spec-
gram, we have for tah trum vectors with different signal phaségE). For the phase
y(E) Im(1-iw7) diagram of the resulting spectrum we have the parametric
tand= = =— T 4 representation of th&(E) andY(E) components, shown in

X(E) Rel-ion) the lower left part of Fig. 2, which have the photon energy as

the parameter; the spectral shape of these components for the
X and Y outputs, where these components are formed by

’
y /,"‘ superposition of the spectra shown in the upper right part of
e Fig. 2, is shown in the lower right quarter of the figure.
y,\\ 7 While the phase diagrams of the single-component spec-

tra are straight lines lying in the second and fourth quadrants,

4 z component 1 (4) when at least two components are superimposed, any signal
phases(E) is possible.
N component 2 (£,) In the case where the spectrum consistsnofompo-
N nents, Eq.(2), which describes the shape of the spectrum,
N takes the form
R " AR,
2(E) ﬁ(E,Fs,r,w)zjgl — (EF9

y(£) (1-ioT). (5)

2
X 2
A m(1+ szl- )
Each of the components of the photoreflectance has its own

phase delay; and its own time constant;
FIG. 2. Phase diagrams of the photoreflectance spectra. The influence of the

photoreflectance signal on the form of the phase diagram was demonstrated yi(E)
by simulating the two-component spectrum for hendY channels of the tans: = OT (6)
lock-in amplifier. ! X;(E) I
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which, however, can be established only after performing the
complete procedure of fitting the shape of the spectrum, for
both the X and Y channels of the lock-in amplifier. The
accuracy of the fit is determined in the given case by com-
paring the phase diagrams of the experimental and model
spectra.

We should briefly consider the physical reasons for the
appearance of the time dependentR(t) and the phase
delay of the various spectral components of the photoreflec-
tance following from it. Since the most frequent reason for
the appearance of a photoreflectance signal is optical modu-
lation of the electric fields in the space charge region on a
semiconductor surface or interface of two semiconductors,
the recharging dynamics of the electron states in the modu-
lation regions plays a large role for the observed temporal . A " n L :
effects. Of special importance here for the appearance of the 1.98 1.40 %t 140 146 1.:,‘ 1% 1.52
phase shift between the optical modulation and the reflec- o energy =y 0
tance signal are the capture, remission, and recombination
rates of the photogenerated charge carriers in these étates.

Since modulation of the electric fields on a surface or 4
interface is accompanied by a change in the bending of the
bands and of the depth of the space charge region, capaci-
tance effects in the surface region, described by the time
constantr=RC, may also be responsible for the appearance
of the phase shift of the photoreflectance signal.

The boundaries of the region in which the time constants
7 can be measured are determined by the specifications of
the apparatus and for our instrument are -0’502

AR/R , a.u.
-

'\ —

b

30 ms=7>0.6 us.

Since all the constants we recorded lie above the lower limit
0.6 us, we should exclude the influence of the faster pro-
cesses of charge-carrier diffusion and drift on the time con-
stantr.

Let us turn now to a consideration of the experimental
results obtained for GaAs samples in the region of the tranI:IG. 3. a—Experimental photoreflectance spectra in the region oEthe
sition Eq. All of the experiments were carried out in air at transition, recorded for a sample pfGaAs. Photoreflectance spectra ob-
room temperature. tained for theX andY channels of the lock-in amplifigsolid lineg and the

Figure 3 presents results of photoreflectance experimenfé)rresponding fits(dashed lines are shown. T_he_ fitting parameters

N T (Eo=1.412 eV,F=3.44x10° V/m, ' =12 meV) coincide for both chan-
on a sample of GaAm(Si)=1x 10*%cm ]_' Before_ _Start of nels. b—experimental phase diagram of the photoreflectance spectra shown
the measurements, the phagef the lock-in amplifier was in Fig. 3a, with preset phase=45°. The shape of the phase diagram and
preset to the valué=45°, which produced comparable sig- the coincidence of the parameters used to fit X{€&) and Y(E) spectra
nal amplitudes for theX(E) and Y(E) componentgin the confirm the single-component (_:haracter c_)f the p_hotoreﬂectance signal. T_he
absence of the preset phase the sigh@) becomes com- EEZ;Z \?:Cgtloer.of the spectrum is shown in the inset by the corresponding
parable with the noise levgl

The form of the phase diagratfig. 3b and the coinci-
dence of the fitting parameters used to fit K{&) andY(E) procedure leads in what follows to a significant simplifica-
componentgFig. 33 confirm the single-component nature tion of the analysis of the photoreflectance spectrum. The
of the photoreflectance spectrum. explicit deviation from a straight line in the corresponding

Figure 4 presents a two-component photoreflectancexperimental phase diagrafeee Fig. 4p also confirms the
spectrum in the region of the transitidfy, obtained for a multicomponent character of this spectrum.
sample of GaAs[n(Si)=1x10%m 3]. At first glance, As a result of an analysis of the shape of the spectrum,
without carrying out a phase analysis, it is impossible towe separated out the mean-field contributiBiy. 4a, dashed
establish its multicomponent character. However, by introdine). The phase delay of the given component can be easily
ducing the preset phage=89° in theX(E) component itis determined from the preset measurement pha@se—<1°).
possible to suppress one of the two spectral contribution¥he magnitude of the phase delay of the second component
(the mean-field componensuch that it became possible to is determined with the help of the componeitéE) and
separate out the second componghe impurity structure  Y(E) of the experimental spectrum, obtained by analysis of
in its pure spectral forniFig. 4a, upper spectrumrhe given  the shape of the spectrum, and the phase diagram constructed

~0.0021
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FIG. 5. Experimental photoreflectance spectra obtained forxthend Y
channels on a homoepitaxial GaAs/GaAs sample.

0.0004
with their help. Each of the components has its own linear
phase diagram. The phase angles of the spectral components
are shown in the insdfig. 4b with the help of the corre-
sponding phase vectors.
Taking the modulation frequencf/=2500 Hz into ac-

0.0003F & ;3
F

&=-1°

:5 count and using Eqs4) and (6), we obtained the values of

dy=-18°

= the corresponding time constants given in Table |. The sec-
ond component of the photoreflectance was identified along
with the mean-field contribution. Its main peak is seen to lie
17 meV below that of the first contribution. The correspond-
ing optical transitions should apparently be linked with
modulation of the optical transitions on defects or dopant

1', yl: 8 =”°
T 5.0007 0.000¢ 0.0003 =/

impurities.
~0.0001 As a third example of multicomponent structures, we
FIG. 4. a—Experimental photoreflectance speésalid curve, obtained chose a phthref!eCtance spectrum obtained from a sample of
for the X and Y channels from a sample otGaAs. The mean-field com- the homoepitaxial ~structuren-GaAs/ n"-GaAs [n(Si)
=1x10%m 3/n* (Si)=1x10%¥m™3; Figs. 5-7. The ex-
perimental phase diagram, constructed from X{&) and

ponent(dashed curveand impurity componentdotted curvé of the photo-

reflectance, separated by spectral analysis, are shown for¥ sgectrum.
Y(E) spectra shown in Fig. 5, has a highly complex structure

(see Fig. 7, from which we may conclude that this is a

The differenceA E between the transition ener@gy=1.423 eV, determined
by fitting the MF/FKO structure, and the energy position of the peak of the
second structur&; is 17 meV; b—experimental phase diagram of the pho- )
toreflectance spectra shown in Fig. 4a for the preset piiasg9°. The ~ Multicomponent spectrum.
shape of the phase diagram is an indication of the complex character of the The photoreﬂectance structure obtained from this ho-
photoreflectance signal. Phase angles of the spectral components are ShoH‘ibepitaxial sample cIearIy consists of more than two com-
in the inset by the corresponding phase vectors.
TABLE I. Phase delay$ and characteristic time constantsf the spectral components of the photoreflectance

in the region of the transitiok.
GaAs substrate, GaAs, surface
PR component naturally oxidized treated in n-GaAsh*-GaAs
(f=167H2 ZrOCl,x 8H,0+ 0, (f=2500 H2
(f=2500 H3
MF/FKO 8, ° -4 -1 -12
T, 4S 59.5 1.1 13.3
Exciton 5, ° — — 11
T, 4S - — 12.2
Defects 8, ° - -18 -
or impurities T, 4S - 21 -
LEIO 8, ° - - —65
T, US - - 110
Ganzha et al. 248
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(the observation of exciton structures in the photoreflectance
at room temperature was also reported in Refs. 12-Adr
X each of the three spectral components, the corresponding lin-
ear phase diagram can be constructed. From the single-
component phase diagrams shown in the lower part of Fig. 7
- the phase delays of the individual spectral components can
exciton be clearly identified.
The experimental phase diagram, shown in the upper
half of Fig. 7, has the typical loop structure characteristic of
LEIO a multicomponent spectrum. By fitting the photoreflectance
spectra obtained for th& and Y channels of the lock-in
amplifier we obtained a reconstructed phase diagram that
agrees well with the experimental phase diagram.
FKo Experimental values of the phase delays and the charac-
1.2 13 1_‘,' 1f5 1"5 teristic time constants, determined from them, of the identi-
Photon energy £, eV fied spectral components of the photoreflectance are given
collectively in Table I. From our analysis of extensive ex-
o i o o ot e et spoanmpetimentl data we may condlude that the exciton compo,
glc)’trzinelg.by.summing Ilihe thrée spectral componentspshown beIO\?v an(LjJ dp-ems have the smallest time constants in eac_h spectrum. In
picted by the dashed curve, is shown for comparison. Fitting parameterssontrast, the photoreflectance components, which correspond
a—(exciton Ee=1.416 eV,I'=23.6 meV; b—LEIO) di,e=2345 nm;  to optical transitions involving the participation of defects or
¢—(FKO) Eo=1.432 eV,F=7.31x 10" V/m, I'=20.5 meV. dopant impurities and to low-energy interference oscilla-
tions, have the largest time constants relative to the other

ponents. A phase analysis indicates three energy regions, fpmponents of the corresponding spectra.
each of which its own spectral component dominates. In con-  Further studies should show how the relatively large val-
trast to the example considered above, the experimentales of the time constants can be linked with recharging pro-
separation of each of the spectral contributions to the photacesses in the skin layer of the considered semiconductor
reflectance is not possible and their separation is possibiructures. Such studies may prove to be an interesting area
only with the help of a complete mathematical—theoreticalof application of phase-sensitive photoreflectance spectros-
analysis. copy.

Figure 6 shows fits to the spectrum which allowed us to
identify all three components. The first component corre-
sponds to the mean-field contributigfMF/FKO). The sec-
ond component corresponds to the so-called low-energy in-
terference oscillation§LEIO),°~*! which are the result of Fax: 049-345-55-25-158
interference of the photoreflectance signal from the interfac& mail: gansha physik.uni-halle.deeScaf mlucom.urz.uni-halle.de
in the thin @=2.3 xm) homoepitaxial layer. In the region
of the transition energi, we identified the exciton structure

AR/R ,a.u.
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Electrical properties of GaSb-based solid solutions (GalnAsSb, GaAlSb, GaAlAsSb ) and
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The electrical properties of GaSb and solid solutions based @ainAsSb, GaAlSb,

GaAlAsShH have been investigated. It is shown that the current-carrier concentration and mobility
in all these materials are determined mainly\y,Gagy, structural defects, with their

concentration decreasing almost linearly with decrease of the GaSb content of the solid solution.
The dependence of the parameters of the solid solutions on the concentration of these
structural defects is determined. The possibility of reducing their concentration by using the
neutral solvent Pb and rare-earth elements is demonstratedl998 American Institute of
Physics[S1063-782808)00403-7

Interest in GaSb and isoperiodic solid solutions based oGALLIUM ANTIMONIDE
it is due to the fact that these materials are widely used in the
construction of optoelectronic devices operating in the infra-  Let us first consider the electrical properties of GaSb,
red (1.3—2.5um), including lasers, light-emitting diodes, Which, as it turns out, in many ways determine the param-
fast-response photodiodes, avalanche photodiodes, etc. Ogfiers of the solid solutions based on this binary material.
earlier comprehensive study of the galvanomagnetic and AS @ result of our studies of epitaxial layers of GasSb,
photoelectric properties of GaSb and solid solutions simila@rown on p-GasSb substrates 80—20@m thick (the sub-
in composition to GaSkGalnAsSb (x=0.1-0.2), GaAlSb ~ Strate was later removidwe found that epitaxial GasSb, in
(x=0.1), GaAlAsSb (x=0.34), (Refs. 1-6 has made it which special precautions were taken to keep the level of

possible to reveal for each material the main factors controldoPant impurities to a minimum, grown by liquid-phase ep-
ling its quality and level of perfection of the crystals, the &Y, just like bulk GaSb grown by the Czochralski or

nature of the charge carriers in them, their concentrationl?’rldgman methpd, always has-t37/pe (_:ognductlwty W_'th
ole concentrationp=(1—2)x10 cm™3 and mobility

mobility, and activation energy. The present work has as it
goal to uncover the general trends of all the investigated’“:620_7go cri/(V-s) at T=300 K and p=(2-3)
compounds, the relevant electrical and photoelectric proper>-< 10 cm™ and “:2000__3000 crff(V-s) at T:77 K
ties of these materials, and also their dynamics as a functio, SSE;J z'a(b:gsEl E%dgéTer;f width of the band gap in GaSb at
of the composition of the solid solution and some specific From thegtem.peratu.re dependence of the Hall coefficient
details of their synthesis. This paper also includes completel}ﬁ the conductivitye, and the hole concentratiqn, deter-
new ex;f)erimental (:a;a on these solid sglutions r(])ver a Wid‘F’n’ined by cyclotron ’resonance and also from photoelectric
range of variation of their composition. Thus, we have inves- : o :
figated GaA|Sb forx—0.34 and GaAlASSb forx=0.5. We measurements in GaSbh we established the existence of three

h hat th ts of thi v will ke | bl acceptor levels: a shallow level with activation energy
ope that the results of this study will make it possible toEA1=O.011—O.017 eV due to uncontrolled impurities in the

correctly approach the various problems involved in Obtain‘mitial ingredients, and two deep levels,,= 0.03—0.035 eV
ing higher-quality materials with required band gap andg.q Ens=0.07—0.09 eV, which we assign to a doubly
given concentration and mobility of the current cariers.  charged structural defect. These results agree with earlier
All of the materials we have investigated, both the bi-gata " obtained in Refs. 7 and 8, where it was shown that
nary compound GaSb and the ternary and quaternary soli Gash crystals the dominant scattering center is a
solutions, were prepared by liquid-phase epitaxy at temperasatural structural defect of the crystal lattice, namely, gal-
tures of 550650 °C on GaSb substrates. The conductivityjum vacancies with the gallium substituting for antimony
Hall effect, mobility, and magnetoresistance were measurefl . Ga.,). The concentration of these structural defects de-
in the GaSb epitaxial layers and solid solutions by the comtermines the hole concentration and mobility in GaSb.
pensation method, and the acceptor and donor concentra- We were faced with a problem: to find an efficient
tions, activation energy of the impurities were determinedimeans of lowering the concentration of these structural de-
the width of the band gap was also determined from photofects thereby enhancing the quality of these crystals.
conductivity and electroluminescence data. Studies of galva- |t seemed reasonable to assume that the concentration of
nomagnetic effects were carried out on samples of rectanguratural structural defects associated with stoichiometry de-
lar shape with indium contacts on the surface of the epitaxiabends on the relative numbers of antimony and gallium at-
film in the temperature interval=77-300 K and in mag- oms in the solution—melt from which the epitaxial film is
netic fields up to 10 kOe. grown. We have proposed a method of varying this ratio by
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TABLE I.

Composition

Sample M Initial p. 10%em™®  w cm2AV-9 En eV {No. Na}, 10% cm® Eg €V

No. X y ingredients 300K 77K 300K 77K Ep Eaz Eas Eps Np Na1 NA2 77 K

1 0 100 Ga, GaSb 17 4 550 2250 0.015 0.03 0.07— 0.1 1 27 0.79

2 0.11 0.93 In, Sh, 6.2 15 465 1870 0.008 0.03 - — 1.7 4.4 2.5 0.65
GaSh, InAs

3 0.155 0.863 In, Sh, 9.4 0.59 365 1950 0.008 0.035 0.073-— 3.3 4.3 1.3 0.605
GaSh, InAs

4 0.22 0.81 InSb, GaSh, 3 0.6 500 2850 0.01 0.03 0.07 - 14 25 1.9 0.565

InAs

5* 0.092 0.93 In, Sh, 6.6 1.2 370 1100 0.009 0.038 — - 3 5.7 25 0.64
GaSb, InAs

6* 0.156 0.864 In, Sh, 70 3.4 118 377 0.003 0.038 - 0.1 8.5 12 3 0.605
GaSb, InAs

7* 0.217 0.836 In, Sh, 30 17 187 304 0.0014 - - 0.1 20 40 - 0.57

Ga, InAs

gRemark. RGaSh:Te substrate without intermediate insulating layer.

introducing lead into the solution—melt as a neutral solventbut now because of shallow impuritie€{;=0.017 eV,
As a result, it was possible to vary the reduced antimonywhile the concentration of deep structural defects remains
concentration in the meltXg,=[Shl/[Sb+Gal from  quite low as before;~2x 10 cm™2. The authors of Ref. 1
sp="0.125(without lead to X5,=0.875. This led to striking succeeded in obtaining samples of GaSb, grown from a
results. Figure 1 plots the dependence of the hole concentr@ighly antimony-enriched solution—melX&,=0.875) under
tion atT=300 K and the mobility aT =77 K on the reduced conditions which prevented fine impurities from getting into
antimony concentration. It can be seen that the hole concenpe crystal during epitaxial growtfithey used a white-
tration falls abrupt-ly with growth o, re.achi-ng a mini- sapphire cassette and antimony of purity 99.999986 a
mum atX§b= 0.8 (in a number of cases in _thls region we oq it they obtained GaSb with=6.8<10!5 cm~3 and
even obtained samples yy|mtype_conduqt|V|ty, and then w=6770 cni/(V-s) at 77 K. The concentration of deep ac-
rises back up. The mobility has its maximum X,=0.6, ceptors fell to 5< 10" cm™3, and the concentration of shal-

. : )
falls abruptly neaiXs,=0.8, and then rises again. . _low acceptors was 8 10'® cm™3. Thus, by varying the ratio
To determine the donor and acceptor concentrations in

. o of gallium to antimony in the solution—melt it is possible to
GaSb crystals grown from solution—melts with different val- : . . .
* gbtain pure GaSb crystals and also insulating GéStihe
ues of Xg,, we used the temperature dependences of the ™. * ; :
concentration and mobility of the current carriers. Assumingr egion 0fX55=0.8) V\ch V_egy low current-_carr!er concentra-
that the mobility is determined by scattering from impurity 1On down top=10" cm™* at 77 K, which is used as a
ions and lattice vibrations, using the Brooks—Herring for-PUffer layer in production applications.
mula for the dependence of the mobility on the impurity ion W€ also achieved the result of decreasing the number of
concentration, we calculated the concentrations of the deepructural defects in GaSb by doping the solution—melt with
and shallow acceptors, and also the concentration of donorkare-earthsGd, Yb)." The concentration of deep acceptors
We found that the concentration of structural defects withvas lowered from X 10 to 4X 10'° cm™?; granted, in the
E,,=0.033 eV falls continuously from 210" cm 2 in process the concentration of fine impurities grew. It may be
the initial sample withX£,=0.125 to 210" cm 2 for ~ assumed that gallium vacancies diffuse to the rare-earth
&,=0.8 (see Fig. L With further increase of the antimony atom, and that a small vacancy cluster forms around it,
concentration in the solution—melt, the hole concentratiorblocking the formation ofVgGag, structural defects and

again grows abruptly, lowering their concentration.
TABLE II.

p, 10 cm™3 w, cnel/(V-s) E,, eV {Np, N}, 10" cm™3 E v

g ©

Composition 300 K 77K 300 K 77K Eas Enz Ens Eaa Np N NA2 77K
Gash 17 4.0 550 2250 0.015 0.035 0.07 - 0.1 1.0 27 0.79
GaAly ;Sb 5.6 0.82 670 2600 0.015 003 - - 1.0 1.7 6.2 0.9
GaAl 3.Sb 4.0 0.29 320 1300 0.009 0.034 - - 0.15 0.8 4.0 -
GaAly 3 AsSh 6.0 15 300 1130 0.009 0.03 - - 13 5.7 6.9 1.2
GaAly AsSh 97 0.8 420 1600 0.009 0.034 - 0.15 0.67 15 5.0 1.35
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the solid solution at 77a) and 300(b) K. Data: 1—our work, 2—Ref. 11,

FIG. 1. The hole concentratignat 300 K (1), mobility x at 77 K(3), and 3—Ref. 9,4—Ref. 14.

the concentration of structural defedts, (2) as functions of the reduced
antimony concentratioX;,.

determined from the half-fall of the long-wavelength edge of
SOLID SOLUTIONS BASED ON GaSh the intrinsic photoconductivity is given in Table | and plotted

and others.
The calculated width of the band gdg, in the solid f :
. ] . S E InAsSh, taken f Ref. 11.
solutions GalgAsSb and GalgAsSb, which are isoperiodic or Eg in GalnAsSb, taken from Re

: . - - The thickness of the investigated epitaxial layers of solid
with the Ga_Sb substrate, is plott_e_d in Fig. 2 by the solid !messolution depend on their indium composition: the layer with
as a function of the composition of the solid solution:

. . =0.1 are thick <100 um) and can be removed from the
Eq=F(1—X). The calculation was based on empirical for- X ick ¢ Hm) v

substrate, while fok=0.15-0.22 the thickness of the layers
mulas and data taken from Refs. 9 and 10. As follows frorqs 5 um. It was impossible to grind off the substrate. The

the CUIVES, ag grows, the width of the b_and gap in the solid measurements therefore were carried out on samples with an
solutions Ga.IQA.SSb decrease;_ from its V.alu.e. for GaSbn—type substratédGaSh:Te, and also on substrates with an
(0.79 eV}, while in GaAlAsSD it increases significanty. intermediate insulating layer of GaSb grown in the presence
of a neutral solvent—leatsee above

It can be expected that with increasing substitution of the

It is well known that the solid solution GalAsSb can lattice gallium atoms by indium atoms the probability of for-
be isoperiodic with GaSbx&0.25) and isoperiodic with  mation of structural defect¢; Gas, decreases, and the con-
InAs (x=0.7). The immiscibility region lies at intermediate centration of deep acceptors in the crystals is lowered.
values ofx. We examined the properties of GalnAsSb over  From the temperature dependence of the Hall coefficient,
the entire existence region of the solid solution isoperiodidhe conductivity, and the mobility, and also from the spectral
with GaSb, i.e., forx<0.25, specifically forx=0.1, 0.15, dependence of the photoconductivity we determined the
and 0.22. It can be expected that their electrical properties dmain parameters of the material: the concentrations of shal-
not greatly differ from those of GaSb. low (N4;) and deep N,,) acceptors, the donor concentra-

With the aim of refining the energy structure and deter-tion (Np), activation energies of the impuritie€f;, Ea,
mining the width of the band ga, in the investigated solid Eag, Eas), and the width of the band gdg,, all of which
solutions GalnAsSh, we examined the spectral characterigre listed in Table I. The main result here is that we detected
tics of the photoconductivity. The width of the band gap,the same deep acceptors in the solid solution, with activation

x=0.22. For illustration, Fig. 2 also plots experimental data

THE SOLID SOLUTION GalnAsSb
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energiesE,,=0.03 andE,3;=0.07 eV, that exist in GaSh, grown on substrates with a buffer layer, but its values were
and also shallow acceptors wilfy;=0.008-0.014 eV. The strongly depressed over the entire temperature intdpes
concentration of deep acceptois,, as expected, always Table |). This speaks not only of the large number of impu-

K= o

falls with growth ofx in the solid solution GalgAsSb. Un- rities in these samples, but also of the existence of some
fortunately, this does not lead to vigorous growth of theadditional mechanism of hole scattering which suppresses
current-carrier mobility since in the samples with an inter-the mobility. The detection in these samples of a longitudinal
mediate insulating layer and the samples on ratype magnetoresistance and a negative photoconductivity can be
GaSh:Te substrate the concentration of shallow acceptors iexplained by the existence in the material of nonuniformly
creases with increasing as the number of deep acceptors distributed charged centers, in our case apparently bound
decreases. Analyzing their nature, we note that the backwith tellurium that has diffused into the solid solution. The
ground of shallow impurity levels depends on the weighedneasured mobility in such samples is therefore governed not
amounts used in the melt. The lowest content of donors an@nly by scattering from impurity iong,, and lattice vibra-
acceptordN,; is found in epitaxial layers grown from a melt tions x , but also by this additional scattering mechanism
prepared from the binary components InAs and GaSh. Thwhich contributes to the mobility.s:

concentration of shallow acceptors increases as the result of

uncontrolled impurities in In, Ga, and Sh. Vp=Yp+Hp +ps. @)

Until now, we have spoken of the properties of Galn-  according to the effective medium theot/for a longi-
AsSb solid solutions in which spgual p_r_ecautlons_ h_ave beeq,dinal magnetoresistancaxp/p)” in crystals containing
taken to keep the level of dopant impurities to a minimum. Ing|sters of impurities or point defects, we can write
practice, the necessity frequently arises to dope them with
various donor or acceptor impurities. We have investigated (Ap/p)”=0.3f(,u,oH/C)2, 2
the behavior of Ge, Cd, Zn, and Te impurities which were
introduced into the solid solution GglpAsSb during growth (1_ §f> / (1_ Ef” 3)
from doped liquid phase. The thickness of the layers was 2 47
~100 um and the substrate was removed. When the mate-
rial was doped by Ge, Cd, and Zn, it retained fitdype where i is the true mobility in the crystal matrix, arfdis
conductivity. The greatest hole concentration was achievefl€ volume fraction occupied by the inhomogeneities. Calcu-
for doping with germaniumg> 10 cm3). It is interesting lating for the mobility and longitudinal magnetoresis_tance,
that in this case the donor and acceptor concentrations grefjéasured in all the samples grown on GaSb:Te without a
simultaneously, i.e., Ge revealed amphoteric properties witRuffer layer, showed that the volume fraction occupied by
incorporation into the lattice as an acceptor impurity pre-the inhomogeneities is=0.4—0.56, while in the samples on
dominating. For Cd and Zn doping, only the acceptor conn insulating substraté=0.15. Findingu, from Egs. (2)
centration grows, and the limiting hole concentration is@"d(3), itis possible to determing, from the relation
~5x10 em™3,

The behavior of Te in GalnAsSb is very interesting. Vpo=Lp+ Unu,

Usually tellurium is a donor that can be a compensating imand, consequently\, and Ny, and alsous from Eq. (1).
purity in semiconductors with-type conductivity. However, We determined the radius of the space charge region
in the solid solution GalnAsSb the behavior of tellurium of the clusters Ry=630 A and their concentration
turns out to be more complicated. During growth of thinN,=5.6x10" cm 2 for Galn,;sAsSb grown without a
(5 um) epitaxial layers of GalnAsSb solid solution on Te- buffer layer. Thus, tellurium diffusing from the substrate into
doped GaSb substrates, tellurium diffuses into the layerthin epitaxial layers can strongly impact the quality of the
which becomes lightly doped with Te, altering the electricalsolid solutions and be a deciding factor in the construction of
properties of the epitaxial layer of solid solution. In layersdevices. Of course, as Te diffuses from the substrate, the Te
grown on tellurium-doped substrates without a buffer layerconcentration in the solid solution is not large and can only
the mobility falls severalfold and both the donor and acceppoorly be monitored. When Te is specially introduced into
tor concentrations grow. Besides the acceptor structural dehe solid solution during epitaxial growth, its concentration
fects with activation energ¥,,=0.38 eV, a new acceptor can be significantly increased. At tellurium concentrations
level appears witfE,,=0.1 eV (see Table). We believe >10 2 at. %, overcompensation of the holes occurs and the
that this deep acceptor is created by tellurium that has difsolid solution acquiremn-type conductivity. The electron
fused out of the substrate, in combination with a galliumconcentration in it subsequently increases appreciably with
vacancy in the lattice of the solid solutioN',Te). The pos- increasing tellurium concentration, reaching 50 cm™3.
sibility for the existence of such a center in GaSb crystaldVe have for the first time determined the segregation coef-
was analyzed in Ref. 12, and a level with such an energy wafcients for Te, Zn, Ge, and Cd in the solid solution Galn-
observed in the luminescence spectra of Te-compensatésSh: Cg=0.2,Ccq=0.03,C5,=0.04,C+.~=0.7.
GaSb layerg® Thus, tellurium has a double effect: first, it After examining the electrical properties of GalnAsSh
enters the solid-solution lattice as a compensating donor, arsblid solutions and determining that they are in many ways
second, it forms a new deep structural defect. analogous to the electrical properties of GaSb, we came to

The mobility in layers of these solid solutions had thethe conclusion that the methods we have used to reduce the

same temperature dependence as in the undoped samptEsicentration of structural defects in GaSb, to increase the
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mobility, and to obtain a material with the required electrical 10° Gadl, ,,Sb
properties can also be applied to solid solutions.

With this aim in mind, we examined the effect of doping N Ga AL, ;SbAs
GalnAsSb with rare-earth metalgtterbium on the photolu- - o GaAl, ,Sb
minescence spectra. We found that the introduction of a i J

fairly large quantity of ytterbium {0.01 at. % leads to the B
disappearance in the photoconductivity spectra of the maxi- Ga Al 5,AsSh
mum associated with photoionization of the 0.1-eV center
and closing up of the\(g,Te) structural defect. In this case
the mobility of the current carriers is increased by an order of
magnitude and for the holes with a concentration of
p=(1—2)%x10' cm3 amounts tou=1.5X 10%cn?/(V-s)

at T=77 K. The GalnAsSb solid solutions grown in a lead
solution are now being studied with the goal of reducing the
concentration of structural defects. The results of this study
will be published separately. -

R,em?/¢
)

THE SOLID SOLUTIONS GaAISb AND GaAlAsSb 0

Having considered the properties of narrow-band solid
solutions based on GaSbh in the previous section, we will now
consider wide-band solid solutions. 3 -1

As was said above, compounds similar in composition to 10°/T,K
Gasb, but havmg a wide ban_d_gap mCIL_]de ter_nary and QUag. 3, Temperature dependence of the Hall coefficient for the solid solu-
ternary solid solutions containing aluminum, in particular, tions GaalSb and GaAlAsSb.

GaAlSb and GaAISbAs.

Data on the width of the band gap in GaA&Sb ob-
tained from the electroluminescence spectrum confirm the-9.7x 10 cm™® and mobility u=420-670 cnf/(V-s),
theoretically expected result: multicomponent solid solutionsvhile at T=77 K p=3x10%-1.5x10 c¢cm 3 and
containing aluminum have wider band gaps than GaSb, ang=1130-2600 cn?/(V-s) (see Table .
the width of the band gap grows linearly with aluminum Figure 3 plots the temperature dependence of the Hall
concentration(see Fig. 2 We found that atT=77 K  coefficient for two samples of the ternary solid solutions:
Ey=1.15 eV forx=0.34 andE;=1.33 eV forx=0.5. The = GaAly;Sb and GaAj3,Sb, and two samples of the quater-
experimental values are plottédointg in Fig. 2. For illus- nary solid solutions: Gagk.SbAs and GaAJsSbAs. The
tration, this figure also plots the experimental value€gf exponential slopes are clearly visible, indicating the exis-
for the ternary solid solution GaAISb, obtained from the pho-tence of two or three types of acceptor levels. As was already
toluminescence and electroluminescence spectra in Ref. 1Bentioned, in GaSb these are shallow acceptors with
In both compounds almost linear growth Bf, with x is  E,;=0.009-0.01 eV and deep acceptors with
observed. EA»=0.03-0.034 eV. In all the ternary and quaternary solid

We investigated the galvanomagnetic propertiessolutions these slopes are preserved, whereas in the solid
(o,R,u) of GaAISb for two compositions (GajlSb and  solution with higher aluminum content GaAAsSb a new
GaAlp3,Sb and GaAlAsSb also for two compositions level with activation energ¥,;=0.15 eV appears. This is
GaAly 3.SbAs and GaAJsSbAs. The solid solutions were probably a level produced by tellurium diffusing from the
grown by liquid-phase epitaxy on-GaSb substrates. The substrate. It shows up when the concentration of the main
thickness of the GaAlAsSb films was7 um, and that of structural defects is lower and the film thickness is small.
the GaAlSb films was up to 10@m. In the first case, the This level was also observed earlier in GaSbh and GalnAsSb.
film was insulated from the substrate by a potential barrierTo determine the donor and acceptor concentrations, we uti-
and in the case of GaAlSb the substrate was removed. THeed the temperature dependence of the mobility in the in-
parameters were measured in the temperature intervatrval 77—300 K(see Fig. 4 Employing the same calcula-
77-300 K, both in undoped solid solutions and intional technique as for GalnAsSb, we find the total

i 1 (] 1 N

4 6 8 10 172

& IFTI'

germanium-doped samples. concentration of impurity ions in the solid solution, and also
Note that while GaAlAsSb was isoperiodic with the the donor and acceptor concentrations.
GaSb substratélattice constanta=6.09 A) in the entire The results for the samples examined are presented in

range of variation of the aluminum concentration, in the ter-Table Il. The table also gives the parameters for GaSb grown
nary solid solution GaAlSb the mismatch with the substrateby the standard technique.

increased with increasing aluminum concentratitive lat- Let us first consider GaAlSb. It can be seen that in com-
tice constant of the solid solution grew from 6.09 Axat0.1  parison with GaSb, in GaAISb the concentration of shallow
t0 6.13 A atx=0.34). impurities N, is somewhat greater, but with growth of the

All of the undoped samples haitype conductivity and aluminum concentration, their concentration grows slightly,
at T=300 K current-carrier concentratiop=5.6x10'®  remaining about 1§ cm~3. The concentration of structural
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solid solutions containing aluminum with germanium. We
investigated in detail the doping of the solid solutions
GaAly ;Sb and GaAj 3,Sb. The hole concentration grew with
the level of germanium doping: in Gaf\Sb it grew from
p=5.6x10" to 1.3x10'° cm 2 and in GaA}3AsSh it
grew fromp=6x10'to 6.7x 10'® cm 2 at T=300 K. The
current-carrier mobility decreased in this case. From the tem-
perature dependence of the mobility we determined the do-
nor and acceptor concentrations in the manner described

70

Ga AL, Sb
Ga.Sb

‘u,cm.’/v s
/ |
/

L GoAL, ;SbAs above. It is interesting that germanium in these solid solu-
i Gu.ALo_”Sb tions manifests amphoteric properties: The donor concentra-
tion grows simultaneously with the stronger growth of the
G Al 5, AsSb

acceptor concentration. Only upon heavy doping
(p>10* cm™2%) does the growth of the donor concentration
begin to slow down. The same behavior of germanium was
10° also observed in the quaternary solid solutp®GalnAsSh.
T | ) s . a A X

100 200 300 The segregation coefficient of germanium in GaAlSb and

TK GaAlAsSb was calculated. It turned out to be equal to
0.15-0.2 and was close in value to its value in GalnAsSb,
SWhich again points to the commonality of the electrical prop-
erties of ternary and quaternary solid solutions similar in
composition to GaSbh.

The main results of our study are as follows:
defectsNp, with E;=0.034 eV falls monotonically as the 1. We have found that in GaSb and in the isoperiodic
aluminum concentration is increased from 20" cm 2 in  solid solutions based on it: GaisSh (=0.1—0.22),
GaSb to 4< 10'® cm™2 in GaAly 5,Sb. This could also have GaAlLAs (x=0.1-0.34), and GaAlAsSb (x=0.34-0.5)
been expected since Al replaces Ga in the crystal lattice anghe conductivity is determined mainly by doubly charged
thereby blocks the formation &g, Gagy, structural defects. It 5cceptors, which are natural structural defatisGas, (gal-
is interesting that in the solid solution with composition |jym vacancy and gallium replacing antimonyith activa-
GaAly ;Sb the mobility atT=300 K andT=77 K, because jgn energiesE ,,=0.035 eV andE;=0.07 eV.
of this circumstance, grows in comparison with GaSb. When 5 \ve have shown that the numbenat Gas, structural

the aluminum concentration is increasdduch as in defects in the solid solutions GahsSb, GaAlSb, and

GaAly3,Sh), the Imoﬁ'_l'tﬁ' _facljlls abru;:qutly over the ent|rfe tem(—j aAlAsSb decreases with increasingss the Ga atoms are
perature mter.va, which in icates t, € appearance or an a }éplaced respectively by indium or aluminum; the hole con-
tional scattering mechanism, possibly due to an increase i

: . : . . Bentration decreases in this case and the mobility increases.
the lattice mismatch since neither the concentration of th%or x>0.22 in GalgAsSb and forx>0.1 in GaAlSb and

E%aAIxAsSb we see a clustering of point defects, which low-
grs the mobility.
3. We were able to reduce the concentration of structural

FIG. 4. Temperature dependence of the mobility for the solid solution
GaAlLSb and GaAlAsSb.

GaAlAsSh the picture is similar: the number of shallow lev-
els in this solid solution is somewhat larger than in GaSb, bu

with growth of the aluminum concentration it falls. The con- . . 7
centration of structural defects witk,,=0.034 eV de- defects |n5GaS_b3 by two orders_ of magnitufiem 2.8x 10
to 2x 10 cm %) by introducing the neutral solvent lead

creases considerably with increasing aluminum concentra- ) i )
tion (from 2.7x107 cm 3 in GaSb to 5<10' cm 3 in into the S(_)Iutlon—mel_t, altering the ratio of group-Ill and V
GaAl,:SbAS. In this case, growth of the mobility is not €l€Ments in the solution—-melt. _ o
observed since it is limited by the appearance of additional 4 The concentration of shallow acceptor impurities in
scattering from the clusters of point defects possibly associh€ solid solutions was controlled by the purity of the starting
ated with diffusion of tellurium into the solid solution and ingredients and was significantly lower in solid solutions ob-
with the appearance of one more deep acceptor, witf@ined from binary compounds.
Eas=0.15 eV, which is clearly visible in the temperature 9 Doping of GaSb and the solid solutions GalnAsSb by
dependence of the Hall constal in the samples of rare-earth impuritiesGd, Yb) made it possible to increase
GaAl, sSb. the mobility of the current carriers by lowering the concen-
Thus, the improvement in the quality of crystals of solid tration of natural structural defectéGasyin GaSb and the
solutions afforded by the decrease in the concentration cicceptor structural defedtg,Te, formed in the solid solution
structural defects resulting from the substitution of galliumGalnAsSb by diffusion of tellurium from the GaSh:Te sub-
atoms by aluminum atoms is possible only at low aluminumstrate.

concentrations, whew is no greater thax=0.1. Further 6. We have demonstrated the possibility of doping GaSb
growth of the aluminum concentration leads to a fall in theand solid solutions isoperiodic with it with donor and accep-
mobility due to scattering from clusters of defects. tor impurities and have determined the segregation coeffi-

Let us take a brief look at the possibility of doping the cients of Te, Zn, Cd, and Ge.
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Low-frequency noise has been investigated in the hexagonal polytypdygpfe gallium nitride
(GaN) with equilibrium electron concentration at 300rg=7x 10’ cm™ 3. The frequency

and temperature dependence of the noise spectral d&éifywas studied in the range of analysis
frequencied from 20 Hz to 20 kHz in the temperature range from 80 to 400 K. Over the
entire temperature range the frequency dependence of the dark noise is @psétol/f (flicker
noise. The rather weak temperature dependence of the noise level is characterized by very
high values of the Hooge constamt=5—7. These larger values indicate a rather low level of
structural quality of the material. The effects of infrared and band-to-band illumination on
low-frequency noise in GaN are studied here for the first time. The noise level is unaffected by
illumination with photon energ¥,,<Eq (E, is the band gapeven for a relatively high

value of the photoconductivitg o/ 0=50%. Band-to-band illuminationE,,=E,) influences the
low-frequency noise level over the entire investigated temperature range. At relatively high
temperatures the influence of illumination is qualitatively similar to that of band-to-band
illumination on low-frequency noise in Si and GaAs. At relatively low temperatures the
influence of illumination on the noise in GaN is qualitatively different from the results obtained
earlier for Si and GaAs. €1998 American Institute of Physid$$1063-782628)00503-1]

1. INTRODUCTION of the last few years, the level of structural perfection as well
as methods of surface processing and fabrication of contacts
Gallium nitride (GaN) is one of the semiconductor ma- are in need of substantial improveméht? Nevertheless,
terials that has been studied intensively in recent yearslata on the low-frequency noise level in GaN are, to the best
Progress in the technology of this direct-band semiconductosf our knowledge, not available in the literature. In this study
having a wide band gapE=3.4 eV) has demonstrated its we have investigated the low-frequency noise in samples of
potential for use in the fabrication of blue and violet light- gallium nitride with n-type conductivity and room-
emitting diodes and laset$, ultraviolet photodetectors, and temperature electron concentratiog=7x 10" cm™3,
devices using surface acoustic waves, &ee, e.g., the se-
ries of review articles®in the MRS Bulletin, No. 2, Febru-
ary 1997. The high value of the maximum electron velocity
Umax and the saturated velocitys (vmac=2.7X 10" cm/s, We examined samples of the hexagonal polytype of
vs=1.5X10" cm/s; Refs. 4 and)5in combination with the n-GaN, obtained by epitaxy on a sapphire substrate. A buffer
large width of its band gap make GaN a uniquely promisingayer of GaN of 250-A thickness were grown on the substrate
material for use in high-temperature, high-frequency elecat 600 °C followed by a layer of GaN of 08m thickness at
tronics. Gallium nitride(GaN) and compounds based on it 1080 °C, followed by a layer of AIN of 200-A thickness,
have already been used to build field transistors with generalso at 1080 °C. A 1.Qem-thick layer of GaN with room-
tion frequencies exceeding 70 GKRef. 6. temperature electron concentratiog="7x 10" cm™2 was
It is well known that the low-frequency noise level is grown on top of the AIN layer at 1080 °C. Ni—Au contacts
one of the most important parameters of any microwave genwere deposited on the surface of the film. The distance be-
erator or photodetector, and often determines the possibilityween the current contactswas 2240um, and the distance
of practical use of the device. In addition, the low-frequencybetween the potential contadtsvas 140um. The two pairs
noise level allows one to judge the degree of structural peref potential contacts and two pairs of current contacts made
fection of the material,® and measurements of the surfaceit possible to judge the degree of homogeneity of the electri-
noise and contact noise can be used for nondestructive testal parameters of the sample.
ing of the quality of individual manufacturing operations as ~ The mean value of the Hall mobility &=300 K was
well as the finished devic€s? This is especially important =45 cnf/(V-s). As the temperature is loweregs,
for GaN since, despite the impressive technological progresgrows and reaches the maximum vajug=60 cnf/(V-s)

2. CONDITIONS OF THE EXPERIMENT
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FIG. 1. Dependence of the relative spectral density of the r&i&é on the
current flowing through the samplefor different analysis frequenciefs
Hz: 1—20, 2—160, 3—2560, 4—20 000. T=300 K. T, K: 1'—300,
2'—77.

at T=100 K. The depth of the donor level, calculated from

the Hall measurements, was€ ;=260 meV.
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FIG. 2. Frequency dependence of the relative spectral density of the noise
S, /12 at temperatured, K: 1—77, 2—293, 3—387. The inset plots the
dependence of the absorption coefficienton the photon energi,, for

pure GaAs with doping leveNy=5x10" cm 2 (1'), doped GaAs with
Ng=6.7x 10 cm 3 (2'), and pure GaN witiNg=2x 10" cm 2 (3') at
T=300 K; the arrows pointing at the horizontal axes show the width of the
band gapE, for GaAs and GaN at 300 K.

the low-frequency noigé and a deviation from the “classi-

The measured value of the moblllty at 300 K and theCa|” dependence of the Spectra| density of the noS‘Q ()n
weak temperature dependence of the mobility are evidencge current through the sample)( S~ 12 (Ref. 18.

of a significant level of compensation of the matetiillea-

Figure 1 plots the dependence of the relative spectral

surements carried out on various pairs of Hall and potentiadjensity of the nois&, /12 on the current through the sample
contacts indicate substantial inhOmOgeneity of the electricql for measurements on the same contacts through which the

parameters.

3. RESULTS AND DISCUSSION

A. The role of contacts

current passes. It can be seen that at small currents
(I=2 mA), which corresponds to voltages on the sample
V=2 V, the quantityS, /12 grows as the current is decreased.
This is a direct indication of the defining contribution of the
contact noise to the total noise. In contrast, Ifar2 mA the

o The ins’et in Fig. 1 shows the current—voltage character(-quanmySI /12 does not depend on It thus follows that the
istics (CVC's) of the sample at 77 and 300 K. At voltages contribution of the contact noise can probably be ignored.
V=0.7 V precise measurements indicate weak superlinearitygise measurements on a four-poifiotentia) scheme

of the CVC's. At voltages/=1.5-2 V the current—voltage \yhen the sample is fed from a current generator and the
characteristic is essentially linear. The level of non-ohmlcny,input resistance of the measurement scheme exceeds the re-

defined as the ratio of the resistance of the sanfifleat

V<KT (~10 mV) to the resistanc®; at V=2 V, is essen-

sistance between the potential contacts by many orders of
magnitude, revealed complete coincidence with the results of

tially constant over the entire investigated temperature rangyo-point measurements at high voltagds=(2 V).

77—400 K and is equal t&?,./Ry=1.15-1.20. The value

The noted trends are characteristic of the entire tempera-

of the resistance, calculated on the basis of the geometricgl, e range 7ZT<400 K.
dimensions of the sample, the values of the mobility, and the
measured values of the concentration, coincides with the

measured value oRy. All this indicates high-quality con-
tacts and a relatively low potential barrier in the near-contact

region’*

B. Low-frequency dark noise

Figure 2 plots the frequency dependence of the relative
spectral density of the noise &t=77 K (curve l), at room

It is well known, however, that even relatively weak temperaturécurve?2), and atT =387 K (curve3), measured
non-ohmicity of the contacts can lead to an abrupt growth obn the potential contacts. It can be seen that at all tempera-
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tures the slope of the dependerfs) is close toS~ 1/f.
The dependence of the noise level on the temperature i  -71g9}
weak and nonmonotonic.

The noise properties of various materials are often char-
acterized by the dimensionless Hooge parametéRef. 17:

T

S
a’zl—sz, (1)

=120

wheref is the analysis frequency, ailis the total number
of carriers.

For the same material, depending on the level of struc- X! 131
tural perfection of the material, the presence of internal &
stresses, the dislocation density, etc. the valuesr afan
differ by many orders of magnitude. For silicon, for ex- B
ample, the measured values®lie between 108 and 10°*
(see the bibliography in Ref.)gfor GaAs—between 10 -0k
and 10! (Ref. 18, and for SiC—between I¢ and 1(Refs.
19 and 20. The higher the level of structural perfection, the
lower the value ofa. ~

The volume of the GaN sample between the potential 1 """'2 1 """'3 il
contactsV was 140< 700x 1 um3=10"" cm™3, which cor- 0 0 /) 170

Lo f,Hz
responds to total number of carriers in the measured volume ’
N=ngV=7x10'" Thus, the measured room-temperaturegg. 3. Frequency dependence of the relative spectral density of the noise in
value of @ is a=5—7. This value is an order of magnitude darknesgsolid curve$ and the noise under conditions of band-to-band illu-

greater than that found for SiC in Ref. 19. Nevertheless, suchination(dashed curvest T=102 (1,1) and 370 K e,2’)(.)11he inset plots
: ; alogous dependences for GaAs with doping I&yg 10 cm™* at 300
a large value of the Hooge constant, considering the preseﬁf'(Ref. 24 ain darkness, bat maximum illumination intensity Jy,

level of GaN technology, is not unexpected. Even for bettel, o the illumination intensity=10-2Jq.
samples of GaN the dislocation density lies in the range
10°—10° cm 2. For samples of gallium nitride a high level
of internal stresses, significant inhomogeneities, etc. is char- lllumination by a point-source incandescent lamp with
acteristic. 100 W power led to noticeable photoconductivity
One more parameter, sensitive to the level of structura(Ao/o=25% at 300 K; however, it had no effect on the
perfection of the material, is the density of stap¢&) in the  low-frequency noise in GaN in the temperature range from
tails of the density of states in the band gap of the semicon?7 to 400 K.
ductor near the edges of the conduction band and the valence Band-to-band illumination was realized with the help of
band. Moreover, there exists a direct connection between th& GKL-100 halogen lamp with a quartz bulb, which allowed
level of volume noise ¥/in semiconductors and(E) (Ref.  us to record transmission spectra all the way down to wave-
8). The density of stateg(E) can be inferred from the ab- lengths ~0.31um (E,=4 eV). SZS-25-UFS-5 filters
sorption coefficient of light, whose photon energy, is  were positioned between the lamp and the sample. The
somewnhat less than the width of the semiconductor band gagFS-5 filter absorbs radiation almost completely in the
Ey. The inset in Fig. 2 plots the absorption coefficient as avavelength interval 0.420.65um; the SZS-25 filter ab-
function of the photon energyy(Ey), for pure and doped sorbs quite efficiently in the wavelength reginge0.7 um.
GaAs (Ref. 21 and pure GaNRef. 22. It can be seen that Under such conditions the main illumination component con-
even in pure GaN with residual impurity concentrationsists of photons with energy close to the width of the GaN
Ng=2X 10 cm™2 the density of states near the edge of theband gap Eg=3.4 eV,\=0.36um).
conduction band is substantially higher than in GaAs with  Figure 3 plots the frequency dependence of the relative
doping levelNy=7x 10 cm™3. spectral density of the noise in darkness and under conditions
of band-to-band illumination at =102 and 370 K. The pho-
toconductivity atT=102 K wasAo/o=37%. In this case,
according to Eq(1) the noise level should be lowered at all
To determine the nature of thefldoise in Si and GaAs, analysis frequencies by approximately 1.4 dB simply be-
Hooge and Tacartd successfully applied the technique of cause of the increase in the number of carridtsin the
recharging the levels forming the tail of the density of statesconstruction of curvel’ the values ofS, /1% were increased
with minority carriers(holeg. Holes were created in Si and by 1.4 dB at all analysis frequencies, i.e., culvas reduced
GaAs with the help of band-to-band illuminatideee Ref. to the initial dark carrier concentration. AT=370 K
18, for examplg Ao/o=9%. At such a value oA o/o the error due to the
In the present work we have examined for the first timeincrease in the number of carriers is less than the noise mea-
the effect of infrared and band-to-band illumination on low- surement accuracy*(5 dB).
frequency noise in GaN. The main qualitative result of this study is that band-to-

2 dB/Hz

C. Low-frequency noise under conditions of illumination
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band illumination noticeably changes the low-frequency @ We are grateful to V. Bugrov and |. A. Khrebtov for
noise level and that the nature of the effect of illuminationassistance with this work and to S. Rumyantsev for a discus-
depends strongly on temperature. On the basis of this resuion of the results.
we may conclude that, as in Si and GaAs, the noise observed This work was supported by the Russian Fund for Fun-
in GaN is generated by fluctuations of the population ofdamental ReseardtGrant No. 06-02-18563
some groups of closely lying levels or bands of the density of
states in the band gap.

However, the available data do not make it possible to
come to any conclusions about the nature of these bands %rman_ melev@nimis.ioffe.rssiru
about their localization. e T E S R 9

In the case in which fluctuations of levels forming the ’EEZ:: Eﬁ'ﬁ;ﬁ;ﬁ[”ﬁﬁ? fzr'umv montp2.
exponential tail of the density of statésxponentially falling
into the band gapare responsible for the fl/noise, the
theory’® (see also Ref. )8predicts a honmonotonic depen-
dence of the noise level on the illumination intensity. At each )
analysis frequency, as the intensity is increased, the noise at: ,J\laiz;rb?g aM”gSC'BE‘IJKOF’e'\é'EirBuﬂl';‘;;r“ag’é 199% p. 17
first grows, then reaches a maximum, and then with furthers\y s spur and M. A. Khan, MRé’ Bul(,;ept;rua'ry‘ 199% p. 44.
increase of the intensity falls to a level below the dark level. *m. A. Littiejohn, J. R. Hauser, and T. H. Glisson, Appl. Phys. Lé,
Also, the lower the analysis frequency, the weaker the iIIu-SSZZ(;IE;Z?Ht K. 5. Kim, and M. Shur. 3. Appl. Phya 1818(1993
mmatlon. Intensities at WhICh the nplge reaches its maXImumGM'. A. Khan,’ M: S: Shu;, J.N. kuzniay, J: BSFn., an(); W Shaff, Appi. Phys.
and begins to decrease. This prediction of the theory accords, e, 66, 283 (1995.
well with the experimental results for Si and Gas. L. K. J. Vandamme and S. Oosterhoff, J. Appl. PHy8. 3169(1986.

The inset in F|g 3 ShOWS the experimenta' resu'ts forSN. V. D’yakonova, M. E. Levinsht, and S. L. Rumyantsev, Fiz. Tekh.

. . . P Poluprovodn25, 2065(1991) [Sov. Phys. Semicon@5, 1241(1991)].
GaAs obtained in Ref. 24. The effect of illumination on the o ~ " vandamme, IEEE Trans. Electron Deviaks 2176(1994).

noise at high temperatures in G&Ng. 3, curve2’) is quali-  19p_ yrsutiu and B. K. Jones, Semicond. Sci. Techidl. 1133(1996.
tatively similar to the analogous effect of band-to-band illu-*'F. A. Ponce, MRS Bull(February, 1997 p. 51.
mination in GaAs(compare curvee of the insel. The fact 2p. B. Ingerly, J. A. Chang, N. R. Perkins, and T. F. Keuch, Appl. Phys.

. . . S . . Lett. 70, 108(1996.
that noise suppre§S|on upon '”umlr_]atlon .IS not observed Rap k. Gaskill, L. B. Rowland, and K. Doverprike, iRroperties of Group-
GaN atT=370 K is probably explained simply by the fact i Nitrides, edited by J. H. EdgafEMIS Data Reviews Se(INSPEC
that the flux intensity of photons with,=E, is too small. Publication, 199%N 11]. .
At low temperaturegcurvesl and1 ') the experimental 1Yu. A. Gol'dberg, Fiz. Tekh. Poluprovod@s, 1681(1994 [Semiconduc-
o . . tors 28, 935(1994].
resultszsfor GaN are qualltatlyely at variance with thesg 5 glack. M. B. Weissman, and P. J. Restle, Appl. Phys. B&t6280
theory=* It can be seen that at high frequencies band-to-band (19s2.
illumination suppresses noise while at high analysis frequeni—'jR- F. Voss and J. Clark, Phys. Rev.1B, 556 (1976.

; ; ; ; ; i<'F. N. Hooge, T. G. M. Kleinpenning, and L. K. J. Vandamme, Rep. Prog.
cies light has no effect on the noise. Such a situation is Phys.44, 479 (1981,

incompatible with the prediction of the thedty. 5. N. Hooge and M. Tacano, PhysicalB0, 145 (1993,
193, Tehrani, L. L. Hench, C. M. Van Vliet, and G. S. Bosman, J. Appl.
CONCLUSIONS Phys.58, 1571(1985.

203, V. Palmour, M. E. Levinshtein, S. L. Rumyantsev, and G. S. Simin,

This study of low-frequency noise in GaN testifies to the Appl. Phys. Lett.68, 2669(1996.
low level of structural perfection of the material. A study of Z(H) %mct?;:gérf’-vl\?- g‘fgg :Pdaﬁa\/\,(/-l V\gﬁ:;q;n Ampggt;ii'@éigg(#i;?c-al
low-frequency noise, including fi/noise, in samples with . Y N ' : :
different doping levels and mobility is extraordinarily urgent. zs\go\r/k_ Sg?faﬁgnlgvz ::éldﬁ’\ééﬁ{,?}];i??; e?;iﬁbﬁgﬁﬁ?fvgdiz&
The first experiments on the effect of band-to-band illumina- 283(1989 [Sov. Phys. Semicon@3, 175(1989].
tion on low-frequency noise in GaN witihtype conductivity ~ “‘G: V- D'yakonova, Fiz. Tekh. Poluprovodas, 358 (1991 [Sov. Phys.
are indicative of the substantial difference between such be-Semcond25 219 (1991]

havior in GaN and in silicon and GaAs. Translated by Paul F. Schippnick
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Equation of state of an electron gas and theory of the thermal voltage in a quantizing
magnetic field

B. M. Askerov, M. M. Machmudov, and Kh. A. Gasanov

Baku State University, 370073 Baku, Azerbaijan
(Submitted September 23, 1997; accepted for publication October 2) 1997
Fiz. Tekh. Poluprovodr32, 290—291(March 1998

[S1063-7826800603-9

In a quantizing magnetic field the kinetic equation isthermoelectric voltage in the absence of a magnetic field in
inapplicable. Therefore, a consistent quantum theory of therRef. 4. However, it should be noted that E4) is valid only
momagnetic phenomena, in particular, the thermal emf, doeis strong magnetic fields and is inapplicable in the absence
not exist. There are only various approaches. The first atef a magnetic field, when the thermoelectric voltage depends
tempt to construct a quantum theory of the thermoelectristrongly on the scattering mechanisms.
voltage was undertaken in Ref. 1, where the thermomagnetic To determine the explicit form of the equation of state,
current was calculated; however, the expression obtainede use the grand thermodynamic potential of the electron
there does not satisfy the Einstein relation. An account of thgas in a quantizing magnetic fiéld
diamagnetism of the electron gas eliminated this shortcom-
ing and made it possible to show that the thermoelectric 0.=— 2koTV fw dky(e,N, o)
voltage in a quantizing magnetic field can be expressed in ~ °  (24R)2 o Jegne e
terms of the entropy Such an approach is quite cumbersome
and less intuitive. 1+ex;{ 5__8)

In the present paper we calculate the thermoelectric volt- koT

age in a quantizing _magnet.ic field on_the basis of a MO here the lower limit of the integrady(N, o) is the root of
intuitive approach. Since this voltage in a strong magnetic, . equatiork,(o,N,o) =0, R= (fic/eH) "2 is the magnetic
VA ) ) )

field is a nondissipative effept, i.e. it dpes .not depend on th ength,N=0,1,2, .. . is the Landau oscillator quantum num-
mechanisms of current carrier scattering, it can be related tg

the equation of state and other thermodynamic functions. | er, ando =1 s the spin quantum number. We integrate
: . L o ) . (5) using integration by parts; we then obtain
we start with a valid definition of the thermoelectric fi€ld, a.® 9 9 yp

2V o
=aVT, (1) Qe:_(Zﬂ'R)Z NEUJ ™ U)kz(s,N,O')fo(s)ds, (6)

80 5

XIn de, 5

E=—V<(p—§

as the gradient of the electrochemical potential, wheie ~ Where fo(e)={1+ eXF[(S__f)/(kO/T)]}_l is the Fermi
the electron charge is the chemical potential, and is the ~ distribution function. Knowing(),, we can calculate the

thermoelectric voltage, we obtain pressure  P=—(dQ¢/dV)gn 1, the concentration
n=— 1N (9Q¢/9¢)r v, and the entropy of the electron
WVT—Eqg+ 1 ﬁ—gVT. (2 985S= —(0Q/dT) .y ON the basis of EQ6):
edT )
Here E,=—V¢ is the electric field. In the presence of a  P= 27R)? NE J " k,(e,N,0)fo(e)de, (7)
steady-state temperature gradient in the sample the following (2wR)" Ny Jeg(Nio)
condition should be satisfied: 2 - ofq
n= — —|Kk,(g,N,0)de, (8)
_(9P (27R)? No fso(N,U)( ‘78) ‘
—eng=—=VT, €
i . 2 * e f (9f0
wheren is the free electron concentration, aRds the pres- S= > > f k,(e,N,0) T By de.
sure of the electron gas. The right-hand side of condit®n (27R)* Nio Jeo(N.o) &
is a statistical force associated with the temperature gradient. ©
SubstitutingE, from Eq. (3) into Eq. (2), we obtain for  In obtaining the expression f@ from Eq. (6) we took into
the thermoelectric voltage coefficient account that
O enaT e dT @ (ﬁ):( T )(‘%- (10

It is thus clear that in the nondissipative region, if the equasybstitutingP from Eq. (7) into Eq. (4) and noting that
tion of state of the electron gd&&=P(T,V,H,¢) in a strong

magnetic field is known, it is possible to calculate the ther-  fo _(£—¢ N 9E\ [ dfo
moelectric voltage. Equatiofd) was used to estimate the aT T aT de

: (11)
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we obtain for the thermoelectric voltage LA. 1. Ansel'm and B. M. Askerov, Fiz. Tverd. Tel&, 2310(1960 [Sov.
Phys. Solid State, 2060(1960)].

1 2 f"‘ k(N 0) 2Yu. N. Obraztsov, Fiz. Tverd. Telg 573(1965 [Sov. Phys. Solid State
= £ (o
en 2 N 2T 7, 455(1965].
(ZWR) o JeolN.o) S3L. D. Landau and E. M. LifshitzElectrodynamics of Continuous Media
e—¢ 07fo (Pergamon Press, Oxford, 1960
( ) ( — —> de, (12 4G. I. Epifanov,Solid State PhysicéMir, Moscow, 1979.
T de 5B. M. Askerov, Electron Transport Phenomena in Semiconductons

and it follows from a comparison of Eqé12) and (9) that Russia (Nauka, Moscow, 1985

a=—S/en. This result coincides with that obtained in
Ref. 2. Translated by Paul F. Schippnick
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Diffusion saturation of nondoped hydrated amorphous silicon by tin impurity
A. N. Kabaldin, V. B. NeTmash, V. M. Tsmots’, and V. S. Shtym

Institute of Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted June 10, 1997; accepted for publication August 28,)1997
Fiz. Tekh. Poluprovodr32, 292—295(March 1998

The effect of radiation defects on the field and temperature dependences of the magnetic
susceptibility of single-crystal Si was studied. A nonlinear magnetic-field-dependence of the
magnetic susceptibility of irradiated Si was observed. This behavior can be explained by
magnetic ordering oA centers. It was concluded that clusters of these centers with a local density
of the order of 18' cm™2 exist. An explanation of the “diffusion paradox” in the formation

of oxygen-containing thermal donors was proposed on the basis of micrononuniformities

of the spatial distribution of thermal donors and interstitial oxygen in Si.19®8 American

Institute of Physicg.S1063-78208)01803-1

1. INTRODUCTION in the fluence rangd .= 10— 5x 10'® cm~2. The accumu-
lation of secondary radiation defeqdfSRDg was monitored
according to the temperature dependences of the Hall coef-
ficient in the range 80-300 K. The field and temperature

Interstitial oxygen Qis the main residual technological
impurity in commercial Si. A characteristic feature of inter-
stitial oxygen is its nonuniform spatial distribution in crys- . . )
tals. Technological progress in recent years has made it pog_ependences of the magnetic susceptibig) of the irra-

sible to obtain Si crystals whose macroscopic nonuniformit%ﬁitiga?:?vlgorggoclj;;:nrigfj i\r/1veF:f dgt?rr?emree?aﬁ\)//e?::;:g
with respect to the Qdistribution on a scale ofl0 1—1) ' C

cm does not exceed 10%At the same time. as miniaturiza- ment error did not exceed 3% and the sensitivity was equal

5 .
tion of the components of solid-state electronics proceeds, }P 3x10%°ug . The total MS, which we shall denote below

becomes important to monitor micrononuniformities of the @S X» Was measured.

O; distribution several and tenths of a micron in size, an

indirect manifestation of which are clusters of oxygen-3. EXPERIMENTAL RESULTS AND DISCUSSION
containing thermal donoréTDs).%* However, the question

of the unigueness of the correlation between TD microclusicor tﬁg?r:;izilasﬁir::%v:z;rirsl:;stg: 'Ta%?en)ﬁgi gggj;';tgg?i
ters and oxygen distribution micrononuniformities in the ini- P '

tial material remains open. This is because the nature anane can see that at these temperatyreses not depend on

mechanism leading to TD formation are not completely un_nit’uaclir;ditf%;rarlelsstn ?)trilrllsalti ?;idi/e;luiz Vgﬁgrgztér:i;)trigeﬂr)ro Ihrgal\sll_s
derstood. Specifically, the so-called TD “diffusion paradox” of the Si or pstal lattice
has not been explained: the inconsistency between the valde Fiqure 1by Shows (|_'|) for the irradiated samples
of the Q diffusion coefficient calculated from the kinetics of 9 6 oeX o P
. : : __ (P,=5%10" cm 2). One can see that irradiation has no

generation of TDs viewed as SjG:omplexes distributed . .

. . effect on y(H) at 300 K, but it does changg(H) in the
uniformly over the crystal and the substantially lower value - 1

obtained from direct experimentdf at least one model of Kliz-aoi inodnrniélr'tsagplzsa?st 80 E Ir;rt:j's .%a?ﬁélgéti:ft
accelerated low-temperature ; Odiffusion in Si s P ' : 'y app so(H) |

confirmed®=’ then it will impossible to connect existence of place, the diamagnetism of the samples in the region of satu-
clsters of TDs inequvocaly i e exsterce i 9090 () 944 Koo decreases weeieye
tribution nonuniformities in the initial Si. For this reason, our gi m r? tism fthp irradiat g mol n th m
objective in the present work is to endeavor to find micro- amagnetism of the irradiated samples andygythe com-

clusters of oxygen-containing defects whose formation doegonent of the MS that is due to magnetic ordering and deter-

not require diffusion of Q. Such defects could be secondary mines the behavior of(H). In this notation the experlmer.l-
e . o tally measured values gf(H) are the sum of three terms:
radiation defects with participation of oxygen atoms.

x(H)=xL+ xp+ Xor(H).
2. EXPERIMENTAL PROCEDURE The susceptibilityy, was determined for each experimental

Samples of commercial KEO.3, KEF-1, and KEE-45 Si  Sample as the difference
(phosphqrus—do_pgc_i Si; the numbers indicate_the resistivity in Xp=x(4 kKO8 —x_,
Q) - cm) with the initial parameters presented in Table | were d dinal
used in the experiment. The table indicates the electron de/@Nd, correspondingly,
sity nggp at T=300 K, the oxygen impurity densitM,, and Xor=x(H)—x(4 kOs¢.
the carbon impurity densitijc.

To introduce radiation defeci®RDs) the samples were
irradiated with 3.5 MeV electrons at temperatdre 80 °C Xor(0.3=x(0.3) — x(4 kOe

The values ofy, and
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TABLE I. pancy of the levels of andE centers at 80 K. For example,
in sample No. Jsee Table)l the free-carrier density, deter-
_ mined by the phosphorus impurity, is too low for recharging
1 KEF-0.3 1.5¢10 9Xx 10" <5X10*°  a number of RDs that is adequate for the sensitivity of our
; KEF-1 5% 18112 1><1811§ <5x18112 apparatus. For this reason, in sample No¢,3=0, while in
KEF-45 1 8x1 =5 sample No. 2y,=0.3x10 8 cm®g™* and in sample No. 1
xp=1.1x10"8 cm®g ™. The fact that the parametgy, does
not change whei centers are annealédccompanied by an
for each sample are correlated with the initial density of freeincrease ifN,) apparently signifies that spins are transferred
current carriers. i from E to A centers, i.e. vacancieg which are liberated
Figure 2 shows similar curves for the KE.3 samples during annealing oE centers are mainly trapped by @t-
irradiated with different fluencesb,=5x10' cm™2 (1, 2 oms, resulting in the formation & centers. As a result, the
and®,=3Xx 10 cm~? (3, 4). One can see that the values of total paramagnetism remains unchanged.
Xp and x,,(0.3) are correlated with the irradiation flux, i.e., As one can see from Figs. 1b and 2, the field depen-
the density of radiation defects. dencesy(H) have the form characteristic of ferromagnets
To determine the type of RDs which are responsible forand other materials with cooperative-type magnetic
the change in the MS after irradiation we conducted isochordering’ The quantityy,,(0.3) characterizes the degree of
ronous annealing of the experimental samples. It was founthis ordering. For this reason, the correlation of this param-
that whenE centers are annealed in the temperature intervagter with the annealing o centers, with the accumulation
120-150 °C the parametgy,(0.3) increases by approxi- of A centers under irradiation, and with the electronic occu-
mately 30%, while the parametey, remains unchanged. pancy of the energy levels & centers(depending on the
One can see from the curvesmfl/T) that negative anneal- temperature and the resistivity of the materialin our view
ing of A centers with their densitid, almost doubling oc- sufficient proof of the fact thah centers are responsible for
curs. In the case of the annealingdfenters in the interval the indicated ordering.
330-370°C bothy, and x,,(0.3) decrease to zero. Figure 3 shows the temperature dependences of the pa-
The results obtained can be interpreted as follows. Theametery,,(0.3) (curvel) and the electron occupancy of the
appearance of a paramagnetic compongptcan be ex- levels of aA center(curve 2) in an irradiated KE-0.3
plained by the paramagnetism of unpaired electrons occupysample. One can see that the MS becomes temperature-
ing deep levels of A and E centers with energies dependent al <160 K, where many electrons are now fro-
E.—0.17 eV andE.—0.44 eV, respectively. The tempera- zen out onA centers with energ.—0.17 eV, i.e. the pres-
ture dependence of the parameggrin this case is explained ence of electrons orA centers is a necessary but not
by the Curie—Weiss law and the freeze-out of electrons ontsufficient condition for magnetic ordering of the centers. Evi-
a level of A centers as temperature decreases from 300 tdently, there exists a critical temperature above which order-
80 K. The dependence ¢f, on the resistivity of the initial ing of A centers does not appear.
materials(Fig. 1b is apparently due to the electron occu- We were not able to measure sufficiently accurately the
temperature dependence of the paramgigand to deter-
mine its conformance to the Curie—Weiss law because the

Sample No. Material ~ ngg, cm 3 No, cm 3 Nc, cm 3

0 , Hz, kQe 3 4 sensitivity of our experimental apparatus was too low.
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FIG. 1. Field dependences of the magnetic susceptibjlityr the following -12+

samples a — initial, b — irradiated with®,=5x10'® cm™2; Si brands:

1 — KEF-0.3,2 — KEF-1, 3 — KEF-45. The open symbols represent FIG. 2. Magnetic susceptibilityy versus magnetic field intensity for
measurements dt=80 K and the filled symbols represent measurements atk EF-0.3 samples irradiated with fluencés, 10 cm 21, 2—5; 3, 4—
T=300 K. 3. The open and filled symbols have the same meaning as in Fig. 1.
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41 electronic level of arA center corresponds to an antibonding
orbital of broken Si—Si bonds in the vacancy part of the
complexV-0O closed on one another. Therefore the localiza-
tion radius of an electron in this level can be assumed to be
2 equal in order of magnitude to the lattice constant. In this
case overlapping of the electronic clouds of thecenters
N requires a densitil, of the order of 16" cm™3. Hall mea-
= surements show that the densMy of chargedA centers
does not exceed 1ocm™3. This discrepancy is removed if it
is assumed that a definite fraction Afcenters is located in
clusters, where their local density reaches the values required
to establish an exchange interaction. These clusters appar-
0 ently “follow” O distribution nonuniformities of type
40 . 150 : 130 - 2‘00 L 2,;0 i 250 300 “oxygen clouds” in the initial Si(the term introduced in
s Refs. 12 and 18
The results obtained could signify the existence of
FIG. 3. Temperature dependences of the parame;,_éo.?») (curvel) arjd smaller but more “dense”(concentrated oxygen clouds
ﬁ';?rgg o paney of the levels ok centersN,/Na (curve 2) in - than the clouds which are detected indirectly by small-angle
o light scattering'? The results presented here make it possible
in our view to answer affirmatively the question, posed at the
The main result of the experimental work presented her&€ginning of the paper, concerning the existence of a spatial
is the observation in irradiated Si of a nonlinearity in theCorrelation between microclusters of thermal donors and
field-dependence of the MS that correlated with the densitjonuniformities of the Qdistribution in the initial Si. Cor-
and charge state oA centers. As we have already men- respondingly, an explanation of the TD “diffusion paradox”
tioned, the nonlinearity of(H) in weak fields is a charac- €an be proposed on the basis of the data from Refs. 2 and 3
teristic indicator of cooperative-type magnetic ordering. Ac-On the presence of TD microclusters in Si. This explanation
cording to Ref. 9, the cooperative magnetic state is deduces essentially to the following. For a sufficiently high
consequence of the exchange interaction. Exchange interal@cal density of ©@ atoms in the initial oxygen clouds the
tions in turn can be divided into two classes: distance between the atoms may be sufficient for formation
1. Direct (or contact exchange between magnetic mo- of thermal donor complexes of the type Gi@ven for low
ments of ions separated by a small enough distance for they@lues of the © diffusion coefficient. The fraction of O
wave functions to overlap; atoms located in clouds, as estimated from the TD generation
2. Indirect exchange coupling magnetic moments sepakinetics, does not exceed 1-2% of the total oxygen
rated by relatively large distances, occurs through mediatorgontent; so that clusters of these atoms are not seen in other
such as delocalized electrons or nonmagnetic ions in the lagxperiments, including electrical. However, they are capable
tice. of determining the TD generation rate at the initial stages. In
Our experimental results are best explained in terms o€alculations of the Qdiffusion coefficient from the TD gen-
the hypothesis of magnetic ordering as a result of the direcgration kinetics the existence of oxygen clouds is neglected,
exchange interaction. This is because the density of impurityvhich could be the reason why the paradox arises.
atoms (N,~ 10 cm™3), which in the Si lattice can be non- This interpretation is valid if the mean-free path length
magnetic ions, as well as the conduction electron densityy of a radiation vacancy is comparable to the average dis-
(N3o0~=10" cm~3), which are present even in the RB.3  tancer between oxygen clouds. Indeed, the above-described
sample, are inadequate for the indirect exchange interactidpehavior of MS is observed even fid,~10'® cm™3, when
to occur®® the formation ofV—O complexes is determined by the be-
The following main types of magnetic ordering which havior of the minority component. We employed uniform
are realized by means of the direct exchange interaction areradiation, so that foL,<r and N, <Ng (whereNy, is the
distinguished® a) ferromagnetism, bantiferromagnetism,)c  total vacancy density during irradiatipthe spatial nonuni-
ferrimagnetism, g metamagnetism,)esuperparamagnetism, formity in localization of A centers does not depend on the
f) asperomagnetism,)ghelimagnetism, and )hsperimag- nonuniformity of the oxygen localization. The nonuniformity
netism. in the distributionNg affects the localization 0¥/—O com-
Analysis of the above-indicated mechanisms of magnetiplexes(for irradiation fluences such thik,<Ng) only when
ordering as well as comparison of the field- and temperaturek,=r. From this condition we can estimate the density,
dependences of MS characteristic of them with the experiof clusters ofA centers, using the relatidhagg~r*3. There
mentally obtained dependences show that our experiment&@ no unanimity of opinion in the literature on the value of
results are best explained by the mechanism of asperomatie parametet, . Specifically, in Ref. 15 it is estimated
netic ordering ofA centers as a result of a direct exchangethat in crucible SilL,=10"%-10"% cm, which gives
interaction. However, to establish an interaction of this typeNaq~10°—10"2 cm™3.
between separate paramagnetic centers their electronic wave In summary, the following results were obtained in this
functions must partially overlap. According to Ref. 11, thework.
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Role of light fluctuations in the appearance of the bistability of the photocarrier
distribution

Yu. V. Gudyma and D. D. Nikirsa

Yu. Fed’kovich Chernovtsy State University, 274012 Chernovtsy, Ukraine
(Submitted May 5, 1997; accepted for publication July 29, 1997
Fiz. Tekh. Poluprovodr32, 296—298(March 1998

The effect of light fluctuations on the light-induced bistability of the photocarrier distribution is
studied. The bistability can be explained by the threshold character of interband transitions

and narrowing of the band gap of the semiconductor with increasing photocarrier density. The
stationary probability density of the states and the mathematical expectation of the transition

time between states are calculated. It is shown that external noise induces a strongly absorbing
state of the semiconductor below the critical intensity of the incident radiation and

suppresses stationary states above this valuel19@8 American Institute of Physics.
[S1063-782628)01903-9

The intrinsic absorption of a semiconductor due to inter-cients, respectively. We assume that the surface() of
band electron transitions exhibits a marked threshold charathe semiconductor plate of thicknetds illuminated uni-
ter. On the other hand, as the photocarrier density increasefrmly by light with intensityl .
narrowing of the band gap of the semiconductor on account The frequency dependence of the absorption coefficient
of the Coulomb interaction between the photocarriers is ob«(w,n) in the case of direct interband absorption is given by
served in a number of materidisSuch a combination of the function
nonlinearity and internal positive feedback should produce a *
multivalued distribution of the nonequilibrium carriers in ho—Eg
; . : , (on)=ag\| —=
semiconductors and the associated cavityless optical =
bistability2 (see also the review Ref).3After the discovery
and first investigations of bistability with increasing light
absorption in semiconductors, the latter came to be viewed Eg=E4(1—cn), 4
as a natural optical material for practical bistable devices. Igi
bgcame clear that as a result of the.cavityless cha_racter affle band gap is intense enough so that all lower states of the
high degree of focusing of beams W'th.OL.‘t substantle}l Iosseéonduction band are filled more rapidly than they decay. We
due to beam dlverger}ce, only h|gh_|y efficient waveguide SYS3hall assume that the intraband absorption is constant,
tems can compete with such semiconductor cry$thises-
tigations of the intrinsic and hybrid bistability led in a natural a(w,nN)=ay, (5)
manner to the problem of the effect of external ndiflec-
tuations of the cooperative parameten the intensity of
transmitted radiation. In a semiconductor with nonlinear |
threshold interband absorption, as will be seen below, th%1
intensity of the incident laser beam plays the role of a cony,
trolling parameter, and the system must be studied relative to
the fluctuations of the squared amplitude of this parameter. dn
The problem has not been solved in this formulation, while gt
in the light of what we have said above such an investigation i ) i
is certainly of interest. The light intensity is assumed to be sghich has from one to three stationary solutions, depending
high that the electron and hole densitiesandp, are much " the intensity of the incident light. ,
higher than the equilibrium valugand therefore=p). l_:lxmg the frequency _of the_|nC|dent Ilgh_t, we rewrite Eq.
In this formulation of the problem the transfer equation(® N terms oflth_ez (Tlmensmnless variableg=n/no,
for radiation with intensityl (z) and the transport equation ¢=PNot, B=1ob™ g "L ™% A=acL, andt=cn, as

()

The renormalized value of the band gap

nifies that a light beam with photon energy greater than

and weak,a;<ayg.

Assuming that the diffusion length is greater than the
ate thickness and introducing the thickness-averaged light
tensity we obtain a nonlinear generation-recombination
alance equation

=lol " H1—exd — a(w,n)l]}—bn?, (6)

for the free-photocarrier density(z,t) are dn /
—=B{1-exgd — N Q@+ )P} - 77, Y
dl(z) de
4, ~ alenl(2), D where
an_Dazn I or2 ) _(ho—Ey)
51 ~ D5z tale.nl(z)—-bn, 2 no_c—Eg'
wherea(w,n), b, andD are the light absorption coefficient Let us examine the changes produced in the state of the

and the interband carrier recombination and diffusion coeffisystem by intensity fluctuations of light incident on the face
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of the plate g=0). With respect to the photocarrier system |
this parameter is an external parameter and appears iTEQ.
as a multiplicative factor. We shall describe the nondetermi-
nate breakdown of light coherence by the process
B(t)= B+ o&(t), where the external nois&t) is character-
ized by very rapid, compared with the characteristic evolu-
tion time of the systemr= (bny) 1, fluctuations(the case of
guasiwhite noise We note that the result depends strongly [ - , \

on the character of the fluctuations. For this reason, the re- 1 50 100

sults obtained below are valid only fa¥-correlated noise. 7. ard. units

Approximating the _random disturbanpes by white noise typeFIG 1. Stationary probability distribution of the states. Since a nonnormal-
prqcesses, the variables ?hOUId be mterpreFed as r,""”d,om ized. pll'obability density is plotted, numbers are not inﬂicated along the or-
variables which are described by a stochastic equation in th@nate.

Stratonovich sense. In this case the Fokker—Planck equation

for the probability distribution functiofP(#, 8| ' 6’) of the

Ps ()

states has the form Clearly, the maxima of the probability density corre-
oP(n.07'.0") 3 spond to stable stationary states, while the minima corre-
— e —[A(7,0)P(7,0]7,0")] spond to unstable stationary stat¢sg. 1). Thus, the ex-
a0 an trema of the stationary probability density can be identified
1 52 with macroscopic stationary states of the systdfor calcu-
+ > (9—7’2 [B(7,0)P(n,005",0")], lations we chose =0.2 and()=0.1. In Fig. 1 the left-hand

maximum corresponds to weakly absorbing and the right-
(8) hand maximum to strongly absorbing states. For subcritical

values of the controllingbifurcation parameter, in the ab-
sence of external multiplicative noise the system is charac-
o2 ) terized by one stationary state, but growth of fluctuations of
A(7,0)=B{1—exd —\(1+ )]V} — n*+ 7 Vv the incident light leads to the appearance of bistability. This
effect could be of interest from the practical standpoint, since
Xexd — M1+ n) Y4 1—exd —N(1+ 7)Y}, it attests to external-noise-induced strongly absorbing state

2 below the critical intensity of the incident radiation.

B(7,6)= ) {1—ex —\(1+7)¥2))2. _ On the other hand,_ for supercritical values o_f the co_ntrol-
ling parameter the action of the external noise is to shift the

The theory of the correspondence between a stochastic di'fSagion of bi;tabilit_y in the d?regtion of somewhat_higher \(al—
ferential equation and the Fokker—Planck equation is well€S of the intensity of the incident lighguppression of bi-

develoned and i ed i ber of bosks, f stability by noise.
eigfngfee Rirf] }BIS presented in a number of bal or The phenomena described by E§) occur on two time

The stationary distribution in a steady-state process jScales: Th'e.fast scale is related'with the'inverse relaxation to
determined by the function a local minimum of the potentlal_ functiol ( 7;_) after the__

perturbation and the slow scale is related with a transition

PS7)=N{l1—exp[-\1+7)]1/2} -1 from a metastable to a global minimum. This is indicated by

2 (B{1—ex —A(1+U)JH3 - U2 the presence of two terms on the right-hand side of (Bp.
xexp{ - f
g

T — dU|. — drift and diffusion.
o {1-exd-A(1+U)] 2} The Fokker—Planck equation method makes it possible

(9 to calculate the mathematical expectation of the transition
The integration constaM is obtained from the normal- time T(7) (average first emission timef the system from a
ization condition

where

b
fo Ps(n)dn=1, (10) 0.225}
w
where the upper limit is determined by the limitations im- 330.15 R
posed by the physical conditions of the probléfar ex- &
ample, the maximum possible density of photogenerated car- ~
. . . 0.0751
riers). However, we shall confine our attention to the case of
the nonnormalized probability density. The soluti@ is of J . '
the potential form, i.e., it can be put into the well-known 0 P 50 100
form of the canonical distribution from equilibrium thermo- 7, ard. units
dynamics
FIG. 2. Mathematical expectation of the transition time of the system from
Ps(n)=Nexd —2V(75)/o?]. (11 a weakly in to a strongly absorbing state.
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weakly into strongly absorbing state, fixing the slow timeergy structure direct-gap semiconductors of the type CdS,
scale. It is described by an ordinary differential equation CdSe, or ZnSe are best suited for experimental observation
21 of the stochastically induced effects described above.

1 d
> {1—exd —\(1+7)]¥32 2

daT IM. Wegener, C. Klingshirn, S. W. Koch, and L. Banyai, Semicond. Sci
1/ 2 — . y y 9. VW , . , . .
+[B{1—exd — N1+ )13 - 7] -t (12 Technol.1, 366 (1986.
2V. A. Kochelal, L. Yu. Mel'nikov, and V. N. Sokolov, Fiz. Tekh. Polu-
A plot of the solution(11) (Fig. 2) shows that most of _provodn.16, 1167(1982 [Sov. Phys. Semicond6, 746 (1982].

. . SF. Henneberger, Phys. Status SolidilB7, 371 (1986.
the time the system endeavors to self-overcome the barrlen,H_ M. Gibbs,Optical Bistability: Controlling Light with Light Academic

As the intensity of the fluctuations decreases—<0), the Press, Orlando, 198Russian translation, Mir, Moscow, 1988
memory time of the system increases. °N. G. Van Kampen,Stochastic Processes in Physics and Chemistry

The phenomena occurring as a result of narrowing North-Holland, Amsterdam, 198#Russian translation, Vyssh. Shkola,
.. . .~ Moscow, 1990.
(renormalization of the band gap occur in a number of semi-
conductor crystals, but because of their relatively simple entranslated by M. E. Alferieff
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Laser-modulated epitaxy of lead telluride
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The dependences of the density and mobility of free current carriers in PbT&BIGllayers,
grown by epitaxy modulated by infrared laser radiation, on the power deWsity the

laser radiation at the target and the substrate temper@tuneere investigated. It is shown that
the free-carrier density in the regions of both electronic and hole conductivity

(10'<N, P<10cm™3) with mobility at 77 K corresponding to the most perfect crystals can
be controlled over wide limits by varying/ andT,. © 1998 American Institute of
Physics[S1063-782808)02003-1

The possibility of using laser radiation for evaporation of cently, wide application of laser radiation for sputtering the
different materials, including PbTe, followed by condensa-source material has start&t.
tion in the form of thin films was demonstrated back in the  The present paper reports on investigations of the depen-
mid-1960s~3 In the 1970878 these investigations became dence of the electrophysical parameters of PbTe films on the
purposeful and integrated from the standpoint of studyingopower density of laser radiation at the targétw< Enge)
both the interaction of laser radiation with a solid and theand on the substrate temperature. The source—target was
mechanisms of growth of thin films from vapor-plasmasputtered with modulated infraredIR) laser radiation
flows. This led to the development of two independent direc{% »=0.118 eV}, which was introduced through a focusing
tions in the technology — laser-stimulated transformation ofoptical system into the vacuum chamber with a residual va-
the properties of a solid as well as laser epitéikys term is  por pressuré®=10"° torr.
now firmly established, but it essentially does not reflect the  The structural perfection of the films was investigated by
physical essence of the method transmission electron microscopy and x-ray diffraction re-
Laser-modulated epitax¢_LME) is more versatile than flection methods. The half-width of the diffraction reflection
the conventional thermal methods of epitaxial growth ofpeak depended on the layer thickndssFor the thinnest
IV-VI semiconductor compounds. In the LME method it is layers (=30 A) A9=40 s, while for the thickest layers
possible to change an entire series of paramépenser den- (h=7 um) A6 did not exceed 2 min.
sity of the laser radiation, pulse duration and repetition fre-  Figure 1 shows the dependence of the current-carrier
guency, substrate temperature, substrate—target digtmmde density and mobility T=77 K) on the power densitW of
to obtain within the parameter limits perfect layers with pre-the laser radiation at a single-crystal PbTe target. During
scribed electrophysical properties. epitaxy the temperature of the KCl and KBr substrates with
In thermal growth methods, there exist strictly deter-(100) orientation was equal t&.=150 °C. For low power
mined temperature regimes outside of which the layers ardensities (1<W<3x10* W/cn?) the films arep-type. In
not single-crystalline, while the carrier density can be con-this range of values oV the hole density? decreases by
trolled only by additional sources of components, mainly thethree orders of magnitude in films on KBr substrates and by
chalcogen. two orders of magnitude in films on KCI substrates. This
The laser radiation employed for sputtering semiconduceould be to the fact that the free surface eneogyf the
tor sources can be divided according to spectral region of001) plane in KBr is lower than for the corresponding plane
application into two ranges:)daser photon energyi) in KCI (o*B'<o®® (Ref. 19). For power density
greater than the band g&j and b laser photon energy less W= (3—3.5)X 10* W/cn? an inversion of conduction type
than the band gapfi(w<Eg). Most works concerning this occurs, after which the electron densMyincreases withW.
problem were performed fof w>E4. The most important One can see from Fig. 1 that the dependenegg/) and
results on laser epitaxy of semiconductor compounds werbl(W) have a pronounced plateau at the minimum, within
obtained for epitaxy of CAMnTE CdHgTe®!°PbCdSe, and which layers with low current-carrier density with both hole
PbSe'™1? True, in the case of epitaxy of the narrow-gap and electron conductivity can be obtained reproducibly. The
compounds CdHgTe, together with laser epitaxy, molecularearrier mobility atT=77 K corresponds in a quite wide re-
beam epitaxyMBE) was was used. gion of W to the most perfect single crystals and films
The laser epitaxy results for other semiconductors aréu,,>10* cn?/V-s). The highest mobility obtained fom-
more modest. In areas of thin-film technology where MBEPbTe/KCIKBr) corresponded tou,,=4.5x10* cn?/V-s
and MOS hydride method encounter difficulties, as a ruleand was observed in films grown on structurally perfect sub-
this stimulates the development of new unconventionabtrates with surface microreligf<1000 A.
methods for obtaining epitaxial layers. This is true in full The decrease in hole density with increasing power den-
measure for superconducting materials, where, especially reity (T= cons} attests to a decrease in the density of accep-
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110°% content in the film, however, will not be determined only by
the source temperature, but it will be equally determined by

I the substrate temperature or, more accurately, the ratio of the
10"} | - chalcogen reaching the substrate and re-evaporating from it.
12 < This mechanism provides the basis for controlling the elec-
" l P trophysical properties of epitaxial structures of lead
E10 179 g chalcogenide®
= 5 - However, when laser radiation is used to sputter semi-
g =1 conductor sources it is necessary to take into account the fact

* 10" "
that the growth process occurs under conditions far from

equilibrium, and this can result in the formation of new de-
1076l D= - 403 fects of a different nature, including interstitial. Their density
12345 f 7 82 910 and arrangement will be determined by many external fac-
W, 10" W/cm tors, primarily the power density of the laser radiation and
FIG. 1. Current-carrier densiiil, 2 and mobility.. (3) atT=77 Kversus  the epitaxy temperature. Unfortunately, these contributions
the laser power density on the target—source for different samples:  are difficult to distinguish, especially at low epitaxy tempera-
PbTe/KBr and2 — PbTe/KClI. tures, since besides the stationary substrate temperajure
there exists a correctioAT,,, which at high power densi-
) ) tiesW can be comparable f6;. The correctionA T, arises
tor centers. They cannot be thermal Pb vacancies directhyacquse energy is exchanged between the substrate and the

since their density should be much lower at such epitaxyyroqycts of the sputtering, and it will depend on bdirand
temperature$? Moreover, it is difficult to imagine that the e durationr,, of the laser pulse.

number of thermal vacancies decreased\ascreased. On In our caser,,= const. Therefore, since the values/isf

the other ha_nd,_acceptors of a different nature have not be_’eé?nployed are much lower than the values at which “dry
shown to exist in nondoped crystals. Therefore the behaviogiching” and implantation occur, an increase of power den-
of P(W) (Fig. 1) can be explained by taking into account the it \ will give rise only to an increase of the substrate
characteristics of the growth technology which stem from thgemperature in a pulse. This will decrease the attachment
laser sputtering of the source material. coefficient of tellurium Kre<kpp, Kpyrd. This will show up
_ On account of. the strong intramolecular bonds anq then the dependenceB,N(W) as a decrease in the hole den-
“inert electron pair” effect, IV-VI compounds vaporize iy, supsequent inversion of conduction type, and an in-
mainly in the form of'r'nolecules. But the minority compo- crease of electron density. This behaviorreN(W) shows
nents from decomposition of the vapors M, X3, 0MX, z_md that donor and acceptor mechanisms of defect formation in
M,X; are also nevertheless observed in small quantities. Inge fjjms compete with one another when IR laser radiation
vestigation of the mass spe_ctra of the modulated beaq% used for sputtering the source material with=150 °C.
formed by Knudsen evaporation of PbTe showed that thg, egtigations of the temperature dependence of the Hall
components in the beam are distributed as folléWs: constant in the region of electronic conductivity show that
PbTe : Pb : Tg: PbTg : PhTe, interstitial Pb can play the role of the donors.
On the other hand, on the basis of what we have said
=100 : 13 : 1.0 : 0.14(<0.03. above, increasing the epitaxy temperatué, (AT= consi
The dissociation energies of PbTe and, Teolecules are likewise should result in a change in the current-carrier den-
quite high EPPTe=246 kJ/mole(Ref. 20 andE™2=219 kJ/  sity in the film, but now because the attachment coefficients
mole (Ref. 21)). For this reason, the main source of chalco-of Pb and Te and formation enthalpies of thermal vacancies
gen during sputtering or thermal annealing is apparently thef the intrinsic components are different.
chalcogen that is present in the crystal in the forgatd Figure 2 shows the current-carrier density and mobility
does not form with lead strong intramolecular bonds. Asas a function of the temperature of the KCI substrate
shown in Refs. 23 and 24, there are more than enough suckith constant laser power density at the target
formations in narrow-gap IV—VI compounds. W=28.5x 10" W/cn? and pulse duratiom,, =3x10 3 s.
Dureing laser sputtering of a material evaporation occurs  These deposition conditions corresponded to an effective
only from the zone of action of the radiation without forma- growth rateV,= 160 A/s. Just as in the first case, stoichio-
tion of a liquid phase and in consequence without the spraymetric Czochralskp-PbTe single crystals with hole density
ing effect. Under these conditions the composition of theP;,=2.5x 10 cm™2 and mobility u,,=1.2xX10* cn?/V-s
vapor flux will remain unchanged during depositi@uring at T=77 K were used as the target—source. During deposi-
depostion the source undergoes a rotational-translational mdéien the target executed a rotational-translational motion.
tion) and is displaced in the direction of enrichment by the  The electron density in the fill=1.1x 108 cm™2 re-
chalcogen not only near the source but also on the substratmains practically unchanged up to the deposition tempera-
This happens because of the high temperature of the materialre T,=180 °C(Fig. 2). A further increase of the substrate
in the zone of action of the laser radiation"?™&=2500 K),  temperature (188 T,<280 °Q results in a quite sharp de-
at which the vapor pressure of the main material as well as afrease of the electron density followed by inversion of the
the metal and chalcogen exceeds T®rr. The chalcogen conduction type (286 T<330 °Q), after which the conduc-

i e

271 Semiconductors 32 (3), March 1998 S. V. Plyatsko 271



10" 170*
®
"" >
N
£ B
- Q
Q, -
=707} d10% =
76 1 1 2
70 100 200 300 wo  1°
Ts k] 'C

FIG. 2. Current-carrier densit{l) and mobility(2) at T=77 K versus KCI
substrate temperatuf, with a constant laser power densiy=8.5x 10*

W/cn? on the target3, 4 — Hole and electron densities due to Pb and Te

vacancies versus the temperatilige®

tion type reverts back at the epitaxy temperafiye 330 °C.

creases with temperature, and by the generation of new do-
nor centers. The density of these centers is close to the den-
sity of thermal Te vacancies, but still does not correspond to
it and has a tendency to saturate, while the density of vacan-
cies grows exponentially with temperatuiiéig. 2, curved).
Furthermore, the experimentally obtained dependence
P,N(T,) with W,AT= const shows that the region of hole-
type conduction is not related with Pb vacancies, whose den-
sity, just as that of Te vacancies, should grow with tempera-
ture and predominate in the entire range of epitaxy
temperaturel ¢ (Fig. 2, curve3).

Since the composition of the vapor phase remains con-
stant during the deposition proces&/'€ const), the results
obtained suggest that in LME-grown PbTe films the mecha-
nism leading to the formation of electrically active defects is
complicated and depends on the technological conditions un-
der which the films are obtained. The role of acceptors in this
case can apparently be attributed to the tellurium enrichment
of the vapor flow produced by the laser radiation. Thermal
Te vacancies and interstitial Pb most likely appear as donors.
This latter conjecture is also confirmed by an investigation of
the ESR ofnPbTe:Mn films grown withw= (7 —10)x 10*
W/cn? and T¢=150 °C, in which only the hyperfine struc-
ture of the M 2 ions corresponding to Mn ions in interstices
was observed.

As far as the production of doped PbTe layers with im-
purities distributed uniformly over the sites of the metal sub-
lattice is concerned, it was shown earlier that PbTe can be
grown from sources doped with Mn and Eu, whose vapor
pressure is much lower than that of the main matéfi@ut
in the case of substitution for the metal component Mn and

The carrier mobility in this range of growth temperatures isEu are pseudodonor impurities and therefore do not affect

virtually temperature-independetig. 2, curve2).

the electrical properties of the film&.It is also known that

It is known that the attachment coefficient of Pb atomsgroup-l and -lll impurities manifest their electroactive prop-

decreases with increasing temperature, approaching zero @ities at densities above {13) x 10° cm™

T=310 °C® Figure 2 shows that indeed neBy=300 °C

3, since they have

a tendency to clustéf, on account of which the density of

the electron density decreases rapidly, reaching the region dfie impurity introduced is almost always much higher than
inversion of conduction type. In this temperature rangethe current-carrier density. In the case of congruent evapora-
280<T¢<330 °C the PbTe films exhibit stable hole-type tion this difference should be eliminated and the current-
conduction P;,=10%—-10 cm™3). The existence of re- carrier density should correspond to the density of the impu-

peated inversion with increasing epitaxy temperaflyen-

rity introduced. The results concerning the use of In, Tl, Na,

dicates that the hole density in this temperature range will band Cr doped single crystals as sources are presented in
determined by the resulting density of acceptors, which deTable I.

TABLE I.
Impurity and type Impurity density Laser power Type of conduction Substrate
of conduction in in target—source, density, and carrier density in material
the source 18, em 3 10* Wicn? the film, 138 cm™3
Tl p 4.8 45 p, 3.42 KBr
T p 4.8 5.1 p, 1.42 KCI
T, p 9.6 8.8 p, 11.7 KCI
Tl p 9.6 8.8 p, 13.6 KBr
T p 4.8 9.1 n, 1.55 KBr
Na, p 15.0 9.1 p, 11.8 KBr
Na, p 15.0 43 p, 15.2 KCI
In, p 8.6 9.2 n, 13.4 KCI
In, p 8.6 2.1 n, 7.15 KBr
Cr,n 6.0 1.2 n, 4.45 KCI
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Optical properties of crystals of the solid solutions (InSb);_,(CdTe),
V. A. Brodovol, N. G. Vyalyl, and L. M. Knorozok

Taras Shevchenko Kiev State University, 252022 Kiev, Ukraine
(Submitted February 3, 1997; accepted for publication July 14,)1997
Fiz. Tekh. Poluprovodr32, 303—306(March 1998

The reflection and absorption spectra of crystals of the solid soluloS$), _,(CdTe, in the
wavelength interval 2.5-2am were measured within the limits of solubility of CdTe in

InSb (x<0.05) at room temperature. Analysis of the experimental results confirmed the
applicability of the Kane theory for all compositions investigated. The variation of the

optical band ga[fgpt and the effective mags, at the Fermi level as a function of composition
was determined. It is shown that the minimum valugs=0.8x 10" ?m, andé’gpt=0.07 eV

are reached fox=0.02-0.03. Information about the predominant mechanism of scattering for
each alloy is obtained from the absorption curves in the region of absorption by free

charge carriers. X-Ray crystallographic investigations were performed and the chatgein

the lattice constant of the solid solutions relative to pure InSb was determined. It is shown
that the behavior ofn (x) andzfg"t is uniquely determined bga(x). In turn,Aa(x) is determined
by the complicated character of the interaction of the dopants with one another and with the
InSb lattice. © 1998 American Institute of PhysidsS1063-782@08)02103-§

It is well known that any deviations from an ideal crystal transmission spectré(# w) according to the formula
structure in narrow-gap semiconductors can have an appre-
ciable effect on the formation of the energy spectrum of (1-R)2eKd
charge carriers if the fluctuations of the potential energy of - 1—R2Kd 2)
the electrons and holes are comparable to the band gap, since
the band gap is small. An example of such disordered sysFhe transmission spectra were measured in the phonon en-
tems, where configurational disorder is realized in one oergy interval 0.1-0.5 eV, where the reflection coefficiBnt
several crystal sublattices, are solid soluti¢883 of semi-  was constant and equal to 0.36.
conductors. Figure 1a shows the reflection coefficient as a function
In the present work, the reflection and absorption spectraf the energyi w of the incident photons for a series of solid
of (InSh); _,(CdTe, crystals, forming a continuous series of solutions with different composition. All curves had a pro-
SSs forx=<0.052"% were investigated for the purpose of ob- nounced characteristic minimum corresponding to resonance
taining information about the effect of composition on the absorption by free charge carriers. The effective nmssf
band structure parameter of the alloys. the charge carriers at the Fermi level was determined from
Single crystals of the SSs obtained by directed crystallithe positionw,, of the minima for different values of.
zation of InSb melt containing Cd and Te impurities in anAccording to Ref. 4
equiatomic ratio were investigated. The total impurity

density varied from 3.7810° cm 2 (x=0.0025) to M= €N/ gwhn(-—1). v
7.5x10°° cm 2 (x=0.05). Synthesis was conducted in o
quartz ampuls evacuated to T0Pa. The melt was homog- The value ofe,, for each composition was calculated by

enized at 1100 °C for at least 100 h. The composition andne method described in Ref. 4. It is well known that at
homogeneity of the alloys were monitored by x-ray crystal-fequencies close 6, /%, where&, is the band gap of the
lographic and microchemical analyses. After mechanical pol€XPerimental materlgl, the c0e1;f|C|ent of normal reflection
ishing, the samples were worked with a SR-4A polishing®auals R:(_\/;_l) /(Ve.+1). One can see from the
etchant. The dimensions of the wafers werexQ0g4x 0.3  curves in Fig. 1a that as the energy increases, for all compo-
cm 3. To measure absorption the wafer thickndssas de-  SitiOnsR approaches 36%, which gives =16. We note that

creased to 7@m. All crystals weren-type. The free-electron &ccording to Ref. 4 the error in determining. ande.. by
densityn and mobility x, were calculated as a function of the methods indicated does not exceed 10-15%, if the elec-

the composition from measurements of the conductivity 0N 9as is strongly degenerate, which was always so in our
and the Hall coefficienR,, . case. The \{alues of./m, calculated from Eq(2) are pre-
The reflection and absorption spectra were measured in$€Ntéd in Fig. 1b. _ _ _
SPEKORD two-beam spectrometer at room temperature in ASSuming a Kane dispersion law, the relation between
the wavelength interval from 2.5 to 25m. m; andn can be represented in the fdtm
Nine groups of samples, whose parameters are presented

2 213
in Table I, were investigated. In each group the reflection me/mo |°_ 2% 30

i : =32.5x10 +8.25x10 ,
spectra were measured as a function of the electron density | 1—mc/mg p4 P2
n. The absorption coefficief was found from the optical 3
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TABLE |. Electron density and Hall mobility iinSb); _,(CdTe, crystals

at T=300 K.

Electronic density

Electron mobility

Sample group Composition, in a group in a group
No. X n, cm 3 tn, CMPIV-s
1 0 (7.2-4.6)x10'%  (2.3+1.1)x 10
2 0.0025 (3.51.2)x10®¥  (6.2+3.8)xX10°
3 0.005 (8.47.3)x10"%  (8.2+7.1)x10°
4 0.0075 (6.41.9)x10®  (3.2£2.4)x1C°
5 0.01 (2.8-0.8)x10®  (3.5+1.8)x1C°
6 0.02 (7.2:1.6)x10Y  (6.6+5.4)x10°
7 0.03 (6.6:2.1)x 10"  (6.4=5.2)x10°
8 0.04 (7.73.4)x 107  (6.0+4.3)X10°
9 0.05 (1.10.7)x10°  (8.7+6.3)X 107

where the matrix element of the momentum operddior
InSb and other II-V compounds equals 8.70 8 eV-cm

to within 20%.
Figure 2a shows

the experimental

dependences

[(me/mp)(1—m./my)]?=f(n?3). One can see that the ex-

perimental points fall on a straight line, confirming the ap-
plicability of the Kane theory for all compositions investi-

140

FIG. 2. a — Electron effective mass at the Fermi level versus electron
density for differentx: 1 — 0.05,2 — 0.01,3 — 0.04,4 — 0.0025. b —
Lattice parameter of the solid solutions versus composittor— Optical

gated. The band garigpt for each composition was band gapfgp‘ of the solid solutions versus composition.
determined from the intercepts of straight lines on the ordi-

nate(Fig. 20.

Figure 3b shows typical curvé§(# w) for three crystals

K=A\“, where the exponerg depends on the mechanism

with different Cd and Te content. Two rising sections can beof scattering of the charge carriers, information can be ob-
distinguished in the absorption curves in the regions of higiained about the predominant mechanism of scattering for
and low energies, characterizing interband transitions an@ach alloy. The curvek(# ) plotted in double-logarithmic

absorption by free charge carriers, respectively. Using at lowgoordinates were straight lines, which made it possible to

energies § w<<0.3 eV) the well-known relation betweel

determine the parameter. Calculations gavea=2 for

and the wavelength of the incident radiation in the form X=0.0025,a =1.94 forx=0.05, «=3.6 for x=0.02, and
a=23.5 forx=0.01. Values ofx close to 2 are characteristic
for strongly degenerate materials. For the same SSs the elec-

e | 1 1 e
g 1 2 4 5
x , mol Y
FIG. 1. a — Reflection coefficientR versus photon energy for

(InSb), _,(CdTe, crystals.x: 1 — 0.03,2 — 0.02,3 — 0.01,4 — 0.04,
5 — 0.05. Composition dependence of the effective mhss- at theFermi

level, c — at theconduction-band bottom.
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bottom versus compositiolo — Typical absorption curves for crystals of
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tron mobility u,=R,0o is virtually independent of tempera- interaction of the dopants with one another and with the InSb
ture in a wide temperature interval 100—40C° Khe expo- lattice.
nentsa=3—3.5 are observed if the carriers are scattered by It is known that Te atoms replace Sb atoms in the InSb
ionic impurities. This result also follows from analysis of the lattice and determine the-type conductivity of the crystals
temperature dependence of the mobility. In the temperaturand that the Cd atoms at In sites play the role of acceptors.
interval 100—400 Ku,,~T?”, wherey is close to 1.5. The tetrahedral and ionic radii of the interacting atoms are,
At higher energiesf{w>0.3 eV) it is difficult to analyze respectively, Rgy=1.36 A, R1=1.32 A, R;+=0.5 A,
the form of the long-wavelength intrinsic absorption edge forR,,=1.44 A, Rei=1.48 A, andR.y=1.8 A’ Under these
a number of reasons, including the fact that absorption witltonditions replacement of Sb atoms by positive' Tiens
the participation of the tails of the density of states can bewill result in a stretching of the lattice and an increasé m
superposed on absorption accompanying direct transitionshe minimum ax=0.01 can be explained by an increase in
between corresponding states in bands with the same watke Cd content in solution in the form of Cdions and a
number. Another substantial complication is that undemecrease in the amount of Tas a result of Coulomb attrac-
strong degeneracy conditions absorption by free charge cation and formation of neutral complexé8dTe’ with lattice
riers is superposed on absorption near the long-wavelengitonstant close to that of InStagyr=6.4822 A. The in-
edge. Analysis showed thatk?~#w starting with crease ifAa (0.01<x<0.03) is apparently due to the pro-
K=200 cm!. This is characteristic for direct transitions. duction of high concentrations of the neutral complexes of
The optical band gala‘g’pt was found from the intercepts by the type InTe;, consisting of three Teions at Sb sites, two
straight linesk?~#%w on the energy axis taking account of In atoms, and a negatively charged In vacancy, in the melt.
the position of the Fermi level in the conduction band. TheSince for IpTe; two cubic modifications with lattice con-
latter was estimated using the experimental values of thetantsa=6.15 A anda=18.40 A are characteristftit can
effective masan, at the Fermi level. According to Ref. 6, be expected that in the first case the lattice of the SS will
the relation between the effective masses at the Fermi levelxpand becausa|n5b>am2T%, while in the second case the

and at the conduction-band bottom is given by the expressiopttice of the SS will contract, Sin(mnzTe_,,> ansy- The effect

f will occur if the density of complexes with a large lattice
me=mc(0) 1+ 25— : (4 constant in the SS increases with increasing degree of dop-
9 ing.
The value ofm(0) was found from the formufa In conclusion, it should be noted that in samples spe-

1 £ cially saturated with Cd during preparation the maximum in

1/m,(0)= m_( 1+ g—p . (5)  the curveAa(x) and the minima in the curvasgpt(x) and
0 9 m¢(Xx) at x=0.0025 were not observed.

For all crystals with diamond and zinc blende structure  This work showed that in solid solutions an interaction

Ep=20 eV to within 20% The values obtained in this man- exists between donors and acceptors. This interaction sub-

ner for & andmg(0) are presented in Figs. 1c and 3a. Thestantial changes the lattice structure and physical properties

value obtained fonﬁgpt by analyzing the absorption curves of the corresponding materials.

was virtually identical with respect to the character of the

energy dependence and the absolute values to values pre:

sented in Fig. 2c. 1E. N. Khabarov and P. V. SharovskDokl. Akad. Nauk SSSR55, 542

. . (1964 [Sov. Phys. Dokl9, 225(1964].

It follows from Figs. _1C and 2c that Fhe comp05|thn 2|, A. Skorobogatova and.BN. Khabarov, Fiz. Tekh. Poluprovod8, 401

dependence of the effective mass and optical band gap is 0f(1974 [Sov. Phys. Semicon®, 257 (1974].

a complicated, nonmonotonic character. The minimum val-*V. A. Anishchenko, V. A. Brodovg) N. G. \;yaM, V. A. Vikulov, and
- -2 pt_ i L. M. Knorozok, Neorg. Mater29, 332 (1993.
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shows that the behavior ofi,(x) and ggpl(x) is determined Si?efer'en;e Dgta oNn trlw(e P'\t;lysical arloé%hesmicalzPro%%rties of Semiconduc-
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Effect of metastable states on the de-excitation of excitons in n-GaAs
V. V. Krivolapchuk?® and N. K. Poletaev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 30, 1997; accepted for publication July 14,)1997
Fiz. Tekh. Poluprovodr32, 307—310(March 1998

The decay of the spontaneous emission of excitons@aAs was investigated as a function of
temperature and excitation intensity. We report the first experimental observation of the

effect of a metastable state in resonance with the conduction band on the exciton de-excitation
process. ©1998 American Institute of Physids$1063-782808)02203-(

The luminescence and photoelectric properties of GaAsire present inn-GaAs. The anomalously long decay
are determined, first and foremost, by the characteristics qf>10° s) of PL observed in th®°,h line is due to the time
the recombination of photoexcited carriers. At low temperafor nonactivational transfer of holes from metastable states
tures the main recombination channel in perfect epitaxialnto the valence band, after which these holes are bound with
n-GaAs layers with a low compensation is the formationelectrons of shallow donors and tB¥;h line is formed in
(followed by annihilation of free excitons X) and excitons the delayed PL spectra as a result. Moreover, the delayed
bound on shallow donorsD®,x) as well as the recombina- spectra contain a line of an exciton bound on a shallow donor
tion of an electron of a shallow donor and a valence-band— D? x as well as a line of a free exciton. It is obvious that
hole (D h). The characteristic times of these processes falln order to observe excitonic lines in substantially delayed
in the range 10°—10" 2 s! In many cases the probability of (>2 us) spectra long-lived electrons must be present in ad-
recombination of a carrier trapped in a localized state isdition to long-lived hole$. The purpose of the present work
small. Then the lifetime of a carrier in this state becomess to study the effect of long-lived electronic states — the
long (7.>10" % s), which means that the carrier is in a meta- process of excitonic emission.
stable state. Metastable states in GaAs are of a very diverse The decay curvé(t) of theDg,x line a 2 K is displayed
nature and they appear in investigations of different phenomin Fig. 1. As one can see from the figure, a rapid drojibfé
ena. An interesting and important type of metastability ofsection a—bis observed in the decay of the PL. This dropoff
states are states which are in resonance with the conductigfiects the characteristic radiative decay of the correspond-
band. The great progress made in the study of such statesiigg impurity complexes and for the indicated lines it lies in
due to the investigation ddX centers: The main results for  the range (9-54)x10 ° s. Next follows a slow tail(the

DX centers have been obtained in investigations of th&ection b—g, reflecting the liberation of holes from a meta-

photoconductivity and relaxation spectra of deep levelsaple state ¥10°° ).

(DLTS?))AE” the compounds AlGaAs and strongly doped GaAs  The slow-decay time and the area under the decay curve

layers: S . (Fig. 1) were determined from the luminescence kinetics. It
The purpose of the present work is to investigate experishoyld be noted that the slow decay is not exponential, so

mentally the manifestation of metastable electronic states ighat an adjustable parameter which can be interpreted as the
spontaneous edge photoluminescefitle) of nondoped epi-  gecay time is determined by mathematical analysis of a col-

taxial n-GaAs layers. lection of points. This parameter reflects the hole transfer

The samples consisted of 10-1@0n thick epitaxial  {ine into the valence band from metastable hole states
n-GaAs layers grown by vapor-phase epita@PE). The (MS,).

impurity density v_vasNd—_Na<1014 cm 3 We investigated The integral ofl(t) is determined by the expression
the PL spectra with continuous excitation by a He—Ne Iase[ — ['2)(t)dt and reflects the quantum yield of delayed PL
(632.8 nm and the PL decay kinetics with pulsed excitation ' “t q y y '
by semiconductof804.4 nm, YAG (530 nmj, and nitrogen which is proportional to the density of holes trapped in meta-
(337.1 nm lasers. Detection was performed by the time-Stable states and therefore is a good measure of the process
correlated photon-count method. The temperature was varie?f Slow depopulation of hole staté.
in the interval 2—25 K. The PL decay time in the micro- and ~ As one can see from Fig. 2b, the integrel, T) exhibits
nanosecond rangéthe half-width of the instrumental func- unusual behavior with increasing temperature. A pronounced
tion was equal to 1.3 nsas well as the total intensity of the minimum is observed at a temperature near QK1 meV
lines of a free exciton and an exciton bound on a shallowagainst the background of a monotonic decrease of this inte-
neutral donor were measured as a function of the temperatugfal. Moreover, at a definite intensity of continuous excita-
and the excitation intensity. tion the total intensity of the lines of a free exciton on a
The method employed in the present work is based oshallow donor D x) likewise has a minimum at tempera-
studying the characteristic features of the decay of edge phdure T=6 K (Fig. 29. This minimum is observed compara-
toluminescence. In Ref. 5 it was shown in an investigation otively far from the edge of thermally activated decay of the
the decay of photoluminescen¢eL) that local metastable complex O°,x).
states Efns) which effectively trap minority carriergholes As shown in Ref. 5, since the hole transfer time from a
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21 a =2 0y [(T)=1g/{1+Cexp —E/T)},
v 5 D,
%
70}
3 whereE is the thermal activation energy of the level abds
Lin b g the temperature-independent constant. It is obvious that this
R expression can be used to describe the continuous decrease

Energy, eV of the quantum yield but it cannot explain the existence of a

Un (7, imp/channel)
LY
1

4| minimum. Phenomenologically, the existence of a minimum
in this case can be explained by the fact that at temperature
2r 'y f T=6 K electrons do not participate in the formation of ex-
ok ¢ ! citonic lines. For electrons not to participate in the formation
ey et of excitonic lines they must be transferred as a result of
0 5 10 5 20 o . -
Time,ps heating into a state that does not contribute to radiation. Tak-

ing into consideration the energy imparted to the electrons
FIG. 1. Kinetics of the photoluminescendg(t) of the lineD%x on a  (0.51 e}, this state can be an excited state of a shallow
semilogarithmic scale witkE=2 K. The hatched region represents the inte- donor.
gral of I (t), wheret; andt, are the limits of integratiottequal to 3 and 10 In this case the electrons can leave the donor nonradia-
us, respectivelymeasured from the end of the excitation pulpeint 3. . s .
Inset: Typical PL spectrum of the experimental GaAs samplés=a2 K. tively by an Auger- proces‘%.The characteristic .tm_]e of this

process €10 19s) is much shorter than the radiative recom-

bination time. For this reason, there is a high probability that
metastable statEﬂ]s (7,=10 ° s) is several orders of mag- electrons will be transferred into a band and as a result, to-
nitude longer than the radiative decay time of the impuritygether with a decrease of the PL intensity, the free-carrier
complexeD? x andD® h (1078-10"° 9), the timet,, char-  density will increase, as was observed in Ref. 7. However,
acterizes the hole contribution to the process leading to thavestigations showed that the expected increase in the free-
formation of the line in delayed spectra. We underscore thatarrier density, an indicator of which is the free-exciton line,
the hole transfer time determined from the PL decay curveloes not occur. Moreover, an increase in the excitation in-
(section b—c in Fig. Lis virtually temperature-independent tensity and therefore the carrier density causes the minimum
(Fig. 2a. This suggests that the temperature dependend® vanish with both continuous and pulsed excitation. On the
I(t,T) is due to the contribution of not holes but electrons. basis of known mechanisms of exciton formatisee be-

Let us see how the temperature can influence the behalew) and the totality of experimental facts the Auger process
ior of the exciton bound on a shallow donor B°,x. The (the case of a short timenust be ruled out as the main
temperature dependence of the intensity of Biéx line  process. Moreover, in this case it is difficult to explain the
corresponding to thermally activated decay of the corredecrease ai=6 K of the intensity of the free-exciton line.
sponding impurity complex is described by the expression This latter circumstance is very important, since it indicates
that the electrons are trapped in a state whose energy lies
near the conduction-band edge and as a result they do not
participate in radiative recombination. In this case this
should be manifested not only in a slow kinetics but also in
rapid decay of excitons. To prove this we investigated the
decay of theD%x line in the nanosecond range. To
b increase the accuracy of the analysis of the experimental

results we employed the convolution operation

i S(7)=[{f(t)F(7—t)dt. For f(t) we used the experimen-
B tally obtained laser pulse, and we took fof7—t) the func-
. tion exp—{(t—ty/7)}?, since such a function best describes the
0.04 N T T S | decay of the PL. The result of analyzing the PL decay curve
c in this manner for one value df is displayed in Fig. 3. The
[ inset shows the variation of the decay timebtained in this

2.0 manner versus temperature. As one can see from the figure,
¢ " the decay time of a bound exciton decreases rapidly at

(2
L3
1
f”

T, s
A
o

.

=3
+
-

(=3
S
1

I(%,7),arb.units

“
(=9
E -
1.0 T=6 K.
i L Let us consider the explanation of such a temperature
> dependence of the decay time. Under our experimental con-
A L ditions a free exciton is formed from free carriess bound
015 0.20 025 exciton Y x) is formed by trapping of either a free exciton
1000/T ,1/K as a whole or free carriers by a donor. The lifetime of free
_ excitons and electrons in high-quality-GaAs samples is
FIG. 2. Temperature dependencésae— slow hole transfer timey, out of lonaer than the radiative recombination time of a bound ex-
a metastable hole state — the value of the arel{t,T) under the curve of 1 g 0 . . T
the slow decay of the PL of thB°,x line, ard ¢ — the total intensity (T) citon D, x. For this réason, the PrObab"'ty Of_ de-excitation
of the D% x line with continuous excitation by a He—Ne laser. (and therefore the radiative lifetimef an exciton D% x)

i
0.05 o010
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scale is small. This indicates that the number of electrons
trapped in the stat&p, . is also small. In this case the small
increase inl(t,T) nearT>6 K (condition of a minimunj,

just as the vanishing of the minimum at high excitation in-
tensities, is explained by the fact that heated electrons with
energy E>E; ¢ do not decay into this state and the de-
excitation process proceeds in the conventional manner.

In summary, it can be concluded from the totality of the
experimental data presented that an electronic metastable
state Ef, ¢ has an appreciable effect on the de-excitation of
excitons inn-GaAs. Since free excitons are formed from
itinerant carriers, it must be assumed that the fEgteis in
resonance with the conduction band. We can say the follow-
ing about the nature of this state. Since the energy of ther-
mally stimulated trapping in the stag . (0.51 meV is
much less than the value obtained @K centers’ it is un-
likely that this state can be associated with these centers. It

o can be conjectured that the stdé ¢ could be due to the
FIG. 3. Decay of the PL of the lin®",x in the nanosecond range.— et of the residual transition-metal impuritier ex-
laser pulse. The solid line shows the experimental decay curVe=at K. . . . .
The dashed lines show the computational results obtained for the convolMPI€, CJ, which can give rise to a resonance state in the
tion with different values of the parameterinset: Temperature dependence conduction band! However, taking into consideration the
of the decay. low degree of compensation and the high quality of the epi-
taxial layers of gallium arsenide, we assume that the state
ES . is due to the presence &f centers-

reflects the lifetime of free excitons; this is confirmed by the [N closing, it is our pleasant duty to thank V. V. Travni-

large value of the decay time of the radiation in the Bfgx KoV and A. V. Akimov for fruitful discussions.

as compared with the known valug,=(0.8—1)x 10 ° s1°

The sharp decrease of the decay time of@fex line in the

nanosecond range indicates a decrease in the lifetime of ¢——— _

free exciton at the thermostat temperatiice6 K. This is D. Bimberg, H. Munzel, A. Steckenborn, and J. Cristen, Phys. Re31,B
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Transport phenomena in the solid solution (Pbg 78SNg 22) 0 971Ng o3 Te in the hopping
conduction region

S. A. Nemov, Yu. |. Ravich, V. I. Proshin, and T. G. Abaidulina

St. Petersburg State Technical University, 195251 St. Petersburg, Russia
(Submitted October 15, 1997; accepted for publication October 20,) 1997
Fiz. Tekh. Poluprovodr32, 311-314(March 1998

Data on the electrical conductivity, the thermoelectric power, and the Hall and
Nernst—Ettingshausen effects in the temperature range from 77 to 400 K for the a solid solution
PbTe—SnTe with a high In contef8 at. %9 and additional doping with chlorine and

thallium are presented. Specifically, the Nernst—Ettingshausen coefficient exhibits properties
which are unusual for IV=VI semiconductors: It is positive and decreases rapidly with increasing
temperature. The experimental data are discussed on the basis of a model in which the main
transport mechanism is hopping conduction along strongly localized electronic states of the In
impurity. Conduction along delocalized states of the conduction band makes a substantial
contribution to the effects observed in a transverse magnetic field. The model gives satisfactory
agreement with experiment, including the sign, magnitude, and temperature dependence of

the Nernst—Ettingshausen coefficient. 1®98 American Institute of Physics.
[S1063-782628)02303-3

In lead telluride and its solid solutions with a high in- above approximately 150 K the curve oblversus 1T is a
dium impurity content, hopping conduction has been ob-straight line. The activation energy, of hopping conduction
served along strongly localized In stdfeslying near the s independent of the content of the additional impurity Cl
edge of the band gap. The double-doping method was useshd equal to approximately 353 meV. Since the activation
to study in greater detail the mechanisms of hoppingenergy is determined by the spread of the localized levels,
conduction and the density of localized states inthis means that the impurity Cl does not influence the energy
(Phy 76SM.29 0,940 0aT€>® In the double-doping method, lo- spectrum of the levels produced by the In impurity atoms.
calized or resonance levels appear on account of one impudditional doping with thallium somewhat increases the ac-
rity, in this case In, while the other additional impurity, tivation energy, up to 50 meV with 1.5 at. % TI. This could
which does not produce energy levels near the chemical pdse explained by the shift of the chemical potential into the
tential, makes it possible to change the position of the chemienergy range where the spread of the levels is larger.
cal potential and thereby probe the existing electron energy With the exception of the sample with the highest TI
spectrum. In Ref. 5 the additional impurity was ClI, which is concentration2 at. %9, the thermoelectric power for the In
a donor and increases the chemical potential, and the accepentent studied in the present wotR at. % is negative
tor impurity was TI, which does not produce levels in the (S<0) in the entire temperature range 100—400 K. As we
conduction band or in the top part of the band gap. have already mentioned, the dependences of the thermoelec-

In Ref. 5 experimental data mainly on the thermoelectrictric power on the temperature and the concentration of addi-
power in Plg 7gSmy ,,Te with 3 at. % In and with additional tional impurities was discussed earfien the basis of the
impurities at temperatures 100—-400 K were presented anassumption that the processes determining the thermoelectric
analyzed. In the present paper we present and discuss expgsbwer are of a hopping character so tBat S, .
mental results for four transport coefficier(the electrical The Hall coefficient is negativeR<<0) and decreases
conductivity, the thermoelectric power, and the Hall andrapidly in absolute magnitude as a function of temperature.
Nernst—Ettingshausen coefficienis the same materials and Therefore it can be stated that the Hall electron density
in the same temperature range. grows exponentially with temperature. This behavior can be

Figures 1-3 show the temperature dependences of thexplained by assuming that hopping conduction increases
electrical conductivityo, the Hall coefficientR, and the with temperature more rapidly than conduction along delo-
Nernst—Ettingshausen coefficieQtfor different amounts of calized band states. As is well knowAthe Hall coefficient,
the additional impurity. Similar curves for the thermoelectricwhich is proportional to the off-diagonal componeny, of
power S have been published earfieand will also be the electrical conductivity tensor in a magnetic field, is neg-
brought into the analysis of our experimental data. ligibly small in the case of purely hopping conduction. Since

In the temperature interval 150-400 K the electrical con-the probability of a hop between two sites does not depend
ductivity of the materials investigated grows exponentially.on the magnetic field in weak magnetic fields, to calculate
It was concluded earliéf on the basis of all experimental oy itis insufficient to study the two-site problem, the prob-
data that the electrical conduction is mainly of a hoppinglem of hops between three and more sites must be solved.
character, i.e., the hopping conductivity, is much larger The fact thatRy, is small while the electrical conductivityy,
than the band component, ando=~o,. At temperatured is relatively high makes it necessary to calculate the Hall
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FIG. 1. Temperature dependence of the electrical conductiwityin

Phy ,6Smy »oTe samples doped with 3 at. % In and additional CI or Tl impu- . .

rity. Additional impurity contenfN,q, at.%:1—0, 2—1, 3—2, 4—3, 5—1, FIG. 2. Temperature depender_u_:e of the H§1II coefficieRt in

6—1.5. Type of additional impurity2—4 — Cl, 5-6 — TI. (Phy.765M 29 0.9AN0.03T€ Samples add|t|onal_ly dope_d w!th Clor Tl. The num-
bers on the curves have the same meaning as in Fig. 1.

coefficientR using a model similar to the diffusion model for
semiconductor$. This model takes into account both the Ro=R.on 20 3)
hopping component, of the conductivity and the band con- T 7

ductivity o,, which is due to electrons with energies above
the mobility thresholc .. As a result, we have for the Hall

o and is much smaller in absolute magnitude than the Hall
coefficient

mobility for the band conductivityR,o,. From what we
Rbgg+ Rhgﬁ have said above about the activation energies for conduction
= (1) and Hall density, it follows thaRa| decreases rapidly with

~ (optopn? . :
increasing temperature.
SinceRy is small andop> oy, , we obtain We shall now discuss a different effect in a transverse
oy 2 magnetic field — the Nernst—Ettingshausen eff®©fEE). In
R~ Rb(a_h (2 contrast to the conventional NEE with single-band conduc-

tion in lead chalcogenides, the NEE coefficié€nin the solid
Assuming that the electron density in the conduction bandolutions(Phy 765 22 9.974Ng.03T€ iS positive Q>0) and de-
above the mobility threshold increases with temperature witltreases rapidly with increasing temperature over the entire
activation energy, we obtain that the activation energy of range 100—400 K. This temperature dependence of the NEE
the Hall density 1¢|R| equalseg=2¢,—¢, .’ According to  occurs for the same reason as the analogous dependence of
our experimental data, the activation energyis approxi- the Hall coefficient. Indeed, the expression for the NEE co-
mately twice the conduction activation energy. The accu- efficient contains two terms, one of which is proportional to
racy with which the parameters, and ez are determined the termo,, mentioned above in connection with the discus-
does not permit finding the activation energy of the band sion of the Hall coefficient, while the other is the off-
conductivity according to the differenceeg—¢y,; one can diagonal tensor componeh, . Just as the Hall component
only conclude that this quantity is relatively small or the oy, the quantityb,, gives a current component along the
band conductivity is not of an activational character at all. axis with a generalized force directed along thexis. The

The formula for the Hall mobilityRo will be helpful for  quantity o, can be represented as an integral over the en-
what follows. According to Eq(1) ergy
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In summary, to calculate the measured coefficiént
just asR, it is necessary to use a model with two types of

23 conduction. This gives the formula
—o, L2y g, Iy T Ryop—R
Q=Qp —+Qn—+ =z (S5 (Roap—Rnom).
(6)
20 Eliminating R,, and Q, from the relation(6) and using Eq.
(3), we obtain
= op
-E Q~Qp -~ + (S~ SnRo. 7
S 1.5
ME The quantityQ in Eqg. (7) consists of three term®Q=Q,
‘T$ +Q,+ Q3. SinceS,~ S, we shall express the third term as a
S product of three directly measured quantities
é Q3: —SRo. (8)

P
()

This negative term is lower in absolute magnitude for all
compositions than the measured coeffici@ntTable | gives
as an example the experimentally measured transport coeffi-
cients in a sample with no additional impurities.

Next, we shall estimate the first and second terms in Eq.
(7). To estimate electronic transport phenomena, we shall
regard the mobility threshold as the edge of an allowed band
and we shall employ fof, and S, the standard formulas
obtained for semiconductors in the absence of statistical de-

0.5

0 i I | 1 1 L 1
100 200 300 400 generacy
T,K ‘
FIG. 3. Temperature dependence of the transverse Nernst—Ettingshausen Qp~— E Rpo ©
effect coefficientQ in (Phy765M 22 0.94N00sT€ samples additionally doped
with Cl or Tl. The numbers on the curves have the same meaning as in Fig. ki 5 Ec— M
1. Inset: IfQ/(e/k)] as a function of 1¥T. Sy~ — a2 +r+ T (10

The formulas(9) and(10) include the scatter parameterlt
f can be expected that as energy increases above the mobility
Oyy= f ( ) oyxy(€)de,

(4)  threshold,a(e) will increase and the quantity

de
and the smallness af,, in the case of hopping conduction is ~ M,
due to the smallness of the function,(e). The component dine
by, can be expressed in the similar form will be positive. Since the Hall coefficient® and R, are
1 of negative, we conclude the terr@y andQ, are positive.
bxy:e_'l'f (— B (e—p)oy(e)de, (5) The materials investigated are apparently strongly non-

uniform, and the mobility threshold is associated with the
where u is the chemical potential. As a result of the small- percolation level. At the percolation level(e;) =0, while
ness of the functiowr,,(¢), by, and therefore the NEE co- above it current flows along percolation chanf®tsso that
efficient are small. Despite the approximate character of théhe functiono(g) increases ass(—e.)!, wheret is the criti-
formulas(4) and (5),° they can be used to draw the qualita- cal exponent for electrical conductivity and equals 1.6.
tive conclusion that the Nernst—Ettingshausen coeffici@gnt Measuring energy from the percolation level, we can use this
for hopping conduction is small. number as an estimate of the parametefhe quantitye,

TABLE I. Results of measurements of the transport coefficients and theoretical estimates of terms in the(7@l&tioa (Phy, 765M 22 0.97N0 0sT€ Sample
without additional impurity.

T, a, S, R, |Ro|, Q/(k/e), Q. /(kle), Q,/(kle), Qs /(kle), (Q1+ Q2+ Q3)/(kle),
K Q lem™?! uVIK cm?®/C cntiV-s cnt/V-s cnt/V-s cnt/V-s cnt/V-s cnt/V-s

150 5 —80 —-17 85 300 140 340 —80 400

200 12 —-41 -2.1 25 150 40 100 —-12 130

300 28 —45 —-0.35 10 80 16 40 -5 50
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—w equals the activation energy, of band conduction. As participate in the formation of transport effects in a trans-
noted above, according to the experimental data, this paranverse magnetic field.

eter is small and the third term in EGLO) can be neglected | ) L
. . . S. N. Lykov, Yu. I. Ravich, and I. A. Chernik, Fiz. Tekh. Poluprovodn.
in a rough estimate. Using the formulas and parameters pre-;; 1731(1977 [Sov. Phys. Semicond.1, 1016 (1977].

sented above, we obtain f@; andQ, 2s. A. Nemov, Yu. I. Ravich, A. V. Berezin, V. Basumyants, M. K.
Zhitinskaya, and V. I. Proshin, Fiz. Tekh. Poluprovo@T, 299 (1993
k [Semiconductor®7, 165 (1993].
Ql%l-Gé |Ra, 11 3Yu. I. Ravich, S. A. Nemov, and V. I. Proshin, Fiz. Tekh. Poluprovodn.

29, 1448(1996 [Semiconductor®9, 754(1996)].
k 4S. A. Nemov, V. I. Proshin, and Yu. I. Ravich, Fiz. Tekh. Poluprovodn.
Q,~4.1- |R0|. (12) 30, 2164(1996 [Semiconductor80 1128(1996].
e 5T. G. Abadulina, S. A. Nemov, V. I. Proshin, and Yu. I. Ravich, Fiz.
. N Tekh. Poluprovodn30, 2173(1996 [Semiconductor§0, 1133(1996].
The estimate$11) and(12) show that the positive term@; 8V. I. Kaidanov and Yu. I. Ravich, Usp. Fiz. Nauld5 51 (1985 [Sov.
and Q, are greater in absolute magnitude th@y| (see Phys. Usp28, 31 (1985].
Table ). As a result of these terms, the total Nernst— "B. I. Shklovski and A. L. Hros, Electronic Properties of Doped Semi-
Etti h. ffici . . ,d | h conductors Springer-Verlag, N. Y., 198fRussian original, Nauka, Mos-
ttl_ngs ausen coefficier® is p05|t|ye and close to _t_ e eX-  cow, 1979,
perimental value. The decrease in the Hall mobiliBo| 8H. Bottger and V. V. BryskinHopping Conduction in SoligsAkademie
with temperature results in a corresponding decreasg. in gyirlazg, Berlin, }_'985-_ . i Solidsdited by B. Shilovskil and
. : : . P. Zvyagin, inHopping Transport in Solidsedited by B. ovskii an
In summary, the positive sign, the order of magnitude, M. Polak, Elsevier Science Publishers V. B., 1991, p. 143.
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Ettingshausen coefficient, just as the other electrophysicdlN. F. Mott, in Proceedings of 4th International Conference on Non-
sumption that hopping conduction plays a dominant role and '"a"s Tech- Publications, 1977, p. 3.
that band states with energies above the mobility thresholdranslated by M. E. Alferieff
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SEMICONDUCTOR STRUCTURES, INTERFACES, AND SURFACES

Local neutrality and pinning of the chemical potential in IlI-V solid solutions: interfaces
and radiation effects

V. N. Brudnyi and S. N. Grinyev

V. D. Kuznetsov Siberian Physicotechnical Institute, 634050 Tomsk, Russia
(Submitted March 6, 1997; accepted for publication June 30, )1997
Fiz. Tekh. Poluprovodr32, 315—-318(March 1998

In the virtual crystal approximation the mole fractioX)(of the local neutrality leveE,,, :

Eni (X)ABC=XENS + (1— X)EES— CagcX(1—X) has been calculated in ABC solid solutions for

18 pairs of 1lI-V semiconductors. An interpolation formula is proposed for the nonlinear
coefficientCgc (in eV): Cage=—0.03+0.04Aa| + 1.4Aa|? as a function of the lattice mismatch
|Aa| (in A) for boundary compositions of the solid solutions. It is shown that the numerical
values ofE,,, obtained provide good agreement with the experimental values of the heights of the
Schottky barriers g and the limiting Fermi level positiong(,,,) in irradiated Ill-V

solid solutions. ©1998 American Institute of Physids$$1063-782@08)00703-(

Local neutrality in semiconductors is manifested in pin-by the band spectra of the crystal and does not depend on the
ning of the chemical potentigFermi leve) on the metal- work function of the metal or the nature of damage on the
semiconductor interface of a heteropair, on the surface, anidterface. Despite the large number of assumptions made in
also on its stabilization in the “limiting” positiorF|;,, in a  the derivation of expressiofl) and in subsequent numerical
semiconductor irradiated by high-energy particles. It is as<calculations of E,,, the accuracy of the metal-
sumed here that pinning of the chemical potential on intersemiconductor barrier heights and band discontinuities for
faces and in bulk defect-containing material occurs near thleteropairs in this model is several times higher than in the
level of local neutralityE,;, a concept that was formulated classical models of Schottky and Anderson.
by the authors of Ref. 1. Therefore, calculations of the en- A more rigorous expression for estimating the energy
ergy levelE,,, in semiconductors take on a level of impor- level E,;, which coincide with the chemical potential of the
tance for applied purposes, and the quarfgy itself is one  electrongholeg localized on the levels of the defect states in
of the fundamental characteristics of a crystal. the band gap of the crystal and which is based on the stan-

A model for estimatingds,,, in semiconductors has now dard approach for determining the chemical potential in sta-
been used extensivefyln this model the value of,, is tistical physics, was proposed in Ref. 3. Accordingly, the
found from the condition that the Green’s function of the standard condition for electron balance
crystal averaged over the unit cell vanish: E(N)—E(N—1)=E(N+1)— E(N)

D exp(ik-Rm) ‘: exp(ik-Rm) ‘ (1) was modified to the case where the total ener§iéN+1)
ik [En(K)=Eim]| | &k [En,(K) = Ein]| are found from the local electron and hole states located in
the band gap. The above relation corresponds to the condi-
tion of global neutrality in a solid body, wheg(N) is the

Here k is the Bloch wave vectom is the number of the

energy bandRym=(1/2)ma(110), m=1.23... ,a |s_the lat- total energy of a system df electrons, in accordance with
tice con§tant, anEnc(k) and E“U(k) are the energlgs of the the Bloch nature of the wave functions of free electrons. This
conduction band and the valence band, respectively. Equaglows one to obtain a new equation for determining the level
tion (1) is widely used to estimate the height of the Schottkygf |ocal neutrality in a semiconductor, which is different
barrierF,5 and the band discontinuity in heteropairs from Eq. (1)

AE,=EAC—EBC,
> [En (K)=Epm] ?=2 [Eq (K)—Ejn] 2 )

HereE A andEEC are the energies of the tops of the valence ek nyk
bands of the semiconductors AC and BC, respectively. In thgye ysed Eq(2) to estimate values df;,(=E,,) in iradi-

model of rigid pinning of the Fermi level to an interface, ated bulk semiconductors which are in good agreement with
structure and Ill-V compounds, it is assumed #gé=E;n;  materials? The calculated values @, obtained on the ba-
and sis of Egs(1) and(2) are in good agreement with each other
_ AC_ BC (Table .45
AEu_EInI EInI ’ : :
The present work addresses the problem of estimating
where the energy is reckoned from the leVg|,. It is sig- the dependenck,, (X) in IlI-V semiconductor solid solu-
nificant here that the quantit,,, is completely determined tions; hereX is the mole fraction of the solid solution. Such
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TABLE |. Calculated values of the level of local neutraliy, , the width of the band gaR,, and experi-
mental values of;,, andFgin C, Si, Ge and in Ill-V semiconductors. Values reckoned from the top of the
valence bandthe levell'g,).

Semiconductor Ey, eV Ejnis €V El . eV ES), eV Fim, €V Fps, €V
C 5.45 2.11 - 1.96 - 1.71

Si 1.20 0.41 0.36 0.39 0.39 03D.4
Ge 0.78 0.09 0.18 0.18 0.13 0.60.18
BN 7.99 4.18 - 4.34 - 3.10
BP 1.99 0.89 - 0.81 - 0.87
BAs 1.82 0.23 - 0.00 = -

AlP 2.48 1.10 1.27 1.20 - -
AlAs 2.24 0.83 1.05 0.88 - 0.96
AlISb 1.60 0.42 0.45 0.47 0.5 0.55
GaP 2.37 0.86 0.81 1.00 H®.2 0.94-1.17
GaAs 151 0.51 0.50 0.63 0.6 05D.62
GaSb 0.87 0.05 0.07 0.14 0.6D.05 0.070.1
InP 1.43 0.72 0.76 0.89 1.0 0.7#®.98
InAs 0.39 0.55 0.50 0.50 0.51 0.47
InSb 0.14 0.03 0.01 0.15 0.0 0.00

Remark Eﬁﬂ—our calculations based on expressi@h using the(100—spin—orbit functions obtained by the
EMP method;E;,—the same, but based on expressi@j] see Ref. 4. Experimental values;, —data of
Refs. 2 and 5 obtained using expressithand energy bands calculated by the SPW methqg:—limiting
posigigg of the Fermi level in the irradiated semiconductot$,s—height of the Schottky barriefAl and
Au).>>

calculations have not yet been carried out and to estimatg,,, on the lattice vector is quite weak. For example, for
E(X) the linear approximation is typically used together GaAs the valueEg;,(m=2)=0.52 eV andE,,(m=3)

with boundary compositions of the solid solutions. =0.50 eV; therefore, for the final value Bf,,, we took their
We used Eq(1) to calculateE;,, in semiconductors, but mean valugTable ).
recalculated the values &, for the investigated materials For InAs the energy levdt,,, falls in the continuum of

since the authors of Ref. 2 used insufficiently accurate crystdhe conduction band; therefore, to enhance the accuracy of
band spectra, obtained by the method of summed planthe calculations we used 29 special points generated by the
waves(SPW), for which the error in the calculation of the extended unit cell methodWe applied the procedure of
interband gaps reaches about 1 eV. This necessitated subseaoothing the Green’s function with a Lorentzian with
guent “improvement” of resulting values by rigidly shifting broadening equal to 0.2 eV.
the conduction bands relative to the valence bands until rea- Our values ofg,,,, and also the values from Refs. 2, 4,
sonable values of the interband gaps were obtained. Thiand 5, together with experimental data for the heights of
procedure is not unique and is realized by fitting the calcuSchottky barriers, s based on Al and At® and values of
lated values to the experimental values. In addition, the= in irradiated bulk semiconductofs,and also calculated
spin—orbit splitting of the valence band was taken into acvalues of the minimum width of the band gd&p for the
count in this work semi-empirically. All this puts in doubt investigated materials, which illustrate the goodness of the
the predicted capability of using E¢l) to estimateE;,, in band spectra used in the calculationsEpf;, are presented
semiconductors. in Table I. The energy levels are reckoned from the top of
In our calculations we used band spectra obtained by ththe valence bandthe levelT'g,) since in the investigated
empirical model pseudopotentidEMP) method, which pro- materials these bands are similar. The experimental values of
vides accurate estimates of the energy of interband gaps d¥;,, andF,5 were obtained at temperatures near room tem-
average not worse than 0.1 €Ref. 4, which enables us to perature, with the exception of InAs and InSb, and the cal-
obtain values of), in the investigated materials without culated values of,,—at O K. To adapt the theoretical to the
any subsequent fitting procedures. In the calculatiors; gf  experimental data, we calculated the temperature dependence
we allowed for 100 spin—orbit interactions, and in the calcu-of E;,, for two compounds: InAs and GaAs. We showed that
lation of the integrals over the Brillouin zone we used thein the temperature interval-0300 K the temperature deriva-
method of special poinfsFor semiconductors in which the tive (JE;, /dT)<—10* eVIK; i.e., the temperature correc-
level of local neutrality falls in the band gap we used 10tion is found within the limits of accuracy of the calculations
special points to calculatg,,, . To monitor the accuracy of of E,, itself and, consequently, the level of local neutrality is
the results so obtained, we compared them for the case @ssentially “stuck” to the top of the valence band as the
GaAs with the results of a calculation based on the bandemperature of the material varies. This allows us to use the
structure calculated on a fine grid krspace(about 150 obtained calculated values for comparison with the experi-
points in the irreducible part of the Brillouin zoneand found  mental valuegTable ). When necessary, in the case of small
good agreemen(at the level of 0.02 eYwith the value of values ofE,,,|, as in InSb and GaSb, temperature corrections
E,, calculated using 10 special points. The dependence afan be taken into account.
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TABLE II. Calculated values of the nonlinearity coefficie@hgc [eV] in expression(3) for IlI-V solid

solutions.

Semiconductor AlAs GaAs InAs AlIP GaP InP AISb GaSh InSb
AlAs 0 —-0.02 0.22 —-0.02 - - 0.44 — —
GaAs —0.02 0 0.20 - —0.02 - - 0.22 -
InAs 0.22 0.20 0 - - 0.04 - - 0.24
AlP -0.02 - — 0 -0.10 0.24 0.62 — —
GaP — -0.02 - —-0.10 0 0.22 - —

InP — - 0.04 0.24 0.22 0 — - 0.52
AlSb 0.44 - - 0.62 - - 0 0.00 0.26
GaSh - 0.22 - - 0.52 - 0.00 0.00 0.10
InSh - - 0.24 — - 0.52 0.26 0.10 0

We used values @, for boundary compositions of the lar calculational formula for the energy gaps of the band
solid solutions in calculations of the dependemgg (X) in structure of the solid solutions of IlI-V compounds
[lI-V semiconductor solid solutions. Various interpolation (Ref. 12.
schemes are widely used to describe the dependence of vari- The results of our calculations, presented in Tables -1l
ous parameters on the mole fractiod)(of the solid solu- and expressed in Eg&) and(4) can be used to estimalffg g
tions. In this context such parameters as the lattice constarand AE, in solid solutions of the investigated semiconduc-
the density of the material, the elastic constants, and the dters. For example, a comparison of the calculated values of
electric constant obey \gard's rule, whereas the energy pa- E;,;(X) and the experimental dath,g(X) for the well-
rameters of the band spectrum, such as the width of the bargtudied solutionGaAl)As, in which the level of local neu-
gap and the ionization energy of the impurity levels, aretrality is found in the band gap for all values Xf and for a
characterized by a quadratic dependence on the molsolution with peculiarities, lfGa _,As, in whichE,,, falls in
fraction1® The dependencg,,, (X) for solid solutions has so the region of allowed energies of the conduction band for
far not been examined; therefore, besides the boundary con%<0.25 (at 300 K, shows reasonable agreement between
positions of the solid solutions we also calculateg, for  theory and experiment
equimolar concentrationsX(=0.5) in the virtual crystal ap- The calculated values dE;,(X) can also be used to
proximation using Vgard's law for the lattice constant. For estimateF,(X) in irradiated solid solutions and, conse-
solutions with isovalent substitution the virtual crystal modelquently, to predict their electronic properties after irradiation
provides a satisfactory description of the concentration dewith high-energy particles. Thus, according to the model
pendence of the band spectrdfnOn the basis of the ob- data, InGa,_,As solid solutions upon radiation treatment
tained data we propose a quadratic interpolation formula foshould acquiren®-type conductivity forX<0.25 and be-
the dependencEﬁC(X) in the investigated solid solutions come highly resistive foK>0.25, while(GaAl)As-based so-
lution becomes an insulator over the entire composition
range. Note that despite the large number of studies of radia-
tion effects in semiconductors, there are practically no direct

EmC(X)=XEN+(1-X)ERf—CagcX(1-X). (3

Here Cgc [eV] is the nonlinearity parameter, whose values
for the investigated pairs of solid solutions are given in Table

II. A direct check of Eq.(3) for intermediate values oK

against exact calculations shows that the quadratic depen- 0.8
dence with the coefficienCgc from Table 1l describes
Eini(X) in the entire region of compositions with an error not

greater than 0.02 eV. From this table it follows that the linear 2 0.6

approximation can be used for a limited number of solid ]

solutions, such agGaAl)As, Al(AsP), GaAsP), (AlGa)Sh, S 04

and some others, while in the remaining cases it is necessary o

to use the general expressi(B). i 0.2
We analyzed the connection between the nonlinear coef- Q

ficient Cpgc and the lattice mismatch parametdm| for the <

boundary conditions in the investigated solid solutions and o
obtained the following interpolation formula:

CABC:_OO3+ OO4Aa|+14|Aa|2, (4) -0.2 o.lza olw a.lﬁo

which can be used for approximate estimatesEgf;(X) Ao, A

from the boundary values @&, and for other pairs of solid ;1 ¢, elation between the nonlinearity coefficiengc (eV) (Table

SO|Uti_0n_3 of the giver_1 group of compogn@me Fig.. X he_re_ I) and the lattice mismatch parametfdra| (A) for the boundary composi-
|Aa| is in A. Expressior(4) agrees qualitatively with a simi- tions of the I1-V solid solutions. The solid curve corresponds to @.
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TABLE Ill. The notation is given in Fig. 1. in the construction of energy diagrams of the Schottky bar-
riers and heteropairs, including quantum wells based on solid

Semiconductor Symbol . . .

Y solutions of 1lI-V semiconductors. Here the corrections as-
Al(AsP) a sociated with charge redistribution on the interface should be
Al(PSH b taken into account, as well as deformation effects for semi-
Al(AsSh ‘ conductor pairs with large values pfa|
GaAsP) d Ctor p 9 _ o
GaPsh e This wo_rk was carried out_wnh the partlgl support of the
GaAsSh f grants “Universities of Russia” and “Basic Research in
In(PAS) g Nuclear Engineering and the Physics of lonizing Radiation
In(PSh h Beams.”
In(AsSh i
(AlGa)P k
EEIT:;)IE Im 1C. Tejedor, F. Flores, and E. Louis, J. Physl@ 2163(1977.
AlGaIA 2). Tersoff, Surf. Sci168 275(1986.
(AlGa)As n 3V. E. Stepanov, ilfNew Materials for Electronics Technolodin Rus-
(GalnAs o siarl, ed. by F. A. KuznetsoyNauka, Siberian Branch Acad. Sci. USSR,
(Alln)As P Novosibirsk, 1999 p. 26.
(AlIGa)Sh q 4V. N. Brudnyi, S. N. Grinyev, and V. E. Stenanov, Physic2R2, 429
(GalnSb r (1995.
(Alin)Sb s 5J. Tersoff, J. Vac. Sci. Technol. & 1066(1986.

6D. J. Chadi and M. L. Cohen, Phys. Rev.885747(1973.

"R. A. EvarestovQuantum-Chemistry Methods in Solid State Theéhsn-
ingrad University Press, Leningrad, 1982

8S. M. Sze Physics of Semiconductor Devicasiley, New York, 1969.

. on
experimental studies of, in their solid solutions at 10\5/' Eafcrﬁid'}“x;;i \;uhzycgéngka%%SM(lQS@.

present; th?reerey the above calculationsEgfi(X) are of 115 N. Grinyaev, S. G. Kataev, and V. A. Chaldyshev, Izv. Vuzov. Fizika
great practical importance. 29, 15(1986. ‘ N

In conclusion, we note that studies presented here Caﬁv. A. Chaldyshev and S. N. Grinyaev, Izv. Vuzov. FiziR&, 38 (1983.
find use in predictive estimates of the electronic properties of P. Vogl, Adv. Electron. Electron Phys2, 101 (1984.
irradiated semiconductors and their solid solutions, and als@ranslated by Paul F. Schippnick
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Additional electronic conduction has been observed along the block boundaries in mdgaé&
Cd,Hg, _,Te crystals. Conduction along block boundaries is two-dimensi@ial in one

group of samples and three-dimensio(&D) in another group. The main parameters of the 2D

and 3D channels—electron density cyclotron mass, relaxation time, and mobility—were
determined by analyzing the Shubnikov—de Haas oscillations. In strong magnetic fields at liquid-
helium temperatures conduction occurs mainly along a network of conducting channels at

block boundaries. The resistance of such a network of 2D channels #1256 0.5 mn? sample
equals approximately 11Q and is virtually temperature-independent. 1®98 American

Institute of Physicg.S1063-782608)00803-3

1. INTRODUCTION In the present work, direct measurements confirming the
existence of conducting electronic channels at block bound-

Cd,Hg;_«Te (CMT) narrow-gap semiconductors are aries were performed by means of an analysis of SdH oscil-

widely used for fabricating infrared photodetectors. Asidelations. The parameters of the electronic channels—electron

from their importance for applications, the low effective density, cyclotron mass, and mobility—were determined and

mass of these crystals makes them unique objects for invethe character of the conduction was also established—in

tigating the fundamental physical properties of electrons in @ome cases conduction along the block boundaries is of a

crystal. The electronic energy spectrum of CMT is quitetwo-dimensional2D) character and in other cases it is of a

complicated. The study of transport phenomena is an importhree-dimensiona{3D) character. It is shown that the con-

tant method for determining the electronic energy spectrumductivity along the channels is comparable to the volume

However, the investigation of transport phenomena in CMTconductivity of the crystal at liquid-helium temperatures.

is far from a simple problem because of the presence of a

large number of electrically active intrinsic point defects due

to deviation from the stoichiometric composition, which in 2. SAMPLE PREPARATION. X-RAY AND METALLOGRAPHIC

turn largely depends on the technological process used {BVESTIGATIONS

grow the CMT. In this connection, a great deal of attention |t is well known that CMT single crystals have a large
has been devoted in the literature to the study of the propefumber of small-angle boundaries, forming the mosaic struc-
ties of point defects in these crystals and the effect of thesgure of the crystal. The presence of block boundaries is due
defects on transport phenomehd.Their electronic proper- to the characteristic features of the technology used to grow
ties of extended defects, such as small-angle and blocRMT single crystals and the specific nature of the physico-
boundaries, have received less attention. The important roléhemical properties of CMT alloys. The volatility of mercury
of block boundaries in the mechanism of conduction in CMTplays an important role. The excess Cd or Te arising for this
was first pointed out in Ref. 5, after which investigations inreason can lead to concentration supercooling near the crys-
this direction were elaborated in Refs. 6 and 7, where it igallization front and to the formation of cellular or mosaic
shown that conduction along block boundariespftype  structure. The appearance of dislocations and a mosaic struc-
samples can lead to anomalous transport phenomena. Howire in a crystal gives rise to a low value of the critical shear
ever, it should be noted that the conductivity along blockstress for the appearance of dislocations in CMT. This leads
boundaries irp-type crystals was determined indirectly. This to the generation of dislocations by the thermoelastic stress
is because ip-type samples, which the indicated studiesfield near the crystallization frorit.

involved, the conduction channels are only slightly filled CdHg; _,Te ingots were grown by a modified vertical
with electrons and it is impossible to observe them directlyzone melting methdd*from prepurified components of the
However, inn-type samples the conduction channels at thesolid solution. The modification consisted of the fact that the
block boundaries are completely filled and the electron gas icell with the growing crystal was rotated at a rate of 2—60
them is degenerate, so that measurements can be performguin and was tilted at an angle of 0—60 °C. The growth rate
directly, for example, according to the Shubnikov—de Haasvas equal to 0.035 mm/h with temperature stability of no
(SdH) oscillations® worse than=0.25 °C. The grown single crystals were cut
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Barrier for holes

FIG. 2. Band diagram of electronic states at a block boundary. In-ype
semiconductor(@ the electrons completely fill the potential well; in the
p-type samplgb) there are very few electrons in the conduction channel.

FIG. 1. Mosaic structure of G#lig, ,Te crystal. Photograph of a surface
pretreated by selective etching;67 magnification.

into disks perpendicular to the direction of growth. After The samples possessed current and two pairs of potential
mechanical and chemical polishing the disks were annealecbntacts. The ohmic contacts were deposited with a low-
in mercury vapor for 15—20 days in order to approach stotemperature solder based on Bi and In. Au from a water
ichiometry. The annealing regimes were selected in accorsolution of gold chloride was deposited beforehand on the
dance with the composition of the disks, which was detercontact pads. The pads were 0.1 mm in size. We investigated
mined from measurements of the transmittance near th€d,Hg,_,Te samples withx=0.13—-0.19 in semimetallic
intrinsic absorption edge or by x-ray microprobe analysisand semiconductor phases with electron density
After annealing the disks were again checked for uniformityn= 10— 10 cm™2 at liquid-helium temperatures and with
of composition along the diameter. Samples in the form ofmobility w=10°—10° c?/(V - 9).
6x 1.5xX 0.5 mn? parallelepipeds were cut out of the central It is well known'? that small-angle boundaries and block
regions of the disks, which were subjected beforehand tdoundaries are dislocation walls. In crystals with a partially
preliminary galvanomagnetic measurements by the van dédonic bond, which CMT alloys are, the dislocations become
Pauw method at 296 and 77 K. charged. The charge of a dislocation is determined by which
To reveal the structural features of the material, such agype of bond is unsaturated in a specific case. Experimental
the dislocation density and the presence of blocks and smalinvestigation®'*indicate that dislocations in CMT crystals
angle boundaries, the crystals were subjected to x-ray crygerm donor-type levels. The accumulation of charge disloca-
tallographic and metallographic investigations. The x-raytions on block boundaries leads to the formation of two-
crystallographic investigations were conducted by the Berg-dimensional space-charge layers and to bending of the con-
Barret topographic analysis method. The topograms made duction band bottom, as well as to the possibility of
possible to reveal small-angle boundaries and blocks, the digermation of conducting channels on the block boundaries.
orientation angles between which ranged from several angurhe degree of bending of the conduction band bottom or, in
lar minutes to 10 angular seconds. The arrangement of thether words, the depth of the potential well on a block
angular boundaries depends on the direction of growth of thboundary depends on the dislocation charge and on the dis-
ingot. In (CdHgTe crystals grown in th€l11] direction the  orientation angle between neighboring blocks. Depending on
small-angle boundaries lie in thrd@00 planes parallel to the values of these parameters,'3mr 2D conduction
the growth axis of the crystal. Ordinarily, mosaic structurechannels can arise on the block boundaries in the crystals.
arises in single crystals possessing a high dislocation densiffhe experimental samples can be divided into two groups
of the order of 186 cm™2. The dislocation density was deter- accordingly: with 2D or 3D conduction along block bound-
mined by counting etch pits. Figure 1 shows photographs o#ries. The character of the conduction and also the density of
the surface of a crystal, preetched with a selective etchanhoth groups of electrons can be determined by analyzing the
with (111) orientation. The dislocation density was equal toSdH oscillations in bulk and thin sampl&&or such inves-
approximately 18 cm™? within the confines of the blocks. tigationsn-type samples are most suitable, since the Fermi
The dimensions of the blocks lie in the range 50—400. A level ¢ , in these samples lies above the conduction band
rough calculation of the number of dislocations per unitbottom. In this case both 2D and 3D channels are completely
length givesNp=10* cm 1. The value ofNp is related to filled with conduction electrongsee Fig. 2a Conduction
the disorientation angle # by the relatioh®> channels inp-type samples are much less filled with elec-
Np=1/D=(2/b)sind/2, whereb is Burgers vector, an® is  trons, since the Fermi level , in this case lies below the
the distance between the dislocations. For our crystals thigalence band togFig. 2b. In the latter case the block
relation is satisfied withd~10', i.e., for the maximum boundaries become potential barriers for holes, the sample
angles obtained from the x-ray crystallographic investiga-becomes strongly nonuniform, and conduction is of a perco-
tions. lation charactet’
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FIG. 3. Derivativedp, /dH versus the transverse magnetic field versus the

magnetic fieldH for CdHg,_,Te samplesi—bulk, 2, 3—thin layer.H
orientation:2—parallel to the surface of the laye3—perpendicular to the z

surface. Layer thickness gom, x=0.185,T=4.2 K. o .
Y o FIG. 4. Schematic diagram of 2D and 3D electronic channels on the block

boundaryDD' in a thin layer of CgHg; _,Te: n—normal to the plane of a
2D channel. The hatched region represents the cross section of a 3D chan-

3. TWO-DIMENSIONAL CONDUCTION ALONG BLOCK nel; p—angle between the normal and theaxis; J—direction of current
BOUNDARIES flow.

Samples exhibiting 2D conduction along block bound-

aries were prepared from crystals with the minimum volumeyjj| be oriented perpendicular to the film surface. This is
electron densityn=1.4x10" cm"® and with a relatively pecause the sample is oriented, as was mentioned in the first
low electron mobilityu=1.05<10° cn?/(V-s) at T=4.2 K. section, in a manner so that the plane of the film is perpen-
The density of both groups of electro(@D and 2D ina  djcular to the direction of growti111] and the extended
n-type sample can be determined and the two-dimensionalitygundaries are arranged mainly paralle[1@1] (see Fig. 4,
of conduction along block boundaries can be ascertained byt they are oriented in a arbitrary manner in theplane
analyzing the SdH oscillatiorfsFigure 3(curve 1) shows a  (the anglee in Fig. 4). If the magnetic field is oriented
curve of the derivative of the transverse magnetoresistanc&erpendicu|ar to the surface of the film, then it will not give
dp, I9H for samples withx=0.185. The SdH oscillations at rise to quantization in the channels, since in this case the
H=1.5 kOe correspond to the bulk value of the electronchannels are oriented parallelib(curve3). However, if the
densityn=1.4x10"* cm™®. Oscillations ofdp, /6H, barely  magnetic field is directed parallel to the surface of the film,
distinguishable at the maximum sensitivity of the apparatusghen for a random orientation of block boundaries, some
can be seen in fieldd>10 kOe(curvel). These oscillations  poundaries will be oriented perpendicular to the fixed direc-
are due to quantization of the electron gas in the 2D channelfon of the magnetic field and they will make a contribution
at the block boundaries. The very small amplitude of thesgg the oscillatory pattern, whereas the oscillations from the
oscillations is explained by the fact that only relatively few remaining channels, which are tilted at different angtes
boundaries are perpendicular to the given direction of theyi|| extinguish one another. This can be easily verified by
magnetic field and quantization of electron motion occurs ilhveraging the oscillatory part of the 2D magnetoresistance
them. Twice as many boundaries are oriented parallél;to  — cos(2rer /iw,) over the anglep. This procedure is similar
quantization along the magnetic field does not occur in themyy integrating over the longitudinal quasimomentum when

they possess a lower resistance, and they shunt the channglfculatingp, (H) in the 3D casé® Averaging gives the ex-
that give oscillations op, (H). The shunting effect of the pressjon

indicated portion of the channels can be eliminated by de-
creasing the thickness of the samples to less than the average

block size. _ 0| g3 [ fiwg
Curve 2 in Fig. 3 shows a tracing ofip, /oH for a {pr)e=p1 ™ 2meg

65 um-thick layer obtained from a bulk sample, which had
been mechanically polished and chemically etched. C@rve

corresponds to the case whétes parallel to the surface of 2mep
a thin layer, and curv@ was obtained for a perpendicular ho, 4 T
orientation. The oscillations in cunZhave the characteris- XTGXF{ - w—CT) ' 1)
tic form for the magnetoresistance of 2D channels, where sinl-( P )
Cc

electrons fill several quantum-well subbands. The anisotropy
of the oscillatory pattern as a function of the orientatiotdof whereegr is the Fermi level of the 2D gaqa,f is the mono-
and the appearance of the oscillations can be explained a@snic component of the magnetoresistaneejs the 2D-
follows. When the thickness of the sample decreases to electron pulse relaxation time, amg.=eH/mc. As one can
monolayer with respect to the blocks, almost all boundariesee from the expressidf), averaging has decreased the am-
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equals 11Q2, which is comparable to the volume resistance

50 Q) of the sample. It is obvious that the resistance of the
1 network depends strongly on the average block size. As the
2 latter quantity decreases, the resistance of the network also

decreases, since the number of 2D channels connected in
J . . L.

parallel increases. For example, if the characteristic block

size is 10Qum, then the resistance of a network consisting of

ap, /0H,arb. units

2D channels will equal 39).
4 A real sample is not such an ideal model with cubic
blocks. The network consisting of the block boundaries com-
0 m 20 prises a structure consisting of flat channels with joints and
H,k0e random discontinuities of the planes. The conductivity of
such a structure is described by percolation theory. This ex-
plains the static character in the observation of the anoma-
lous properties of CMT crystals for different samples as well
as the dependence of these properties on the geometric di-

plitude of the oscillations, just as in the 3D case, by themensmns, as was observed in Ref. 20. As the thickness of

factor \2mep I we. Thus, it follows from Eq.(1) that, as the sample decreases, the three-dimensional network trans-
. . - . . forms into a two-dimensional network. Since the critical ex-
observed in the experiment, the oscillation picture for iden-

tical 2D channels remains unchanged as the direction of thgon.ent Of. the appearance of a connected conduct|.ng cluster
g C ' 15 higher in the 3D case than in the 2D c&5as the dimen-
magnetic field varies in the plane of the film.

The dependence of the frequency of the SdH oscillationS1°NS of the sample decrease, a discontinuity can appear in a

: conducting cluster. As a result, the conductivity can decrease

on the angled (Fig. 5 between the normal to the surface of brupthy? o it h p ~into b-t )
the layer and the direction of the magnetic fieldserves as abruptly -or it can change from- into p-type or vice versa.
proof of the two-dimensionality of the electron gas at the
block boundaries. The frequency of the SdH oscillations de; pHoTOTHERMOMAGNETIC EFFECT IN 2D CHANNELS
pends on the angl@ in accordance with the variation of the
normal component, with respect to the 2D channel, of the = Two-dimensional channels in CMT crystals can be ob-
magnetic fieldHsing, confirming the two-dimensional char- served and investigated not only according to the SdH oscil-
acter of electron motion on the block boundaries. lations but also by a different, independent method—

Analysis of the oscillation pattern makes it possible toaccording to oscillations of the photothermomagnetic
determine the main parameters of a 2D channel. The electrdff TM) emf.

FIG. 5. Amplitude of SdH oscillations in a thin layer of gth, ,Te (same
as in Fig. 3 for different anglesy: 1—0°, 2—52°, 3—62°, 4—90°.

density in the 2D subbands can be fotitfdom the period of Let microwave radiation be incident on the top boundary
the oscillations ofgp/dH in terms of the reciprocal of the of a thin layer in manner so that the wave vedtas parallel
magnetic fieldA;(1/H): to thez axis(see Fig. 4 The damping of the electromagnetic

wave in the sample results in the appearance of a gradient
n=e/mcha;. 2) V.6 of the electron temperature in the 2D channels. If the
Analysis of the oscillations gives the value magnetic fieldH is directed perpendicular to the plane of a
of n: nyg=8.2x10" cm? in the main subband and 2D channel and therefore also to the gradient of the electron
n;=4x 10" cm™ 2 in the first subband. The oscillations from temperature, then a photothermomagnetic figjcand a cor-
higher subbands are smeared, making it impossible to fincesponding emf appear in a direction perpendiculaV {6
the corresponding densities. The electron cyclotron massesd H.?? Physically, this is the Nernst—Ettingshausen effect
in the subbands can be found from the ratio of the amplitudesn hot electrons. Just as in the case of the SdH oscillations, a
of the oscillations for fixed values of the magnetic field butrandom orientation of the channels in the plane(the angle
different values of the temperatures. P& 4.2 K, in addition ¢ in Fig. 4) decreases the amplitude of the oscillations by a
to the dependendgurve 2 in Fig. 3), measured at =4.2K,  factor of V27eg/fh w.. The oscillations of the PTM emf are
we have accordingly measured the dependedpesoH at  of the same nature as the SdH oscillations. However, in con-
T=2.5 and 1.67 K. Calculation gives the cyclotron massedrast to the latter, the PTM emf does not have a constant
my=0.046n, and m;=0.041m,, where m, is the free- componentatH=0 the PTM emf likewise equals zgrd-or
electron mass. The relaxation tirfratio of the amplitudes at this reason, the PTM effect is a more sensitive method for
different values oH) 7~1.5x 10 12 s was also determined investigating the electronic properties of a crystal.
by analyzing the SdH oscillations. The parameters obtained The experimental thin sample of-CdHG;_,Te, cut
make it possible to calculate the electron mobility in a chan4nto disks withx=0.185, was inserted into a waveguide in a
nel u=6x10* c?/(V - s) and the resistivity of a 2D channel manner so that the wave vectkr of the electromagnetic
po=83 Q. From these data it is possible to estimate thewave was oriented perpendicular to the surface of the thin
resistance of the network consisting of 2D chanrfeleng layer (see Fig. 4 The frequency of the incident radiation
which current flows in a 6x 1.5x0.5 mn? sample with an wasf=136 GHz and the powd?=10 mV. The sample was
average block size of 20@m. Assuming that the blocks in irradiated in a pulsed regime in order to avoid heating the
the sample are cubic, the resistance of a such a netwomnkystal lattice of the sample. Figure 6 shows the photother-
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FIG. 6. Photothermomagnetic em¥, versus magnetic fieldH for
CdHg,_,Te samples:1—bulk, 2—thin layer with 2D channels. Layer
thickness 65um, x=0.185,T=4.2 K.
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momagnetic emf Signa}'p= E.| versus the magnetic field ( FIG. 7. Transverse magnetoresistapceversus magnetic fielth for a thin

is the lenath of the sampIeTry1e oscillations oW have the layer of CdHg;_,Te with 3D channels for magnetic field orientatioHs
. 9 X i p e relative to the direction of the normal to the plane of the layerl, 3—

typical form for 2D systems in which electrons fill several j;n: 2 4—H | n. Curves3 and4—initial sections of the curves and2,

subbands. Theoretical analysis of the photothermomagnetiespectively. Layer thickness 10gam, x=0.13, n=2.1x10"® cm3,

effect (Nernst—Ettingshausen effécthows?® that the oscil-  mM=5.4x10"?m,, T=4.2 K.

lations of Vp are determined by the oscillations of the de-

rivative of th? density of state_s of the 2D gas W't.h respgct tOsity of unsaturated bonds of dislocations is much higher than
the Fermi energy in a magnetic field

Vp~ g/ deg~gosin(2meg lhwy). The oscillations ofVp in the donor density per unit lengtNp, the well width can

Fig. 6 are more informative than cunzin Fig. 3. This reach the siz€ of a block. . ,
. ; . Lo Thus, in more perfect crystals charge carriers will accu-
makes it possible to determine the electron density in all

subbands. Using Ed2), we find the electron density in the mqlate in the pqtentlal vyell$3D channel}s forming a non-

. . uniform conducting medium. Just as in the case of 2D chan-
2D channels in the ground and three excited SUbbandsﬁels a unique classical magnetoresistance size-effect should
ng=0.7ns, n;=0.1%M, n,=0.0%, and ny=0.04;,  auniq g

P . be expected to appear as the thickness of the sample de-
where ng=2.7x10'2 cm™? is the total surface density of P 10 app amp
electrons. creases to dimensions less than the average size of the

Thus. the existence of 2D channels can be Conﬁrme(§)Iocks. Indeed, for bulk samples the transverse magnetore-

independently by investigating the PTM e, §|stancg does not depend on the orientation of the magnetic
field H in a plane perpendicular to the current. Magnetore-

sistance anisotropy arises as the sample thickness decreases
to sizes less than the average block e Fig. 7. This is
because in a thin sample an isotropic three-dimensional con-
ducting cluster becomes a two-dimensional cluster. Hor

In more perfect CgHg, _,Te crystals, not only are fewer oriented perpendicular to the plane of the thin layer, the mag-
small-angle boundaries observed but the disorientation angleetic field will be directed perpendicular to the current in all
between neighboring blocks is also smaller. The depth of theections of current flow; i.eH1J everywhere. However, if
potential well, which determines the character of the localH is oriented parallel to the plane of the layer, then for an
ization of electrons at the block boundary, depends on mangqually probable distribution of directions of the block
parameters that characterize the dislocation structure of theoundaries in the plane of the film the caéeJ materializes
boundary and the corresponding Cottrell atmosphéHow-  in approximately half of the current flow paths and the case
ever, the main parameter is the disorientation angle betweed | J materializes in the other half. For this reason, a mag-
neighboring blocks forming a boundary. The depth andnetoresistance anisotropyp, /Ap=2 will be present in
width of the potential well increase with the disorientation strong magnetic fieldgy,7> 1, as happens in the experiment
angle between the block8.This gives rise to a variance in (Fig. 7, curvesl and?2).
the parameters of the potential wells. This results, first and It should be underscored that the 3D channels forming
foremost, in the broadening of the SdH oscillations in the 2Dalong dislocation wallgblock boundariespossess an intrin-
channels and, second, in the fact that for small disorientatiosic conductivity anisotropy in the case of current flow along
angles(the most perfect crystalshe depths of the potential and across a dislocation wafl.An enriched 3D channel is
wells may not be sufficient for a 2D gas to form. In this caseshown on the sectioDD’ in Fig. 4. The conductivity an-
enriched three-dimensional conduction channels will arisésotropy is due to the nonuniform structure of the channel.
along the block boundaries. The width of a channel depend¥he dislocation wallDD’ separates the channel into two
on the majority carrier density in the semiconductor, the dissymmetric parts in the direction of the vector(normal to
orientation angle between the blocks, and the degree of fillthe surface of the channelThe effect of such a channel
ing of the unsaturated bonds of edge dislocations, formingtructure is that the properties of the channel are isotropic in
the block boundaries. In view of the fact that the linear den-a plane perpendicular to, whereas the channel is strongly

5. THREE-DIMENSIONAL CHANNELS AT THE BLOCK
BOUNDARIES
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FIG. 8. Anisotropy of SdH oscillations in a thin layer of Eth, ,Te with
3D channels for magnetic field orientatioHsrelative to the direction of the
normaln to the plane of the layer: 141 n; 2—H | n. Layer thickness 30
um, x=0.14, n=5.4x10" cm 3, m=4x103m,, u=10° cn?/(V-9),
T=4.2K.

nonuniform alongn as a result of the nonuniform distribu-
tion of the potential in this direction. In addition, an electron
moving alongn crosses the dislocation wall. As a result of

the indicated channel nonuniformity, a relaxation time an-

such a structure consisting of conducting channels is isotro-
pic with respect to the direction of the magnetic field in a
plane perpendicular to the current. Anisotropy of the trans-
port and high-frequency properties as a function of the direc-
tion of the magnetic field appears in samples with thickness
less than the average block size.

In closing, we note that the conduction channels on
block boundaries can strongly influence not only the trans-
port properties of CMT crystals but also other properties,
such as the photoelectric properties. Specifically, we call at-
tention to studies of the relaxation time of photoconductivity
in CMT. As note in Refs. 17 and 26, besides the usual char-
acteristic relaxation timerg, photoelectrons with lifetimes
100 times longer tham, were also observed. Such transi-
tions in all probability could be associated with photoelec-
trons that became localized in a 2D well and then tunnel into
the valence ban¢recombing, overcoming a substantial po-
tential barrier of the order of;, as shown by the wavy line
in Fig. 2b. This barrier is the factor that substantially in-
creases the recombination time of photoelectrons.

We express our appreciation to Eal'yanski for pre-
paring the samples and for participating in the investigation
of their structure.
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Heterojunctions were obained by mechanical clamping of anodiee&i€ wafers to wafers of

layered IlI-VI semiconductornSe and GaSeat 300 K. On account of the high degree

of perfection of the cleavage surfaces, a strong and quite perfect electrical contact is formed. The
photo-emf spectrum of the heterojunctions has the form of a wide band. The long-

wavelength edge of this band is due to the narrow-gap component and the short-wavelength edge
is due to the narrow-gap component and the short-wavelength edge is due to absorption in

SiC. © 1998 American Institute of Physids$51063-78208)02403-X

During a study of the possibilities of anodic etching of in direct contact with layered 111-VI semiconductors — InSe
silicon carbide it was discovered that under certain condiand GaSe. For these substances, the property of forming per-
tions layers cleaving in thé0001) plane in the form of thin fect cleavage surfaces has been known for a long time and is
wafers with mirror-smooth surfaces and lattice parameterattributed to the fact that van-der-Waals forces act between
corresponding to the initial material are formed on the surthe layers’ This made it possible to obtain thin wafers with
face of @4-SiC wafers! However, even the first investiga- perfect(0001) surfaces for heterostructures of InSe and GaSe
tions showed that the physical properties of these layers amrystals®’
different from those of the initial bulk crystal. Specifically, it Electrically homogeneous-InSe single crystalgresis-
was established in Ref. 2 that, just as in the case of porousvity perpendicular to the layers, =10—10° Q-cm, elec-
silicon? layers obtained in this mannéiayers of anodized tron densityn=10"-10"* cm2 at 300 K and n-GaSe
silicon carbid¢ are characterized by a reproducible increaseg(p, =10*—10° Q-cm, electron densityn=10" cm 3 at
(by up to a factor of 3pin the efficiency of photolumines- 300 K), which were specially not doped and were grown by
cence without large changes in its spectral distribution. Thishe method of directed crystallization from nearly stoichio-
can be used in devices for short-wavelength luminescenceetric melts with a vertical arrangement of the quartz cru-
electronics. In the present paper we report the results of theible, were used to produce the heterostructures. The wafers,
first investigations of the photosensitivity of heterostructuresobtained by cleaving in air, with mirrg0001) surfaces were
produced by joining via an optical contact wafers of anod-20-50 um thick. To produce heterostructures from the
ized SiC with the cleavage surfaces of layered IlI-VI semi-lll-VI material and SiC, each wafer was fitted with an ohmic
conductors — InSe and GaSe. contact on one side while the other side was used to make a

Wafers of 64-SiC, grown by the Lely metho8iwith contact with another wafer. A special holder was used to
(000Y) crystalline orientation and free electron density of theobtain uniform mechanical clamping of the wafers to one
order of 188 cm™2 at T=300 K were used to obtain the another over the entire area. After the pressure was removed,
anodized silicon carbide. The initial crystals possessed a higtine InSe or GaSe wafer remained in close contact with SiC
hardness typical for SiC; scratching with corundum did notand approximately the same force as that for cleaving the
leave any tracks on their surface. After these crystals werdl-VI wafers themselves from the ingot was required to
etched in the mixture 2HF+ 3C,HsOH + 0.1HNO; (the  separate them. This shows that quite stable InSe/SiC and
volume fractions are indicatedor 40—120 min with current GaSe/SiC contacts were obtained. Crystallographic polarity
densities 20-120 mA/ctnat room temperature, a gold- had no effect on the procedure for forming such a contact.
colored region formed on their surface. In some cases sepa- A photovoltaic effect is produced when the heterostruc-
ration of the anodized layer was observed and transparemires are illuminated. The effect is stronger when the SiC
colorless wafers floated up to the surface of the etchant. Iside is illuminated. The sign of the photovoltage does not
most cases, however, after etching wafers with perfect mirrodepend on either the energy of the incident photons or the
faces and average dimensions of 4x 0.05 mn? could be  location of the light prob&l mm in diameteron the surface
cleaved from the surface of the bulk crystal with a metalof the structures. This shows that the photoeffect is due to
needle. The thicknesses of these wafers were further dehe fact that in such structures there exists only one active
creased by splitting them under a microscope with a sharpegion separating the nonequilibrium carriers. To determine
blade. In this manner we were able to obtain a wafer down tahe relative quantum efficiency of the structures the pho-

10 wm thick withno microcleavages anywhere on the sur-tovoltage was measured on the linear section of the voltage—
face. The preparation of silicon carbide wafers with veryillumination characteristic and the values obtained were nor-
perfect surfaces served as a prerequisite for studying the posialized to the number of incident photons. Typical spectral

sibility of producing heterostructures by putting these waferdependenceg(hv) at 300 K with SiC side illumination are

295 Semiconductors 32 (3), March 1998 1063-7826/98/030295-02%$15.00 © 1998 American Institute of Physics 295



Wide-band photosensitivity obtains when the hetero-
structures are illuminated on the SiC side. This indicates the
existence of a quite perfect, with respect to recombination
processes, heteroboundary. The widtl, at half-height of
the photosensitivity spectra of the heterostructures is larger
in InSe/SiC structuresee Fig. 1 and Tablg hnd smaller in

10°

2 GaSe/SiC, where the band gap of the narrow-gap component

s 10° is larger. The maximum value of is obtained at the funda-

< mental absorption depth of IlI-VI crystals. The short-

5 wavelength dropoff ofy in both heterostructures starts at

i hv=3.1 eV. This dropoff could be due to an increase in the
optical absorption in the bulk of the SiC wafer. As one can
see from the figure, the photoconversion efficiency of the

107 heterostructures obtained drops practically to zero when the

photon energy reaches3.7 eV. This quantity can be viewed
) A as an estimate, obtained for the first time, of the band gap for
1.0 2.0 3.0 SiC wafers obtained by anodized etching.

hy, eV Since directed deformations can arise in the SiC anod-
FIG. 1. Spectral dependence of the relative photoconversion quantum effiZ€d !aygrs when the layers are formed, We.a_-ls_o performed
ciency of InSe/SiC(1) and GaSe/SiG2) heterostructures. The structures polarization measurements of the photosensitivity of hetero-
were illuminated with unpolarized radiation on the SiC side. Wafer thick- structures i”uminated in a direction normal to the plane Of
nessegin mm): InSe — 0.05, GaSe —0.02, SIC —0.06 and 0.022). o gjic wafers. Natural photopleochroism was not observed
in this case. This is because the linearly polarized radiation

propagated along the isotropic direction of the media in con-

presented in F,'g' 1, while some.parameters: O,f the StrUCtur]'.Efact and it attests to the absence of large deformations in the
are presented in Table |. The main characteristics observed lﬂane of the layer&!

the investigations can be summarized as follows. In summary, putting SiC wafers in direct optical contact
As follows from Fig. 1, a wide-band photovoltaic effect i, 111_y| semiconductors makes it possible to obtain a
appears when the heterostructures are illuminated from ”\‘/?/ide—band photovoltaic effect with maximum sensitivity
SiC side® The exponential behavior af(hv), the spectral S"=10-100 V/W at 300 K. The long-wavelength photo-
position of the long-wavelength photosensitivity edge, andsgitivity edge of these heterostructures is determined by
the slopes=d(In)/d(h») of the edge can be attributed 10 ;o4 optical transitions in the IlI-VI crystals, while the

direct interband transitions in the narrow-gap components Oéhort—wavelength edge is determined by the band gap of the
the heterostructures. The presence of a narrow peak on tl?;\%odized silicon carbide

long-wavelength edge of the spectral dependences far This work was performed as part of the program “Phys-

both heterostructures is interesting. Such peaks have been. ¢ <jid-state of nanostructuregProject No. 1-079/6
observed in the photosensitivity spectra of InSe and GaSgnd with the partial support of the University of Arizona
and have been attributed to excitonic absorptidte fact USA)

that excitonic peaks appear in the photosensitivity spectra o(f '

the heterostructures itself shows that putting layered I11-VI

semiconductors into mechanical contact with SiC does not

. . . 1 ’ ’
result in any appreciable damage to their structures near thef A Lebedev, A. A. Lebedev, V. Yu. Rud’, Yu. V. Rud’, and A. M.
.. Strel'chuk, Pis’'ma Zh. Tekh. Fi22, 59(1996 [Tech. Phys. Lett22, 715
heteroboundary. Therefore, there are grounds for behevmg(lgga]_

that the well-known conditions for the formation of perfect 2a. A. Lebedev, A. A. Lebedev, and Yu. V. Rud’, Pis'ma Zh. Tekh. Fiz.
heterojunctions can be substantially “weakened” by putting 21, 64 (1995 [Tech. Phys. Lett22, 117 (1995].

; ; ; ; ; 1 3L, T. Canham, Appl. Phys. Let67, 1046(1990.
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LOW-DIMENSIONAL SYSTEMS

Properties of periodic  a-Si:H/a-SiN, :H structures obtained by nitridization of amorphous-
silicon layers

D. I. Bilenko, O. Ya. Belobrovaya, Yu. N. Galishnikova, E. A Zharkova, N. P. Kazanova,
O. Yu. Koldobanova, and E. I. Khasina

Scientific-Research Institute of Mechanics and Physics, N. G. Chernyst®askiov State University,
410026 Saratov, Russia

(Submitted July 18, 1996; accepted for publication July 3, 1997

Fiz. Tekh. Poluprovodr32, 329—-333(March 1998

The kinetics of nitridization o&-Si:H layers, the properties of the structures that are formed and
a-Si:H in them have been investigated. The changes occurring in the resistance of the

a-Si:H layers in the course of nitridization are described in terms of the competition between
doping, transport, and change in the thickness of the remamiSgH layer. The

experimental data on the band spectrum of superlatticesav8hH anda-SiN, :H layer
thicknesses~35 A and~5 A, respectively, are in agreement with calculations in a model of
interacting quantum wells witin* = (0.36+0.1)m,. Comparison of the properties of

superlattices obtained by deposition of successive layers and nitridization af3hel layers
showed that the latter can have a higher “structural perfection.” 1998 American

Institute of Physicg.S1063-782808)00903-X

The properties of periodic structures are determined nosamples for investigating the room-temperature electric and
only by the composition and thickness of the layers but alsghotoelectric properties possessed additional Al and Ni con-
by the properties of the interfaces between the laj&t@r-  tacts deposited successively in a comb-shaped pattern on top
dinarily, the methods used to produce periodic structures aref the layers or with overlapping in specially produced chan-
based on successive deposition of layers of differentels passing through the entire structure.
materials>® It is of interest to look for and study new possi- The less than 50-A thickness of the amorphous-silicon
bilities for producing periodic structures by obtaining a newlayers in the periodic structures was found from the deposi-
material by modification of the composition of a previously tion rate which in turn was determined, while growing layers
deposited layer. This could be especially helpful for obtain-of the order of 400—1200 A, frorm situ measurements of
ing structures with low dimension, specifically, superlatticesthe a-Si:H thickness according to the interference of
(SLy. The possibility of obtaining a-Si:H/a-SiN, :H A=0.6328um laser radiation. The accuracy of this method
multilayer structures by layerwise nitridization®fSi:Hina  was confirmed by studying tha-Si:H deposition kinetics
NH; plasma has been demonstrated in.Ref However, the and by the fact that the layer thicknesses in the lattices were
kinetics of nitridized-layer formation as well as the optical, virtually identical (to within =2 A) at the level 80—130 A,
electric, and photoelectric properties of structures with suctas determined from the deposition rate and from x-ray analy-
layers have virtually been ignored. sis by the total external reflection method.

In the present paper we report the results of an experi- The optical propertiegspectral dependences of the re-
mental study of the processes leading to the formation of anttactive indexng, absorption indexys, and the absorption
the properties of nitridized-Si:H layers, as well as periodic coefficient @), the parameters of the band structure of the
structures of the typa&-Si:H/a-SiN, :H obtained by layer- a-Si:H layers, and the thicknesk, of the nitridized layer
wise partial nitridization ofa-Si:H. obtained in multilayer periodic structures were determined in

The structures were fabricated by alternating plasmathe region of the fundamental absorption band according to
chemical deposition of amorphous silicon followed by modi-the spectral dependences of the reflection and transmission
fication of the silicon in the plasma of highly pure ammoniacoefficients.
gas. The substrate temperature during nitridization was of the The problem of determiningg and x5 was complicated
order of 300—-320 °C, the ammonia flow rate was equal tdy the fact that in order to find them it is necessary to know
2 liters/h, and the pressure in the reaction chamber was equtie insulating layer thicknesseg, which in the experimen-
to 25 Pa. The microwave power was varied from 15 to 30 Wtal structures can equal several angstrémsr this purpose,
Helium served as a diluent gas. The nitridization time wasa procedure based on a computational experiment using the
varied from 1 to 60 min, and 10 to 22 pairs of the layers weredirect-optimization method was developge@ihe sum of the
produced. As substrates we used single-crystal silicon wafersquared deviations of the experimentally obtained values of
and optically polished quartz and glass, coated with plasmathe reflection and transmission coefficients from the com-
chemically depositeda-SiN, :H, with comb-shaped elec- puted values was chosen as the target function. The search
trodes consisting of deposited layers of chromium. Theregion for the parametety was determined from additional
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physical considerations imposed on the quantitigand x 80+

in the short-wavelength region of the fundamental absorption

band. s
This method makes it possible to determine the refrac-

tive and absorption indices afSi:H layers and the thickness 60

of the nitridized layer in periodic structures to within5%

and+1 A, respectively, and to correct the value obtained for

the thickness of the&-Si:H layer from the deposition rate.

The discrepancies between theSi:H layer thicknesses de- °:.40_

termined in the course of the process and on the basis of

calculations of the optical properties were equal to several

angstroms.
The band structure parameters of #heSi:H layers in
lattices with nitridized layers—the band g&g and the Ur- 201

bach parameteE, characterizing the smearing of the band
edges—were calculated from the spectral dependences ob- -
tained for the refractive index and the absorption coefficient.
The density of SiH, SiN, NH, and SiO bonds and the total ! L ' ' L 1

: : . 0 20 40 60
concentrationC, of bound hydrogen in structures with £ min
a-Si:H layer thickness greater than 1000 A were determined n’
from the corresponding IR absorption bands, taking into acfiG. 1. Thickness o&-SiN, :H layer formed versus nitridization time.
count the absorption cross sections for the corresponding
bonds’ The hydrogen concentration for structures with
a-Si:H layer thicknesses less than 1000 A was found fronfonducting the processes in a controlled manner and by in-
the dependencEy(Cy) obtained in Ref. 10 . vestigating the prepared layers. N

The “me dependence of the resistance Of a structure was 1. The k|net|CS Of n|tr|d|zat|0n Of amOI’phOUS SI|ICOﬂ can

measured in the course of the formation of the structure?€¢ approximated at the initial stage by a parabolic law with
Measurements of the resistanBewere performed after a an initial delay time(Fig. 1). We obtained the empirical re-
definite time intervals during deposition and nitridization of 1ation
thea-Si:H layers with the microwave generator switched off.  42=210,,— 600, (1)
For the arrangement employed for the contacts on the sub-

strate, the resistance in the plane of the structure is detefn€redy is the thickness of tha-SiN,:H layer (in A), and
mined not only by the resistance along #&i:H layers but ty is the nitridization timgin min). The relation(1) holds for

also by the resistanc®y of the nitridized silicon layers in silicon nitride thicknesses less than 50 A, which corresponds

the transverse direction. The parameters of the multilaye}0 a mtndgaﬂon “”.‘e qf less than 15 min. .The'relatlve error
in describing the kinetics by the relatidf) in this range is

periodic structure—the heigletp, of the potential barrier at -\ = 05 Subsequently, the rate of nitridization of

the boundary with the substrate, the conductivity of the . : .
: Lo : amorphous silicon decreases and the thickness of the silicon
structure with an infinitely large number of pairs, the effec- . .
nitride layer formed saturates.

tive thicknessxy of.the depletion layer and the nitridized The data obtained attest to the fact that the rate of nitrid-
layers, and the r_eS|stan<Eq\|—were found from the depen- ization of the amorphous silicon is determined by the rate of
de”C‘? of the reS|stan® of the structurg on the numhéd mass transfer of nitrogen-containing particles or the initial
of pairs of layers, using the conductivity model that takesy,,eria in the volume of the nitride layer formed. As it

into account the transport doping and a recurrence refatiog,q,s the silicon nitride film becomes an obstacle to the
which r(ﬂatesR and the resistances of tr@Si:H layers 40 of the particles, and when a definite thickness is
andRy. ] . __ reached the nitridization process virtually stops. The nature
The field and time dependences of the dark conductivityyt the time delay in the formation of silicon nitride in the
and photoconductivity, according to which the ratig ./ o7g process of nitridization is still not clear.
and the residual photoconductivitRPQ were determined, 2. It was established that nitridization can change the
were measured on the finished structures in which the eleqjmperties of the remaining layer of amorphous silicon.
trodes short-circuited thea-Si:H layers. The quantity These changes are all the greater, the more prolonged nitrid-
Q= (0p,ph—0do)/ogo Was used as a measure of the RPC;jzation and the smaller the thickness of the remaining layer
here, oo is the dark conductivity prior to photoexcitation are. This is manifested in a number of properties associated
andoy o, is the dark conductivity after photoexcitation when with disordering and losses of hydrogen. TaeSi:H layer
the long-time stable value is reach€dThe radiation used thicknesses prior to nitridization varied from 70 to 300 A. As
for photoexcitation was close to the radiation from an AM-1the nitridization time increases, all properties afSi:H
type source. change: The amplitude of the maximum of the reflection
New information about the nitridization kinetics and the coefficient decreases in the region of interband transitions
properties of the nitridized silicon layers was obtained byand in the process the reflection maximum shifts into the
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after nitridization versus nitridization time.
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region of low frequencies; the paramekgyincreases ant,, tu ,TiN

decreases. The dependerig(ty) is displayed in Fig. 2,
which also gives the dependence of the hydrogen concentr&lG. 3. Resistance af-Si:H/nitridized layera-Si:H structure versus time in
tion in thea-Si:H layers on the nitridization time. As one can the process of deposition and nitridization of the layers. Thicknehgesf

. ; . the first and second-Si:H layers:1—70 A/300 A; 2—70 A/1600 A. The
C _Qj- m _A0, min- '
seelyina Si:H decreases from 15 to 3—4% after 45 min arrows mark the start and end of nitridization. Inset: Resistance of a

utes of nitridization, and the properties of the material ap-a-sj:Hmitridized layer bilayer structure versdg according ta(1); the solid
proach those of nonhydrated amorphous silicon. Loss of hykne was computed.

drogen leads to disordering of tleeSi:H network. This is
manifested as an increasehi (up to ~0.22 eV} and, cor-
respondingly, an increase in the concentration of brokemvheredy(ty) anddy(ty) are the thicknesses of treeSi:H
bonds. layers and silicon nitride during nitridization in accordance
3. A characteristic feature of the time dependence of thevith Eq. (1), dg is the initial thickness of tha-Si:H layer
resistanceR of the a-Si:H layer measureth situ in the pro-  prior to nitridization, andesy andeg are the dielectric con-
cess of nitridization is that the resistance passes through stants of the silicon nitride and amorphous silicon.
minimum, increases, and then saturdfélg. 3). A sharp de- The relations(1) and (2) made it possible to determine
creasg(by 1-2 orders of magnitudlef the resistance of the the values of the parametees,, Xy, and oy from the ex-
structure is observed when a sec@ali:H layer is deposited perimental time dependences of the resistanca-8f:H in
on the nitridized first layer. the course of its nitridization. The calculation was performed
One possible explanation of the observed minimum ofaccording to the least-squares criterion for the relative devia-
the resistance of the structure accompanying nitridizatiortions of the experimental values of the resistance from the
could be competition between two phenomena: a decrease obmputed values with the values of the desired parameters
the resistance of tha-Si:H layer as a result of doping of the varying over a wide range. Figure 3 shows together with the
layer by transport from the silicon nitride fornfednd an  experimental time dependences the computed time depen-
increase of the resistance of theSi:H layer as a result of a dences of the resistance @fSi:H in the course of nitridiza-
decrease of the layer thickness accompanying conversion ¢ibn. The inset in Fig. 3 shows the dependence of the resis-
part of thea-Si:H layer into silicon nitride. Taking this factor tance of a two-layer structure on the thickness of the growing
into account and using the expression for the conductivity ofayer of silicon nitride. The rms relative deviations of the
a periodic structuré!!* we can represent the time depen- experimental values from the computed values do not exceed
dence of the conductivity of onea-Si:H layer in the course 9.5%, which attests to a good correspondence of the model
of nitridization of the layer in the form adopted to the real process. Thus, the following values were
obtained for the parameters of the structure:

= 00eXp( ~epo/KT) e¢o=0. 2mo 01) eV, xy=(50+1) A, andoy= (8.6+0.1)

dn (tn)[dn(tn) +d(ty)en/es] X107 O~
exp — X , 4. The room-temperature data showed thataisi:H/
N a-SiN, :H bilayer structures perfect boundaries were ob-
ds(ty) =dgg—dn(tn), 2 tained between the layers with nitridization durations for the
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first a-Si:H layer not exceeding 10 min. In these structures
the average resistivitgr=7x10% Q- cm, the photoconduc-
tivity crph/crd:105 with an AM=1 source, and the residual
photoconductivity is virtually zero@=0.01). Increasing the
nitridization time of the first-Si:H layer probably results in
disordering of the boundary and changes the properties of the
material. This is manifested as an increase in the residual
photoconductivity toQ=1—2 and agrees with the increase
of the Urbach parametdf,=0.2—0.25 eV compared with
Eq=0.1-0.15 withty =3 min.

Studying the nitridization kinetics &-Si:H layers made
it possible to choose regimes for obtaining multilayer peri-
odic structures with layerwise partial nitridization @fSi:H.

Investigations of the optical and electrical properties of
the periodic structures in the course of and after the forma-
tion of the structures allowed us to draw the following con- 7 . T LSSy . e
clusions: M

1. The thickness of the nitridized interlayers in periodic

structures as determined from the transmission and reflectidfG: 4. Resistance ai-Si:H/a-SiN, :H superlattices versus the number of

spectra equals 5-6 A with 3-min nitridization pairs of layers in the process of formation of the layers. The circles mark the
) . . o a-SiN, :H layers. Structures:l—quartz(CL)y (ds=55 A, dy=5 A);

2. The optical properties of multilayer periodic structures,__gjassfa-sin, H)/(SLy  (de=35 A, dy=5 A; 3—

with a-Si:H layer thickness less than 40 A are described byguartz/@-SiN, :H),/(CL)y  (ds=35 A, dy=5 A); 4—quartz(CL),
the model of a superlattice with interacting quantum wells.(ds=30 A, dy=50 A).
The computational results obtained using models of isolated

quantum wells tak|ng into account the collective interactioruayer is nitridized' These phenomena Co||ective|y Cou'd be
by the Kronig—Penney methbd**were compared with the  responsible for the resistance jumps observed at the start of
experimental data for structures with dielectric barrier thick-growth.

nesses 5-10 A and-Si:H layer thicknesses 35 A. Kinks 4. The resistance of the structure measured after each
corresponding to transition energiEs and characteristic of process of growth and nitridization of tiaeSi:H layer made
superlattices are observed in the experimental curves of the possible to determine the parameters of the structure. The
absorption coefficientx, described by a piecewise-linear following sets of parameters at the deposition temperature
function, in the coordinates % w versusiw.'* Very good  with nitridization over the first six pairs of layers were ob-

agreement between the calculations and the experiment@dined for the structures whose dependerR@d) are pre-
data was obtained by varying the effective magsand the  sented in Fig. 4ep,=1.02, 0.84, 0.45 eViry=1.2X10"2,

barrier height V. For m*=(0.36£0.1)my, and 22x10°2 2x10°% Q l.cm™% xy=12, 11, 19 A;
V=(1.20£0.05) eV the computed values Bf are 1.98, 2.3, Ry =5.3x10°, 1.6x10’, and 5.1 Q. The rms relative
and 2.6 eV and the experimental values are 1.98, 2.26, angeviations of the experimental values Rffrom the values
2.64 eV, respectively. computed using these parameters equal 4—9%. The conduc-
3. Transport doping, manifested as a change in the resisivity of the nitridized silicon interlayers, calculated accord-
tancein situ (Fig. 4), is observed im-Si:H/a-SiN, :H lattices  ing to the parameteRy, under nitridization conditions cor-
with nitridized amorphous-silicon layerSL)y, just as in  responds tooy=4.5x10 °—1.5x10 ™ Q1. cm™?, in
lattices with plasma-chemical deposition of the laye8k),  agreement with the results of Ref. 15 on the temperature
(Ref. 6. Upon formation ofa-Si:Ha-SiN, :H superlattices in  dependence of the electrical conductivity of silicon nitride.
which the silicon nitride layers were obtained by nitridiza- The electrical conductivity of the obtained dielectric inter-
tion of a-Si:H or plasma-chemical deposition of the layers,layers is four to five orders of magnitude lower than that of
the resistance of the structure decreases monotoni@atly the first, highest-resistanca-Si:H layer in the structure:
4, curvesl and4). When the silicon nitride layers are pro- o, ~5x10 6 Q1. cm L.
duced alternately by plasma-chemical deposition and nitrid- Therefore the measurements of the resistance of the
ization of a-Si:H, nonmonotonic variation of the resistance structure confirm the formation of a periodic structure with
of the growing structure aris€fig. 4, curve2 and3). This  insulating layers during layerwise nitridization afSi:H.
could be due to the fact that the combination of different 5. At room temperature the superlattices watti:H ni-
methods of obtaining silicon nitride in the superlattice resultdridization with 10 pairs of layers and a total thickness of the
in the appearance of a different built-in-field asymmetry ona-Si:H layers of approximately 400 A possessed an average
neighboring interfaces than in the case of identical layers ofesistivity pr~10’—10% Q- cm, which is approximately 100
silicon nitride. As we showed earliéra change in the asym- times lower tharpt in a homogeneoua-Si:H layer of the
metry of the interface charge can result in a substafiyal same thickness. TheSL)y obtained possess a very low re-
several orders of magnitugehange in the resistance of the sidual photoconductivityQ=0.05—0.2 compared wittQ
a-Si:H layers. In addition, the transport doping effectsfrom 0.2 up to several units fo(tSL)p.6 Together with the
change and the thickness of theSi:H layer decreases as the low values ofE,, this shows that superlattices obtained by
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lonization of impurity centers in a semiconductor quantum superlattice by nonlinear
electromagnetic waves
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Fiz. Tekh. Poluprovodn32, 334-337(March 1998

The ionization of impurity centers in a semiconductor superlattice by nonlinear electromagnetic
waves, which are the most general solution of the sine-Gordon equation and can be
expressed in terms of the Jacobi elliptic functions, is investigated. The problem is solved in a
guasiclassical approximation for arbitrary ratio\¢f(depth of the impurity energy level

andA (half-width of the conduction minibandResults in agreement with those for solitary waves
and sinusoidal(linearn electromagnetic waves are obtained in limiting cases. The effect of a
uniform high-frequency electric field on the processes leading to the ionization of impurities by
solitary waves is also investigated. €998 American Institute of Physics.
[S1063-782628)01003-3

1. In recent years quantum semiconductor superlatticefunctions sn), cn(x), and dnk). In the present paper we
(SL9 have been used as working components in optoelednvestigate the ionization of impurity centers by nonlinear
tronics devices(filters, polarizers, IR photodetectors, and EM waves expressed in terms of the Jacobi elliptic functions.
otherg. The unique propertieéncluding optica) of the su- The problem is solved in the quasiclassical approximation,
perlattice are determined by the presence of an additionalhen multiphoton processes are important, with an arbitrary
periodic potential along one of the axes, which results in theatio of V (the depth of the impurity energy leyeindA (the
formation of a miniband structure of the energy spectrum ohalf-width of the conduction miniband Results in agree-
the charge carriers. A review of the main experimental studment with those for solitary waves and sinusoidiear
ies of the optical properties of regular type-l, -ll, and -lll EM waves are obtained in limiting cases. The effect of an
semiconductor superlattices, formed by AlGaAs/GaAs, InAsuniform rf electric field on the processes leading to the ion-
GaAs, and HgTe/CdTe heterostructures, respectively, waigation of impurities by solitary waves is also investigated.
published by Voos. The absorption and indirect- 2. Let the electronic energy spectrum be described by the
luminescence spectra of strained GaAs/AlAs-based superlagxpression
tices with layers of different thicknesses were investigated 02+ p2
exper|mentally in Ref. 2. Many |mportant properues of su- €p= y "Mz +A[1—cogp,d)], %=1, 1)
perlattices are due to the presence of impurity centers and 2m

defects of dn‘ferent types. FOT example, impurity centers PIO%hered is the period of the superlattice. Then, according to
duce peaks in the photoluminescence spectrum of superl

. ) ) a1!2'ef. 12, the propagation of an EM wave in the collisionless
tices with smooth heteroboundarfésnd they also lead to bropagat wave | S|

h f bands in the ab " ¢ r?gime is described by the unperturbed SG equation, whose
€ appearance ot bands In the absorplion SPectium Q. general solution can be expressed in terms of the Jacobi

ko

materials used in the production of superlattices are de- For fast waveg 8= (U/c)>1, whereU is the propaga-
their capability to exhibit nonlinear optical properties even in
be short. A possible nonlinear optical effect—two-photon }
i i i 2Kxw Z
Nonlinear EM waves propagating through a superlattice o(z,1)=2 sinl{ sr{ 0(t— ),%1
luminescence. The equation describing an EM wave in a %> 1. )
For slow waves f<1) we have
tons and breathers. The ionization of impurities in a super-

GaAs? Experiments studying the photoluminescence of the
scribed in Refs. 5 and 6. .tion velocity of the electromagnetic wave, ands the ve-
the presence of weak electromagnékd) signals. In addi-
absorption of EM radiation—was investigated experimen- 0<x<1, (2
can give rise to ionization of impurity centers, which in turn
superlattice is the well-known sine-Gord¢8G) equation.
At 2Kw0 V4
lattice by solitons and breathers has been investigated theo- ¢(Z.t)=2sindn ——|t— 5],
retically in Refs. 9—11. The most general solution of the SG

elliptical functions: cnk), sn), and dng).
A characteristic feature of semiconductor superlattices '?ocity in the absence of electrophe solutions are
. q Kwo 4
tion, the relaxation times of the nonlinear effects are found to ~ ®(z,t)=2sin >} xs pn t— Ul
tally in Ref. 8.
can be manifested in the damping of the EM waves and
The simplest particular solutions of the SG equation are soli-
equation can be expressed in terms of the Jacobi elliptic 0<x=<1, (4)
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2Kxw z 2Kw
go(z,t)=23in‘l(cn —O<t——),%_l ] e(t)=e[px(t)]=2A9c2$nz( Ot,%). (13)
T U T
x>1, (5) Solving simultaneously Eg$8) and(13) using the equa-
tions from Ref. 13, we obtain the tintg
where
t Flt —1(1\/\/) ' (14)
t TWw o= an - ~ | |,
o=ed[ B g E 2Kwg «N2a
- 157 where F(¢,x) is an elliptic integral of the first kind, and
edE, |1 312 x' =1— »%. We note that, is a purely imaginary quantity.
=5 | T Integrating Eq.(7), we obtain the following expression
P

for the action:
K=K(x) is the complete elliptic integral of the first kind, _

wp, is the generalized plasma frequency of the electrons in S— 1V =
the miniband'? andE,, is the amplitude of the electric field 2K wq

of the EM wave. The collisionless regime presupposes that

tan * E\/l %'
x V2A|’

v<wy (v is the frequency of collisions between the elec- N %E o 1 /vy
trons and the irregularities of the crystal latjice \ an x V2A %
We assume that the wavelength of the EM wave is large
compared to the period of the superlattice and the impurity [2A V+2A
localization radius. We can then ignore spatial dispersion in V'V Vyioa2|’ (15
the expression for the field of the nonlinear wave, setting
z=0 in Egs.(2)—(5). whereE(¢, %) is an elliptic integral of the second kind.
In the case of deep impurityV&>%w,) the ionization The ionization probability can be written to exponential
process consists of tunneling of an electron through the poaccuracy in the form
ftent.ial barrier gpd 'is of. a quasicilassi.cal character..The ion- = exd — 0f(y)], (16)
ization probability in this approximation can be written, to
exponential accuracy, as where
W=exg —2Im(S)], (6) - mV . |V
where 2Kao’ 28"
to _ 1Y 2 1Y
S is the classical action acquired by the particle during the 1 y?+1
subbarrier motion, and the momety at which tunneling Y V24 x?

starts is determined by the condition ] )
For x=1 Eq.(15) passes into the formula for the action

€(to)=—V. (8 in the case of ionization of an impurity by a solitth.

To find the functione(t) it is sufficient to study the For fast waves withe>1, after similar transformations

one-dimensional classical equation of motfon we obtaint,
dp ) i Elar? Vo Jxi-1 1
X —_— —_—
S =eE(D) 9 0T 0Kawg | 2" N2aT x| a9

with the initial condition and the actiors

P«(0)=0. (10) __mv ARG
S= 2aKog| 18" Noa ™ &
We shall now find the ionization probability for a wave,
which is described by the expressit®). The electric field 22A 71 V o x°—1
intensity for it is T TE tan =/ PN

2Kwo 2A N+ 2A:2
E.(t)=E cn( t, ) (11 _ =
° " *Nv Nvtaa | (18

We find from Eq.(9)

2 . 1 2Kwq
px== SIn ) xS - t,x

We can see that for=1 the expressioil7) passes into
] the expressiorf14) and the expressiofill8) passes into the

(12 expressiorn(15).
Curves of the imaginary part Ir of the action versus
and therefore the ratioV/A are presented in Fig. 1 for waves propagating

d
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3. It is shown in Ref. 14 that a time-varying perturbation
sharply increases the probability of quasiclassical tunneling
processes. We shall examine in greater detail the effect of an
uniform rf field on the ionization of an impurity by a solitary
wave(soliton), which is a particular case of a nonlinear wave
corresponding tax=1. The importance of this problem is
determined, among other things, by the fact that the effect of
2 a rf field on a semiconductor superlattice is, as shown in
Refs. 15 and 16, to stabilize the shape of solitons, which
decay very rapidly in the absence of variable perturbation
due to the electron collision.

In the case of a sufficiently low intensity; of the al-
ternating field, the value of In8) can be found analytically

/)

Im(S)

L | ; using the procedure from Ref. 14. According to this proce-
0 1 VZ/A 3 4 dure, the action can be written as
S=S,+S;, (20
FIG. 1. Imaginary part of the action versus ratibA with V=0.1 eV and
wo=10' s7? for different values of¢: 1—0.6,2—0.9,3—1.2,4—1.5. whereS; is the action in the case of ionization of an impurity
by a solitont®
4iA| [V Y Y
with the same velocity but different amplitudes and corre- 50:@ (ﬂ“Ll "\ 53~ Vaal (22)
spondingly different “nonlinearity coefficients’». We see
that for the same value of/A the action decreases with andS; has the form
increasingyx; i.e., the ionization probability increases. In ad- to
dition, since forx<1 a wave of the typ€ll) passes into a S = —2eE1f X(t) cog wt)dt, (22
linear wave, one can see that the probability of ionization of 0
an impurity by a nonlinear wave is higher than the probabil-where t,=(iL/U)tan *\V/2A, and x(t) is a trajectory in
ity for a transition to occur under the action of a linear per-the absence of a rf field. From E@) we find the momentum
turbation.
The use of this quasiclassical method to calculate the D :E tan 1 sinl-(g)
ionization probability for impurity centers is limited by the “d L
condition |mpo§ed on the. argument of.the expongnuallm Eqacquired by an electron under the action of the soliton field,
(_16)’ 9T <1, which holds if the inequality>#wp, is satis- and the velocity component of the electron along xhaxis
fied. ) ) has the form
For slow waves, described by the expressiéfisand
(5), we obtain in a similar manner the expressions for the uty (Ut
action (15) and (18), respectively. vX:ZAdseCH(T) s'”*(f)
Let us now make a numerical estimate of the absorption
coefficienta for an electromagnetic wave. The absorption

We thus find the unperturbed trajectory

coefficient can be written as the ratio of the energy absorbed 2AdL Uty Ut
per 1 cni of matter per 1 s X(t)= ¥ seChL——sechL—>. (23
NWV 7o Substituting the expressid@23) into Eq.(22) ,we obtain
[N is the density of impurity atoms;,=Im(t)] to the inci-  for S;
dent entzargy flux density . dieE,AdL \/ﬁ el \/7
c E5 1T T T U V1T S g oy
e 4
_ _ _ _ 4ieE;AdL? (v coswlLt’'U™Y)
(e is the dielectric constant of the superlatjic&hus, we + > f - dt’, (29
have U 0 cogqt’)
AreNV wherey=tan *\V/2A.
a= 5 exd —2Im(S)]. (19 Let us now examine the limiting cases. For a shallow
coEg impurity (V<<2A) it follows from Eq. (24) that
For N=10" cm 3 (Ref. 4, e=3, V=0.1 eV (Ref. 4. 2ieE,dVL (ol [V
A=0.025 eV,w,=10" s 1, »=0.5, andE=20 cgs units S;=- U—wsin%v ﬁ>. (25)
(6x10° V/cm), we obtain for the absorption coefficient
a~3x10° cm ! in order of magnitude, which is accessible In the case of a deep impuritW/&2A) andU/L> w the
to measurement. integration in Eq.(24) gives the expression
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weak rf field can increase exponentially the probability of
overcoming potential barriers in a quasiclassical situation.

\ /l ) (26) M. Voos, Ann. Telecommur43, 357 (1988.
2A 2G. R. Olbright, J. Klem, A. Owyong, T. M. Brennan, R. Binder, and S. W.
Koch, J. Opt. Soc. Am. B, 1473(1990.

It follows from the expression§25) and (26) that the  ®R. Fischer, W. T. Masselink, Y. L. Suet al, J. Vac. Sci. Technol. 2,
effect of the rf field leads to an exponential increase in the4a7oc(ﬁ9§ﬁ-A | Phys. Lett54 1445(1989
S " . . . . Ch. Alt, Appl. Phys. Lett54, .
L?grzzcztl?hnepp:?absarrt:gltfyl’;asl).llelg(é;:as\;(l]f?i(Enedzltee(i‘tr:]?:e(;eg'lselt);):nd SV, A ?ykovskﬁ and V. |. Utenko, Fiz. Te5<h. Poluprovodi23, 1767

I - (1989 [Sov. Phys. Semicon@3, 1093(1989].

rameters of the soliton, this increase in turn can underminéV. A. Bogdanova and N. A. Semikolenova, Fiz. Tekh. Poluprovah.
the stabilization of the shape of the soliton by the ex’[ernal7\‘3\}%%52;‘1a [Uslio"lshprg;?esfzg?{‘gé% 460(1992].
alternating field. The latter circumstance must be taken intos, 5 Catglané A_yCingc’)lani M. Lépore R. Congolani, and K. Ploog
account in attempts to stabilize soliton motion by applying a Nuovo Cimento D12, 1465(1990.
uniform rf field to a doped superlattice, 12E. M. Epshtén, Izv. _Vyssh. Uchebn. Zaved. Radiof@25, 3 (1982.

Let us now estimate the transit time of a soliton, with gé%iclé%uzcgkg\llé (Fl'g-gg‘]*kh' Poluprovodi23, 1314 (1989 [Sov. Phys.
allowance for the rf perturbation, determined by theug \, Kryuchkov and G. A. Syrodoev, Fiz. Tekh. Poluprovodd, 913

formula'® (1990 [Sov. Phys. Semicon@4, 573 (1990].
2 12F, G. Bass, A. A. Bulgakov, and A. P. Tetervadigh-Frequency Prop-
_ EoL erties of Semiconductors with Superlatti¢esRussiar,, Nauka, Moscow,
47NUVW

27 1989.
M. Abramowitz and |. StegufiEds], Handbook of Mathematical Func-
For the soliton amplitude Eq=19 cgs units tions Dover, N. Y., 196§Russian translation, Nauka, Moscow, 1979
14 Vo ;
(5.7x10° V/cm) and the superlattice parameters presented Eh;s'vfé’TaF%%Viz'ég(ellgnégv' Zh. Eksp. Teor. Fiz90, 2208(1986 [Sov.
above, the transit _“m_e reaChe.Sa in order of magthdersF. G. Bass, S. V. Kryuchkov, and A. I. Shapovalov, Fiz. Tekh. Polupro-
t*~10 '%s. Over this time a soliton traverses a distance of vodn.29, 19 (1995 [Semiconductorg9, 9 (1995].
. . . 16 H
1 cm. Changing the amplitude of the rf field from 2 to 4 cgs Sig\s/;' KVSY“Ch'F‘)?]V a”Sd G. A. ;g’f%%‘;e‘igg'z- Tekh. Poluprovods, 857
units, with the frequency of the external fieds= 10" s, (1989 [Sov. Phys. Semicon®3, 537 (1989

decreases the transit time by an order of magnitude. ThiSranslated by M. E. Alferieff

o dieE,AdL [V ol
1= Uo 27 S gtan

4ieE;AdL?
+—
U2

v D agrees with the conclusion reached in Ref. 14 that even a
2A

7T+1t _
E Ean

In 1

t*
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Harmonics generation in quantum-size structures in a strong electromagnetic field
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Harmonics generation in a system of tunneling-coupled quantum wells is investigated by solving
numerically the nonstationary Scliiager equation, without using perturbation theory, in

an external electromagnetic field. The time-dependence of the dipole moment is calculated and a
method is proposed for calculating the radiation intensity at a fixed frequency. For systems
containing three equidistant energy levels, it is shown that the effect of the field on the energy
spectrum becomes substantial at intensities of several hundreds V/cm; the system falls out

of resonance. The field-dependence of the second harmonic amplitude becomes nonquadratic, in
contrast to the dependence predicted by perturbation theory, and the system passes into a
stable level. In the quasienergy-crossing regime, it is shown that even-harmonics generation is
possible in a symmetric system in a strong field. The amplitude of the harmonics is

largely determined by the initial state of the system. It is possible to have a situation where the
amplitude of the generated harmonic can even be greater than in structures with a resonance
configuration of energy levelgthree equidistant levels for the second harmpni®©® 1998
American Institute of Physic§S1063-78208)02503-4

1. INTRODUCTION the splitting between the levels occurs as resonance is ap-
proached and the radiation is subsequently re-emitted at the

In the last few years substantial progress has been madubled frequency — the so-called “double resonance” re-

in the theoretical and experimental investigation of the nongime. As shown in Ref. 1, in this regime the magnitude of
linear optical properties of quantum-size structdrés. the second-order nonlinear permeability is more than three
Quantum-size structures make it possible to study a widerders of magnitude greater than that in a bulk material. The
spectrum of quantum effects without turning to naturalintensities of the radiation sources used in experiments on
atomic and ionic systenfsThis could serve as a basis for quantum-size structures are such that the formal criterion for

producing new optoelectronic devices, and it can also bapplicability of perturbation theory may not be satisfied. In
used for developing and implementing new information pro-this connection it is of interest to calculate the intensities of

cessing and transmission methods. the generated harmonics without using perturbation theory.
As a rule, perturbation theory is used to describe opticaln the literature a number of schemes have been proposed to
nonlinearities in quantum-size heterostructird3The cri-  solve the nonstationary Scliimger equation in the presence

terion for applicability of perturbation theory is that in an of an external periodic fiel#y”®In Refs. 9 and 10 an analyti-
expansion in terms of a small parametamplitude of the cal method is proposed for investigating harmonics genera-
external perturbation each subsequent correction to thetion, including at low frequencies, for a two-level system
wave function must be small compared with the precedingvith no restrictions on the amplitude of the perturbation. In
correction:|aj " !|<|af|. The field amplitude obtained from the present paper we shall employ the temporal analog of the
this condition can range from+ 10 up~10°® V/cm, depend-  Kronig—Penney model, proposed in Ref. 7, to calculate the
ing on the parameters of the system. Optical nonlinearities irlectronic wave functions. The advantage of this method for
guantum-size structures are intensified compared with thealculating the radiation intensity at one or another fre-
bulk material. This was first predicted in Ref. 6 for an asym-quency without limit on the number of quasienergy levels
metric structure based on GaAs/@la; _,As. This is due to, will be indicated in Sec. 2. We shall compare in the same
first and foremost, the fact that the region of localization ofsection the intensities of the second harmonic of dipole ra-
the wave functions in quantum-size structures is tens of nadiation that could be achieved in a strong field with the in-
nometers in size instead of several picometers in atomic angnsity that is observed in the above-mentioned double-
ionic systems. The matrix elements of intersubband transirkesonance regime in a system with three equidistant energy
tions are of the same order of magnitude as the width of théevels.
structure. In Sec. 3 a calculation and quantitative analysis of the
For clarity and simplicity, second harmonic generation isradiation harmonics generated in a strong field in a system
studied most often. In this case the nonlinear permeabilitiesonsisting of two tunneling-coupled quantum wells in the
in the perturbation theory are cubic functions of the dipolequasienergy-crossing regime are performed. It is shown that
matrix elements, so that there is no effect if the system igeneration of one or another radiation frequency is possible
invariant under inversion.The maximum second harmonic in a strong field, depending on the initial state and param-
generation obtains in a system with three equidistant energgters of the structure. It is noted that even-harmonics genera-
levels, where absorption of two photons with energy equal tdion can be observed in the case of symmetric structures,
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which in weak fields is impossible in principle. It is shown coefficient of exp{iwkt) in the expansioit4). When several
that an optical rectification regime can be realized in a strongjuasienergy levels play a role in the expangi®h the Fou-
field for a special choice of the relative position of severalrier integral expansion oP(t) on a finite time intervall,

quasienergy levels and the initial state of the system. can be used to calculate the amplitudes of the harmonics.
In the general case the wave functions of the size-
2. SECOND HARMONIC GENERATION guantization levels in the well may not form a complete or-

thonormal system. Then the wave functions of the continu-
Let us consider a heterostructure consisting of two quangus spectrum must be taken into account. We shall employ
tum wells separated by a tunneling-transparent barrier anghe model of a quasicontinuous spectrum produced by infi-
subjected to an external periodic perturbation. We shall makfijte potential barriers at a definite distance from the edges of
a direct calculation of the total radiation intensity and fre-the structure. This distance is chosen so as to obtain conver-

quencyw using the spectral decompositfdri? gent results.
4 |d?P (1) dw When the number of quasienergy levels is large, diffi-
dEw:@ a2 | 24 (1) culties arise in choosing an appropriate time intefliglon

account of the fact that the quasienergies are incommensu-
We shall calculate the time-dependence of the dipolagate. To circumvent this difficulty we shall use as the re-

moment of the structure on the basis of the temporal analogponse of the structure at a given frequeney, a convolu-

of the Kronig—Penney methddThis method is based on the tion of the spectral density from E¢L) with the function

assumption that a periodic sequence of rectangular pulses

acts on the system o(0)=1N27A 0% exd — (0—nNwy)22A w}], (5)
U(t)=‘u1' nT<t<nT+mn, ?) whereA w, is the spectral width of the line of the detecting
Uy, nT+7<t<(n+1)T, device,n is the harmonic order of the radiation, ang is the

wheren is an integer andr=1,+ 7, is the period of the frequency of the external perturbation. It is reasonable to

external perturbation. This model has the advantage that ﬂﬁhoose the spectral width of the detector line to be of the

computational methods are simpler than in the case when %rder. of th? “natural wiQtI’_\S’T of the energy Ievels._ The
potential of the formU (t) = U,sin(wt) is used, and the basic total intensity of the radiation at frequenay, is obtained

results obtained are similar. If the quasienergy spectrum QY Substituting the second time derivative of the dipole mo-
knownZ° then it is possible to perform a qualitative analysis M€NtP(t) in Eq. (1), premultiplying the expression obtained

of the behavior of the system at any moment in time. In the®Y the expressions), and integrating over the entire fre-
case when two size-quantization levels play the main roledUency range. The result for the intensity is

this method makes it possible to perform the analysis ana- o
lytically. The wave fu.nctlon of the system in an external field = |wﬁ,m,kgﬁqgnaﬂ'wza*(wn,m,k), (6)
can be represented in the form mn.k
W)= D, O OXE— et ) Dr(X,1), (3 Where
m=1
wheree,, is the quasienergy® ,(X,t) is the corresponding * (0nmi) = (Unmi) 2 o @n k1),
Floquet function and is periodic in tim& (x,t)=®, o o m’.n’ k C
(x,t+T), andg,, are the expansion coefficients of the initial
state of the systen¥ (x,0) in the basisb,,(x,0). Substituting wnmk= (1) (€n— €m) + ok.
the expansiori3) into the expression for the dipole moment .
P(t)=efW* (x,t)x¥(x,t)dx and expandingb,(x.t) in a We _shaII employ one or another computational method,
Fourier series, we obtain depending on the condl_tlons of the problem. To_decrea_se the
number of parameters in the numerical calculation we intro-
_ * Y duce the dimensionless coordinate and tirfe=x/\, where
Pt)=e mEn: OmGn EXH ~i(€n— €m)t/f1] N=(2mh2/m* AE)? and t* =t/ty,where ty=2mh/AE,.
For GaAs/AlGa _,As-based structureyy=0.041 ps forx
- i =0.1 andA=15 nm andt,=0.016 ps forx=0.3 and
X > a™ exp(—iwkt), @ =9 nm
k=1 '
We shall examine first a two-well structure with three
where equidistant energy levels:ia;=0.4\, a,=0.88\, and
-TR _ b=0.2\, wherea, is the width of the left-hand wella, is
ay '=2T J 0t f exp(i wkt) D (X, 1) xP(x,t)dx. the width of the right-hand well, and is the width of the

barrier. For such a structuee,— E;=E;—E,=AE, and the
As one can see from E@4), in the case when only two period of the perturbation, correspondingite = AE, equals
guasienergy levels play the main role ang=¢,, the behav- T=3.7%,. The expression for the second-order nonlinear
ior of the dipole moment in time becomes periodic, while thepermeability, obtained in perturbation theory taking account
amplitude of thek-th harmonic is simply determined by the of relaxation processes, has the férm
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(~0.01AE.). The dot-dashed curve in Fig. 1 corresponds to
the second-harmonic intensity calculated in perturbation
theory. Above some value of the field the second-harmonic
dependencésolid line) deviates from the dot-dashed curve.
The value of the field at which this dependence no longer
reflects the quadratic dependence of the dipole moment of
the structure on the field intensity is7x 10? V/cm. As the
field amplitude increases further, the second-harmonic inten-
sity reaches a stable level. The formf agrees well with
/ 0 0050100.15D.20 the experimental results presented in Ref. 1. The experiment
’ e, 7A€, was performed in a field-10° V/cm, which corresponds to
the theoretical limit of applicability of perturbation theory.
The system falls out of resonan@@mnd the dependence devi-
, ates from a quadratic dependenbecause the distance be-
0 0.01 0.03 tween the quasienergy levels depends on the amplitude of the
ely 74E, field and because the matrix elemeafs" change as a result
. _ . _ of the field-dependence of the Floquet functions.
gIG. 1. Second harmor_uc |ntenS|tyv1_er_sus the amplltud_e qf the field forg Thus, a three-level system falls out of resonance at a
ouble-well structure with three equidistant levels. Solid line — calculation . . . . .
with Eq. (6) (see text dot-dashed line — perturbation theory calculation. finite amplitude of the external perturbation. This suggests
Inset: Second harmonic intensity as a function of the amplitude of the fieldchoosing the parameters of the system so that resonance will
for a structure with three equid.istant levels, £0.4\, a,=0.8821, be achieved at a fixed amplitude of the perturbation.
g:doﬁi\()) g) (2;]de£; zesrti[)“dcgfh‘g';:ﬂj‘ib‘;‘g"gfgz'4"' 2=08, Such a situation can be realized in a structure with the
' ' e parametersa; = 0.4\, a,=0.8\, andb=0.6\ at the same
frequency of the perturbation.
5 The inset in Fig. 1 shows the second-harmonic intensity
2)_ € 21222831 7) for a system with three equidistant levétaurve 1) and for
X20 h2 (w1~ 0—iT 1) (2Wa3—2W—iT'3,) " the structurea;=0.4\, a,=0.8\, andb=0.6\ (curve 2).
Curvel is a continuation of the solid line in Fig. 1 into the
region of high fields. As expected, for small perturbations the
intensity of the radiation of the system with three equidistant
levels is much higher than that of the second harmonic gen-
f erated by a structure which is “nonresonant” in this region.
However, as the amplitude of the field increases, there ap-

cesses. This situation correspondd’fp=0 in Eq. (7). Then pears a region of amplitudes where the intensity of the sec-
ond harmonic of this structure is higher than the intensity in

the expressiori7) will be valid for any detuning of the fre-
P ) y g the system of three equidistant levels.

guencyw from resonance. In the region where perturbation Thus. th . " Il structure in which th
theory and Eq(7) are applicable, the quadratic dependence us, there exists atwo-wetl structure in which the sec-
of the dipole momentP,, on the amplitude of the field ond harmonic generation is intensified in a strong field even

should remain. Our calculation is valid for any— w;,. For compared with the resonance regime in a system with three

a small perturbation amplitude our computational resulﬁequ'd'Stant levels. A similar calculation can be used for non-

should agree with Eq7). Just as in the case of E(), for a

small detuningw — w4, from resonance the amplitude of the It should b d that th ¢ | . dof
second harmonic is large, and even for low amplituel€g) It'should be noted that the use of square pulses instead o
a sinusoidal perturbation can affect the final result, since

differs substantially from a quadratic law. When comparingh_ h der h ; Cin th turbation itself
with the results of perturbation theory, it is reasonable to Igher-order harmonics are present in the perturbation set.

chooseA w, to be of the order of magnitude BY; /%, where However, for a puls_e period-to-pulse duratipn ratio of 1 for
['j; is the width of the energy levels and is proportional to theelec_trp_mag_nenc radiation, the seconql Four!e_r compon_ent of
reciprocal 1T gqiag Of the relaxation time. Thus, our calcula- the initial S|gn_al_ equals_zero. To obtain additional conﬁ_rma-
tions make it possible to refine the criterion for applicability tion of the Va!'d'ty of this ”_‘Ode' we p(_arformed ca_lcu!anons
of perturbation theory for calculating the amplitude of theW|th a sinusoidal perturbation, for which the qualitative de-
second harmonic pendence of the second-harmonic amplitude on the field is
To take account of the quasicontinuous spectrum Wec,|m|lar.
shall employ a convolution of the spectral density with the
Fransfgr function(5). Figure 1 shqws the dependgnce of the3_ HARMONICS GENERATION IN A DOUBLE-WELL SYSTEM
intensity of the second harmonic on the amplitude of the
external perturbatiofsolid line). We took for the initial state Let us analyze in greater detail harmonics generation in
W (x,0)=|1)? in the absence of an external perturbation. Es-structures containing two spatial-quantization levels. In this
timating the limits of applicability according to the formulas case, as a rule, only the first two terms play the main role in
of perturbation theory we obtain the field 10° V/cm the expansiori3). This is the clearest situation, and the same

=
[
T
=
o

=

<
T

~

—

1,707 W/em2™ "~
[ =~
e o

I, 10°°W/sem?
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o
T

wheree is the electron chargeZ,,, Z,3, andZs, are the
dipole transition matrix elements, adt;=#/T;; is the re-
laxation time. Ordinarily, it is assumé&tthat I',;=T',
= ﬁ/Toffdiagv WhereToﬁdiag"‘ 10~ 12 S.

It is difficult to make a direct quantitative comparison o
our results with Eq.7), since we neglect relaxation pro-

inear effects of a higher order, for which a similar kind of
amplification can also be expected.
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FIG. 2. Dipole momen® versus timet for a symmetric structure with parameters=0.4\, a,=0.4\, andb= 0.4\ with T=46t; andeU,=0.0%AE..
Initial state: a —¥(x,0)=|1)°, b — W (x,0)=(|1)°+]2)%)/\2. Insets: Fourier coefficients in the expansion of the corresponding dipole moments.

general approach can be used when studying a large numbearmonics are present in the radiation in one case and only
of Floquet modes. The analysis simplifies substantially if it iseven harmonics are present in the other; in addition, the
assumed that the system is in a quasienergy-crossing reginfeurth harmonic will be strongest.
since the behavior of the dipole moment as a function of time  To explain the presence of even or odd harmonics in a
becomes periodic, as mentioned earlier, while the amplitudeymmetric structure we note that the problem is symmetric
of the generated harmonic is determined by the coefficient ofinder the transformatio®€=To,, whereT is the shift in
the corresponding exponential in Ed). time by a half-period of the external perturbation andis
Let us examine as an example a symmetric double-wellhe spatial parity operatdf,i.e., the problem exhibits so-
structure with well widtha;=a,=0.4\ and barrier widthb called generalized parit?. The Floquet functions are or-
=0.4\. For a symmetric structure under a symmetric peri-thogonal to one another. In our case they were constructed in
odic perturbation the condition for crossing of two quasien-a manner so that the first Floquet function corresponds to the
ergy levels can be found analytically: ground state of the system in the absence of an external
perturbation, and the second function corresponds to the first
Ai=4p=2mho, (8 excited state. The wave function of the ground state is even
A= E(zl)_E<11>' A,= E<22)_ E(lz), anq that of t_he first exci_ted state is odd. Both fu_nctions are
antisymmetric under a displacement by a half-period, and the
wherew=27/T is the frequency of the external perturbation temporal oscillations of®,(x,t) and ®,(x,t) are in an-
and Ei(” is the corresponding value of the energy levgli6h  tiphase. Thus, we have two states with a different general-
the first and second half-periods of the perturbatigh. ( ized parity. Hence it follows that when the ground or first
Thus, the crossing of energy levels can be associated to excited state is taken as the initial state, only odd harmonics
2m-quantum process, in which over each half-period of theof the radiation are present. If the initial state is a linear
perturbation the system undergoes an identical numbef  combination of two of these states with equal coefficients,
complete oscillations, i.e., generation of a harmonic with fre-one Floquet function is subtracted from the other, as a result
guency Inw can be expected. Since the Fourier expansiorof which all odd harmonics vanish and only an even har-
P(w) is determined by the coefficients, the result will monic, determined by the quantum numberin Eq., (8),
depend on the initial conditions. appears. A linear combination of the Floquet functions gives
So as not to limit the analysis to second harmonic gena wave function which is delocalized over the entire struc-
eration only, let us consider the case of the generation of &ure. This is reflected in a large increase of the amplitude of
harmonic with frequency 4. The parameters of the pertur- the even harmonics relative to the odd harmonics.
bation T=46t, and |;=0.05AE.; correspond to a four- Let us now consider an asymmetric structure with the
guantum process. Figure 2a shows the time-dependence parameters;=0.5\, a,=0.4\, andb=0.6\. The condition
the dipole moment with? (x,0)=|1)° as the initial state in of crossing of the quasienergy levels for an asymmetric
the absence of the external perturbation. The same depestructure is satisfied when the ratdq /A, of the energies of
dence but with the initial statd (x,0)=(]1)°+|2)°)/\2 is  the stationary states in the first and second half-wave equals
shown in Fig. 2b. The insets in Figs. 2a and b show thehe ratiol/m of integers’ Then the period of the perturbation
expansion of the dipole moment in a Fourier series. Only oddhould equall=4x#1/A,. As an example let us takeU,
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FIG. 3. Dipole momentP versus timet for an asymmetric structure with parametexg=0.5\, a,=0.4\, and b=0.6\ with T=40.6, and eU,
=0.07AE. . Initial state: a —¥(x,0)=|1)°, b — \I'(x,0)=(|1)°+|2)°)/\/§. Insets: Fourier coefficients in the expansion of the corresponding dipole
moments.

=0.07AE. and T=40.6,. Then the ratio of the energies in a controllable manner by choosing structures with differ-
will be A,/A;=3. Just as in the case of a symmetric struc-ent values of the ratid,/A;.
ture, we shall perform the calculation for different initial We have examined a regime with behavior of the wave
conditions ¥ (x,0)=|1)° and ¥(x,0)=(]1)°+|2)%/\2.  functions is periodic, which obtains under conditions when
The computational results are presented in Fig. 3. As we cathe first two quasienergy levels cross. The analysis per-
see from Fig. 3a, fow (x,0)=|1)° the system completes one formed above shows that in this case integer harmonics are
oscillation during the first half-period and three over the secdistinguished in the spectrum. Although in practice the re-
ond half-period; this corresponds to quantum numbers quired initial state is quite difficult to obtain, the case when
andm=3, respectively. The inset in Fig. 3a shows the ex-for a specially chosen relative arrangement of several
pansion of the dipole moment in a Fourier series, in whichquasienergy levels and a definite choice of an initial state it is
the first, second, and third harmonics of the oscillations argossible to obtain a regime with generation of low frequen-
present. For the initial stat&(x,0)=(]1)°+|2)%/y2 the cies(optical rectification regimeis also of interest. The dy-
amplitudes of the Fourier coefficients are much larger andhamics of the wave functions is determined by the relative
the even harmonics are more inter(§ég. 3b. This is ex- arrangement of the quasienergy levels, so that by controlling
plained by the fact that, as already mentioned above, ththe splitting between them it is also possible to achieve gen-
wave function is delocalized over the structure when the ini-eration of frequencies which are lower by an integer number
tial state is a linear combination of stationary states. Thiof times than the frequency of the external perturbation. A
increases the dipole moment and results in a large participatructure in which for an amplitude of the external perturba-
tion of even harmonics. tion eUy=0.05AE,. only the first three terms make the main
Thus, symmetric systems in a strong field are a goodontribution to the expansiof8) was chosen for the calcu-
object for producing even harmonics of radiation with a quitelation: a;=0.7\, a,=0.5\, andb=0.3\. In this case, since
large amplitude, “distinguished” against the background ofthe number of quasienergy levels is small, it is convenient to
all other frequencies. The structure becomes asymmetric duase a Fourier integral expansion of the dipole moment. The
ing each half-period of the perturbation. This results in a lossegime which we require should be realized when two of the
of the spatial center of inversion. In the case when the fieldhree quasienergy levels considered converged toward one
does not strongly affect the energy level of a symmetricanother substantially. The first such convergence occurs for a
structure, the product of the transition dipole matrix elementgeriod of the perturbatio =2.0&,. A special choice of the
in Eqg. (7) vanishes, so that generation of a secdeden initial state gives a large value of the coefficient of the ex-
harmonic is impossible. The frequency spectrum in the casponential with a low oscillation frequency and a small value
of asymmetric structures is richer than that of symmetricof the coefficient of terms with frequenciks, wherek is an
structures, which makes it possible to use asymmetric strudgateger. Such a situation obtains if the first excited state
tures for generating a wider spectrum of harmonics. The re¥ (x,0)=|2)° in the absence of an external field is taken as
quired frequency distribution with distinguished harmonicsthe initial state. The computational results are displayed in
corresponding to quantum numbérandm can be obtained Fig. 4. An electron initially localized in the right-hand well
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6} tem in a strong field in a resonance tunneling regime was
compared to the “double resonance” effect in a system of
101 three equidistant levels, where the maximum radiation ob-
tains at frequency @ with small perturbations. It was noted
that second harmonic generation in a strong field can be
much stronger than in the case of a resonance radiation re-
gime.

Harmonics generated in a two-level system in a strong
field in a quasienergy level crossing regime was analyzed. It
was established that the generation of the required harmonic
of dipole radiation can be achieved in a controllable manner
by using a controllable evolution of the electronic states in
guantum-size structures. It was shown that symmetric struc-
tures in a strong field can serve as a good object for genera-
tion of even harmonics of radiation, which is in principle
impossible with weak perturbations. It was noted that an op-
tical rectification regime can be obtained with a special rela-
tive arrangement of three quasienergy levels and a definite

P/en

1

y| 1 L
0 50 100 t/T 50 200 choice of the initial state.
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FIG. 4. Dipole moment versus time for an asymmetric structure with pa-qgmental Research and INTAS.
rameters a;=0.7\, a,=0.5\, and b=0.3\ with T=2.06, and
eUy=0.0%AE, . Initial state: ¥ (x,0)=|2)°. Inset: Spectral density of the
dipole moment.
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AMORPHOUS, GLASSY, AND POROUS SEMICONDUCTORS

Effect of the charge state of defects on the light-induced kinetics of the
photoconductivity of amorphous hydrated silicon

0. A. Golikova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
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Fiz. Tekh. Poluprovodr32, 345—348(March 1998

The photoconductivity and defect density in films of nondopefli:H soaked with light

(W= 114 mW/cnf, A<0.9 um) for 5 h were investigated. It is shown thag,~t~” andNp~t#,
wherey> B or y=, depending on the position of the Fermi level prior to light soaking,
i.e., depending on the charge state of the deféztsandD® or D andD°. It is also shown that
the light-induced kinetics of, is affected by a transition of the defects into B8 state
because of a corresponding shift of the Fermi level during light soaking19@8 American
Institute of Physicg.S1063-782608)01103-X

1. INTRODUCTION perature T,=133—-267 °C), were explained on the basis of
N _ a model of light-induced charge transfer on defécts.
The stability of the photoelectric parameters of amor- | the present study we investigated the light-induced

phous hydrated silicoa-Si:H subjected to an external per- kinetics of o, andNp, of a-Si:H films, which were depos-
turbation (light, electric field, and othejsremains a key jted at T,=300 °C and described in detail in Ref. 6. The
problem concerning device applications of this material. Theyosition of the Fermi level of nondopedSi:H was varied in
Staebler—Wronski effectSWE), discovered 20 years ago, the limitse.— e =0.45-0.85 eV(s, is the conduction band
consists of a drop in both the dark photoconductivityand  edge. The charge state of the defects was varied correspond-
the photoconductivityo,, of a-Si:H under exposure to in- ingly: in the direction fromD~ to D° and then tdD*.” The
tense illumination, i.e., degradation ofy, accompanying a objective of the present work is to determine the effect of the

shift of the Fermi levek toward the center of the mobility charge state of the defects on the light-induced kinetics of
gap occurs. Later it was established that the density of, of a-Si:H.

defects—broken Si—Si bonddlf)—increases under illumi-
nation. Since the ESR method was used, it was concludesl ExpPERIMENT
that the light-induced defects are in ti¥ state and the
degration ofc, is due to an increase iNp, .

Despite the very large number of studies on the SW

The films were soaked at room temperature 3oh by
glight from a source withw=114 mV/cnt and X <0.9 wm.

the nature of this effect remains unclear. The literature cona—rhek,cond_lmt'\”ty(’Ph measgred 3sba function Olf thef I|ght-
tains ambiguous and sometimes even contradictory data gipaxing time was approximated by a power-law iunciion

~t~7 I i
the role of different structural characteristics for the SWE.Zph ™t 7 whe_r_ey characterizes the degradation rafehe
Even the role of hydrogen is still being debated. photoconductivity was measured at room temperature. The

It has recently been pointed out again that under iIIumi-Charge carrier genera'ﬂon rate w@s- 10 cm 3'3. “and the
nation o, decreases at a much higher rate théy in- ghoton_en(tergybwabv—Z e\ll. Tfhe (:.ef;ctwdt%ns_;_tr)]/ V\:jasf altso
creases; i.e., the light-induced kinetics @f, is different dpprc_mmae y a power-law functiohtp~t”. The defec
from that of Ny . Therefore, it is natural to assume that, ensity Np was measured by the_ con;tant—phptocurrent
aside from an increase My, other changes influencingy, method, yvh|ch in contr.ast to ESR ylelds. information about
occur in the structure of aa-Si:H film. Indeed, some light- the density Of. Qefects, |rrespect|ve' of their charge stgte. The
induced changes in the structure @fSi:H have been ob- dark conductivity was measured in order to determine the

o . light-induced shift of the Fermi levek.—ez=KkT In op/oy,
served, but their influence an,, remains unknown. For ex- whereT=300 K ande.—150 0~ 1. cm-*
ample, in Ref. 2 it was established that the SWE is 0 '
accompanied by a decrease in the entropya<8i:H; it is
assumed that short-range ordering of the structure occur
Moreover, in Ref. 3 it was concluded on the basis of NMR  Figure 1 shows curves dfip/Np(0) versus the light-
data that the SWE is accompanied by changes in the strusoaking time for a series of experimengaBi:H films [here
ture of the film at the level of midrange ordering; it is as- Np(0) is the presoaking defect dendityfhe parametep,
sumed that this occurs as a result of a change in the chargiharacterizing the rate of growth b, , was determined as a
state of defects. In Ref. 5 the characteristic features of théunction of the position of the Fermi level— e¢ (Fig. 2) on
light-induced kinetics otry, of nondopeda-Si:H films with  the basis of these data. We see that @sef increasesg at
different microstructure, determined by the deposition tem{irst increases and then decreases somewhat. The maximum

g. EXPERIMENTAL RESULTS AND DISCUSSION
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value of B is attained for “intrinsic” a-Si:H
(ec—er=0.70 eV), which prior to soaking has' the mini- FIG. 3. Light-induced kinetics of the photoconductivityafSi:H films. The
mum defect densit§ .t should be noted that on this segment numbers of the films and the corresponding values of e are the same
of the soaking timeB does not exceed 0.1, i.éNp grows  asin Fig. 1. The arrows mark the limits of the changes indggo,,,(0) for
very slowly. One would expect that the rate of growtiNgf  films Nos. 5-7.
should increase with a further large increase in the soaking
time, as in, for example, Ref. 9. However, in most cases,
Np(t) can no longer be approximated by a simple power-lawPand. Differences are also observed in the values of the mi-
function [Np(t) is represented in the form of a so-called crostructural parameteR, and the optical mobility gafEc -
“extended” exponentidl The is also true forry(t). We Furthermore', as gnalyss qf '|nfra.red and Raman spectra
will therefore confine our attention to a comparatively shortShowed, region-Il films are distinguished from region-I films
light-soaking time, for which the rates of changecgf, and by a larger scale of the structural nonuniformities. Nonethe-
Np (the quantitiesy and ) can be conveniently compared. €SS, the photoconductlwt_y de_creases monotonl_cally as
Figure 3 showsr,,/a;,(0) versus the light-soaking time ¢~ &F increases. In the region | it drops together with the
for a series of experimental filn{er,(0) is the presoaking defe(?t den_sny apd in region I it dro.ps w!th increasing defect
photoconductivity. Figure 4 showsy as a function of density. Itis obvious that in the regions indicated the defects
e.— ¢ . We see that two regions can be distinguished in Figar® in different charge states: In “intrinsic"a-Si:H
4: y=0.6—0.4 in region I, after whichy is observed to drop (sc—er=0.70 eV) defects are in the neutral stal¥,
rapidly, andy<0.1 in region II. Thus;y> 3 in region | and Whereas as shifts towarde or £,, an increasingly larger
y=pin region II; i.e., a large disparity between the rate of fraction of the defects is in the charge staEs or D™, just
growth of the defect density and the rate of decrease of th@s ina-Si:H doped with donor or acceptor impuriti€s.
photoconductivity is observed only for region I. Indeed, the photoconductivity in region | is determined
The “boundary” between the regions | and Il corre- Not by all defect§D ~ andD?) but rather only by the defects
sponds to the value af,— e in intrinsic a-Si:H. This is the ~ With a larger electron trapping cross sectioB®- whose
“singular” point on the curves showing nonmonotonic be- rélative fraction increases rapidly as—e¢=0.70 eV is ap-
havior of a number of structural parameters as a function of
e.—¢&g (Fig. 5: the density of defects, the content of bound

hydrogen in the film, the Urbach parameter, the Raman fre- g 7}
guency wtg, and the widthAw;g of the corresponding 0.6+
0.5F
0.1 aNo04r I
(-]
0.08F o3}
< 0.06F p/ 02t
0.04F

° 01}

0021 1 ) ) : 1 -
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FIG. 4. The parametey (o,,~t"?) versus the position of the Fermi level
FIG. 2. The paramete (Np~t?) versus the position of the Fermi level (e.—eg). The regions | and Il are shown in the figuisee text for expla-
(ec—€p). nation.
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No. 3, see Figs. 1 and 34(0) andNp(0)—pre-light-soaking photoconduc-
tivity and defect density Curve 1 was constructed as a function of
Np /Np(0), 2—as a function ofANp /Np(0), 3—as a function oD° de-

Mect density(see text for explanationCurve 4 was constructed for film No.

4 (see Figs. 1 and)3as a function ofNy /Np(0).

FIG. 5. Pre-light-soaking structural parameters of the films versus the Fer
level® 1—Defect density2—bound hydrogen conteng—Urbach param-
eter,4—TO-phonon Raman frequenc§—width of TO peak. Data on the
microstructural parametéR and the optical mobility gajt, are also pre-

sented in the figure and regions | and Il are shdgee Fig. 4 . . . .
9 9 9 curve 2) is obtained for the films examined above.

However, the foregoing analysis of the results disre-
garded the light-induced shift of the Fermi level. According
to the the data omry for the film under study, after light
soaking for 5 heg shifts to the point corresponding to intrin-
sic a-Si:H, where all defect$presoaking and light-induced

(Fig. 5. _ ) are in the stat®®. Therefore, if at the initial stage of soak-
Let us now return to the discussion of the results OMing, whenNpo/Np-=0.1, the density of defects in tHz°

light-induced kinetics of photoconductivity and re-examineStalte can be assumed to eqitdl, , then at the end of soak-
the regionOI(Fig. 4). Since the light-induced defects are in ing it equalsNp . Curve3 in Fig. 6 was constructed on this
the stateD”, even a small number of such defects stronglyy,,qis |t indeed reflects, to a high degree of accuracy, the
increases the effective electron trapping cross section. This Bverse proportionality betweear, and the density of de-
the reason why there is a large disparity betwgemd S. In fects in the stat®°. P

region I1, as stated above, a large disparity betweamd 5 Let us now consider the data obtained for intrinsic

is not observed, since the formation of light-induced defect%_Si:H_ Figure 6 shows logr,;/o-(0) versus logNp /Np(0)
(D% cannot strongly alter the effective electron trappingfor film N4 (curve 4). We sF:ae Ehat)_thNEl (this corre-

Cross section. . .
sponds tg3= v, Figs. 2 and 4 and since herdl;=Npo, we
Thus, the data on the light-induced kineticsogy, (Fig. hp N—Z g A o~ oo
aVeO'ph"’ Do+

4) correspond to the data presented in Fig. 5, and they can be As shown above, a similar result is obtained for region-I

interpreted on the basis of the same ideas. films provided that the change in the ratio betwé&gn- and

anaIN 23(3 tizeo:?jzl:liso %tg?;?ri?nl;orﬂzzgg(rﬁﬁlt:':O?rlnm(s)f\/\tlﬁ;e de_NDo at the initial stage of light soaking and the shift of the
Y P Fermi energy into the point.—e=0.70 eV at the end of

E?ﬁgﬂﬁi;ﬁg_p|zoé?g_oggfrf,tévﬁygz:/:,::(Sﬁfse;}o(:tee?:é unéoaking are taken into account. It is obvious that this is not

. . . required for intrinsica-Si:H. In the case of light-soaked
a fU”_C“OT‘ quD/ND(O).for one of the films. Bgfore light region-ll films the effect oD defects on their photoconduc-
soaking it is characterized by the valug—e-=0.65 eV

and, according to Ref. 10, for NB/NBZO.l. We see that tivity cannot be determined, since the simultaneously exist-

. T . .
oonlo4(0) decreases rapidly with increasind, /No(0): A Lnegnt[;rs defects are even more effective electron trapping
power-law relation close toph~N55 corresponds to the ex- )

isting large disparity betwee@ and y (Figs. 2 and % Since 4 CONCLUSIONS

o is determined not by all defects but only by those in the ™
stateD?, one would expect an inverse proportionality be- Investigations of the light-induced kinetics of the photo-
tweenopn/opn(0) and ANp /Np(0), whereANp is the den-  conductivity (op~t~?) and defect density Np~t#) for
sity of photoinduced defects, but this is not observed fomondopeda-Si:H films variations of the position of the
region-1 films. A relation close torph~(AND)‘2 (Fig. 6, Fermi level €.,—&er=0.45-0.85 eV) established that the

proached. In contrast, the photoconductivity in region Il is
determined by all defectéD® andD*), whose density in-
creases with distance from the poiat.—eg=0.70 eV
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ratio of y and 8 depends strongly oa.—&g. In region I,  tions about light-induced structural changes that afegf
where e;—er=0.45-0.69 eV, y is much larger than3.  other than an increase in the density of defects. However, the
Then, B decreases rapidly and in region Il, for a large changes occurring in the kinetics of;, as a function of the
ec—egr, y=pP. The characteristic features of the light- position of the Fermi level are due to the above-listed struc-
induced kinetics ofry,, can be explained by the differences ture features of the films prior to light-soaking, which also
of the charge states of the defects, depending on the positiafepend or:.— ¢ : The different charge states of defects are
of er: predominantlyD ™ in region I, D° for the intrinsic  interrelated with the characteristic structural features of
material €.—e=0.70 eV), and predominantl®* in re-  3-Sj:H films.

gion Il. As a result, in region | even a comparatively small

light-induced increase iNp results in a large increase in the ~ This work was supported by INTAS Grant No. 931916.
effective electron trapping cross section, while for intrinsic

a-Si:H and in region Il this does not occur, since intrinsic 1p, tzanetakis, N. Kopidakis, M. Androulidaki, C. Kalpouzos, P. Stradins,
a-Si:H and region-Il films are distinguished by a higher sta- and H. Fritzsche, MRS Symp. Prog77, 245(1995.

bility of op,. It was also established that not only the pre- 2% l\%g?itgznn, R. M. Dawson, H. Y. Liu, C. R. Wronski, J. Appl. Phys.
soaking charge ;tate of (_jefects but also the change_ln the, "\ Branz and P. A, Fedders, MRS. Symp. Praag 129 (1994.
charge state during soaking and as a result of Fermi levetg rera, 3. Appl. Phys75, 1396(1994.

shifts, which occur so that the Fermi level ultimately is lo- °D. Caputo, G. de Cesare, F. Irrera, F. Palma, M. C. Rossi, G. Conte,
cated at the poink.—er=0.70 eV, influences the light- G- Nobile, and G. Fameli, J. Non-Cryst. Solitfg0, 278 (1994.

. . . L N, . O. A. Golikova and V. Kh. Kudoyarova, Fiz. Tekh. Poluprovod®,
|n(_juc§d kinetics 01_‘ the photocor_1duct|V|ty afSi:H. Taking 11281995 [Semiconductor@9, 584 (1995].

this circumstance into account, it was shown that the photo“o. A. Golikova, Fiz. Tekh. Poluprovodr25, 1517 (1991 [Sov. Phys.
conductivity and density of defects during soaking are re- Semicond25, 915(1991].
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lated aso,~Npo, which is obtained automatically for in- '(51'933“"3“”' P. Pippoz, A. Shan, and J. Hubin, J. Appl. Pgs1772

trinsic a-Si:H, since for ity=g and all defectgpresoaking  °p.Morin, C. Godet, B. Equer, and P. Roca i CabarrocaBraveedings of
and inducetlare in the stat®®. the 12th European Photovoltaic Solar Energy Conferenomsterdam,

In summary, the interpretation of the data on the Iight—lolf\*/lprgtlgg“' P. 6870-| W, B. Jackson. Solid State C 153 (158
induced kinetics of the photoconductivity afSi:H, which - Sturzmann and W. B. Jackson, Solid State Comnéizy153 (1987).
were obtained by us, does not require making any assumpanslated by M. E. Alferieff
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Effect of ion irradiation of amorphous-silicon films on their crystallization
N. V. Bakhtina, A. I. Mashin, A. P. Pavlov, and E. A. Pitirimova

N. I. LobachevskiNizhegorod State University, 603600 NizhNbvgorod, Russia
(Submitted April 3, 1996; accepted for publication October 2, 1997
Fiz. Tekh. Poluprovodr32, 349—352(March 1998

The change in the structure of amorphous Si films implanted with inert-gas ions and chemically
active impurity was investigated by transmission electron microscopy and electron

diffraction methods. It was shown that as a result of radiation-induced formation of thermally
stable vacancy complexes, Si films irradiated with &And P" ions with doses above

7% 10" cm2 do not crystallize up to temperature 680 °C. It was established that crystallization
of Si films after implantation of lower doses of Rons accelerates the growth of grains in

the films as a compared with the unirradiated films. A model of the mechanism by which the ion
irradiation influences the crystallization of Si films is discussed. 1998 American

Institute of Physicg.S1063-782608)01203-4

1. INTRODUCTION s=41 (sina)/A\<8 A~ where « is the diffraction angle
and \ is the electron wavelength. The radial distribution is

microelectronics. It is used for gates in MOS transitors, de@lculated by integrating up to the most diverse values of the

couplers for interconnections, resistors, and so on. One of tHdPPer limit and corrections for the effect of the cutoff, which
most important parameters of polycrystalline Si is its finelnvestigators always encounter, are disregarded. A conse-
structure. To obtain polycrystalline-Si films with satisfactory duénce of the experimental cutoff of the intensity curve is, as
performance characteristics the grain size must be no led¥inted out in Ref. 4, that the coordination number is over-
than 20—30 nm. To achieve such characteristics in moderfStimatedin some cases by up to 18%n Ref. 4 a correc-
technology it is necessary to employ temperatures exceedif{p" factor, which we employed for determining the coordi-

800 °C, which has a deleterious effect on other structures jfjation number, is introduced in this connection.
the electronic devices fabricated. We employed the methods proposed in Refs. 5 and 6 to

The objective of the present work is to investigate the@Pt@in information about the value of the dihedral angle
effect of ion irradiation of amorphous Si films on their crys- characterizing the rotation of the silicon tetrah_edra reIa_tlve_to
tallization and to determine the physical processes angn€ another, and about the structure of the third coordination
mechanisms of the effect of ion implantation on heat treatSPhere. o L
ment. The investigations of polycrystalline Si were performed
on an BV-200 electron microscope with an accelerating volt-
age of 150 kV. Grain size was measured with a spectrum
projector, giving a twentyfold magnification, and histograms

The initial films were obtained by molecular-beam depo-of the grain-size distribution in polycrystalline-Si film were
sition of Si from a sublimating source on a silicon substrateconstructed from these data.
coated with a thin 0.1 um) layer of SiQ. Films of the
order of 100 nm thick were used. The substrate temperature
in the process of formation of the layers did not exceed; gypERIMENTAL RESULTS AND DISCUSSION
200 °C. The residual-gas pressure in the growth chamber
was equal to (1.62.5)x10 4 Pa. The Si films obtained The initial amorphous-Si films were irradiated with Ar
were irradiated with 40-keVP and Ar ions with doses in theand P ions with doseB = 10'°, 3x 10'®, 5x 10, 7x 10'°,
range 16°-~10'° cm 2. lon implantation was performed in and 13 ions/cnt. The films retained their amorphous struc-
an ILU-3 accelerator with a room-temperature target. Postture after irradiation. Post-implantation annealing at
implantation annealing was conducted in a 4®a vacuum T=680 °C for 60 min led to crystallization of the films ir-
at temperatures of 680 and 800 °C. The annealing times wemadiated with the three lowest doses from the chosen range
equal to 60 min atT=680 °C and 30 and 60 min at (irrespective of the type of ignIn this case, sharp rings
T=800 °C. characteristic of a polycrystalline structure are observed in

Films for electron-diffraction and transmission electronthe electron diffraction patterns. Complete crystallization did
microscopy investigations were separated from the substratemt occur in films irradiated with the two higher doses from
by etching off the intermediate SjOayer. The atomic- the chosen rangg@rrespective of the type of ignSeparation
distribution function was reconstructed from the electron-of the second and third diffraction rings was not observed in
scattering data by the Fourier analysis methotlt should  the electron diffraction patterns, and the first ring was found
be noted that most electron-diffraction investigations of theto be diffuse, suggesting that the structure of these films
structure of amorphous substances are performed taking intemained amorphous. To explain this fact, which we at-
account the intensity up to values of the parametetribute to the influence not only of irradiation but also the

Polycrystalline Si is a promising material for modern

2. EXPERIMENTAL PROCEDURE
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TABLE |. Short-range order parameters of initial and irradiated amorphous-Si films.

Irradiation with ions D, cm? po, A3 n, ro, A n, ry, A O, ° Aoy, ° 9, °
Nonirradiated Si 0 0.045 3.95 2.35 12.00 4.04 119 36 15
Art 1x10% - - - - - - - -
Art 3x 10 - - - - - - - -
Art 5% 101 0.045 3.94 2.35 12.04 3.89 112 33 14
Art 7x10% 0.043 3.93 2.35 12.00 4.00 116 34 16
Art 1x 106 0.043 3.92 2.35 11.85 4.03 117 34 31
p* 1x10' - - - - - - - -

P* 3x10% 0.043 3.93 2.35 12.02 4.06 119 36 33
P* 5% 101 0.042 3.63 2.35 12.10 4.00 116 34 37
p* 7x 10 0.041 3.92 2.35 12.03 4.16 122 31 36
Pt 1x 106 0.039 3.76 2.35 11.93 4.15 121 30 36

parameters of the annealing process, structural investigatiomearest neighbors becomes even smaller than in the initial
of the films were performed after irradiation and after an-a-Si film; the second coordination numbers also decrease
nealing. with increasing dose.

The radii(r, andr,) of the first and second coordination Moreover, as a result of irradiating the films, the dihe-
spheres, the first and second coordination numbersand  dral angle increases with dose. This attests to an increase in
n,), the anglep, between the bonds, and the dihedral anglethe number of star-shaped configurations of tetrah®éar.

0 were determined from the radial distribution curvélse @ 6=31° or 36° (which is characteristic of films irradiated
results are presented in Tablg The data obtained again with a high dose of Ar and P, respectivele relative frac-
confirm that short-range order, characteristic of crystal Sition of star-shaped configurations becomes equal to that of
remains ina-Si. Structural disorder is manifested as a smallblocking configurations. Howeve#,increases with dose dif-
deviation ofn; from the value 4, which is characteristic of ferently for films irradiated with different ions. Because of its

crystalline Si and as a deviation of the average an?ghg- chemical activity and capability to incorporate itself in the
tween the bonds from the ideal tetrahedral angle 109°28 lattice, phosphorus promotes rotation of the tetrahedra. This
The decrease in the coordination number can be explained I§h0ows up even at low doses, when the tetrahedra are found to
the presence ia-Si of dangling bondor vacancy type de-  be rotated relative to one another by an angle of the order of
fects. Thus, some atoms will have not 4 but 3 nearest neigh33°; i.e. the number of star-shaped configurations character-
bors. But the relative fraction of such atoms is very small, sgstic of the crystal increases. This is manifested as an in-
that the resulting coordination number will be slightly lesscrease in grain size during the subsequent annedteg
than 4. The value of the dihedral angle= 15° for the initial ~ below). Because of its inertness, argon retards the restructur-
a-Si indicates that an obstructing configuration of tetrahedraing process, and rotation of the tetrahedra occurs gradually
which is characteristic of an amorphous structure consistindith increasing irradiation dose.
of five-unit rings’® predominates in this material. An esti- ~ When amorphous films are annealed, they should crys-
mate of the variance in the values of the valence angles givedllize and polycrystalline grains should form. Annealing at
Agp,=36°. This value is greater than the value &6i ob- T=680 °C for 60 min is found to be sufficient to produce a
tained by high-frequency ion-plasma deposition in Ref. 6crystal structure of the initial films with an average grain size
whereA ¢,=22°. This indicates that the structural disorder-
ing is greater in our initial films. L o _
The choice of AF and P impurities for deeper study of ;A_II_BI:_EsIg C)Sérlljg:uerglrﬁﬁ]r.ameters of Si films after irradiation and annealing
the structural rearrangements arising in amorphous Si with
ion implantation was not made randomly. Phosphorus ac oo Eilm Grain sized, A
tively incorporates itself into the Si lattice. Having approxi-

. Y with ions D, cm? structure variance average
mately the same covalent radius as Si, it does not generate

high local stresses. Argon, however, because of its inertnesglf’”i”‘"“"i""teo| 0  Polycrystaline ~ 240-280 260
does not form any bonds with Si and does not affect the, . 1x105  Polycrystalline  120-160 140
length of the Si—Si bond. Art 3x10°  Polycrystaline ~ 200-240 220
lon implantation in a film introduces radiation-induced ar+ 5x105  Polycrystaline  200—280 240
defects(vacancies and vacancy complexeSince the bond Ar* 7X10' Amorphous - -
length in a continuous network remains virtually unchangedAr” 1x10'° Amorphous
the appearance of such defects can be interpreted as a de- 1x10  Polycrystaline  160-280 220
crease in the average atomic density. In addition, the highe?* 3x10"  Polycrystaline ~ 200-280 260
the ion (Ar* or P") irradiation dose, the more defects are P 5X10'°  Polycrystalline  300-440 360
P* 7x10% Amorphous - -

produced and the lower the density of the filn{as one can

) : p* 1x10'6 Amorphous
see from Table)l In this connection, the average number of P
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TABLE lll. Short-range order parameters of Si after irradiation with Ar and P ions and annealiig @80 °C for 60 min.

Irradiation o
with ions D, cm 2 po, A3 ny ry, A n, r, A @, ° Agy, ° 6, °
Art 7x10%° 0.045 3.99 2.35 12.09 3.94 113 33 33
Art 1x10 0.046 3.98 2.35 12.08 3.93 114 35 31
Pt 7Xx10%° 0.043 4.06 2.35 11.98 411 113 28 38
P* 1x 10 0.044 4.062 2.35 12.08 3.97 116 35 31

of the order of 260 A. However, it should be noted that athat slow down the reconstruction of the crystal lattice. Since
large variance is observed in the grain-size distribution.  the defect-formation power of Ar is approximately the same
The situation is more complicated in the case of irradi-as that of P>*the situations in films irradiated with Ar and
ated Si. In the case where samples irradiated with the threfe are similar. We assume that in our case a complex defect is
lowest dosegirrespective of the type of igrare annealed, a a pentavacancy, whose annealing temperature7is0 °C1*
crystalline structure, whose parameters are given in Table IIThe results of structural investigations of these films are pre-
is formed and the average grain size is observed to increasented in Table Ill. Since annealing decreases the defect den-
with dose. The effect of P is manifested in the fact that thesity, the density of these films is higher than that immedi-
average grain size in films irradiated with P ions is largerately after irradiation(see Table ). This shows up in the
than in the initial films. The effect of P first appears at thecoordination number—it also increases. The valence angle
irradiation stage, when P is capable of increasing the numbetecreases and becomes closer to the ideal tetrahedral angle.
of star-shaped configurations of tetrahedra and thereforall these factors attest to onset of rearrangement of the struc-
making the structure approach a crystal structure. This fadure from amorphous to crystalline.
plus the additional thermally stimulated formation of Si—-P ~ To check our assumption that a defect such as a penta-
bonds in the process of crystallization probably have the efvacancy interferes with the annealing of samples irradiated
fect that the average grain size in the irradiated films is largewith high doses, annealing was performed at a temperature
than in the nonirradiated films. On the other hand, by virtuehigher than the annealing temperature of the pentavacancy,
of its inertness, argon retards the crystallization process. Fare., atT>750 °C. Treatment of the samples 800 °C
this reason, here the grain size is on the average smaller théor 30 and 60 min results in complete crystallization of the
in the nonirradiated annealed samp{see Table .. These films irradiated with all doses from the chosen range. It
data correlate well with the changes in the dihedral angle. Ishould be noted that doubling the annealing time
Ref. 9 it is noted that for polycrystalline Si films the perfec- (T=800 °C) approximately doubles the average grain size
tion of the crystals and the grain size increase as the depoditfable V), and the average grain size after irradiation and
tion temperature increases from 800 to 1100 °C. In theannealing is larger than in the nonirradiated annealed films.
present work we achieve the same effect by using only lowin addition, it should be noted that annealingTat 800 °C
temperature processes, which is very important for the techfor 30 min leads to the formation of a structure with approxi-
nology of fabrication of integrated circuits. mately the same average grain size as that obtained with
The defect density increases with irradiation dse. annealing for 60 min aT=680 °C. Therefore, to obtain a
During heat treatment some defects are annealed and somelycrystalline-Si structure with prescribed parameters there
participate in the formation of more intricate compleXes is no need to increase the temperature, it is sufficient to in-
crease the annealing time at lower temperatures.

TABLE IV. Structural parameters of Si films after irradiation and annealing
at T=800 °C. 4. CONCLUSIONS

Grain sized, A 1. It has been established that irradiation with iBns

with dose less than ¥ 10'° cm 2 followed by annealing of
amorphous Si films increases the average grain size as com-
Irradiated 0 30 180-240 210 pared with annealed nonirradiated samples. This is caused by

Irradiation Annealing time
with ions D, cm? t, min variance average

Si the chemical activity of P, which promotes an increase in the
P 1x 10 30 180-240 220 dihedral anales

Pt 3x10'° 30 200-240 229 gles. . N P .

p+ 5% 105 30 200-260 240 2. 5Irradéat|0n2 with Ar" and ions with doses

p+ 7% 10% 30 200-280 240 7X10%-10"cm™2 has the effect that, as a result of
pt 1x 10 30 200-320 256 radiation-induced formation of thermally stable vacancy
Nonirradiated 0 60 380-460 420 complexes, Si films do not crystallize with an annealing tem-
St peratureT =680 °C.

P 1x10% 60 360-480 420

Pt 3x10'° 60 300-480 437

P 5x 10" 60 360-560 466 1L, 1. Tatarinova,Electron Diffraction Analysis of Amorphous Materiis

p* 7X10% 60 360-600 500 Russiaf, Nauka, Moscow, 1972.

P* 1x 10 60 360-720 569 2B. K. Vainshtén, Kristallografiya2, 29 (1957).

3A. F. Skryshevski Structural Analysis of Liquids and Amorphous Bodies:
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Photosensitivity of porous silicon—layered IlI-VI semiconductors heterostructures
A. A. Lebedev and Yu. V. Rud’
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Rectifying heterojunctions with photosensitivity 1-5 V/WTt 300 K were obtained by

forming optical contacts between free porous silicon and layered InSe and GaSe semiconductors.
A wide-band photovoltaic effect was obtained when these heterostructures were illuminated

on the free porous silicon plate side. The long-wavelength photosensitivity edge of these devices
is determined by direct transitions in InSe or GaSe, respectively. It is concluded that
heterojunctions based on free porous silicon plates can be used as wide-band phototransducers.
© 1998 American Institute of Physidss1063-782808)02603-9

The discovery of efficient visible-range radiative recom-nated. The photosensitivity was higher in the case of FPS
bination at first in silicon and then in binary diamond-like side illumination and reached¢1—5 V/W. The sign of the
semiconductors after anodic etching is unquestionably of inphoto-emf did not depend on the photon energy and the lo-
terest for studying the potential applications of such materication of the light probe on the surface of the HJ. In Ref. 6 it
als in optoelectronics:® To this end, the possibilities of pro- was shown that the InSe—InSe and GaSe—GaSe structures
ducing and the properties of different types of energyobtained by putting these crystals into optical contact have
barriers on porous silicon and other substances are und&near current-voltage characteristics, i.e. rectifying barriers
study. In the present paper we report the results of an inveslo not form on the InSe and GaSe surfaces. It can be con-
tigation of the photosensitivity of heterojunctioftdJg, ob-  cluded from these facts that the photovoltaic effect is due to
tained by the method of putting plates of free porous silicorthe separation of nonequilibrium pairs by the active region
(FPS into optical contact with plates of direct-gap com- forming in the HJ between the FPS and IlI-VI surfaces.
pounds InSe and GaSe with a band gap at 300 K of 1.23 and The quantum efficiencyy was measured on the linear
2.0 eV, respectivel. section of the curve of the photo-emf versus the intensity of

InSe and GaSe single crystals were grown by directedhe light incident on the sample and was normalized to the
crystallization of nearly stoichiometric melts. The electri- incident photons. They spectra for several samples are dis-
cally homogeneous crystals wereretype with free electron played in Figs. 1 and 2. In the case of InSe/FPS HJs the
density ~10'*—10'® cm™2 at 300 K. To produce HJs, thin long-wavelength photosensitivity edge is characterized by an
(40—80m) plane-parallel wafers with average dimensionsexponential photon energy dependence and it possesses at
of 4x4 mn? and high-quality(0001) planes were pricked % w=1.23 eV a sharp step or inflection in the spectral depen-
from the ingots. The high quality of th®001) faces is due dences ofy for different HJs(Fig. 1). The position of the
to the strong anisotropy of the interatomic forces in 1l1-VI long-wavelength edge af§ on the energy axis makes it pos-
semiconductor$. sible to attribute this edge to the onset of interband transi-

Free porous silicon films 40—1Q@m thick were used as tions in InSe. In the experiments, contacts of different FPS
the second component of the HJs. The free films were obwafers were use@Fig. 1, curvesl and2) or the same FPS
tained by anodic etching of the initighSi wafers with(111) ~ wafer was put into contact with the same InSe surface but
orientation® The optical quality of the surface of the FPS using different surface&ig. 1, curve and3). The slope of
wafers, which is formed by etching on the single-crystal sili-the exponential edge ofy varies from 11.5 to 38 eV},
con side and remains after separation from the substrate, washich could be due to variations in the quality of the contact
found to be approximately the same as that of 1ll-VI wafers.boundary. On the whole, in contrast to the current-voltage
The exterior surface of the FPS wafers was appreciablgharacteristics, the photo-emf spectra of these HJs were re-
worse in most cases. producible when one FPS wafer was replaced by another or

The heterojunctions were obtained by uniform mechaniwhen the different FPS—InSe contact surfaces were used
cal clamping of FPS wafers and IlI-VI crystals together in a(Fig. 1).
special holder. Contacts with each component of the HJ were  The main feature of the spectra sfin these structures is
soldered using pure indium. The structures obtained in thishat the photoresponse increases in the experimental range of
manner had diode current-voltage characteristics with a rediw right up to 3.5 eV. The step nedw=1.6 eV corre-
tification coefficient of the order 5-10 at10 V. The for-  sponds to the spectral position of the wide band of stationary
ward direction in both types of structures was obtained withphotoluminescence of FPS, while the increase in photore-
a negative polarity of the external voltage on the IlI-VI crys- sponse foriw>2 eV falls in the range of the “fast” com-
tals. A photo-emf with the IlI-VI crystals being charged ponent of photoluminescence of porous sili¢ofherefore,
negatively relative to the FPS appears when the HJ is illumithere are grounds for assuming that the photosensitivity of
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‘ edge ofy(f w) is shifted in the short-wavelength direction in
10*F 2 - , : -
y / accordance with the increasehiy . Its slope in such Hls is
TmeV //' c'/°3 usually of the order of 35—-40 eV} and is determined by
+— ’ o direct interband transitions in GaSe. As the photon energy
_ increases above the band gap of GaSe, the photosensitivity
‘: /-’ A 1 either increases$Fig. 2, curvel) or remains virtually un-
P changed in the regionhw=2—-2.6 eV and a short-
wavelength dropoff is observed only fbw=2.6 eV. Figure
2 shows the typical spectrg(#w) for two HJs differing
% only by the FPS wafers used for contact, which were ob-
i tained in different processes, and “set” with the same side,
of > hw which was turned toward the silicon substrate during the
~ preparation of the FPS, on the same faca-@aSe. Since no
differences were observed in the specj{#& ) for the same
11 n-Inge FPS wafers in contact with-GaSe, there are grounds for
] assuming that the dropoff of for #w>2.6 eV(Fig. 2, curve
,' 2) is due to the appearance of interface recombination of
" nonequilibrium carriers when the FPS is joined with GaSe.
| The fact that in the second type of KBig. 2, curvel) for
!
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hw>2.6 eV we no longer observe the short-wavelength

P R , growth of » (Fig. 1) appearing for InSe/FPS structures is
1.0 2.0 3.0 likewise consistent with the conjecture made above that an
how, ev increase in recombination occurs at the interface when InSe

|;_eplaced by GaSe.

FIG. 1. Spectral dependences of the relative photoconversion quantum e o . . .
ficiency 7 for InSe/FPS heterojunctions @t= 300 K. Inset: Construction of ) The p_hOtosenS't'V'_ty of the_ Obta'ned H_JS u_nder illumina-
the HJ and its illumination scheme. FPS—InSe contact surfla@=plane  tion with linearly polarized radiation in a direction normal to

on the substrate sid&—plane on the etchant side. Wafer thicknesges; the plane of the FPS does not show any dependence on the
1—40,2,3— 80, InSe — 80. position of the polarization plane in the entire region of pho-
tosensitivity. This is due to the fact that the light enters the
i active region of the HJ along the isotropic direction of the
these HJs and the photoluminescence of FPS are due to ¢ v/ crystals and therefore there is no natural photopleo-
same optical transitions in FPS. chroism.

A HJ of a different form was obtained by putting the In summary, a wide-band photovoltaic effect is observed
same FPS wafers in contact withGaSe wafers. The spec- j, jj_vI/FPS heterojunctions obtained by the optical-
tral curves of for these junctions are similar to the preced- coniact method. This indicates that an effective energy bar-
ing curves (Fig. 2), but the exponential long-wavelength rer forms at the boundary of the two semiconductors. Such

structures can be used to produce wide-band phototransduc-

ers, whose long-wavelength sensitivity edge can be regulated
EﬁnzSe between certain limits by varying the composition of the
solid solutions InSe—GaSe.
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Magnetic-resonance spectroscopy of porous quantum-size structures
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The results of investigations of nuclear magnetic resonance of water protons in porous silicon are
reported. It is shown that magnetic-resonance spectroscopy with a “flexible probe”

consisting of water molecules is an effective method for analyzing porous quantum-size structures
with a complicated spatial configuration of the pores. The “NMR isotherms” of hydrated

layers of porous silicon obtained in different technological regimes are presented and discussed.

Sorption processes are studied and a model is proposed for forming water monolayers on

a porous surface. It is established that a por fine structure with an average diameter of 1.4 nm is
present in the layers. €998 American Institute of Physid$$1063-78208)02703-3

The interest shown in quantum-size structures in recerfieatures of the formation of layers of sorbed water. In the
years, specifically, porous layers formed in crystalline sili-presence of surface adsorption, the total surface §red
con, has stimulated an intense search for methods of inveghe sample consists of the active surface @gaincluding
tigating such objects. The method of nuclear magnetic resahe surface area of the nanopores and the external nonporous
nance(NMR), used for detecting water molecules sorbed in asurface aredit is in constant equilibrium with the gas phase
porous layer of silicort, makes it possible to develop a because of rapid particle exchanges well as the surface
unique “flexible probe” that can penetrate into atomic-size area of subnanoporé; (it is filled much more slowly in the
pores with configurations of unlimited complexity. The char- process of self-diffusion of sorbed molecules, which behave
acteristic features and the character of the experimentals a classical two-dimensional Langmuir gas
NMR spectra of hydrated layers of porous silicon, employed  The kinetics of the population density on the active sur-
for moisture sensors, have been discussed in Ref. 2. face is described by the equation

This paper reports the results of magnetic-resonance
spectroscopy of porous silicon layers in connection with the dNa: £a£<v>8 (Nao—Ng) — % (1)
technological conditions of production of the silicon and pro- dt 6 kT o 2 T
poses a model for the formation of water monolayers sorbe
by the porous surface. Predehydrated samfiieating for 3
h at 600 K were saturated in a moist medium with a relative

%herea is the probability that a molecule is trapped by an
adsorption centep is the partial pressure of the water vapor,
o (v) is the average thermal velocity of molecules in the gas
—-080 . . 3
humidity of 14-98% at 300 K. The NMR spectra of the phaseN,, is the number of adsorption centers on the active

moisture-saturated samples were obtained on a wide l'ngurface,r is the residence time of a molecule on the surface,

spectrometer with a working frequency of 37 MHh. The i gitzmann's constant, arfilis the absolute temperature.
spectra had the form of single narrow lin@bout 0.02 mT The rate of change of the number of particles on the

wide) with a signal/noise ratio exceeding 70. The experimen - o of the subnanopores is expressed by the equation

tal data are presented in the form of isothermal curves of the

intensity of the water-proton line in the NMR spectra versus  dNg Ns

i i ' — = BNg| 1=/, 2
the partial water vapor pressure for sorption and desorption gt a Nge
processes.

The experimental “NMR isotherms” for porous silicon where the coefficienB takes account of the probability for
samples produced by anodization with different current denmolecules to escape into nanopores ahd is the equilib-
sities are shown in Fig. 1. The figure also shows an isotherrium number of molecules in subnanopores.
for a single-crystal silicon sample subjected to electropolish- ~ Since the sorption mechanisms on an active surface and
ing. In the latter case the intensity of the NMR line remainson the surface of the subnanopores are different and
practically unchanged in a wide pressure range. The iso-

-~ dNg dN
therms of porous silicon demonstrate a number of features, S8
including pronounced hysteresis, indicating capillary con- dt dt ’
densation. This attests to the fact that besides the nanoporgs,
with an average diameter of 10—-30 nm well-known from
electron-microscopic measurements porous silicon contains
much smaller poregsubnanoporgs’ Naet Nse=Nag

Taking account of the existence of subnanopores in po-
rous silicon, we shall examine a porous model of the proceswherepg is the partial pressure of saturated vapor above the
leading to the establishment of dynamic equilibrium betweerflat surface at 300 K and is Avogadro’s number. The ex-
the gas phase and the sample as well as the characterisficession obtained corresponds to a Langmuir isotherm.

total number of molecules sorbed on the surface equals

Ss
+_
Ity

p/ps

p/pst+AlTps’ @
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In the presence of capillary condensation aggregation of

a
L water molecules can start both at the bottom and at the walls
1500 of the pores, depending on the cross-sectional sizes of the
pores® It can be shown that for subnanopores the second
1200} mechanism, which is accompanied by the formation of a
I cylindrical meniscus in the case of adsorption or a hemi-
900 - spherical meniscus in the case of desorption, is more likely.
600+ The saturated-vapor pressure above the cylindrical and hemi-
o1 spherical menisci is determined by Kelvin's formulas, re-
oot o2 spectively, as
o p p 2
(o 7 oV
o 900k b ps—exp[ rRT] and ps—expl’ RT ] (4)
E] 400 - where o is the surface tension of water,, is the molar
S 0 b volume of the watery is the pore radius, anR is the uni-
8 versal gas constant.
~ 0 Filling of the subnanopores corresponds to a sharp in-
c flection of the isotherm, whose slope is determined by the
ool pore-size distribution. The difference in the shape of the me-
niscus in the case of adsorption and desorption results in the
Joo + appearance of a hysteresis loop appears in the isotherm. As
0 one can see, a hysteresis loop is characteristic for all experi-
mental samples of porous silicon and increases with increas-
600 - d ing density of the anodic current, while the region of capil-
3o0 b .__m lary condensation remains the same in all cases. A
guantitative estimate of the sizes of subnanopores can be
0 obtained by a simple calculation using E¢$).. Their aver-
600 F e age diameter determined in this manner equals 1.4 nm,
N O _ J which correlates with the description of the crystal matrix of
oy o T T porous silicon as a system of quantum wires with average
L L L o diameter ranging from 1.4 to 8 nnf.
g 02 04 06 08 10 At moderate pressures the NMR line intensity decreases
p/p, with increasing relative humidity. The dropoff of the iso-

FIG. 1. NMR isotherms of sorbed water in porous silicon. The isothermstherm on this section can be explained keeplng m_ mind the
were obtained with different current densitigs(a—d and in single crystal fact that only the narrow NMR component, which is due to
silicon (). j,, mA/cn®: a — 20, b — 15, ¢ — 10, d — 5l—sorption, ~ Mobile water molecules, is recorded in the measurements.
2 —desorption. For this reason, the decrease in intensity attests to a decrease
not of the total number of sorbed particles but rather only the
number of mobile molecules. This leads to the following
As follows from the expressiofB), in the case of sur- hypothetical picture of the formation of the adsorbed layer.
face adsorption the sorption capacity of the sample is satuFhe concave menisci formed as a result of condensation on
rated even at low pressurésss than 1% relative humidity  the open ends of subnanopores play the role of adsorption
In the process a monolayer of mobile molecules, which vir-centers, binding water molecules migrating along the surface
tually do not interact with one another, is formed. The prop-by means of hydrogen bonds parallel to the surface. In this
erties of this monolayer do not change with pressure. Thenanner islands of molecules with limited mobility appear
intensity of the NMR absorption line also does not changenear the locations of emergence of subnanopores on the sur-
The horizontal sectiorfor the section close to)itobserved face of porous silicon. This process leads to the formation of
for all experimental samples determines the surfacea coordination-saturated monomolecular layer with a corre-
adsorption isotherms. In the case of single-crystal silicon theponding increase in moisture content.
horizontal section is a larger fraction of the curve — over  The NMR line intensity once again increases at high
virtually its entire extent the isotherm is described by thepressures. In our opinion this section of the isotherm corre-
Langmuir law, while the monolayer exists in a wide pressuresponds to capillary condensation in hanopores. Since the na-
range. The situation is different for porous silicon — the nopore sizes are much larger than the interproton distance in
Langmuir isotherm corresponds only to the initial part of thea water molecule, filling of nanoporém contrast to subna-
curve, while the monolayer remains only up to pressures lessopore$ starts from the bottom of the pore and proceeds
than 0.3%5. Above this value a jump occurs in the intensity with the formation of a hemispherical meniscus. At a vapor
of the NMR line, attesting to the onset of capillary conden-pressures close to saturation polymolecular condensation on
sation. the coordination-saturated monolayer is also possible.
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Our results attest to the fact that magnetic-resonance Mokrousov, Fiz. Tekh. Poluprovodr29, 1874 (1999 [Semiconductors
spectroscopy is an effective method for investigating both, 29, 979(1995]
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THE PHYSICS OF SEMICONDUCTOR DEVICES

Properties of p*—n structures with a buried layer of radiation-induced defects
A. M. Ivanov, N. B. Strokan, and V. B. Shuman

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted April 18, 1997; accepted for publication May 21, 1997
Fiz. Tekh. Poluprovodr32, 359—365(March 1998

The p* —n structures based amtype Si with dopant density 1:710-1.2x 10'* cm™3 were

irradiated with?*3Pu « particles. A layer containing radiation-induced defects with a

density of the order of 10" cm 2 was produced at a depth of 20m. This defect density

gave rise to intense draining of nonequilibrium carriers in the injection-extraction regime

with stationary injection as well as with pulsed generation by single particles. This makes it
possible to treat the damaged layer as a plane, introduced into the bulk, with an infinite

surface recombination rate. The radiation-induced defects also participated in decreasing the
conductivity. A characteristic space charge distribution and, correspondingly, a bias dependence of
the capacitance are observed in the structure under reverse bias. Despite the presence of
formally three charge regions, four sections appear on the capacitance curve. This latter effect is
due to the “additional” charge step arising in the contact potential difference field and is
characteristic of compensated deep levels in semicondu¢&it863-78208)01303-9

1. INTRODUCTION different nature and energyThe problem is simplified by
using ion accelerators, where the type and energy of the ions
The production of a prescribed profile of deep centers ircan be easily varied.
Si is a complex technological problem. At the same time, in ~ The presence of a DC profile in turn influences the char-
practice it is often necessary to introduce recombination cernacteristic features of carrier transport. For example, we ob-
ters(RC9 or to vary the conductivity of the material. In this served an unconventional dependence of the charge carrier
connection, we note that there is great interest in so-calletifetime on the irradiation doseWe used a diode structure to
“buried layers.”"2 The possibilities of the conventional dif- study the effect of a buried layer of RDs on the transport of
fusion method are found to be very limited here. For ex-nonequilibrium carriers, on the effective lifetime, and on the
ample, it is possible to obtain an U-shaped Au profile withspace charge distribution under a reverse bias.
short diffusion from an unbounded sourtelowever, it is In connection with this problem, we employed deep
impossible, in general, to produce a prescribed RC profile bjevel transient spectroscofpLTS) and stationary capaci-
the diffusion method. At present, a promising solution of thistance methods. We analyzed the transport of holes in the
problem is to use radiation-induced defed@®Ds), which can  base through the damaged layer under conditions of hole
serve as RCs, and to influence the conductivity. injection-extraction and also the transport of magnitude-
It is well known that radiation-induced defects form con- calibrated charge, usingp —n diode as a detector of single
tinuously along the track of an ion—their density increasegx particles, were analyzed.
toward the end of the track. It is obvious that the profile of
RDs in Si subjected to irradiation will depend on the relative2. IRRADIATION OF THE SAMPLES AND CAPACITANCE
arrangement of the source and the sample. Such a profile WA§ASUREMENTS

first investigated in Ref. 4, where a plate-shaped souree of  Radiation-induced defects produced in Si by irradiation
particles(light ions) was used. The dimensions of the plate with « particles from &38Pu (5.5 MeV) source were used to
were much larger than those of the sample, which was placegkoduce nonuniformities of the electrical properties in the
direCtIy on the SOUrCE'plate. ThUS, irradiation was perfOfmerase of thep+_n structure. Fora partides with natural-

by a noncollimated beam ot particles. This explains the decay energies, energy losses in Si characteristically occur in
RD profile, which resembles a Gaussian proftlee maxi-  events of ionization of electronic shells in the process of
mum RD density was located at the Si surfa@bserved in  stopping. The main interaction with the Si nuclei occurs at
Ref. 4. A collimated beam can be obtained by placing thehe end of the path, where the particle enefgis low. This
sample sufficiently far away from the sour@e vacuum. In  is due to the fact that the differential cross sectitin,s for

this case, a different RD profile is obtained—the profile posnuclear scattering with energy transfeis inversely propor-
sesses a maximum located in a plane parallel to the surfag®nal to E and can be expressed as

of the sample at a distance determined by the initial particle

energy. In principle, any RD profilésquare, triangular, and dons~ (dT/T?)/E. @

so0 or) can be obtained by varying the sample-source distanck follows from the relation(1) that small portions of energy
according to a definite prografas well as by using ions of T are most likely to be transferred to the Si atoms. Ulti-

325 Semiconductors 32 (3), March 1998 1063-7826/98/030325-07$15.00 © 1998 American Institute of Physics 325



251 Yz band gap. The first level is a@&l level (due to aA centej
208 *e s . with energyE.—0.18 eV and electron trapping cross section
Y . o,=2X10"¥cn?. The next level is anE2 level
D Fosf ¢ Co. (Ec—0.22 eV, 0,=2x 1076 cm™2?), belonging to a doubly
:: FE . negatively charged state of a divacancy. This is followed by
U ) AT a peak corresponding to afE3 level (E,—0.29 eV,
v T o,=2%X10"1 cm™?), which is associated with @nterstitial
s C)—P pair. At least two defects are responsible for the posi-
tion of theE4 peak(E.—0.4 eV, 0,=2x10 ¥ cm™?): an
. o1 E center(vacancy—P and a divacancysingly negatively
charged state It follows from the figure that under the mea-
surement conditions the highest density of deep centers cor-
5 00 20 300 400 500 responds to thé=4 level. This should be manifested as a
% change in the recombination lifetime in Si and in a decrease
of the conductivity as a result of compensation by deep cen-
FIG. 1. Variation of the hole lifetime in a sample irradiated with particle ters.

A s . . i
I'“.X ®=1.4x10° cm * and subjected to isochronous annealing for 1h- | addition, the energy levels in the bottom half of the
njection-extraction measurements with forward current denjsitp/cm*: . . . .. . .
1—0.3, 2—0.4 and forward to reverse current ratie-3, 2—2. Inset: ~ band gap were investigated in a hole-injection regime. Here
DLTS spectrum of deep centefs—signal intensitylying in the top halfof ~ only a G—O, center was clearly manifestedinterstitial

the band gap 2in Si: The sample was irradiated withparticle flux carbon—(interstitial oxygen with energyE,+0.4 eV and
©=2x16° em™, 0,=3x10"** cm™2 We note that in our case very few cen-

ters are due to single interstitial carbork,(+0.33 eV,

mately, Frenkel’ pairginterstitial ator-vacancy are concen- 0p=9%10"** cn). This can be explained by the fact that
trated in a narrow region at the end of the particle paththe defects Cand Q are already bound in the irradiation
Increasing the dose to a certain level, where the tracks d¥ycle, which was performed at room temperature, where the
Separate partides Over|a@? 109 Cmfz), produces a |ayer migration of q centers is h|gh The second factor could be
of width &, which is saturated with structural defects. Thethe high concentration of oxygen in the sample.
components of Frenkel' pairs rapidly enter into physico- On the whole, the observed system of defect levels is
chemical reactions leading to the formation of complexesharacteristic of pure-Si>® Their comparative recombina-
with impurities P, O, and C, and they also form associationdion activity is manifested in the behavior of the lifetimef
in the form of divacancies. The density of centers in the layethe minority charge carriers. Thus, for a sample irradiated
is estimated aM = 8/ 5, where 3 is the number of Fren- With a flux 1.4<10° cm™2 7 dropped to 5us. Isochronous
kel’ pairs (per particlé participating in the formation of cen- annealing in air fol h restoredr up to 22.5us. The stage of
ters. This number is small in view of the substantial recomihe greatest increase occurs at the temperafyre 350 °C
bination of pairs along the track of anparticle® itis B=2  (see Fig. ], which corresponds to the main annealing of
(Ref. 7). centers such as divacancies aidcenters’® This agrees
Silicon diodes with a diffuse@® layer with surface bo- With the existing belief that the recombination rate through
ron density 18° cm 3 and a 350u«m-thick n-base with P the levels of a divacancy and A center is high* On the
density 1. 10" and 1.7 10" cm™2 (for group | and Il  other hand, we did not observe, as was the case in Ref. 12,
samples, respectivelyvere irradiated. The initial hole life- activity of the deepest RD—arkE center. Annealing at
time in the base of the diodes 1§=20 us. Irradiation was  T,,=200 °C changed very little. This should be attributed
conducted in vacuum in a close to orthogonal geometry. Th&o weak production oE centers in the damaged layer.
effect of low doses on the properties of thé—n structure In connection with what we have said above, it can be
was followed. The dose was monitored using the same@ssumed that under our conditions the main radiation-
p*—n structure. Here the diode was used in the detectoinduced defect is a divacancy. Aside from the above-noted
mode. We note that the particle energy released imtbhase recombination activity, it should also be manifested a
was less than 5.5 MeV due to self-absorption in the sourcéeep centdrin the compensation of Si. Ultimately, the spa-
and in thep* layer of the diode. All experiments were con- tial distribution of the divacancies characterizes the geometry
ducted at room temperature. of the buried layer. We underscore that divacancies are
Our first problem was to check the corresponding sysformed directly in the particle track and are not associated
tems of radiation-induced defects, according to the picturavith diffusion outside the track, i.e. broadening of the profile
which has emerged in the literature, and also to establish thef the primary defects.
density profile of electrically active centers in Si. Since these  Figure 2 shows the density of defects forming thé
measurements are associated with the DLTS method, it wgseak versus the coordinate of the boundary of the space
important to follow the effect of the appearance of-yer charge regionSCR of the p*—n junction. This boundary
in the p™—n structure on the capacitance of the structure. was determined from the values of the capacitance versus the
The DLTS spectrum for a group-ll sample irradiated reverse biagsee the inset in Fig.)2 As noted above, the
with « particle dose X 10° cm™2is presented in the inset in divacancies were found to be concentrated in a very narrow
Fig. 1. In sum, four levels are observed in the top half of theregion at the end of the particle path.
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However, the data in Fig. 2 require a number of expla-Three sections can be discerned in the plot with increasing
nations, primarily with respect to the difference of the depen-U: In the first section—the SCR spreads in the zona )6,
dence of the SCR boundary on the applied voltelgan the ~ W/a~U/Uy; this is obvious. As the SCR moves into the
coordinatesN=f(yU+U,), whereU. is the contact poten- region (@,b), where I==xW/a<1.5, the SCR grows with a
tial difference, from the conventional linear function. The larger slope f,<p;) but the function is now nonlinedr:
observed dependence has four distinguishing sections. Ini- _ 12
tially, at low voltages, thep™—n junction expands in the WIa=[1+p1/pa(UIUo= DI @
region where there is very little damage. Approximately at  Finally, after the damaged layer is depleted a third sec-
20 um W starts to grow rapidly with voltage. This is due to tion is observed. Her&/a grows according to Eq3) and
the compensation of shallow donors by deep acceptors. AgpproachedV~U/p3 for U/Uy>Db/a. It is easy to see that
25 um growth starts to slow down, and this is followed at the dependences given by the expressi@snd (3) above
W>28 um by a section associated with expansion of therectify in the coordinate¥Vv?=f(U/U,).

p*—n junction into the region of undamaged Si.

To explain the behavior diV(U), we examined the situ-
ation, which we expected, in which three regions with dif-
ferent values of the space chargare present in the SCR of
an asymmetrigp™ —n structure(see insetA in Fig. 3). For 20
simplicity, the charge distribution in each region was as-
sumed to be uniform with a sharp transition to new values at
the boundaries, b, andW. In this model the initial value 15

p=p3 remains in the regiont(W) beyond the limits of the =
particle path b=R). The region &,b) is the damaged layer, 5
and in the zone (@) very small number of radiation- 'g 10
induced defects can form anpd+# p3. Correspondingly, it is N
assumed thap,<p;<ps. S g5
Solving the Poisson equation leads to an expression for

the distribution of the applied potential differendeover the
regions

1 1 ) 1 ) 1 1 ] 1 1
0 04 08 12 16 2.0

U/Ug=1+[(b%—a2)p,+ (W2—Db?)ps]/ap;. 2) ©/4,) ™, arb. units

Here th? voltageJ,, corresponds to d_epletion of the zone i, 3. computed dependence of the widthof the space charge region
(0, a) with space charge,. We obtain from Eq.(2) the  versus the applied voltage for the case where three regions with different

normalized total lengthW/a of the SCR as space charges are present in the base of the diode. The numbers on the
curves correspond to the relatiok=f(U) with different values of the
(W/a)?=(p1/p3)(U/Ug—1) parameterp; : 1—W/a=(U/Ug) 2 with p;=p,=p3; 2—(4) with p,=pj,
p1/p,=2.5;3—(3) with p, /p3=0.75,p,/p3=0.3. The dashed straight line
+(bla)?(1—pylp3)+palps. 3 corresponds taV=(U/p3)*2 InsetA: Diagram of the charge distribution;

. . . . . see text for explanation. Ins@&: Arrangement of the energy bands and
This function is plotted in the coordinat¥®/a=f(yU/U,) filling of the deep level in thep*—n junction; Eg,, Eg,—Fermi quasi-

in Fig. 3 for the casd/a=1.5 andp;:p,:p3=0.75:0.3:0.1.  levels.
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The presence of the “excess” fourth section in the ex-the same for the initial and final sections. This is additional
perimental curvéV(U) in Fig. 2 must be attributed, in our evidence that there is very little damage in the volume of Si
view, to a characteristic feature of the compensation of dofight up to the end of the particle path.
nors by deep acceptor levels. The region of the field of the The considerations stated above were also taken into ac-
p*—n junction is where the level of a DC can cross thecount in determining the coordinates of the maximum den-
Fermi level. Then, for a stationary state the filling of the sity of the centeilE4. The position of this center, calculated
levels with electrons will look like that shown in insBtin ~ from the measured value of the capacitance, will lie deep in
Fig. 3 (see, for example, Ref. 13The width of the zone the base, since the DCs with coordinatesd will contribute
(0, d) (see insetwill be determined by the initial density of to the DLTS signalsee the inset in Fig.)3Deep centers in
ionized shallow donors, and the filling of deep acceptorghe section frond to W do not ionize when a reverse bias is
with electrons in the regiond(W) will be preserved. The applied and do not participate in the formation of the signal.
voltage drop across it is smalEf—E,=0.1 eV) and does The DLTS signal appears when the valualafoincides with
not depend on the applied voltatfeHowever, its extent can the left-hand edge of the peak corresponding to the DC den-
be substantial wheN} —Nj is small® sity, but the thickness of thp™ —n junction obtained from

In capacitance measurements there arise two oppositee capacitance measurements will be greater by the thick-
cases where the period of the probe signal is greater or lesgess of the regior. Estimation of this quantity, following
than the ejection time of electrons from the letg|. In the  Ref. 13, givesA=4 um, which was used to correct the po-
first case the boundary changes predominantly; in the sec- sition of the maximum of the density in Fig. 2.
ond case the region (@) reacts as a whole. Ultimately, On the whole, it can be concluded from the capacitance
depending on the frequency of the probe signal, the temperaneasurements that the profile of radiation-induced Ddis
ture, and the depth of the level, a value of the ordedafr  vacanciesalong a particle track has the character of a rather
W can be obtained for SCRhe so-called low- and high- sharp peak. The position of the top of the peak corresponds
frequency capacitance; see Ref. 13 for a more detailed dige the rangeR. When observing divacancies, the contour of
cussion. Under our conditions withf=100 kHz and the peak most accurately describes the distribution of pri-
T~200 K there is too little time for electrons to be trans- mary defectgFrenkel’ pairg along the track.
ferred from levels lying deeper than 0.25 eV
(0=3%10"15 cn?) into thec band. In other words, the ca- 3. HOLE TRANSPORT IN THE INJECTION-EXTRACTION
pacitance measurements gave us the right-hand boundary REGIME
the SCR, .., Fhe quantity. . . Let us now turn to the manifestation of induced centers

In application to the question of the production of a.

. L ; in charge-carrier recombination processes. The values of
space charge in thé&layer, the situation with deep compen- resented in annealing experimefgee Fig. 1 were deter-
sation, when the weak-field region P g exp g

mined by the injection-extraction method. In addition, as
2e(Eg—E,) |M? customary in the literature, the quantity
e*(Np —N,)

>4,
1= 17— Urgy,,

is simplest. Then the electric field extends immediately to thevhere 7, and 74, are the initial and measured values of the
entire § layer from the moment the SCR touches its left-handlifetime, was plotted. It was expected thatlivhich is pro-
boundary. Under these conditions the section Il in Fig. 2 igportional to the total density of induced recombination cen-
represented by a vertical line. Ad increases further, the ters, will grow linearly with dose. However, substantial non-
field of the applied potential difference penetrates intodhe linearity, which eventually reaches saturation, is observed
layer. In the process, the regiak is displaced ouside the (see Fig. 4 It was found that in the dose interval
layer (where it cannot exigt and thereby decreases in abso-®=5x10°-10'° cm™? the quantity 1 is close to a power-
lute magnitude. This process of redistribution of the field inlaw function with exponent 1.7. To explain this behavior of
the & layer under our measurement conditions does not in1/7=f(®), it is necessary to consider the basic formula of
fluence the values of the capacitance and corresponds the methodsee, for example, the monograph Ref):16
W=const, i.e., to the horizontal section Ill. Finally, when the
field enters the undamaged ®8f,grows, which is reflected as erfyT/7=I t/(gt 1), ®)
the appearance of section IV. In the case of shallower comwahereT is the duration of the shelf of the reverse phase and
pensation withA<<é the sections Il and Il will not form |; andl, are the currents of the forward and reverse phases
steps. The finite slope of section Il reflects the above{see the inset in Fig.)4 The expression5) was obtained
indicated redistribution of the space charge in the la§er under the condition that the diode base is long compared
and the horizontal section should be shorter along the voltageith the diffusion length_p= (D 7)Y, where the hole diffu-
axis. sion coefficient in Si isD=11.6 cm/s. For initial values
The experimental data in Fig. 2 refer to a real situation into=20-30us we havd <185 um and the conditions un-
which the edges of the distribution of DCs are somewhatler which Eq.(5) is derived hold satisfactorily. As defects
diffuse. For this reason, there is only a qualitative corresponare introduced, a layer with a low value ofs erected in the
dence to the picture presented above, as is observed withase at a depth equal to the particle raRge20 um. This
respect to the number and character of the sections. It is alsgolates the conditions of the initial model, since a drain for
significant that the rates of growth of the functié#(U) are  holes is produced at a distanBe<L near thep™ —n junc-
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FIG. 4. Reciprocal ¥ of the hole lifetime in the diode base as a function of o )
the « particle irradiation doseb. Measurements by the injection-extraction FIG. 5. Recombination charge losseas a function of the extent of the part

method; see Eq(5). The forward current density equals 0.3 Afcninset:  of the track extending beyond the boundary of the region of the ReidV.
Form of the current pulsk, elucidating the notation in Ed5). The e-particle irradiation doseb, 10° cm % 1—0, 2—1, 3, 4—3, 5—56,
6—10.

tion. In the limit the 6 layer can be treated as a plane with
surface recombination rat®8—oc, which reduces the prob-
lem to the case of a “thin” diode with a recombination-type
back contact. This problem is solved in Ref. 17.

The following approximate formula relating the duration
of the shelf and the depth of th&layer is presented in Ref.
16:

hole pairs that is calibrated in magnitude. This pulse is
detected with apparatus that is conventionally used in
nuclear spectrometry. The final characteristic of the structure
as a detector is the shape of the spectrum of signal ampli-
tudes.

4.1. Let us trace first the behavior of the average ampli-
tude of the spectrum with increasing dodein Fig. 5. Let
T=In[0.8(1+1¢/1,)]JR?*2.5D. (6)  the geometry of the experiment be such that the particle

For our measurements this signifies that the functiorffacks emerge zzeﬂicnd the defective lagsee the insea in
1/7(®) should saturate. This corresponds to the moment ari9- 6. We use m o partlclgs. Under the cqndltlons of
which 1/r in the 6 layer decreases to a level formally de- complete transport these particles released in group-ll

scribed by the valu&— . Saturation was clearly observed SIUctures 5.11-MeV particleR(=24.6 um). LetW be less
in the dose range=2x 10 cm™2 (see Fig. 4 The value than_ the coordinatg, . Then, the_ |on|z_at|on produced by the
of 7in the layer can be estimated as (V,,oM) L. Taking particle spreads over three regions: in the SCR ZW): (n
the thermal velocityV,,=3% 10’ cm/s and trapping cross the undamaged z.onexl(—V\(); and, fmally, dwgctly in the
sectiono=3x10"15 cm®. we obtainr=1.4x10"" s. The layer and to the right of this layer in the regi®+x,.

two orders of magnitude difference from the initial value
(which remains in the main, undamaged part of the base

- a

sufficient for an intense hole drain in the damaged layer. A “0 A aor
guantitative estimate also confirms this. Thus, substituting sk i § 15F
into the expressio) the shelf duratiom=0.2 us, we ob- 2 ! !
tain R=22.3 um. This value is in good agreement with the k= T 8 W z,zR
value R=23.2 um for group-I samples on which the mea- & s 301 b
surements were performed. S 25 ] 4

= ] I ¥ ]

= tond |

S
4. TRANSPORT OF NONEQUILIBRIUM CHARGE DURING e T WRW, W
PULSED GENERATION B

x
Another possibility of tracing the contribution of the k- = x *Trx ¥

damaged layer to the characteristic features of charge trans = .
port is to detect the signal from singte particles. Here the 5r | | |
main mechanism of energy losses during stopping in a 1}, 1|6‘ 1:3 ZIIJ 2% 2% 7% 78
solid—ionization, which we mentioned earlier, is used. The W’l‘m'

structure of thep™ —n diode acts as a detector of separate
particles, the SCR of the diode serving as the “workingFIG. 6. FWHM of the spectral line of @*—n diode as a function of the
zone.” By varying the reverse bias it is possible to controlwidth W of the region of the field. The diode was irradiated witlparticle

the value oW and determine the desired conditions of trans-1uX 17 10 cm™* and used as a detector of single 4.5-Me\particles
. .. with range R=21 um. Insets: Geometry of experiments. Theparticle
port. From the technical standpoint it is important that Mo-yack: a—Extends beyond the buried laysee Fig. 5 b—lies in the region

noenergetic particles contribute a pulse of charge of electrona front of the buried layer.
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The signal amplitude is determined by the integratedanalyzey as a function of the thickness of the region of the
charge flowing in an external circuit—as the resultant of fasfield for a group-1 sample. For the particles the tracks were
drift transport of carriers in the electric field of the SCR and19-um long, which was close to the range of the particles
the slower diffusion transport in the zoRe-W. The latter is  producing the damaged lay&3.2 um). However, the char-
associated with recombination losses, which is reflected imcteristic behavior of the line width can be clearly followed.
Fig. 5 (curve l). As recombination centers are introduced asThe line is wide until the track settles completely in the
a result of radiation-induced defects, the charge logses region of the field (V;<R). This is due to the contribution
naturally, grow(curves2-6). It is significant that\ saturates of the losses resulting from diffusion transport for the part of
even at a fluxb=3x10° cm 2 (see the inset in Fig.)5 the track that penetrates into the base.\WWsncreases, the
Here, the value of\ corresponds to a transport pattern inline narrows sharply and the minimum values are observed
which the charge introduced into the regiBa-x, is com-  for W,=R. When trapping centers in th&layer are drawn
pletely lost. At the same time, charge is completely transinto the working zone, the line width approximately doubles.
ported into the zone (@). Only half of the charge in the
layer (x,—W) flows onto thep* —n junction. This picture is 5. CONCLUSIONS

correct to a high degree of accuracy. Thus, a calculation o . ) . )
Irradiation with o particles with natural-decay energies

based on a Bragg ionization distribution fe—W=10 um : : X o N N
gives losses = 0.12 as compared to the experimental value™aKes it possible to obtain a "buried layer” of radiation-

\=0.145, Thus, the damaged layer is manifested as an effifduced defects with a sharp profile. Deep centers are pre-
cient drain for carriers even at fluxds=3x 10° cm~2. We  dominantly observed. They are manifested, first and fore-

recall that in the injection-extraction method this state ap-mOSt.’ in the recombination of nqqeqwhbnum carriers but

peared atb=2x 1010 cm 2. alsp in a decrease of the cpnductlwty as a result of compen-
The high sensitivity to DCs in thé layer in the case of sation of currergt S?rrlers. _Very moderat.e fluxes

pulsed injection of charge by particles should be attributed ®=3x10°-3x 10" cm ~are sufficient fpr the 'bu.ru_ed layer

to the difference in the filling of the trapping centers. In theto be treated as an internal boundary with an infinite surface

injection-extraction method filling occurs during the phase of ehcorl?bén?tlotn ratte._Thle co_rretctnefss OT thl[S assurr:.p;lon_ was
a stationary fonward hole current. In the phase of a reversigul b Ct I e o nan, current conditions and
current through a layer with centers, which is already fiIIedfor ulsgd eneration in a volume xhich was at equilibrium
with holes, holes flow out of the regidry, — 6. When charge p 9 q

) . T . earlier.

is generated by particles, the initial filling of the centers is

: o - The manifestation of deep centers in the decrease of the
determined by the equilibrium conditions. Centers below the - )
: : . . conductivity was also observed at low fluxes according to the
Fermi level are filled with electrons and can effectively trap

holes. The trapping is increased by a high injection level in acharacterlstlc features of the production of space charge in a

e - S reverse-biased* —n structure. It was shown that under con-
track, when the diffusion current densities in thelayer - . .
ditions of incomplete depletion of the damaged layer the
equal tens of Alcrh

4.2.In the above discussion we traced the behavior O]preser_lce (.)f space c_ha_rge, ansing in th_e field of the contact
the average amplitude of a pulse. However, the amp"tudgotennal difference, in it must be taken into account.
. j ' . . The above-noted facts are also helpful in the procedural
spectrum also gives a second parameter—the line width,

This quantity is determined as the oroduct of the char sense. It was shown how a layer of deep centers influences
IS quantity rmi proguct 9%he results obtained by widely used methods, such as DLTS
losses\ to hole trapping and the nonuniformity factbrof

the losses?® In practiceF=1 and the smearing of the line is and injection-extraction of charge carriers.
directly attributable to incomplete charge transport.

Let us now choose the particle energy so that the range YThe nonlinearity of the second section is halllrzdly discernible in Fig. 3 be-
of the a particles falls in the region below the coordinate cause of the smaliness of the values 07 Uo) ™
(see the inset in Fig.)6Let us distinguish two cases accord-
ing to the position of the regiow of the field relative to the ~ 'S. M. SzePhysics of Semiconductor Devicailey, N. Y., 1969[Rus-
4 layer: In the first caseV also does not reaChl’ ie. R, Zjl.a\r/]otr:agf)lraat;c;/r,hB'\./“gc'\rﬁlrcr’\sigtcj\,\;n%jgg{(;/rc())lt-]zichel, Nucl. Instrum. Methods
W,<x;. In the second case, conversely, the damaged layerphys. Res. 4377, 514(1996.
is captured by the region of the field aWi;>x,. Under  3J. Martin, E. Haas, and K. Raithel, Solid-State Electr@rg3 (1966.
conditionsW,<x, the electrons flowing from the region of 4L. S. Berman, A. D. Remenyuk, and V B. Shuman, Fiz. Tekh. Polupro-
the field are the majority carriers in the base. For this reasonsx(_)d,\r,}_'}5;335&1_988_33[53&'55hg:a ffrg'_cgﬂ%g;aiﬁséils,gﬁg]h Tekh. Fiz.
an equal number of electrons is removed intorifiecontact 23, 79 (1997 [Tech. Phys. Lett23, 369 (1997].
over the Maxwellian relaxation time. Ultimately, the defects °A. M. Ivanov, . N. Il'yashenko, N. B. Strokan, and B. Shmidt, Fiz. Tekh.
in the & layer will have no effect on the signal. In the case 7\'j°'\‘/‘p|;°r‘é‘t’sde”\/2% 5?&?;%&;‘;”“;%”3“i;oﬁihiifli(;?ggl A
Wj3>x, the electrons must drift out of the track through the  ,y04n.26 20 (1992 [Sov. Phys. Semicone@s, 12 (1992]. '
S layer as a packet of nonequilibrium carriers. In the processge. M. Verbitskaya, V. K. Eremin, A. M. Ivanov, and N. B. Strokan, Fiz.
they will be subject to trapping, which should be manifested,glleii?- EL?le;gftg\ésdTﬁNZ%?I ;%()9\?361%5(]6?0&3”3?”0;3:?& \1/;5 '(:1i299$g-k b
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. S. Vavilov, V. F. Kiselev, and B. N. Mukasheiefects in and on the

line (expressed as the number of channels of the amplitudeSurface of Silicorin Russian, Nauka, Moscow, 1990.
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Lifetime of nonequilibrium carriers in semiconductors from the standpoint of a
collective interaction in the process of radiative recombination

S. V. Zaitsev and A. M. Georgievskil

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 25, 1997; accepted for publication July 14,)1997
Fiz. Tekh. Poluprovodr32, 366—368(March 1998

INnGaAsP/InP laser heterostructures in the continuous pumping regime were investigated by
autocorrelation methods. It was shown that below and above the lasing threshold the laser radiation
consists of ultrashort coherent pulses and the temporal coherence of these pulses was
measured. The dependence of the pulse duration on the pump current was also investigated. The
results obtained can be interpreted in terms of collective resonances in the process of

radiative recombination. To explain the observed effects the carrier lifetime was treated as a
combination of the accumulation time and the collective emission time.19€8 American
Institute of PhysicsS1063-78268)01403-3

1. INTRODUCTION pumping® A high-sensitivity optical autocorrelator based on
The conventional working electron-hole pair densities inthe ttr\1No-photo_n ab{ssl)_rhptlon 'tr;] A;GaAsdwfavegwde _Wals built
semiconductor lasers are much higher than the radiatingf—Or e expderlmeln._ feﬂ:neAé)Fs used or_k?u(;n_ergaf grOT'h
dipole densities in gas and solid-state lasers. An estimate ssing ?n hana ysis o el TS a?e fs(;:” € fm t('a ' .fthe
the nonequilibrium charge-carrier density in the active Iayertempor&1 coherence was aiso Investigated as a function of tne

shows that the distance between charge carriers is muéﬁngthAX of the delay line and was determined as the ratio

smaller than the wavelength of the radiation emitted by

them. Therefore, they should interact during the radiative | a0 I min
recombination process, just as in the case of Dicke | 171
superradiancé? As Dicke showed for two-level systems, if
the dipole density is high, resonance interaction of the di- . . .
poles occurs and short pulses of coherent radiation arWhere g and Iy, are the intensities at the maxima and

formed. However, this theory cannot be applied to semiconMinima of the corresponding interference pattern. Figure 1

ductors because of the wide energy distribution of the carriS"OWs the ACF(solid ling) and the temporal coherence

ers. Nonetheless, a similar pulse structure of the radiatioff@shed lingas a function of the delay-line length for cur-
from semiconductor lasers has been obseAathough the €Nt 1.51 (@, 2-14, (b), and 314, (), respectively. One

formalism of such an interaction of the carriers in a semicondivision on theX axis corresponds to the roundtrip time
ductor has still not been developed. through the laser cavity 7=8.8 ps). Unfortunately, mea-

To investigate this phenomenon experimentally the auSurements of the ACF could not be performed below the

tocorrelation function§ACFs) of continuously pumped la- lasing threshold. because the signal-to-noise ratio was too
sers have been studiédt was first shown in Ref. 4 that 'OW- On the basis of the contrast, the observed ACF can be

ultrashort radiation pulses appear below the lasing thresholdterpreted as b_E‘i_”g due to the presence of individual pulses
It has been proved recently that such pulses exist abovaf coherent radiation. The corresponding dependences of the

threshold and two different regimes of evolution of sucht®mporal coherence on the length of the delay line for cur-

pulses in a laser cavity have been obsefved. rents 1.5It.,1 gnd 2 1y, (Figs. 1la and 1bshoyv a temporal
Detailed investigations of the temporal coherence of theructure similar to that of the ACF. The period of the pulses

radiation were performed in order to estimate the duration ofduals the roundtrip time through the cavity, and this attests

the observed pulses and to study the dependence of the pulStn€ fact that at each moment in time only one pulse propa-
duration on the pump current. gates in the cavity. The initial pulse must be engendered at

the cavity mirror (otherwise, the period would have to be
twice as shoit In the case of a pump current of I3, neither
the ACF nor the curve of the temporal coherence contains
The experimental InGaAsP/InP\ €1.3 um) separate- maxima with the roundtrip period of the cavity.
confinement injection laser was grown by liquid-phase epi-  Figure 2a shows the half-width of the main maximum of
taxy. The waveguide was 0/om thick, and the total thick- the temporal coherence versus the pump current. A similar
ness of the active layer was equal to about 500 Fhe  dependence was measured for the laser described in Ref. 4: It
sample consisted of a planar-geometry laser diode with & represented by the dashed line in the figiig. 2b. The
365-um-long cavity and a 2Q«m-wide waveguide. The pulsed structure of the radiation for the sample was observed
threshold current density, was equal to 2750 A/cfn below threshold down to 0:8,,. Below this current the
Measurements of the temporal structure of the radiatiotACF could not be measured because of the low signal-to-
were performed above the lasing threshold with continuousoise ratio.

=f(Ax),

Imax+|min

2. RESULTS
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3. DISCUSSION
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We suggest the use of the collective-interaction model to
explain the experimental results. The current dependence of
the half-width of the central maximum of coherence and the
ACF can then be regarded as being due to a change in the
number of electron-hole pairs in the radiating aggregate. The
numberN of oscillators in the aggregate can be determined
in terms of the modified lifetime of a radiating aggregate
consisting ofN pairs? 7y=7,/N. Thus, in this scheme the
spontaneous radiative lifetime is a functionNf

Below the lasing threshold the number of carriers in the
aggregatgjust as the local carrier densjtgradually grows
in time at a rate determined by the pump current density. At
the moment of the collective resonant emission of an optical
pulse the density in the corresponding spatial region and
spectral interval will then drop rapidly. It will subsequently
gradually build up as a result of the continuing pump current,
thermal relaxation of the carriers and, possibly, spatial diffu-
sion, and the process repeats. In this case the pulses cannot
have a sharp period, although a characteristic carrier accu-
mulation time should exist. The modulation of the carrier
density should be strong in this case, while the peak density
should be high. This can explain the short radiative lifetime
of the aggregate as being due to the large valul.of

A substantially different situation is observed near the
lasing threshold. After a round trip through the cavity the
optical pulses return, having now a substantial amplitude, to
their point of creation. This leads to induced emission and
prevents further accumulation of carriers. It is natural to as-
sume that at least in our case the characteristic carrier accu-
mulation time below the lasing threshold is much longer than
the roundtrip period of the cavity. Then, provided that the
carrier accumulation rate changes very little, a decrease of
the accumulation time signifies a substantial decrease of the
peak carrier density in this region and energy interval. For
this reason, the characteristic numbérof carriers in the
drops collectively, and the radiative lifetime of the group
increases. Such changes are usually observed at the thresh-

The results obtained are due to the fundamental propef!d: but they can also be observed below the threstfeigl

ties of radiative recombination for the pump levels employe
and the positive feedback at the resonance of the laser.
shown in Ref. 4, superluminescence in semiconductors

Kb, if the amplitude of the returning pulses is sufficiently
Aygh to disrupt the carrier accumulation process.

As the pump current increases furthirlikewise should

should be in the form of short coherent pulses. However, thd1créase and the radiative lifetime should gradually decrease.
development and transformation of the pulses depend on thE"€ existence of a second maximum apparently reflects the

properties of the waveguide and the Fabry—Perot cvity.

Time Cokerence (FWHM,ps)

FIG. 2. Half-width of the central peak of the temporal coherence of the laser

oy

)

-
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radiation versus the pump current.
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possibility that more than one such pulse appears during the
round trip through the cavity.

Assuming that the temporal profile of the observed
pulses is symmetric, we obtain a half-width of 0.4 ps for a
current of 1.81,,. The data obtained from the ACF and
coherence measurements with equal currents in this interval
are identical. The curve in Fig. 2a shows the presence of
even shorter pulses &t2.5 Iy, but the central peak corre-
sponding to the ACKFig. 19 is broadened. This could be
due to the interaction of coexisting pulses in the laser cavity.

4. CONCLUSIONS

As shown in Refs. 4 and 5, superluminescence in semi-
conductors consists of ultrashort coherent pulses. Thus, the

S. V. Zaitsev and A. M. Georgievskil 333
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Current-voltage characteristics of GaN and AlGaN p—i—n diodes
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The current-voltage characteristics of GaN angd #b6a, oJN p—i—n diodes were investigated.

The experimentap—i—n structures were grown by MOCVD onH-SiC with Si and

Mg as dopants. Theregion was formed by simultaneously doping with donor and acceptor
impurities during growth. Analysis of the current-voltage characteristics showed that current flow
in the p—i—n diodes is due to either drift of thermally excited holes or electron-hole
recombination in the region via impurity centers—just as predicted by the Ashley—Milnes
theory. These impurity centers are attributed to Mg acceptor levelsl9@8 American Institute of
Physics[S1063-782608)01503-9

1. INTRODUCTION diameter were etched by ion-plasma etching in order to mea-

Group-Iil nitrides InN, GaN, and AIN and their solid sure the electrical characteristics of §iei —n junctions. To

solutions InGaN and AlGaN, which are wide-gap Semicon__prevent the i;otypic heterojunction GaN/SiC from influenc-
ductors with direct interband transitions, are now successhY the experimental results, a planar geometry was used for

fully used in optoelectronic devices emitting light in the the mesa structures. Pd and Al were deposited as ohmic con-

v i i :
short-wavelength regioh.* This progress was made possible tacts top™-GaN andn-GaN orn-AlGaN, respectivelysee

by the use of Mg as an acceptor impurity to obtpitype I:Ig.l\?e.asurements of the room-temperature capacitance
material®~’ The development op—n junctions based on P P B

GaN and AlGaN makes it possible to investigate their elec oltage characteristictCVCs) at 1 MHz showed that the

: : A dependence of the barrier capacita@®f the mesa struc-
trical and o_ptlc_al C.h aracteristics:® . . : turgs on the applied voltagé vsas linear inC2—V coordi-

Our objective in the present work is to investigate the tes. H th it toff volt s 4-7 V/
current-voltage characteristi¢b/Cs) of GaN- and AlGaN- hates. rere, the capacitance cutoll voltage equals 2-— '
basedp—i—n diodes. The strong scientific interest shown inThIS value is much hlg.her t_han the built-in potential for GaN
current flow in p—i—n diodes is due to the fact that the and Ab,ofGa.gN p—n junctions, whosep andn layers are

observed complicated structure of the IVCs is determined b oped with Mg an_d Si, respectively* This indicates the
the electronic properties of the semiconductor material itself; resence of anregion betvv_een t_hp andn layers. Analys's
Specifically, information about the ionization energies anaOf the C\./CS showed thé region to be approximately
carrier trapping cross sections of recombination centers ca?\'1 pm thick.
be extracted from the IVCs gi—i—n diodes.

3. EXPERIMENTAL RESULTS AND DISCUSSION

2. EXPERIMENTAL PROCEDURE . - . . .
Direct |-V characteristics of the—i—n diodes were in-

The GaN- and AlGaN-base@g—i—n structures were vestigated in the temperature range from 77 to 600 K. At
grown by gas-phase epitaxy using organometallic comroom temperature the mesa structures possess the typical di-
pounds (MOCVD) on silicon carbide substratés.The ode |-V characteristics. The cutoff voltage on the forward
n—6H-SiC wafers, produced commercially by Cree Re-IVC varied from 4 b 7 V for different samples, in agreement
search Inc.(USA), were used as substrates. The epitaxialwith the data obtained from capacitance measurements.
layers were deposited on t6001) face of a Si substrate; The |-V characteristics measured at different tempera-
Mg and Si were used as acceptor and donor impurities, retures are presented in Fig. 2 for GaN-baged —n diodes
spectively. First, an-GaN layer, doped with Si to density and in Fig. 3 for AlIGaN-based diodes. As one can see from
Ng—N,=2x10® cm 3 were grown. This layer was the figures, the IVCs consist of several sections, which can
1.5 um thick. A 0.5.um-thick epitaxial layer ofp™-GaN, be described by a power-law functibr \V°, whereb ranges
doped with Mg to densit\N,—Ny=10'° cm™3, was grown from 1 to 10. At temperatures below 100 K and when the
last. Thep—i—n junctions based on GaN and AlGaN were applied forward bias exceeds 15 V, the experimeptal—n
formed between these epitaxial layers, anditmegion was diodes switched rapidly into a state of higher conductivity,
formed during epitaxial growth by simultaneously doping corresponding to the section of the IVC above the negative-
with donor and acceptor impurities. The AIN concentrationresistance regions¢shaped IVQ. Such a behavior of the
in the AlGaN solid solution was equal to 8 mole %, as meaforward current is characteristic pti—n diodes and can be
sured by Auger spectroscopy. Mesa structures @80in  described by the Ashley—Milnes thedfyIn this model, a
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\9
k\s
H\7 in the IVC, the hole trapping cross sectiog must be much

larger than the electron trapping cross sectignof recom-
FIG. 1. Transverse section of mesa structures based on: a—GaN, b-bination centers.
AIQaN. Numbers on the figured—Pd contact,2—p+-QaN, 3—p-GaN, The IVCs of the experimental—i —n diodes possess an
‘;__A'Ior:g;”; ;\)1_ QLEOXI:EZGZ;GaN layer, 7—6H-SIC substratep—  ,pmic current sectioni(=1), a quadratic current section
e e (b=2) and a transitional current sectioh=10), which at
temperatures below 100 K passes into a current section with

high-resistance semiconductor, which exhibits impurity conNegative resistance. The recombination-limited current of in-
jected electrons starts to dominate the thermally excited hole

ductivity and possesses compensation centers partially fillelf . 5 .
by electrons, is studied. The position of the compensatioﬁ_urrent on the §ectlon of the IVC wher_e~V ' '_I'he transi-
level in the band gap can be arbitrary, but the level must p&on of the ohmic section to the quadratic section occurs at a
deep enough so that the density of thermally excited holes i‘éOItageVQ where the lifetimer, of the electrans becomes

much less than the density of the compensation centers the gual :10 rt]h_e tme I _f_?]kes tlhe :/Iectrorlf,/;;nvga ]EO pashs
selves. It is assumed in the model that in the case of a fOII- rough the region. The voltagd&/q can be found from the

ward current the compensation centers in ithegion play expressioff
the role of recombination centers for injected electrons and L2 L2%00,Nee
holes. In order for a negative-resistance section to be present Vo™~ e @)

where L is the length of the region, u, is the electron
mobility, v,, is thermal velocity of the electrons, amd,, is

707 the density of electronic traps.
The transitional section of the current on the IVC
10-%}F (b=10) is characterized by a substantial increase in the
number of injected holes. For voltages above the breakdown
voltage V,, the transit time of holes through thieregion
< 1077 becomes equal to the hole lifetimg. The value ofv,, can
R be found from the expressith
107} 4 2 Gopvp | %°
Vp=L 4778,%) th ()
10~ | F wherew, is the thermal velocity of the holes,is the dielec-
‘ tric constantu, is the hole mobility, andNy, is the density
1 Ve of hole traps.
707 3 l-z L— : L According to the Ashley—Milnes theory, the forward
10 10 ;0 v 1 70 current at voltages less th&f is directly proportional to the
b ]

density of thermally excited holes. This feature can be used
FIG. 2. Forward current-voltage characteristics of GaN-baseid-n struc- {0 determine the ionization energy of the recombination cen-
tures measured at temperatufiesk: 1—300, 2—400, 3—500, 4—600. ters. We have therefore measured the temperature depen-
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FIG. 4. Temperature dependences of the forward current with fixed voltagf©!e traps for the following layers1—GaN (E,=1.141eV), 2—
corresponding to the quadratic section of the IVC for diodes based onfMloodSa 0N (Ea=0.207 eV).

1—GaN (E,;=0.146 eV), 2—AlyGaoN (E,;=0.191eV). Dots—

experiment, the straight lines were drawn manually to determine the ioniza-

tion energy. bias of —5 V was applied to the mesa structure. To fill the
traps with carriers the reverse bias was switched in a pulsed
manner to a forward current of 10 mA. To determine the
dence of the currenit with fixed voltageV (see Fig. 4 The parameters of the levels a family oDLTS spectra with a
slope of the straight lines drawn in Fig. 4 through the experignstant ratid, /t;=2 was recorded for different values of
mental points corresponds to the ionization energies of thgl, which was varied from 1@s to 10 ms. Here, andt, are
recombination levelsl—0.146 eV and—0.191 eV, which  the times at which the amplitude of the relaxation current is
are attributed to acceptor levels of Mg in GaN andmeasyred. The parameters of the observed levels were deter-
Alo.odGan.oN, respectively. mined from an Arrhenius plotFig. 5), which was con-
The expressiongl) and(2) can be used to calculate the gyycted from the family of-DLTS spectra. The results of
electron and hole trapping cross sections of recombinatiofhe calculations of the parameters of a Mg acceptor center on
centers. The hole mobilities for GaN and oMGa&.eN  the basis ofi-DLTS are summarized in Table I. The hole
pp=10 crif/(V-s) were used to calculate the hole trappingefrective masan} =0.8m, was used to calculate the hole
cross section! The following electron mobility in GaN was trapping cross section in GaM.Since the hole effective

used to calculate the electron trapping cross secfion: mass in Ab ggGa.ooN is unknown, we assumed thag® in it
wp=200 cnf/(V-s). Since the electron mobility in g cjose tom? in GaN.

AloogGaygN is unknown, we assumed tha, in It should be noted that the ionization energies obtained
AIO_OB.GaO,QZN is close to the va.lue 0_,an in GaN. The com- for the Mg acceptor level in GaN and &dGa, oN from
putational results are summarized in Table I. IVC andi-DLTS measurements are in good agreement with

Capacitance spectroscopy of deep levels—aHBLTS 4| effect measuremenis.
method, proposed by Lafg—is widely used to investigate
levels in the band gailp.of a'se.mlcor?dugtor. However,. capaci, .\~ Usions
tance methods are limited in investigations of levels in high-
resistance semiconductor. For this reason, we employed cur- The current-voltage characteristicspfi—n diodes fab-
rent spectroscopy—the-DLTS method—to investigate ricated on the basis of GaN and AGa gJN layers grown
levels in thei region?® Thei-DLTS measurements were per- by the MOCVD method on silicon carbide substrates were

formed in the temperature range from 77 to 300 K. A reversénvestigated. Analysis of the IVCs showed that current flow

TABLE |. Parameters of Mg acceptor center in GaN ang#ba oJ\.

GaN Alg 0658 9N
Parameter of acceptor center -V i-DLTS -V i-DLTS
E,, eV 0.146 0.141 0.191 0.207
oy, CNMP 8x10 12 4x10°1 8x10°1 2x10° 1
oy, CnP 3x10™ 4 3x1071°

The parameters were calculated according to the diatd:—current-voltage characteristiasPLTS—current
deep-level spectroscopy.
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Spatial distribution of the radiation in the far zone of InAsSb/InAsSSbP mesastrip lasers
as a function of current
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The far-zone directional pattern of diode mesastrip lasers with arhQvide strip has been
investigated as a function of the current. The directional pattern in the plane pftthéunction
contains one longitudinal mode, whose width depends on the current. It is shown by

comparing the theoretically computed and experimentally measured spatial modes that this
dependence is determined by the variation of the light flux intensity and the free-carrier density
distributions over the strip width as a function of the current. In the case when the

distributions are close to uniform the maximum narrow spatial longitudinal mode and a unimodal
radiation spectrum are observed. 1®98 American Institute of Physics.

[S1063-782628)02803-9

1. A great deal of attention is now being devoted to theThe threshold current in the best lasers was equal to
investigation of current-tunable lasers, since such lasers are12 mA, and the threshold current density=530 A/cnf
the key components of diode-laser spectroscopy. When cuat 77 K.
rent is used to tune the wavelength of the radiation, the spa- The half-widthA 6 of the directional patteriithe width
tial distribution of the radiation changes with the current. It isof the directional pattern at half-height of the maximum total
important to investigate the current dependence of the spatiahitensity) was measured as a function of curréhig. 13.
distribution of the radiation both in order to understand theThe measurements were performed in the plane opthe
physics of laser tuning processes and for applications of lajunction (curve 1) and in a plane perpendicular to tipe-n
sers in diode spectroscopy. junction (curve 2). In the plane of thep—n junction A6
The present paper is a continuation of our investigationslecreases rapidly from 50 to 20° whérly,. At currents
of tuning by means of curreht and of the spatial above threshold\@ continues to decrease and reaches its
distributior? of the radiation of INAsSb/InAsSbP lasers oper- minimum value of~17° in the current rangé2.0—2.51,.
ating in the spectral range 3.0-39n. In Ref. 3 the spatial As current increases furthed 6 in the plane of thep—n
modes of these lasers were investigated as a function of thjanction increases and once again reaches 201/tgy =4,
geometric dimensions of the lasers. Our objective in theafter which it increases strongly up to 40°l&t;, =5. In a
present work is to investigate the variation of the spatialplane perpendicular to the—n junction, for currentd <l,
distribution of the radiation of frequency-tunable diode lasersA @ increases with current from 40 to 46°. In the current
as a function of the current strength. interval from Iy, up to 3.4l A6 remains unchanged and
2. Lasers based on the heterostructuresapproximately equals 45°, and as current increases further,
N-InASg 555k 18P0 30 N-INAS) 955k 0 P-INAS 555k 1670 30 A6 decreases to-36°.
were prepared by the method of liquid-phase epitaxy. The The current dependence of the total intengity (Fig.
active region was-1 um thick and the wide-gap emitters 1b) up to currents less thdn=2.9, has a form characteris-
were ~3 um thick. The active region was specially not tic for semiconductor diode lasers, but for higher currents
doped, and the electron density there was equal tthis dependence changes from linear to sublinear. For cur-
~10% cm™ 3. TheN-InAsSbP layer was doped with Sn up to rents(3.5-4.5)l, a shelf is observed in the curve. As current
electron density (25)x 10" cm 3, and P-InAsSbP was increases further, the total intensity once again starts to in-
doped with Zn up to hole density 1x 108 cm™3. crease with current.
Mesostrips with a width of-10 um were formed on the The laser investigated emits at the wavelength
grown structures using standard photolithography, since only-3.3 wm. In the current range from 1.Rj up to 3.8, the
one longitudinal spatial mode has been observed in such laame mode predominates in the radiation spectrum. How-
sers with 13—14um wide strips® Cavities with a length of ever, its intensityF ., as a fraction of the sum of the inten-
225-300um were obtained by cleaving. sities of all modes F; increases from 0.5 to 0.98 as current
The radiation of the lasers was investigated in a quasiincreases from 1.2%, up to 24,, and then decreases to 0.45
continuous mode with the lasers powered by square curremts current increases up to B8
pulses of alternating polarity with a repetition frequency of 4. We shall now discuss the results obtained.
80 Hz at liquid-nitrogen temperature. For currentd <ly, the narrowing of the directional pat-
3. The directional pattern, the intensity of the total radia-tern is determined by the increase with current of the relative
tion, and the radiation spectra of the lasers were measured fraction of the stimulated radiation. To analyze the experi-
the current range from the threshold levglup tol=5Iy,. mentally obtained directional patterns in the plane of the
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FIG. 2. Total radiation intensity versus the angléetween the direction of

1.0 detection and the normal to the cavity plane. The dashed and dot-dashed
lines show the theoretical curves, the solid lines are the measured directional
08F patterns for a V12192-1 laser. Insets: Distribution over the strip widdf
: the amplitude of the vectdE of the electromagnetic wave at the exit mirror
(Peas of the cavity. The theoretical curves of the longitudinal médashed ling
‘Q 0.6+ were calculated for strip widthsum): a — 10, b — 10, ¢ — 7.9. The
experimental curvessolid lineg were measured at the currents: a —+§,.1
04} b —28, c —4.8y,. c: The dot-dashed line represents the theoretical
“w curve of the intensity of the transverse mode with 7.9 wm.
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FIG. 1. The current dependence of the widit® (a) of the directional . Lo .
pattern at half-height of the maximum intensity in the plane of phen where is the wavelength of the radiation abds the width

junction (1) and in a plane perpendicular to the plane of then junction  of the cavity. The curve is calculated for=10 uwm, which
(2), the intensity of the total radiatioRy (b), and the curve of the ratio corresponds to the width of a mesostrip. As one can see, the
Fmax/2F; () of the intensity of the maximum mode in the spectrum to the a5 red directional pattern, obtained with the current of
sum of the intensities of all modes for a V12192-1 laser. . . .
1.1, agrees well with this theoretical curve. Therefore the
directional pattern with a current of 1,1 corresponds to one
longitudinal mode with a cosine distribution of the amplitude
of the vectorE of the electromagnetic wave over the width
p—n junction forl>1y, we compared these patterns with the of the strip; this is due to the fact that for currents only
theoretically computed patterns as done in Ref. 3. Figures 2alightly above the threshold current the refractive index is
2b, and 2c show the theoretical curvédashed and dot- constant over the width of the strip.
dashed lines of the total intensity distributiorFs of the Since the maximum narrowing of the directional pattern
radiation as a function of the angtebetween the direction occurs for current$2.0-2.51, (Fig. 1, curvel), the broad-
of detection and the normal to the cacity plane, while theening of the light flux is maximum. In this case the distribu-
solid lines show the measured directional patterns. tion of the amplitude of the vectdt of the electromagnetic
The theoretical curvédashed curve in Fig. 2acorre-  wave over the width of a strip is not cosinusoidal. The dis-
sponds to a calculation with a cosine distribution of the am-+ribution can be close to uniform because the role of surface
plitude of the vectolE of the electromagnetic wave at the recombination at the edge of the strip decreases with increas-
output mirror of the cavitysee inset in Fig. 2aThe calcu- ing current, while the injection density increases more
lation was performed according to the simplified formula strongly at the edges than at the center of a strip.
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The theoretical curvédashed line in Fig. 2bfor a uni-  2c¢) was calculated for the width of the light flux=7.9 um
form distribution of the amplitude of the vecté&r (see inset according to the formula
in Fig. 2b was calculated according to the formula

2 F(o)~
: 2

sin a

2
1—(alm)?| ®

sin a

1(6)=

o
The relative fraction ofthis radiation does not exceed 6%.
with a strip widthb=10 xm. Let us consider the variation of the mode composition of
The experimental directional pattern measured with curthe radiation as a function of the currdfig. 19. The inter-
rent | =2.9, agrees well with this theoretical curve. This esting feature of this dependence is that in the current inter-
probably confirms the fact that the light flux is close to uni-val | =(2.0—2.5)ly,, where maximum narrowing of the lon-
form for currents such that the narrowing of the directionalgitudinal mode in the plane of the-n junction occurgFig.
pattern is maximum. 1a, curvel) and, as shown by comparing with the theoreti-
The width of the directional pattern increases as the cureally computed mode, the distribution of the amplitude of the
rent increases furthdFig. 1, curvel). This can happen as a vectorE over the width of the strip is uniform, the maximum
result of the narrowing of the light flux because of the ap-unimodal regime is observed in the spectrum of the radiation
pearance of lateral optical confinement caused by an increasEig. 19. This could be due to the fact that in the case of a
in the nonequilibrium carrier density at the strip edges andiniform distribution of the amplitude of the vect@ the
decrease of the nonequilibrium current density at the centdntensification is also distributed uniformly, and generation
of the strip. For currents exceeding B5the losses to sur- conditions are produced only for one spectral mode, located
face recombination become very small compared with thet the maximum of the gain spectrum. The regime is found to
current strength and can be neglected. On the other hand, be unimodal.
the current increases, the carrier density can increase at the For higher and lower currents, the carrier density is de-
edges and decrease at the center of the strip, since the ratep&ssed at the center of the strip, because the vechas a
stimulated recombination is higher at the center an lower atnaximum here, and it is insufficient for radiation generation
the edges, wherE— 0. As the carrier density increases, the and adequate only for stimulation. In the stimulation regime
refractive index decreas&s.If the refractive index at the many spectral modes arise and are intensified near the top of
strip edges decreases by more thar2b)?, then lateral op- the gain spectrum. On account of diffraction divergence, the
tical confinement forms within the strip, narrowing the light flux of this radiation propagates over the entire width of the
flux in the plane of theo—n junction. The decrease in refrac- strip, it is intensified at locations with high charge-carrier
tive index for high currents is also confirmed by the currentdensity, and its power is comparable to that of the radiation
dependence of the directional pattern in a plane perpendicun the fundamental mode. The regime becomes multimodal.
lar to the plane of th@—n junction. In this region the width In summary, the investigations of the current depen-
of the directional pattern is determined by losses to diffrac-dence of the directional pattern of the radiation of diode me-
tion by the slit, since the width of the light flux is the same assastrip lasers with a small strip width0 xm) have shown
the thickness of the active region, i.e. it is of the order ofthat the spatial distribution of the laser radiation in the plane
1 um. In this region the directional pattern becomes nar-of the p—n junction consists of a single longitudinal mode
rower as the light flux expands, which is observed for highwhose half-width varies with increasing current. Initially, for
current$>3.9y, (Fig. 1, curve?). In a plane perpendicular currents near threshold, the width of the pattern decreases,
to the plane of the—n junction, the decrease in the refrac- reaching its lowest value fdr=(2.0—2.5)ly,, after which it
tive index with increasing current degrades optical confinestarts to increase. This current dependence of the half-width
ment, and the light flux penetrates into the wide-gap regionsf the directional pattern is due to the current dependence of
increasing losses due to absorption by free carriers in thegbe current-carrier and light flux distributions over the width
regions. This weakens the current dependence of the totalf the strip. For currents near threshold the light flux distri-
intensity forl >3.9, (Fig. 1b. bution is cosinusoidal, in the current intergal0-2.51, the
We endeavored to determine the narrowing of the lightdistribution becomes almost uniform, and for high currents,
flux in the plane of theg—n junction with high currents as a as a result of the fact that the carrier density at the strip edges
result of the appearance of lateral optical confinement. It wass higher than at the center of the strip, lateral optical con-
found that at current=4.6, the experimental points fall finement appears, resulting in narrowing of the light flux, and
on the theoretical curve calculated from E@l) with  the light flux distribution over the width of the strip once
b=7.9 um. This means that for=4.6, the width of the again becomes cosinusoidal. For currents for which the di-
light flux in the plane of thep—n junction decreases by rectionality of the radiation is maximum, the radiation spec-
approximately 2um. In addition, at this current the direc- trum has a maximum unimodal character, which is explained
tional pattern at the base is somewhat wider than that corrdsy the nearly uniform distribution of the gain over the strip
sponding to a cosine distribution. This is probably due to thewidth.
appearance of a weak transverse mode of the first harmonic, This work was supported in part by a grant from the
associated with an antisymmetric distribution of the lightMinistry of Science of the Russian Federation as part of the
flux, shown in the inset in Fig. 2c, over the width of the strip. program “Optics and laser physics” and in part by a contract
The theoretical curve for this moddot-dashed curve in Fig. with INCO-Copernicus No. PL965093.
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