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Data are presented from a study of changes in the spectra of surface states(aithealthin

oxide layej germanium surfaces irradiated by localized (10— 100), pulsed (0.1-1

ws) laser light which heats the surface by an estimatetD—40 K. It is shown that the thresholds

for plastic deformation in the surface region of the semicondugctoe to the resulting local

thermal stressgsorrespond to threshold changes in the optical charging spectra of slow surface
states of the insulator, while no threshold changes are observed for the fast states. The

nature of this effect is discussed. €97 American Institute of Physics.

[S1063-782627)00505-X]

Damage is observed during repeateN=(10°-1C) gies of 1.8shv=<4.0 eV were detected by the field effect
pulsed ¢=0.1-1 us or les$ laser irradiation of semicon- (the method for studying the optical charging spectra of the
ductor (and metal surfaces at extremely low absorbed irra- slow dielectric states described by Kashkaetal1?).
diancesW,<0.1 J/icn? (Refs. 1-3 and for spot diameters The germanium surface (¥%5 mnt) was irradiated by
a~10-100 um it is characterized by the so-called sizethe focussed (2~70 mm beam of second harmonic
effect’* W,xa. Models of deformation damage of the sur- (A=0.53 nn) emission from a pulsédrise timer,~350 ns
face (based on a one-dimensional theoretical analysse  and total duration~1 ws) yttrium aluminum garnet laser
been proposed to explain this phenomendnt has been with a pulse repetition rate of 10 kHz while scanning the
showrf that the damage associated with dimensional effectseam over the surface with a step size~0f0 um. Photo-
must occur under the surface of a sample in the early stageésermal surface deformatidrwas used to determine the
of irradiation (with a small number of pulsgs threshold irradianc&V,~70 mJ/cnd and the magnitude of

In order to analyze this proposition, studies have beenhe maximal elasti¢fully reversible shear deformations of
made of the instantaneous thermal deformation and displacéhe surfac€;* ¢ =du,/dr ~4.7x 10" °, whereu, are the nor-
ment profiles of the surfaces of semiconduct@nsd metals  mal displacements of the surface, anis the radial distance
near(and below the damage thresholdé.It has been shown from the center of the laser beam.
that this damage involves the attainment of a plasticity = The main changes in the system of surface states were
threshold(due to shear stresses produced by local hegtingobserved in the insulating film. Figure 1 shows slow dielec-
while the surface heating is extremely low ~20-40 K).” tric state optical charging spectra for an unirradiated surface

In this paper we study changes in the optical chargingcurve 1), as well as on passing through, (curves2—4).
spectra of the slow states of the insulator and changes in thgoth the overall growth iMQgsdhv) and the shifts in the
fast states, in Ge—GeQtructures when this thresholl, is  optical charging thresholds toward lower photon energies
crossed within a fairly small number of pulseSl€10°), due to additional threshold damage of Gedde noteworthy.
while there is still no visiblgunder an optical microscope During thermoelastic irradiatio{< W,) ,>* no qualita-
surface damage of the sample. In fact, sufficiently thintive changes took place in the optical charging spectra. There
(d~30 A)® insulating films on real semiconductor surfaces,was only an increase in the number of slow states undergo-
while having little effect on deformation and stress within ing charge transfer, which indicates that the thresholds for
the semiconductd!® can be sensitive to plastiand elastit ~ the appearance of these states lie belyy i.e., the stresses
photodeformation within it and can thereby serve as an efwhich develop during local irradiation are mainly determined
fective sensor of small plastic deformations. by the “bulk” germanium, while the deformations and dis-

We have studied thel11) surfaces of high-ohmic single placements induced by these stresses in the film lead to
crystals ofn-type germanium g=25-30(-cm) etched in  lower-threshold changes in the Ge@ue to the difference in
H,0,.21 The surface potential, surface recombination rate the thermoelastic characteristics of the semiconductor and
S, and densityNgg of fast states were determined by the insulating film.
quasiequilibrium field method combined with the steady-  The shifts in the thresholds for slow insulating state op-
state photoconductivity at a temperature-0800 K!! The tical charging occur on going to irradiancés>W, and are
change in the surface charge on the slow stAt®@gswhen  evidence of additional damage to the Gefdm. Here no
the semiconductor was irradiated with photons having enemoticeable threshold increase in the density of fast states
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FIG. 1. Optical charging spectra of the slow states of the insulator on a real;
germanium surface prior to local pulsed irradiatidn and after irradiation
(2—4) at various irradiance®/ (in units of W,, whereW,=70 mJ/c is the
irradiance at the center of the laser spot at the threshold for plastic defor-
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mationg: (2) 0.85,(3) 1.15,(4) 1.6.

(Nes=1x 10" electrons/eVem) localized in the Ge near
the dielectric-semiconductor interfdée(or increase in the
surface recombination rag<5x 10? cm/9 was observed. It
is interesting to note that under other conditidnsnlocal

irradiation by one or a few nanosecond pujsdsere have

MN/m3) take place in the volume of the semiconductor,
rather than on its surface. The§gasti) deformations and
the stress relaxation associated with them change the defor-
mation on the Ge surface, which leads to additional damage
of the insulating film, which is more sensitive to the residual
deformationgand displacemenis

In summary, we have measured the changes in the spec-
tra of surface states when a germanium surface is locally
irradiated by a pulsed laser with a threshold deformation am-
plitude of p~4-5x10 °. It has been shown that the slow
electronic states on a real semiconductor surface can serve as
a sensitive probe of the resulting plastic deformations.
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The effect of manganese doping during the growth process on-thadiation-induced

degradation of the electric and recombination parameters of a silicon single crystal has been
studied. It is shown that the rate of accumulation of radiation defects is lower in the presence of
manganese, irrespective of the doping method. This is explained by the formation of
manganese complexes which play the role of centers of indirect annihilation of radiation defects.
© 1997 American Institute of PhysidS1063-782807)00105-1

One way to influence the radiation degradation of the

electric and recombination parameters of a silicon singlg \ELE | Sample parameters.

crystal is to dope the crystal with some impurities, specifi-samples  p, 0.cm  n, 10 cm 2 w, el (V-s) -
cally, manganese, by high-temperature diffusidnHow- —
ever, doping with manganese can also be done as the silicon 168 Befc;rz imadiation 1180 107
single crystal is being grown. SiMn)-1 182 25 1367
Our objective in this work was to study the effect of simn)-2 18.7 25 1338 915
doping with manganese during the growth process on thsiMn)-3 18.6 2.4 1394 ]
degradation of the electric and recombination parameters of S .
y-irradiated silicon single crystals. il 3A0ﬁ7er '”ad'a“onl"‘gth a dose OISXZ%O R 0507
Silicon single crystals doped with high-quality manga- SiMn)-1 191 53 1398 o
nese were used for the investigations. The crystals wergjwmn)-2 20.5 23 1325 ] 712
grown by Czochralski’'s method in a Redmet-type apparatusiMn)-3 19.4 2.2 1337

in the flow of an inert gas. Quartz, 65 mm in diameter, cru-
cibles with an initial charge consisting of 200 g of the initial
silicon raw material were used. The total manganese concen-
tration, determined by neutron-activation analysis, was equal

to 10"~ 10" cm™*. The manganese-doped silicon obtainedgjffysion-doped SiMn) samples decreases the rate of accu-

was ofn type with resistivityp =15-200-cm and minority  myjation of radiation defects. It can therefore be stated that,
charge-carrier lifetime-=9— 15 us. The change in the elec- jrregpective of the doping methdby diffusion or during the

tric parameters was monitored by means of Hall effect meagrowth process the presence of manganese in silicon sub-

surements. The lifetime of the minority charge carriers wastantially decreases the degradation of the electric and re-
determined from investigations of the transient processes agpmpination parameters of the silicon. This affects, in par-

companying the passage of a large-amplitude sinusoidal sigcy|ar, the charge-carrier lifetime. The results obtained are
nal through semiconductor structureBefore each measure- explained by the formation of manganese-atom complexes,

ment, the samples were etched in SR-4 etchant. The samplggich apparently play the role of effective centers of indirect
were irradiated in the Issledovatel’ apparatus with a dose ratgpinilation of radiation defects

-1 60, :
of 2x10° Rxh™* from a*Co source. I wish to thank Yu. A. Karpov for assisting in the prepa-

The experimental results on the effect of irradiating sili- ation of the samples and M. K. Bakhadyrkhanov for helpful
con single crystals, both doped with manganese and unyiscussions.

doped, withy rays with a dose of 2 10° R are presented in
Table I. Comparing the experimental data presented in the o _
K. Bakhadyrkhanov, S. Zaabidinov, and A. T. Teshabaev, Fiz. Tekh.

table shows t_hat the presenc_e of mangane_se g_reatly decreas%luprovodn_n’ 285 (1977 [Sov. Phys. Semicond.L, 165(1977)].
the degradation of the electric and recombination parametersg, . Talipov, Fiz. Tekh. Poluprovod4, 1472(1990 [Sov. Phys. Semi-

of silicon, i.e., it decreases the rate of accumulation of radia- cond.24, 921(1990].
tion defects produced by irradiation withrays. %S. M. Gorodetskiand M. A. Litovski, Fiz. Tekh. Poluprovodr23, 580
. : 1 . Phys. i 4(1989].
The data obtained therefore confirm the results of Ref, 2, (1989 [Sov- Phys. Semicon@3, 364 (1989]
where it was shown that the presence of manganese imranslated by M. E. Alferieff

Note n — carrier density,u — mobility.
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Faraday rotation angle anisotropy in a Fe-based diluted magnetic semiconductor
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The magnetic-field and temperature dependences of the Faraday rotation angle in the cubic
crystal Cd_,FeTe has been investigated theoretically and experimentally. It is shown that by
simultaneously taking into account the spin orbit and Zeeman interactions without use of
perturbation theory the anisotropic nature of these dependences in strong magnetic fields can be
explained in a unified approach. @997 American Institute of Physics.

[S1063-78287)00205-9

Semimagnetic semiconductqiMSCS containing iron, 2. It was determined that the anisotropy of the ameand
a magnetic component, are characterized by a number dfie Verdet constanV at low temperatures and in fields
distinguishing features. One is the manifestation of an aniso=-200 kG is approximately 20%.
tropic character of the magnetization, the anisotropy becom- To investigate this problem theoretically, we proceed
ing especially large in strong magnetic fields at liquid-heliumfrom the fact that the ground state of an isolatedFin,
temperature. As shown in Ref. 1, this in turn results in arwhich possesses ad$ configuration, is the termiD. In a
anisotropy of the Faraday effect in the cubic crystalcrystal field withTy symmetry the term splits into 2E or-
Cd,_,FeTe. There exist different approaches for explainingbital doublet and &T, orbital triplet. The Hamiltonian of the
the magnetization anisotropy in this material in strong magF€*" ion in an external magnetic field, taking into account

netic fields?3 the spin-orbit interaction, is
In the paper we report the results of an experimental and
theoretical study of the Faraday effect in,CgFe,Te. Mea- H=Ho+HcptAL-S+pugB-(L+28S), )

surements of the Faraday rotation angle were performed on . o )

samples with Fe concentration=0.03, which were preori- whereH is the Hamiltonian of the isolated atofd - takes
ented along thd100] and [111] crystallographic axes, at
temperatures in the range 4.2—100 K~A0% anisotropy of

the temperature dependence of the Verdet constant was ob-

served in strong magnetic fields up to 200 kG.

Cd,_,FegTe (x<0.05) single crystals were grown by a -
modified Bridgman method and the method of horizontally 14 _—— 1
directed crystallization. The composition of the solid solu- - z
tions was fixed by the charge of the initial components and J —_——3
checked by atomic-absorption and microprobe analysis. The
composition of the samples employed was additionally - / //
checked by observing excitonic structure in the reflection
spectra of the crystals at 4.2 K. Samples employed in the
magneto-optic investigations consisted (@00 and (111
wafers with thicknessl=0.2—3.0 mm.

The Faraday rotation angleff) measurements were
performed in strong magnetic fields with maximum intensity
up to 200 kOe, produced by a pulsed magnet consisting of a
copper solenoid with an inside diameter of 6 mm and a ca-
pacitor bank with total capacitanég= 2400 uF and work-
ing voltage up to 5 kV. The experimental sample was
mounted at the center of the solenoid together with a mag- 2F
netic test coil and a Ge sensor for monitoring the field inten-
sity H and the temperature, respectively. A helium optical . , Ly , L
cryostat and a UTREKS temperature regulation system were a 50 100 150 200
used to conduct measurements in the temperature range 8, kG
5-295 K.

The results of the measurements of the magnetic-fieldf!G. 1. Faraday rotation angle versus magnetic field in, CEeTe
(x=0.03) at temperaturd=>5 K with photon energyE=1.459 eV and

dependence of the Faraday rotation angle for different dII’ecdifferent orientations ofB relative to the crystallographic axeg, 4 —

tions of the magnetic field are presented in Fﬁg. 1. The_ t€Mayperimental results fdr00] and[111] orientations, respectivelyt, 3 —
perature dependence of the Verdet constant is shown in Figomputational results for the same orientations.
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for different orientations oB with respect to the crystallographic ax&s.
4 — Experimental results fo100] and[111] orientations, respectivelyt,

3 — computational results for the same orientations. =
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FIG. 2. Temperature dependence of the Verdet constantCd, _,FeTe g, -4 r
(x=0.03) in a magnetic fiel8=135 kG and photon enerdy=1.459 eV E> 3
g

into account the crystal field, andis the spin-orbit interac- T T T T T
tion constant. In the approximatibof equivalent operators, 0 50 100 50 200
Hcg is given by 8, kG
1 3 12 o . . o
He=A —(L2 + L2 )2+ _L4_ 6L2— i FIG. 3. Magnetic field dependence of the spin-orbit levels which originates
CcF 8t - 27 z 5\ from the orbital termE for B || [100] (a) andB || [111] (b).
Lo=Ly*iLy, 2

where A is a constant characterizing the interaction of the In the absence of an external magnetic field the spin-
impurity ion Fe with its crystalline environment. The basis orbit interaction splits the orbital doubleE in second-order
functions of the orbital term8E and®T, have the forrfi perturbation theory into the levelB,, I',, I'3, I's, and
I',; the energy splitting between them\HA is ~24

5. _
. ui=|0), cm ! (for FeA=6A=2500 cm ! andA=—100 cm %). In
U= (12)(|2)+]-2)); strong magnetic field8=150 kG, ugB=10 cm !. Since
Ty: v=|-1) the energy splittings presented are of the same order of mag-
2" 1 ’ . . . . .
B nitude, the spin-orbit and Zeeman interactions must be taken
V2= (1/‘/5)(|2>_ 1=2)), into account simultaneously.
vz=—|1). 3 In the basig3) the Hamiltonian(1) has the form
|
Eo(°E)+2ugBn-S (AS+ ugBn)-U
= 4
()\S+MBBn)U+ E0(5T2)+ZMBBn'S_()\S+MBBn)I ' ( )
|
where Eo(°E) and E,(°T,) are the eigenvalues of Up=(uL vy, o= —(mlve). (5)

Hcr (Eo(®T,) —Eo(°E)=A), nis a unit vector in the direc-

tion of the magnetic field, and Substituting the explicit form of the matrix elemeri& with

respect to the basi€3) and using the spin functions
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(Mg=-2,—1,0,1,2), we obtain a 2525 matrix of the nitude of the splitting of the next levdl, is substantially
Hamiltonian (4). This approach does not employ perturba-different for magnetic field orientation8 | [100] and
tion theory and makes it possible to take into account théB || [111], and thel'5 level remains doubly degenerate with
mixing of the®E and®T, terms. The magnetic-field depen- field orientationB | [111], while in a fieldB || [100] it is
dence of the spin-orbit terms, which were obtained from theappreciably split.

orbital doublet®E, is shown in Fig. 3. We note that different variants of the perturbation
We shall calculate the Faraday rotation angle accordingheory, with allowance of the mixing of the different orbital
to Ref. 5: levels and disregarding them in order to explain the anisot-

Fl2g E2 (Jn=J0) ropy of the magnetization, were u;ed in Refs. 4, 6, gnd 7.
= 0 s h "¢ M. (6) However, the energy spectrum obtained, for example, in Ref.

2hic (E5—E”) gus 4, cannot be used to explain the indicated features from a

Here J, and J,, are the exchange interaction integrals for Unified standpoint. Taking into account simultaneously the
electrons and holes with the angular momenta of the Fe ion$Pin-orbit and Zeeman interactions is therefore justifiable,
E, is the excitonic transition energ is the photon energy; this makes it possible to give a unified description of the

F, is a constant, which contains the oscillator strength of thé-araday rotation angle anisotropy and the characteristic fea-
excitonic transitiong is the g-factor of the F&* ion; M is tures of the low-temperature dependence of the Verdet con-

the magnetization per unit volume stant.
J
M=xkgT—z In Z, (7) 1.1 savchuk, O.R. Klichuk, and P.1. Nikitin, Japan. J. Appl. PI8.393
(1993.

X is the concentration of Bé ions; andZ is the partition Zg- Tesctelin, A Mfuggzesr’ 1%-8Rigaux, M. Guillot, and A. Mycielski, Solid
funCFlon’ \.NhICh IS fou.nd .Wlth. the aid of the energy spectra 38Fatsod3§r;:1rgg,n.l€|.’ ViIIe(ret, zﬁd E. Kartheuser, Phys. Scri3@, 131
obtained in a magnetic fielgFig. 3). (1991).

In Figs. 1 and 2 the computational results for the “m. villere, S. Rodrigues, and E. Kartheuser, Phys. Rev4B 10028
magnetic-field and temperature dependences of the Faradag&l%@-_ o _
rotation angle are compared with the experimental data. As Ph;l/é.Ntleslt;;g;n;7f(11598()?\./Chuk' Usp. Fiz. Nauk60, 167 (1990 [Sov.
one can see from these curves, the experimental and theorety "villeret, S. Rodrigues, and E. Kartheuser, Phys. Reva® 3443
ical results are in satisfactory agreement with one another. (1991.

The Faraday rotation anisotropy is due to the characteristic7c- Testelin, C. Rigaux, A. Mauger, A. Mycielski, and M. Guillot, Phys.
behavior of the spin-orbit levels in strong magnetic fields Rev. B46, 2193(1992.

(Fig. 3). The lower levell’; is weakly anistropic, the mag- Translated by M. E. Alferieff
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Photoelectric and radiation characteristics of silicon solar cells at high illumination
levels and elevated temperatures

M. Ya. Bakirov

Radiation Research Division, Academy of Sciences of Aiian, 370073 Baku, Azerbahan
(Submitted October 3, 1995; accepted for publication July 1, 1996
Fiz. Tekh. Poluprovodr3l, 520—-522(May 1997

It has been established experimentally that the power of a cell increases and the rate of radiation
degradation of the cell parameters decreases when concentrated solar radiation is used. In
uncooled cells the temperature increases above 100 °C and the efficiency drodf970©
American Institute of Physic§S1063-7827)00305-7

A great deal of attention has been devoted in recent/cn?, the temperature of the cell increases monotonically
years to the use of solar energy, specifically, the direct confrom 30 to 220 °C.
version of solar energy into electricity. Silicon solar cells are  Investigation of the temperature dependence of the main
widely used for this purpose. They are the main source oparameters of the solar cell showed that as the temperature
electricity in space vehicles. However, the high cost of solaincreases above room temperature, the short-circuit photo-
cells is holding back extensive use on earth. The cost ofurrent |4 increases slightly and the open-circuit voltage
silicon solar cells is dropping mainly as a result of the de-Ug, the maximum poweP,, at optimal load, the filling fac-
creasing cost of single-crystalline silicon and the developior y of the current-voltage characteristic, and the efficiency
ment of cheap film cells based on amorphous silicon. They all decreaseFig. 1). These dependences agree qualita-
use of concentrated solar radiation is no less promising fotively with the results of Refs. 1 and 2. The increase in the
this purpose. photocurrent with increasing temperature is explained by the

Concentrated solar radiation is used in photoelectric dechange in the light absorption. As the temperature of the cell
vices mainly to improve the energy efficiency by increasingincreases, the absorption edge shifts as a result of band-gap
the specific power. However, as our investigations havenarrowing in the crystal and the number of pairs generated in
shown, the rate of radiation degradation of cell parameterghe bulk increases. On the other hand, the light absorption
also decreases in the process. When concentrated solar radigefficient changes with increasing temperature. As a result,
tion is used, a large amount of heat is released in the cellie photocurrent increases with temperature. In our samples
and, if no cooling is provided, the working temperature ofthe temperature coefficient of the photocurrent was equal to
the cells rises. A large increase in the temperature affects trd0 wA/°C. The decrease in the open-circuit voltage with
charge-carrier density and the light-absorption process. As @creasing temperature is due to the change in the intrinsic
result, the output parameters of the solar cells change. In
cells operating under concentrated solar radiation conditions,
in which the working temperature reaches 100 °C and

<€
higher, some radiation defects are found to be unstable due & >; 2
to the thermal activation. For this reason, the defect density, ~*, = of
which determines the degree of degradation of the cell pa- 50} 05 10

rameters, depends not only on the density of the integrated
particle flux, but also on the temperature, which is deter-

mined by the solar radiation concentration factor. This moti- 404 6
vated a study of the effect of temperature and illumination

level on the photoelectric and radiation characteristics of sili-

con solar cells.

Our objective in this study was to determine the mecha-
nisms of the change occurring in the main parameters at high
temperature and to determine the effect of the illumination
level and temperature on the rate of radiation-induced deg-
radation of the parameters of silicon solar cells. We investi- gl 541 2
gated cells with gp—n junction, which were prepared by
diffusing phosphorus intp-Si with resistivity 5 -cm. Un-
der direct sunlight W= 100 mW/cn?) these cells generate a L L L
photocurrent of about 25 mA/crand a photovoltage of 0.5 2 t’fg 250
V. Their efficiency is~10%. ?

_The temperatures of a cell exposed_to concentrated SOIia—'II’G. 1. Temperature dependences of the main parameters of a silicon solar
radiation were measured. It was determined that as the powgg| at high temperatures — Is, 2 — U, 3— P,,, 4 — 7, and5 —
of the sunlight incident on a cell increases from 0.1 to 2.5y (W=0.1 Wicn¥).

03 §

2002+ 4
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o . . FIG. 3. Change in the power level as a result of isothermal annealing of
FIG. 2. Dose dependence of the power in silicon solar cells irradiated undqfradiated silicon solar cellst — In the dark =150 °C:2 — under illumi-

different conditions:1 — In the dark,t=25 °C; 2 — under illumination .
' ' nation W=1.7 W/cn?, t=150 °Q.
(W=1 Wicn?, t=80 °0). w 9

degradation in illuminated and heated samples is much lower

) _ ) than in samples irradiated at room temperature in the dark
charge-carrier density and band-gap in the crystal. In OUfrig. 2): this was observed in phototransducers based on
case the open-circuit voltage is determined by the relatiogs,as_GaAlAs heterostructures irradiated with electrons and
Uoc~In(ls/lo), according to whict o should increase with 4003
Is. But a sharp increase in the dark curregt flowing To determine the effect of illumination on the rate of
through thep—n junction decreaseS .. The intrinsic den-  ,qyer restoration in irradiated cells after annealing, isother-
sity n; varies exponentially with temperature, which gives | heating was conducted in the dark and in focused sun-
lo/lo ~n;. Furthermore, narrowing of the band gap with gt The samples were irradiated in the dark with the same
increasing temperature increases the dark current and thereQyse (16* cm2). In both cases the temperature was main-
reduces to a minimum the positive effect of increasing th§ained at 150 °C. It was established that power is restored
light absorption coefficient in the Iong-wgve_length region of much more rapidly with isothermal annealing under illumi-
the spectrum. As a resultl, decreetses with increasing tem- paion conditiongFig. 3); this attests to the effect of light on
perature and\U o /AT=—2.3 mV/°C. As the temperature e process of annealing of radiation defects. The action of
is raised, the filling factor of the current-voltage characterisyhe jjlymination on parameter degradation and restoration in
tic decreases; this is explained by the increase in the darky|ar cells is explained by injection annealfigherefore the
current. The output power and efficiency decrease with inyge of concentrated sunlight in photovoltaic setups will make
creasing temperature mainly because of a decrease in thig,ossible to improve the energy indicators of solar batteries
photovoltage and the filling factor of the current-voltage ¢ only by increasing the specific power but also by de-

H H — o . . . .

characteristic. In our samplesP/AT=—0.4 mW/°C and  ¢reasing the rate of radiation degradation of the parameters.
An/AT=-0.4%/°C.

We studied the effect of a high illumination and tem- !s. N. Borisov, S. M. GorodetskiG. M. Grigor'eva, K. N. Zvyagina, and
perature on the rate of degradation and restoration of cellzﬁ- I'\_A-FKiSymskhl;novgy §e£0§kgglka& No. 41(?98?-8 or Cells: Ph

: H . _ SACL anrenpbruch an . H. BubBundamentals of Solar Cells: oto-

The s.amples W_ere I_rradlated with 5-MeV ,accelerated elef: voltaic Solar Energy Conversiocademic Press, N. Y., 19§Russian
trons in two regimes: at room temperature in the dark and in yansiation, Bergoizdat, Moscow, 197
concentrated light with a power of 1 W. In the process the*G. M. Grigoreva, V. A. Grilikhes, K. N. Zvyagina, M. B. Kagan, T. L.
sample was heated to a temperature of 80 °C. The measurglyubashevskaya, and O. I. Chesta, Geliotekhnika, No. (1.9B9.
ments showed that in the entire range of variation of the D. V. Lang and L. C. Kimerling, Phys. Rev. Le83, 489 (1979.

density of the integrated electron fluxes the degree of poweTranslated by M. E. Alferieff
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Distribution of a shallow donor impurity in a p-type CdTe wafer annealed in Cd vapors
V. N. Babentsov, Z. K. Vlasenko, A. I. Vlasenko," and A. V. Lyubchenko

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted April 4, 1996; accepted for publication July 1, 1996
Fiz. Tekh. Poluprovodr3l, 523-525May 1997

Experimental investigations and numerical modeling of the process of bilateral doping- of a

type CdTe wafer with shallow donors during annealing of the wafer in cadmium vapors

have been performed. This process was found to have several featuaecorrelation in the low-
temperature photoluminescence bands between the excitation of a line of a exciton bound

on a donor and quenching of an acceptor line, which are characteristic of recombination on group-
| impurities occupying interstices and Cd sites, respectively, and a strong effect of diffusion

on the donor distribution profile. The results obtained by us make it possible to optimize the
annealing process. @997 American Institute of Physids$1063-782@07)00405-3

Cadmium telluride is widely used in infraredand Cd.—Cd*, (1a)
radiatiof  photoelectronics, optoelectronits, laser
technology* and in other applications. Many applications re- ~ T€re— T&+ V7, (1b)
qyire material with close ' to stoichiometric c.omposition, Ca+ Vg Ceeges Vgt CF (10
highly accurate compensation, controllable doping level, ab-
sence of inclusions of a second phase, and a low density of Cd.«> Cdcgt Ve, (1d)

residual, electrically active impurities. The latter are usually | I

group-l elementgLi, Na, Cu, Ag, which are acceptors at Cd+McgClegt M;™ (1¢

cadmium sites and donors at interstic8sAt the same time, MLoMI* (1f)

because of the retrograde solubility of tellurium, cadmium o ]

vacancies predominate even in relatively stoichiometric ma\_/vrrere Cl@d’ Cd, land Cd are cadmium impurity atoms, and

terial; the ratio of these concentrations of the impurities andv,lth’ Mi. tandtMc are grgupl-l Tetaltlr:npurltfy atoms at Cd

vacancies, as a rule, determines the conductivity of the cryssfI es, in interstices, and in clusten the sur_aces respec-
. . tively; Vo4 and V1, are Cd and Te vacancies; an asterisk

tals. Post-growth annealing qftype CdTe wafers in Cd

. .7 i denotes a donor state of the defects.
vapors yieldsi-type materiaf ® but the question of the donor

. o _ ) The Cd atoms, which diffuse in the bulk during anneal-
impurity distribution over the thickness of the wafer requwesing in Cd vapors, occupy A sites in the lattice. When an

additional study. This is because the getter.ing. of .point deaxcess of Cd atoms is present and there are no free and

fects by surfaces, macrodefects of the latfictissipation of weakly bound vacancies, the Cd atoms can occupy inter-

clusters, and other processes must be taken into account. stices and appear as dondis) or add to the Cd sublattice
We investigated experimentally the distribution profiles (primarily near structural macrodefegtd¢he Te vacancies

of shallow donors over the thickness opdype CdTe wafer forming in the procesgld) also exhibit donor properties.

when the wafer was annealed in saturated cadmium vapor The spectral distribution of the LTPL intensity obtained

and we performed numerical modeling of this process, takindrom points on a cleavage face of the crystal, which are

into account the bilateral Cd diffusion and rediffusion of located at the same distance from the surfaces of the crystal,

shallow donors from the wafer. before and after annealing for=3 h are shown in Fig. 1.
Plane-parallel ptype CdTe wafers, oriented with The LTPL lines of excitons .bognd on shallow donotg)(

the large surfaces along t&11) plane, were annealed, after and acceptorsl() are also indicated here. A comparison

the damaged layer was removed at 600 °C for 1, 2, 3, 4 anyith the published data on the LTPL spectra of different
1 1 1 1 - ’9,11 .

28 h in an evacuated cell containing a weighed portion ofYPeS Of defects in Cdfé shows that during the forma-

cd. tion of shallow donors the most intensive reaction is the

reaction (1e), the substitution of Cd atoms, which diffuse

The donor distribution profiles were measured on freshfrom the surface. for thel' atoms. which occupd!! si
. , , pA" sites

cleavage faces by .the. Iow—Femperature photolumlnescenc(%rimarily weakly bound, for example, 19, where they
(LTP,L) method(excftaﬂon with a' H'e—Ne Ias.er probac- manifest themselves as acceptors, and displacement of the
cording to the intensity of the radiation of excitons bound ongioms into interstices, where they acquire donor properties.
donors:®~*? The obvious correlation between the excitation of the

The formation of donor defects during annealing of adonor linel, and the quenching of the acceptor lihe(see
p-type CdTe wafer in Cd vapor can proceed mainly via thethe inset in Fig. 1 which are associated with proportional
following reactions(disregarding thermal ionization of de- changes in the concentration bf' atoms at interstices and
fects, the charge states of the defects, and complex formaites, respectively, with increasing annealing tiredttests
tion): to the fact that this process predominatest Ascreases, the
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FIG. 2. Experimentally obtained profiles of the intensity distribution of a
x40 x{ line of an exciton bound on a donow) over the thickness of @-CdTe
wafer after annealing at 600 °C fdy 4, and 28 h(1, 3, 5) and numerical
calculation of the donor distribution density(x,t) for 1, 4, and 28 h
| (dashed lineg, 4, 6).
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A,nm
represented by two diffusion equations for the self-diffusion
FIG. 1. Photoluminescence spectrum of CdTe at 4.2 K— Initial spec- qf Cd.into the wafer and_ Coqn.t_erheterOdifoSion of the. i.mpu-
trum, 2 — at a depth of 10Qum after annealing for 3 h. Inset: Intensities of rity with the corresponding initial and boundary conditions.
the lines of excitons bound on an accepty (@nd donor () as a function A calculation of the resulting distribution profiles of the
of annealing time at a depth of 1Q0m from the surface of the sample. density of the donori I* is shown in Fig. Adashed lines
i .
The satisfactory agreement of the experimental data with the
” ) calculations for different values dfcould attest to the cor-
curvel, for donorsM;* saturates; this could be quel to the yactness of the chosen physical and mathematical models.
finiteness of the density .of the reIS|duaI impuriky'. IF Using the values obtained f@, andD.,, it is possible
should be noted that an increase in the donor density —, calculate the process of long-time annealing qf-type
. . .
Cd', V1, — (1a), (1d) can preserve the increase in the elec-cqTe wafer. The results of the numerical modeling, taking

tronic component in the conductivity. into account bilateral diffusion of Cd atoms and counterhet-
For sufficiently long annealing times, one would expect

a uniform distribution of the atomil* over the thickness of
the wafer. However, despite the fact that a regime with a
constant Cd vapor pressure above the CdTe wafer is estab-
lished during the annealing process, the distribution profile //(
of the residual donor impurity over the thickness of the plate ((
remains complicated and does not level off even at long
timest. The experimentally measured distribution profiles
(shown in Fig. 2, of the line intensityl , over the thickness
of the p-CdTe wafer for different times attest to this fact.
This is due to the vaporization of the impurity atoms
(primarily with small atomic radji from the surface of the
plate, which proceeds in parallel with diffusion, and their
heterodiffusion from the volume toward the surfaces. The 7 28
value of the self-diffusion coefficient CdTe determined for 20+,
t<4 h wasD;=2.6x10 8 cn/s. The value of the hetero- 1 72 0
diffusion coefficient determined for annealing tirfie=28 h
wasD,=1.16x 10 cnf/s. 0 80 20 40 560 720
The mathematical model describing the distribution of i
Sha”OW_ donors occurring over the dePth_ of the wafer aNt1G. 3. Numerical modeling of the donor impurity density distribution over
nealed in Cd vapors as a result of the displacement of thge thickness of @-CdTe wafer 6=800 um) taking into account rediffu-
residual impurityM' from the Cd sites into interstices can be sion during annealing at 600 °C for 40 h.
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erodiffusion of impurity atoms toward the surfaces, are pre-°E. Molva, J. P. Chamonal, and J. L. Pautrat, Phys. St. Cal0g 635
sented in Fig. 3 for annealing times up to 40 h. The results of (1982.

. . .

the modeling show that under prolonged annealing in Cd fét?e;g’ fész(nl%ksaéY' Masa, S. Dairaku, and M. Kawashima, Appl. Phys.

vapors the surface regions become strongly depleted of they. v. agrinskaya and V. V. Shashkova, Fiz. Tekh. Poluprovai.1248

shallow donor impurity due to the evaporation into the exte- (1988 [Sov. Phys. Semicon@2, 790(1988].

rior volume; i.e., the material is purified. 9E. S. Nikonyuk, V. L. Shlyakhowy Z. I. Zakharuk, M. A. Kovalets, and
N. I. Kuma, Neorg. Mater31, 185(1995.
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Charge-carrier exclusion in InAs
S. S. Bolgov, V. K. Malyutenko, and A. P. Savchenko

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252650 Kiev, Ukraine
(Submitted June 11, 1996; accepted for publication July 1, 1996
Fiz. Tekh. Poluprovodr1, 526—527(May 1997

The first observation of contact exclusion in InAs-bapéd-p—p* structures at high

temperatures is reported. To identify the process of nonequilibrium depletion of the base, attesting
to exclusion of free charge carriers, the current-voltage characteristics, the kinetics of

current establishment, and the negative luminescence in the spectral region of interband transitions
were investigated. The practical aspect of this phenomenon is discuss@éd9™American

Institute of Physicg.S1063-782607)00605-4

There is now a large number of works in which the conductivity, bipolar exhaustion is very small
mechanisms of the exclusion phenomertbipolar exhaus- As the temperature increased, typical indications of ex-
tion of an intrinsic semiconductor equipped with antiblock- clusion were observed as a result of an increase in the intrin-
ing contacty are investigated and practical applications ofsic charge carrier density; (bipolar conductivity region; see
this phenomenon are proposed. The investigations have be#set2 in Fig. 1). A characteristiafor exclusion region of
conducted mainly in well-purified or compensated wide-gapsublinearityV~12 arose on the IVC; the current pulse with
materials Ge and Si. However, in connection with the ap& square voltage pulse had the shape of a decreasing curve
pearance of a number of new practical problems which con-
tact exclusion can solve, specifically, the possibility of pro-
ducing efficient photodetectdrsand infrared (IR) range
sources it is of special interest to investigate this phenom-
enon in materials conventionally employed in IR
technology’® In Ref. 4 we showed that exclusion can be re-
alized in CqHg,;_,Te/CdTe heterostructures. In this paper
we report the first observation of exclusion in InAs-based

03} a

b 7

@T[ AASISI/ I, .
NWN] —

+
p*—p—p* structures at high temperatures. gzf P P
The investigations were conducted at temperatures in the_ ” + p-InAs
rangeT =300—400 K on InAs-baseg* —p—p* samples pre- ~p 0| P

pared in the form of X 1.5X 0.4-mm rectangular plates with

hole density in the basi,—Ny=2x 10 cm~3, which ex-

ceeds the intrinsic charge carrier density=2x 10" cm™3 0.1
at room temperature. The antiblocking contacts were pro-
duced by diffusing Zn in unsaturated As vapor. To decrease

the surface recombination rate, the samples were etched in

the mixture SHNQ:1HF:1CH,COOH. To identify the pro-

1015

cess of nonequilibrium exhaustion of the base, which attests . , . ’
to exclusion of electron—hole pairs, we investigated the 10 20 70
current-voltage characteristi¢B/C), the kinetics of current v,v
establishment, and the negative luminescence in the region ’,ﬂ 2? 5,0

of interband transitions of the material €3.8 um). 1.0

To avoid Joule heating, an electric field in the form of
10-um square pulse&c voltage regimewas applied to the &05 |
p* contacts. A 1.0-mm-wide diaphragm, through which the %
nonequilibrium radiation was observed with a PbSe photode- 0 w0
tector, was placed at the surface of the crystal near one of the T,K
antiblocking contacts. The current and voltage pulses were 101 b
recorded with a stroboscopic oscillograph, and the IVC and
field dependences of the negative luminscence were record%ﬂ;. 1. a — Current-voltage characteristicspdf—p—p* InAs structures at
on a recorder. T=360 K:1— Etched surface of the sampt2— ground surface of the

As expected, al =300 K there was no exclusion effect sample. Inse.: Arrangement of the experiment. Inszt Temperature de-

; ; ge< . pendence of; in InAs, the dashed curve represeitg—Ng. Inset3 —

n th.e experimental voltage ran 30 V: The IVC \.Nas QOscillogram of the current pulsé — Field-dependence of negative lumi-
ohmic, the (?urrent pulses were square, .and a negative lUMigscence in InAs under exclusion conditiondat360 K. Inset: Tempera-
nescence signal was not obsen(éte region of monopolar ture dependence of the maximum negative luminescence signal in InAs.

%,arb:nits
&,
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followed by saturatiorisee Fig. 1a The field dependence of rier diffusion length near one of thE’ contacts, the lifetime

the negative interband luminescence sighBlalso atteststo 7 of electron—hole pairs can be easily estimated from the

a decrease in the charge carrier density in the base. As is wadkpression forLy. Setting u,=27 000 cm/(V-s), for

known, such a signal arises under conditions when the eled/=10 V we obtain7=3.3x10" " s, which corresponds to

tron densityn and the hole densitp become less than the the carrier diffusion lengtt. = D 7=28 um (T=2360 K).

equilibrium valuesnp< ni2 (Ref. 2 ; see Fig. 1b The signal It could also be of practical interest to employ InAS

amplitude increases with voltage and then remains unstructures as fast sources of IR radiation which operate at

changed, attesting to complete exhaustion of the Bags.  high temperatures. According to our estimates, the power of

T increases, the intensity of the negative luminescence sighéthe maximum negative luminescence signal, equal to the

AP in the saturation region increases. power P, of the equilibrium radiation of the material in the
An increase in the surface recombination rate in the basspectral range of interband transitions</c/Ey<3.8 um,

of the structurgpolishing of the surfageas expectefisup- s sufficiently high at high temperatures for practical appli-

presses the exclusion effect because of a decrease in the eitions. For exampleAP=—P,=1.2x10"2 W/cn? for

fective charge carrier lifetime. As a result, the negative lu-T=400 K (the temperature dependenceRgfis shown in the

minescence signal decreases, the IVC approaches an ohninset in Fig. 1b.

characteristidsee curve2 in Fig. 18, and the current pulse

becomes. Sqlflare' . . . YSee Ref. 5 for detailed information about the characteristic features of
Considering the existence of the exclusion effect in InAs negative luminescence under the conditions of contact exclusion of charge

as proved, we present in conclusion several practical recomearriers.

mendations. From the IVC it is easy to estimate the lifetime

of elect_ron—_hole pairs in the base of _the structure. The region Ashley, C. T Elliott, and A. M. White, SPIE Pro588, 62 (1986.

of sublinearity of the IVC characterizes the process of ex-2g g Boigov, V. K. Malyutenko, and V. I. Pipa, Pis'ma zh. Tekh. Fz.

haustion of the base as a result of carrier removal to one of 1444 (1979 [Sov. Tech. Phys. Letb, 610(1979)].

thep* contacts. The total exhaustion regime occurs at a volt-j\s/- g gﬂé}lyuter\l/kok Sl\eriC?ndk SC\i/- Tleghndﬂ, 35;0 A(129% Henko. Pig

age when the sublinearity region is replaced by a seconds; % E0% Y. K. Mabuienko V.1 P nc 2. Saucherko, Psma

ohmic section in the IVQin the experiment/=10 V) and SV. K. Malyutenko, A. G. Kollyukh, and A. M. Rybak, Zh. Prikl. Spek-

the extended diffusion lengthy= u,E7 equals the distance trosk.47, 299(1987.

d between the contacts. Since the electric field in this case i$S: A- Vigusevich, Yu. M. Malozovsk and V. K. Malyutenko, Fiz. Tekh.

. . . . Poluprovodn20, 1841(1986 [Sov. Phys. Semicon@0, 1155(1986)].
virtually uniform in the base of the structufee ignore the
accumulation layer, whose length is on the order of the carfranslated by M. E. Alferieff
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Nature of hole localization centers in sodium-doped lead chalcogenides
G. T. Alekseeva, E. A. Gurieva, P. P. Konstantinov, L. V. Prokof'eva, and Yu. |. Ravich

A. F. loffe Physicotechical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted June 17, 1996; accepted for publication July 1, 1996
Fiz. Tekh. Poluprovodr31, 528—532(May 1997

The Hall coefficientR, thermoelectric powe$, and electrical conductivity in Na-doped PbSe

with lead-isovalent Cd and Mn impurities introduced in concentrations of up to 5 at. %

have been investigated. The experimental data together with previously obtained results indicate
that the acceptor action of Na in lead chalcogenides with isovalent impurities is weakened
because of hole localization at defects. According to the proposed model of acceptor doping, such
defects in lead chalcogenides can be chalcogen atoms in a metal sublattice. Increasing the
temperature, and also introducing isovalent impurities with relatively small ionic radii, facilitates
the formation of the defects. Antistructural defects produce resonance levels in the valence

band, whose position depends on the Na concentration19@r American Institute of Physics.
[S1063-78267)00705-9

According to Refs. 1 and 2, the introduction of the iso-its 0-20%. The appearance of valuespoéxceeding\ can
electronic substitution impurity Sn into lead chalcogenidespe explained by the fact that a Hall factor equal to 1, em-
together with the acceptor impurity Na, strongly influencesployed in the calculations, exceeds its real value in these
the doping mechanism: Carrier localization centers, whichmaterials at high hole densitiégherefore, an exact relation
produce quasilocal levels in the valence band, form in addibetweenp andN cannot be established in the entire doping
tion to free holes. As the results of Msbauer spectroscopy interval, but it can be stated confidently that the hole density
have shown, the role of Sn atoms in lead selenide and telldags behind the Na density with doping levels below
ride is completely different. In RBn)SgNa) the Sn atoms 1x107° cm™3. Since the Na atoms, which substitute Pb in
are in two charge states Si2) (neutral with respect to the the lattice, do not exist in the form of Na2) ions and
lead ion3 and Sti+4)° and are thereby hole localization cen- cannot be neutral with respect to the metal sublattice, the
ters. In PBSnNTe(Na) the atoms Sn are only in the state weakening of the acceptor action of Na means that the holes
Sn(+2).2 Nonetheless, starting with a certain doping level,are localized on structural defects. As one can see from the
the concentration of localization centers in the solid solutiondigure, in the presence of neutral impurities the dependence
Pb, _,Sn Te withx=0.005-0.01 grows rapidly and at maxi- p(N) does not change qualitatively, but as far as the quanti-
mum Na density is close to the density of active centers, i.etative changes are concerned, it follows from experiment that
to half the total Na density. The following hypothesis wasthe efficiency of the acceptor action of Na decreases and the
advanced to explain the weakening of the doping action ofralue of p in solid solutions is less than in PbSe, although
Na in these solid solutions: The Sn atoms create conditionthe effect is not as large as when Cd is added to PbTe.
for some Te atoms to occupy antistructural positions in the The temperature dependences of the Hall coefficient in
lattice, which results in hole localization. PbSe with isovalent impurities also change: The temperature

A decrease of the acceptor action of Na in PbTe was alsgrowth of the coefficient decreasesee inset in Fig. 2 As a
observed when the isovalent impurity Cd was added to thisomparison of the Hall data for PbSe in solid solutions with
material? The results noted suggest that such an effect cathe same doping leveFig. 2 shows, the discrepancy be-
also be expected in Pb@+¢8a) with the introduction of isova- tween the curveR(T) is characteristic for low temperatures;
lent impurities which exhibit a valence af2 in compounds near the temperature of the maximum the differences virtu-
with Se. ally vanish. If it is assumed that the increase in the Hall

In the present work, to check and detail the foregoingcoefficient is due to the decrease in the free-hole density, i.e.,
ideas about the mechanism of formation of hole localizatiorhole localization, then the latter result means that the maxi-
centers in lead chalcogenides, we investigated the changesum number of localized holes in the experimental materials
occurring in the Hall coefficienR, the thermoelectric power with constantN is the same. If in solid solutions some holes
S, and the electrical conductivity as a result of introductionare localized eventadD K and increasingl gives only an
of the lead-isovalent impurities Cd and Mn in concentrationsadditional contribution, then in PbSe the activationless
up to 5 at. % in PbS&a). Figure 1 shown the hole Hall mechanism is ineffective in the strong-doping region and
coefficientp at 77 K as a function of the sodium denslity  hole localization occurs mainly as a result of an increase in
for PbSe with different isovalent impurity contents. A strict the temperature. The same result was obtained in Ref. 2 for
correspondence between the indicated concentrations is nBbTe and P{&nTe, the only difference being that in Pb-
observed in the entire doping interval: At first, the hole den<Sn)Te the fraction of holes localized @ K increases appre-
sity is less than the Na density, and then as the doping levaliably with the Na density, which results in pinning of the
increases, this ratio is reversed. The increase in the Hall def=ermi level and a large weakening of the temperature depen-
sity above the acceptor impurity density falls within the lim- dence of the Hall coefficient in strongly doped samples.
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FIG. 2. Temperature dependence of the Hall coefficiént- PbSe,2 —
Phy ogMng o:Se, 3 — Ply oiCdy gsSe N=2.5 at.%. Inset: Temperature de-
pendence of the ratio of the Hall coefficient to the value at 71 k- PbSe,

2 — Ply gMng 0;S€,3 — Ply Mg g55€,4 — Plyy osCch g5 (N=1.5 at.%.
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PbSe,2 — Phy ggMng g:S€, 3 — Phy gsMNg gs5€,4 — Phy o:Cdy gsSe. Inset:
Temperature dependence of the thermoelectric power- PbSe,2 —

Phy.ggMNg gs5€,3 — Pl gsClh os5€ N=2 at. %.

at 85 K the increase i in solid solutions is much smaller
(see the inset in Fig.)3 and the maximum growth of the
order of 350 K is noted af. Values ofS which are higher
than the computed values Bt-300 K are also characteristic
of p-type PbSe. The decrease in the carrier density in accor-
dance with the temperature increasérRo€annot explain this
effect® The parameter which is most sensitive to the appear-
ance of localized holes is the mobility. Its decrease-iype
PbSe (relative to the values for electrofisand the even
larger decrease in solid solutions were noted even at low
temperatures and low doping levels.

The experimental data presented above combined with
data obtained previously for other materfafsgive a sys-
tematic picture of the acceptor doping of PbTe-type materi-
als with sodium. This picture can be briefly described as
follows:

1. In lead chalcogenides, the acceptor action of the Na
impurity, ordinarily described by the ratio of one free hole
per impurity atom, is weakened, and together with free holes
there exist holes which are localized at defects. The fraction
of the latter is determined by the composition of the material
(the presence of additional impuritiegshe acceptor doping
level, and temperature.

2. The introduction of isovalent impurities, which sub-
stitute for lead(isovalent doping increases the density of
localized holes at low temperatures.
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3. In the case of Cd and Mn in PbSe the relative fractionsecond type(antistructural produce localized holes. A%
of localized carriers does not increase with the derldityn  increases, defects of one type restructure into defects of the
the case of Sn in PbTe, this fraction increases, which resuligther type; the total defect concentration in this case remains
in pinning of the Fermi level. Apparently, the hole density in the same, being a function only of the sodium concentration.
PbTe changes similarly even when Cd is introduced. Each antistructural defect formed as a result of the introduc-

4. An Increase in the temperatu_re gives rise to furtheiion of four Na atoms binds two holes and two holes remain
hole localization in Na-doped materials. In the absence o . .

In the valence band. If antistructural defects predominate,

isovalent impurities, this process proceeds more intensivel%/hen the efficiency of the acceptor action of Na decreases b
at low temperatures. The Hall carrier density in a binary y P y

compound and in the solid solutions studied stops decreasirfly factor of 2, which agrees with experiment.
when the same temperature is reached; the value of the tem- The antistructural defect which is formed is a hole local-
perature is determined by the composition of the matrixization center which forms resonance states that scatter holes
(PbTe—400 K, PbSe—660)Kand only in weakly doped ma- if the energy of these states is split from the Fermi level by
terials this occurs earlier as a result of the onset of the intrinan amount of the order &T. The number of such defects
sic conduction. At all doping levels the Hall carrier density depends on the composition of the material and on the tem-
decreases by not more than a factor of 2. perature. The experimental circumstance that the presence of
5. Hole localization gives rise to a decrease in the moqocalization centers is manifested in a wide range of Na den-
bility and an increase in the thermoelectric power, i.e., &ijties suggests that & increases, the resonance states shift
substantial change in the character of the hole scattering. into the valence band together with the Fermi level. Hole
To explain the experimental data obtained by us, Wescattering by defects is of a resonance nature.

invoke a model of acceptor doping of lead chalcogenides Dobi f lead chal id ith a diff
which was proposed in Ref. 2. When Na is introduced, two, Qplng orlead ¢ acogenl es wit .a ffrerent acceptor
Na atoms in combination with a different number of chalco—'mpumy’ for example, thallium, has a different mechanism.

gen atoms can produce completely saturated bonds only 4f*allium doping of PbTe gives one hole per impurity atom,
one chalcogen atonfaccording to a formula of the type and no weakening of the activity of Tl in the presence of Sn
2NaTe= Na,Te +Te). It is possible that they occupy inter- iS observed right up to densities of2@m™?, at which the
stitial positions, which give rise to a metal vacancy, thatfilling of the impurity band of Tl starts? The situation re-
forms together with Na atoms a neutral complex. Unsaturimains the same when 5 mol% PbS is added to PhTe.

ated bonds of a different chalcogen atom give rise to the The new view of the hole conduction mechanism in Na-
acceptor action, which produces holes in the valence bandioped lead chalcogenides could also be helpful in discussing
The isolated vacancies which are formed are double acceghe properties of SnTe and GeTe, which previously were

tors. Although metal vacancies can produce quasilocal stategributed, just as in lead chalcogenides, to the existence of a
in the valence banfthey cannot be identified with observed heavy-hole valence band.
localization centers, since the hole localization effect in this
case would be equally characteristic of the binary com-
pounds and the solid solutions under study.

The localization of two holes at a defect can be repre-
sented as the loss of two electrons from one of the CIqalcerﬂL. V. Prokof'eva, M.N. Vinogradova, and S. V. Zarubo, Fiz. Tekh. Polu-
ions and the formation of a neutral atom. A neutral chalco- proyodn.14, 2201 (1980 [Sov. Phys. Semicond4, 1304(1980)].
gen atom occupies a metal vacancy, forming in this manneegc. T. Alekseeva, B. G. Zemskov, P. P. Konstantinov, L. V. Prokofeva,
an antistructural defect. As a result of one such transition, and K. T. Urazbaeva, Fiz. Tekh. Poluprovo@®, 358(1992 [Sov. Phys.
two vacancies vanish in the metal sublattiome occupied  Semicond26, 202(1992)]. ‘ _
by a chalcogen atom and the other, from which this atom is téx-gc’i";ﬁg; V. Zarubo, F. S. Nasredinov, and P. P. Seregin, JETP
lost, is compens__ated by the chalcogen vacancy which 1S 0”5 Crocker and L. M. Rogers, J. de Physique, Suppl. 1112988,
formed. The radii of the neutral chalcogen atoms are rela-s, ;. crocker, J. Phys. Chem. Sa8, 1903(1967).
tively small (Te — 1.7 A, Se — 1.6 Acompared with the g, A. Gurieva, L. V. Prokofeva, Yu. I. Ravich, and Kh. R. Ma, Fiz.
radii of the doubly charged ions, from which the sublattice of Tekh. Poluprovodn20, 1823 (1986 [Sov. Phys. Semicond20, 1144
the chalcogen consists: TeQ) — 2.1 A, Se-2) — 1.98 (1986]. )
A8 This facilitates the arrangement of these atoms in antj-'B: A Volkov and O. A. Pankratova, Zh.p. Teor. Fiz88, 280 (1985
structural positions. [Sov. Phys. JET®1, 164(1985].

. . . . . . 8G. V. Voitkevich et al, Short Handbook of Geochemistfin Russian,
An increase inl and the introduction of isovalent impu-
rities with relatively small ionic radii at metal sites produce ﬁ?ﬁﬁ;ﬁgﬁﬁ‘v’v’s_ﬁ?ﬁemw, and Yu. 1. Ravich, Fiz. Tekh. Poluprovodn.
such a rearrangement of the defects with the formation of an 26, 201 (1992 [Sov. Phys. Semicon@6, 113 (1992].
antistructural chalcogen. The ionic radii of S12), Cd(+2), 10y 1. Kaidanov, S. A. Nemov, and A. M. Zisev, Fiz. Tekh. Poluprovodn.
and Mr(+2) are 1.02 A, 1.03 A, and 0.91 A, while the ionic 19, 268(1985 [Sov. Phys. Semicond9, 165(1985].
radius of the Pb+2) ion which they replace equals 1.268R. ''S.A. Nemov, F. S. Nasredinov, R. V. Parfenev, M. K. Zhitinskaya, A. V.
Therefore, when the materials are doped with sodium, Chernyaev, and D V. Shamshur, Fiz. Tverd. T@a Petersbung38, 550
two types of structural defects are formed. Defects of one (199G [Phys. Solid Stat8g, 301 (1996

type (Pb vacancigsproduce free holes and defects of the Translated by M. E. Alferieff
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Effect of fast-neutron irradiation on the photoluminescence of n-type GaAs(Te) crystals
K. D. Glinchuk and A. V. Prokhorovich

Institute of Semiconductor Physics, Ukrainian National Academy of Sciences, 252028 Kiev, Ukraine
(Submitted April 3, 1996; accepted for publication July 8, 1996
Fiz. Tekh. Poluprovodr31, 533-535(May 1997

The effect of neutron irradiationd{= 10— 10'®> cm™2) and subsequent anneals

(T=100-750 °Q on the photoluminescence of strongly tellurium-dopetype GaAs crystals
(no=2x10'8 cm~3) has been investigated. It is shown that the indicated radiation-

thermal action with increasing anneal temperature results atdir$t=300 °Q in the appearance

of an intense luminescence band with a radiation maximum near 1.35 eV an¢hthen

T>550 °Q in a decrease of the intensity of the band. This is due to radiation-stimulated
production ofVg,TexsVas pairs at moderate heating temperatures and subsequent dissociation of
these pairs at elevated heating temperaturesl987 American Institute of Physics.
[S1063-78267)00805-3

Studying the effect of fast-neutron irradiation and subsesity of the “growth” centers of radiative and nonradiative
guent annealfreferred to below as radiation-thermal action recombination of excess current carriers in the crystals and
(RTA)] on the photoluminescend®L) of n-type GaA$Te) did not produce new centetfig. 1). In analyzing the data
crystals, we discovered nontrivial changes in their PL spectrave focused our attention mainly on the most interesting re-
(RTA stimulated appearance of a luminescence band with gion of the RTA, associated with the generation of new cen-
radiation maximum near 1.35 eV and nonmonotonic variaters of luminescence. The radiation itself did not produce
tion of its intensity with heating temperatyrén the present such centergFig. 1). Therefore, we shall not study the trivial
paper we shall examine these effects as well as a modehanges produced by the indicated RTA in the PL intensities
which explains then?. of n-GaAgTe) crystals as a result of the generation and an-

nihilation of radiation defects consisting of efficient centers
of nonradiative recombination of excess current cariises,

1. EXPERIMENTAL PROCEDURE for example, Refs. 1-3

In the experiments we useatdtype GaAs crystalsequi-
librium electron densityng=2x10"® cm~3) which were
strongly doped with telluriumNr,=2x 108 cm™3).

The n-type GaAs crystals were irradiated with fast neu-  The low-temperatureT=77 K) PL spectra of the con-
trons[average neutron ener@y=2 MeV, integrated irradia- trol and fast-neutron irradiated-GaAgqTe) crystals after
tion dose ®=10"-10" cm 2, density of irradiation- heating at 500 °C fol h are shown in Fig. 1. As one can
produced point defects(also isolated in clusters see, irradiation and subsequent annealingndbaAqTe)
ng(0)=(50 cm })®] at 20 °C. The temperature of the crys- crystals result in the appearance of an intense “impurity”
tals could reach 60 °C at the maximum irradiation doseluminescence band with a radiation maximbmy, near 1.35
Isochronous annealing fd. h followed by quenching of the eV (this PL band is not observed in heated unirradiated crys-
irradiated and unirradiated contnelGaAgTe) crystals were tals) and very small changes in the intensities of the impurity
performed aflT =100- 750 °C under conditions which pre- luminescence band withv,,=1.20 eV and the “intrinsic”
vented different contaminants, including copper atoms, fromuminescence band withy,,=1.52 eV. As is well knowr{; 8
entering the crystalfthe density of radiation defectfRDs)  these impurity luminescence bands are due to the radiative
in the annealed irradiated crystafg<<ny(0)]. Irradiation  recombination of electrons in pairs, which consist of a gal-
and subsequent annealing changedvery little, because lium vacancyVg,, arsenic vacancy s, and tellurium at-
Ng(0)<<N+e. oms Teg in an arsenic sublattice of gallium arsenide,

The PL of then-type GaAs crystalsits intensityl) was  namely, the pairsVg,TessVas and Vgal€ens, respectively.
excited with a He—Ne laser radiatiofphoton energy Therefore, annealing ai-GaAdqTe) crystals irradiated with
hv.=1.96 eV, excitation intensity = 10'® photons/crA- ). fast neutrons results in the production 8§, TexsVas pairs
The excitation did not change the conductivity of the crystalsand changes little the density @, Teas pairs[the density of
much. The PL spectra were measured at 77 K in the regioRTA stimulated pairs/g T e, (the latter undoubtedly form
wherel is a linear function oL, i.e. in the region of linear as a result of the interaction of RD gallium vacancies freed
recombination of the excess current carrfers. from clusters with isolated tellurium atoms; see belds

The changes occurring in the PL spectra mfype lower than the density of growtk‘congenital”) Vgal€as
GaAgqTe) crystals at different neutron-irradiation doses andpairs|.
subsequent anneal temperatures were studied. Annealing of The changes in the densitiés , and Ny 35 0f VgaT€as
the unirradiated-type GaAsTe) crystals produced virtually and VgaTeasVas pairs, respectively, during isochronous an-
no changes in their PL spectra, i.e., it changed little the denrealing of n-GaAqTe) crystals irradiated with different

2. RESULTS AND DISCUSSION
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cies with isolated tellurium atoms. Evidently, isolated mobile
arsenic and gallium vacancies appear when neutron-
irradiation-produced RD clusters decompose, because the
radiation-produced point defects are concentrated nidinly
the lattert37=°
Apparently, the first procegthe pair conversion process
Vaaleas T Vas— Vgal€asVas) IS inefficient because of the
following factors. As estimates sho(see footnote R the
density of growth pair¥/ g, Te,s is comparable to the density
of RTA stimulated pairsVgaleasVas, Specifically, their
/ maximum densityN; 35(max). For this reason, a direct con-
Lol Ly Lt version ofV g Texs pairs intoVgaTeasVas pairs as a result of
0.8 1.0 1.2 14 1.6 their interaction with arsenic vacancies should result in an
hv,ev appreciable decrease in the densitygf,Teas during RTA.
However, this is not observed experimentally — the density
FIG. 1. PL spectra ofn-type GaA$Te) crystals: Initial (1), heated at Of the pairs Vgaless remains nearly constantFig. 2).
500 °C for 1 h(1'), irradiated with a fast-neutron flu=10" cm™2 (2), We consider the second proces§Teas+Vast Vaa
and then heated at 500 °C 1(®). The measurements were performed at a —VsaTeaVad) to be more efficientthis process dominates,
temperature of 77 K. . . .
becauseNt >N, ,). In this case isolated tellurium atoms at
first act as sinks for RD arsenic vacancies freed fRwius-
fluxes of fast neutrons are shown in Fig? ZAs one can see, ters and then for RD gallium vacancies freed fr@nclus-
annealing of irradiated-GaAgTe) crystals changes the den- ters. This is confirmed by the fact that the decomposition of
sity of Vg, Tens pairs very little; the growth pairs RD R andQ clusters(this occurs forT=300 and 450 °C,
Vo.Tes, whose densityN, (0)=10' cm™3 at any T,  respectively®’9 and radiation-stimulated production of the
dominate. Annealing at high heating temperatures results iRairs Veal €asVas occur in the same temperature ranges.
the production olVg,TexVas pairs. A quasistationary den- The comparatively narrow temperature range of the sta-
sity of VgaTeasVas Pairs was reached in practice for the heat-bility of the RTA stimulated pair¥/ g TexsVas (Fig. 2) is due
ing times employed. The maximum production of to the relatively weak coupling between their constituent
VgaT€sVas pairs is observed atT=T*=550 °C components:
[N; s max=2x 10 cm 3<ny(0) with ®=10" cm 7], We can therefore draw the following conclusion.
and atT>T* thermal dissociation of the pairs starts to play ~ Neutron irradiation and subsequent annealing+type
a role, resulting in a corresponding decrease in the density §aAs crystals doped with tellurium atoms results in the pro-
these pairs. The generation W, Tea Vs pairs increases duction in them of relatively thermally unstable pairs

with increasing neutron irradiation dose, confirming theirVeal €sVas- This is due to the trapping of mobile arsenic
radiation-stimulated nature. and gallium vacancies from RR andQ clusters trapped by

Let us now discuss the results presented above. isolated tellurium atoms and the low binding energy between
Undoubtedly, under the RTA which we are studying the components of the paikég,T€asVas. This is important
VeaTensVas pairs can form as a result of interaction of the for determining the nature and the migration rate of the
neutron-irradiation stimulated mobile arsenic vacancies witfleutron-irradiation-produced RD in gallium arsenide®

growth pairsVg,Teas or mobile arsenic and gallium vacan-
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YIn Ref. 1 we presented data on the effect of neutron irradiation on the PL
of p-GaAgZn, Te crystals.
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FIG. 2. Change in the density of the paiNdgTe,s (1, 1) and (1991)].
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On the relaxational characteristics and stability of a Si:H films grown at high
temperatures

I. A. Kurova and N. N. Ormont

M. V. Lomonosov Moscow State University, 119899 Moscow, Russia

O. A. Golikova and V. Kh. Kudoyarova

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted July 1, 1996; accepted for publication July 8, 1996
Fiz. Tekh. Poluprovodr31, 536—538(May 1997

Some characteristics of the photo- and thermal stabilitg-8i:H films, which were deposited in

a triode reactor at 300—390 °C and which possess different hydrogen concent@iions

have been investigated. It has been found that the equilibration tempefatimereases a€
decreases. Under prolonged illumination the photoconductivity decreased'%is films

with high values ofC,,. In films with a low hydrogen content the photoconductivity drops more
slowly. © 1997 American Institute of Physid$$1063-78207)00905-§

The properties of amorphous hydrated silic@Si:H)  tion by a halogen lamp with an infrarétR) filter (the power
are determined by the conditions under which the silicon iglensity W= 90 mW/cn¥); the total hydrogen concentration
obtained, specifically, the substrate temperafligeduring  Cy in the film was determined by IR spectroscopy.
film deposition. At high growth temperature the hydrogen  The temperature dependences of the dark conductivity
concentration and its distribution over the volume in theand photoconductivity of the experimental films are shown
films decreasé.Since it is indicated in a number of studies in Fig. 1. The measurements of; were performed with
that the distribution over the volume is correlated with andecreasing temperature and the measurements,pfvere
increase in the stability of the materfal,it is of great prac- performed with increasing temperature. We see that the tem-
tical interest to investigate material obtained at high temperaperature dependence of the photoconductivity for films 1-4
tures. has a region of weak temperature quenching, as is character-

In the present work we investigated films prepared by rfistic of n-type films. The photoconductivity of film 5 does
decomposition of silane in a triode reactor with not have a characteristic region of temperature quenching
T<=300-400 °C*® Some data on the Staebler—Wronski ef-and increases monotonically with temperature, as is charac-
fect for such films are presented in Refs. 6 and 7, but suckeristic of p-type films. The curvery(T) for films 1 and 2
investigations of the metastability of the films have not beercontains regions of equilibrium conductivity at temperatures
previously performed. For comparison, arSi:H film ob-  T>Tg (Tg is the temperature at which the measurement
tained in a diode reactor witfi;=310 °C and weakly com- times and the structural relaxation times are equal to one
pensated with boron with total densityg=2x10"" cm 2  anothey.? For these film&¢ =110 and 185 °C, respectively.
(Ng was determined by the SIMS methadas also investi- Above these temperaturesy(T) varies exponentially, irre-
gated. spective of the direction and rate of change of the tempera-

Some parameters of the experimental films are presentddre, with a lower activation energy, and the preexponential
in Table I: AE4 and oy were determined from the tempera- factor oy, is close to the valuery,,=1.5x 10 Q1. cm ™.
ture dependence of the dark conductivity in the tempera- For film 5 only a transition to a region of equilibrium con-
ture range T=380-300 K in accordance with ductivity is observed; i.e., for this filmg>185 °C. For films
oq= goeXp(—AE4/KT) after the films were annealed at 3 and 4 the dark conductivity varies exponentially with the
185 °C for 60 min. The photosensitivity, equal to the ratio same activation energy in the entire experimental tempera-
of the photoconductivityr,,, to the dark conductivityry of  ture range. This signifies thdte for these films lies in the
an annealed film, are presented for 300 K and illumina-  region of higher temperature3:iz>200 °C. ThereforeTg

TABLE |. a-Si:H film parameters.

AEg, eV 05, Q7 t-emt AEg, eV 0y, Q7t-em? K=ou/ oy gq, Q L.om?
Sample T, °C Cy, at. % T<Te T<Te T>Te T>Te Tg, °C (T=290 K) (T=290 K)
1 300 9 0.82 x10° 0.56 1.%10 185 4.5¢10 4%x107°
2 340 20 0.71 K10° 0.49 1.4 107 110 1x10* 1.2x10°7
3 340 6 0.83 X 10° - - >200 1.5 10° 5% 10710
4 390 4 0.86 5 10° - - >200 X 19 1.8x1071°
5 310 7 0.83 x10° - - >185 8x 10* 2.2x10°10

Note: (1-4)—Undoped films;5—boron-doped film.
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o FIG. 2. Kinetics of the variation of the reduced photoconductivityg@i:H
FIG. 1. Temperature dependences of the dark conductivity and photocomiims under illumination by a halogen lamp with intensiy=90 mw/

ductivity of a-Si:H films. The designations correspond to the numbers of thecmz. The designations corresponds to the numbers of the samples in Table I.
samples in Table I.

increases with decreasing hydrogen concentration, as aboynce only for films 1 and 2, and film 2 is more stable than
in Ref. 9 ona-Si:H fllms after implantation of B and P.WI'[h the film 1, since the initial rate of change of, in film 2 is
hydrogen concentration from 0.06 to 12 at. %. This alsOgwer. For films 3—50 () ~t™", wheren<1/3.

agrees with the increase in the rate of hydrogen diffusion in ; ’

S o ; X For p-type films the condition of inverse proportionality
undopeda-Si:H films with increasingCy, as observed in

between the photoconductivity and the density of dangling

Ref. 10. bonds is not satisfietf, and therefore the time dependence

It can be assumed that the structural reIaxa’Fion times agph(t) does not reflect the rate of formation of BBs and a
a function of the temperature and under the influence of-1 dependence is not observed. The Fermi leggllies
light are determined by the same hydrogen diffusiony,ch geeper im-type films 3 and 4 than in films 1 and 2.
proces$! and therefore the rate of formation of photoinducedUnd(_:‘r illuminationE; moves to the center of the band gap

dangling bond<¢BBs) Si—Si in our films will be correlated |\ hich makes films 3 and 4 similar fotype films, where a
with the value ofTe . The variation of the reduced photocon- ¢otion withe,,~t~3is not observed. However, additional

ductivity opr(t)/ o7p(0) with time for the experimental films  j, estigations are being performed in order to understand
in a regime of illumination at room temperature with & quartzy,re clearly the characteristic features of the kinetics of
halogen lamp with an IR filter is shown in Fig. 2. According o in these films

ph .
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The properties of low-threshold heterolasers with clusters of quantum dots

S. V. Zaitsev,? N. Yu. Gordeev, V. M. Ustinov, A. E. Zhukov, A. Yu. Egorov,
M. V. Maksimov, A. F. Tsatsul'nikov, N. N. Ledentsov, P. S. Kop’ev, and Zh. I. Alferov

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

D. Bimberg

Institute for Festkorperphysik, Technische Universitat Berlin, D-10623 Berlin, Germany
(Submitted July 4, 1996; accepted for publication July 8, 1996
Fiz. Tekh. Poluprovodr3l, 539-544(May 1997

The properties of GaAs—AlGaAs injection heterolasers wlith GaAs quantum dotgQDs)

depend principally on the numbé&t of planes with quantum dots imbedded in the active region.
Lasing via the ground state of an exciton in a quantum dot at room temperature has been
realized in structures witN>3. ForN=1 at 300 K lasing occurs via an excited state of an exciton

in a quantum dot or via a state of the wetting layer. As the number of planes with quantum

dots increases, the threshold current density decreases and the differential quantum efficiency
increases. The lowest threshold current density 97 A/gm=1.05 um, 300 K) was

obtained in structures with maximuhh (N=10). © 1997 American Institute of Physics.
[S1063-78287)01005-3

The advent of a new generation of injection lasers —were investigated. The numbét of planes with quantum
guantum do{QD) lasers — has opened up new possibilitiesdots was equal to 1, 3, 6, and 10. Samples with a strip ge-
for radically decreasing the threshold current and increasingmetry and samples with total internal reflection with a re-
its temperature stability and improving the dynamical andentrant modequadricleaved samplgsvere investigated.
spectral characteristics of heterostructure lasers. In Ref. 1 it The PL spectra of a sample with vertically coupled QDs
was shown that in injection heterolasers with a single planavith N=10 planes are shown in Fig. 1. At low excitation
of QDs at low temperatures it is possible to achieve lasing
via the ground state of an exciton in a quantum dot and
ultrahigh temperature stability of the threshold curréhe
characteristic temperatuiie,= 350 K) in a wide temperature
range (50—-150 K. By increasing the radiation exit losses,
the possibility of narrowing the gain spectrum has been dem- B Wl
onstrated in these structures and a lasing regime in a single
longitudinal mode has been achieved.

L

At the same time, the thermal emission of carriers from 5 ‘ Wi
quantum dots at near-room temperatures made it necessary, A 2
under conditions of the same losses, to increase the injection l ‘ Gaks
current in order to maintain the lasing regime and to shift the -
lasing wavelength in the direction of high energies relative to - ‘
the ground state of an exciton in a QD. Lasing was realized
at room temperature at energies near the energy of the so- € 105W/cm2’
called wetting layer, unavoidable for a Strorisk{rastanov
growth mechanism characteristic of InGaAs/GaAs. In a pre-
ceding worR it was shown that increasing the number of - 703W/cm2

planes with QDs to three in a structure with an array of
vertically coupled quantum dots makes it possible to achieve
lasing via the ground state of a QD right up to room tem- -
perature. At the same time, the threshold current density ob- /\~ P w/cmz
1 i 1 ]
1.2 1.3

1

I, arb. units
i

tained at 300 K in the indicated work was quite high

(~700 Alcnr). -
In the present work we investigated the possibilities for

further improving the characteristics of heterolasers based on

10 W/cm 2
1 i L W
1.4 7.5 7.6

structures with quantum dots by optimizing the geometry of T '
the structures. The structures were grown by molecular-beam ' E,eV
epitaxy on GaAs(100) substrates doped with silicon. The

growth conditions CorrESp_onded to those described in Refs. AG. 1. Photoluminescence spectra of a sample with vertically coupled
and 5. Laser structures with InAs and InGaAs quantum dotguantum dots.
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temperature even at high excitation densities?(\0cn).

At higher excitation densities (80//cn?) a line A* which

is associated with the excited state of an exciton, appears in
the spectrum. At ultrahigh excitation densities {M¥/cm

2) luminescence from quantum dots saturates and lines due
to optical transitions associated with excitons localized in the
wetting layer WL1 andWL2) start to dominate in the spec-
trum. The interpretation of the nature of the linas A*,
WL1, and WL2 is confirmed by comparing the lumines-
cence, luminescence excitation, and calorimetric absorption
spectra, as well as the computational restilts.

The threshold current densidy, of the lasers as a func-
tion of N is shown in Fig. 2. We attribute some of the in-
crease inJy, for N=6 to a decrease in the GaAs interlayer
thickness to 5 nm. For the InAs dots employed in the present
structure this apparently resulted in extreme stresses in the
active region and local formation of defects and some irre-
producibility of the results for the present structure.

A further increase in the number of planes with QDs up
to 10 but using InGaAs based dots made it possible to
achieve in the lasers with a re-entrant mode a record high, for
lasers of this spectral rangd.05 um), threshold current
density at 300 K97 A/cnt). By growing self-aligned QDs it
is possible to obtain clusters of tunneling-coupled quantum
dots, where the dots lying above one another comprise a
single quantum-mechanical object.
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FIG. 7. a — Lasing wavelength and spontaneous emission maximum versus temperature in a sample with a re-entrant mode based on a structure with
N=10. b — Lasing wavelength versus threshold current density for a strip laser based on a structi¥e ®ith
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FIG. 8. a— Emission spectrum of a strip laser based on a structuré\with andJ=1.1J,, at room temperaturd — Lasing wavelength versus temperature
for a strip laser based on a structure wihk-6.

As follows from Fig. 3, increasingN to 3 slightly in-  that as the number of planes with quantum dots increases, the
creases the characteristic temperatiige(from 350 to 380 differential quantum efficiency also increases. The best val-
K) at low observation temperatures. A further increase in theles were obtained for a structure whh=10.
number of layers antbr) decrease of the distandebetween The integrated gain at the lasing threshold, estimated by
the planes, however, results in a narrowing of the range afhe method described in Ref. 2, is shown in Fig. 6. It follows
high stability temperature. This effect is directly related tofrom the calculation that structures witi=3, 6, and 10
the appearance of a miniband of allowed states instead afemonstrate much larger gains than a structure Withl.
discrete levels, characteristic of single quantum dots. Th&or N=6 and 10 the dependence is monotonic, and for
values ofT in this range become less reproducible or meanN=23 a characteristic break associated with a transition to
ingless. For example, fdd=6 andN=10 even a section of lasing via a state of the wetting layer at a wavelength near
negativeT, (decrease ady, with increasingT) is observed in 933 nm is observed, just as previously for lasers with a
the low-temperature region; we attribute this to carriersingle plane with QDs obtained from organometallic com-
evaporation from small dots and carrier recapture by larg@ounds by gas-phase epita¢@M GPE).2 This transition is
dots. As a result, the gain for lasing through the ground stateot observed for structures with=6 and 10. Therefore, the
increases slightly. AT=120 K we obtained for a structure maximum achieved gain in structures with a set of planes
with N=10 a threshold current density;,=18 Alcn?,  with QDs equals about 300 c¢m. For N=6 and 10 gain
which is an absolute record-high value for a quantum-dosaturation is not observed at least up to 4.5 kA/cm
laser. To calculate the integral gain we proceeded from the

Curves of the threshold current density versus radiatiorstandard assumption made for laser structures that the inter-
exit losses are shown in Fig. 4. As one can see, a shamal quantum yield of radiative recombination is close to 1.
superlinear growth o8, with increasing losses is observed Since the waveguide and emitter layers were identical in all
in a structure wittN=1. In contrast, in structures with mul- structures described, the degree of localization of the optical
tiplied dots the dependence is linear in nature right up taadiation in the waveguide region was not varied.
large losses. It should be noted that this character is atypical The temperature dependence of the lasing wavelength
of structures with a quantum well, where superlinear growthor a structure withN=10 with long cavity lengths or in
is also observed. A structure with ten quantum-dot planesamples with a re-entrant mode is always monotonic. The
gives the largest slope. lasing energy equals, within several meV, the energy of the

Curves of the differential quantum efficiency versus themaximum of the photoluminescence line of quantum dots
radiation exit losses are shown in Fig. 5. It should be notedvith low and moderate densities of excitation due to recom-
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bination of the ground state of excitons in Q¥8g. 79. As  spreading of carriers in the top layers of the laser with
already mentioned, an increase the radiation exit losses irexide—strip construction.

creasedy, Furthermore, a monotonic short-wavelength shift ~ In summary, structures with vertically coupled quantum
of the lasing line is observed. The dependence of the lasingots can be used to overcome the gain saturation effect, to
wavelength only, is shown in Fig. 7b. The monotonic char- increaserl; near room temperature, and to realize low thresh-
acter of these dependences shows that in the lasers investld current densities and a regime of lasing via the ground
gated lasing occurs through the state of a QD in a wide rangstate of an exciton in QDs right up to room temperature.

of temperaturegright up to room temperatureand in the We wish to thank V. B. Khalfin for helpful discussions
entire range of threshold current densities. of the results obtained.

The short-wavelength shift of the lasing line agrees with
the monotonic shift of the photoluminescence line observed
at high excitation densities. This shift is related to the filling
of t.he.exc.ited states of an exciton in QDs, which give rise tomdter NN, Ledentsov. M. Grundmann. b. Bimbera. V. M
radiation in a S.horter wavelength rang_e of the spectrum. As U-stinov, S. S.,Ru-vim.ov, M. V. Myaxirﬁov, P. S. Ko‘p’e;/, Zh. 1. g\‘lfer.ov,.
follows from Fig. 7b, however, the lasing wavelength for a _Richter, P. wemer, U. Gosele, and J. Heydenreich, Electron. 3@:tt.
structure withN=10, in contrast to structures witth=1 and 1416(1994.

N:3, does not reach the Wave|ength Corresponding to thezs V. Zaitsev, N. Yu. Gordeev, M. P. Soshnikov, A.Yu. Egorov, A. E.

. _ Zhukov, V. M. Ustinov, N. N. Ledentsov, and P. S. Kop’ev, Proc. of
wetting layer(933 nm even forJ=4 kA/CrTF. SPIE’s Optical Dimension and MaterialSOPTDIM) Conf., Kiev,

In Ref. 2, narrowing of the radiation spectrum with de-  ykraine, 1995 p. 287.
creasing cavity length and therefore with high threshold cur-3s. v. zaitsev, N. Yu. Gordeev, M. P. Soshnikov, V. M. Ustinov, A. Yu.

rent densities was observed in a laser with a single plane ofgggro}‘é' A.E. ?h:l‘;ot‘" Nt ’\]f é—;ﬁ;”tf"t"'s" N. Kgﬁh't‘e".' V'V\F;é"”;i”' and
. . . . OS. Kop'vev InAbstract o S Int. sSymp. otonics n Jose,
QDs. For low current densities the gain spectrum remains s 106 proc. N2663.80,

wide. As already noted for lasers with QBthis could result 4y, M. Ustinov, A. Yu. Egorov, A. E. Zhukov, N. N. Ledentsov, M. V.
in an unusually wide lasing spectrum at room temperature. Maksimov, A. F. Tsatsul'nikov, N. A. Bert, A. A. Kosogov, P. S. Kop'ev,

The effect is explained by the absence of exciton and CarrierZh' I. Alferov, and D. Bimberg irProc. Mater. Research Socie§opston,
t t bet iahbori t dot d their si USA, 1995, Vol. 417. P. 141.
ransport between neighboring quantum dots an eir sizey . Ledentsov, J. Bohrer, D. Bimberg, S. V. Zaitsev, V. M. Ustinov,

dispersion. For MBE lasers, the broadening of the lasing A. yu. Egorov, A. E. Zhukov, M. V. Maksimov, P. S. Kopev, Zh. I.
spectrum is more strongly expressed for structures with large Alferov, A. O. Kosogov, U. Gosele, and S. S. Ruvinftw be published in

; ; ; ; Proc. Mater. Research Socidtgan Francisko, USA, 199p
N, since for such lasers a regime of Iasmg via the gl’OundGA. F. Tsatsul'nikov, N. N. Ledentsov, M. V. Maksimov, A. Yu. Egorov,

state of an exciton in QDs, which has the highest spatial A £ Zznukov V. M. Ustinov. B. V. Volovik. 1. L. Krestnikov. A. R.
localization, is realized. Kovsh, A. V. Sakharov, N. A. Bert, P. S. Kop’ev, D. Bimberg, and zh. I.

Since the waveguide of strip lasers of width 40—60 Alferov, Fiz. Tekh. Poluprovodn3l, 1822(1996 [Semiconductors1,
- ) : 938(1996)].
pm admits the existence of many transverse modes, in Sepa’A. F. Tsatsul'nikov, N. N. Ledentsov, M. V. Maksimov, A. Yu. Egorov,

rate cases lasing in several transverse modes arises simultas g zhukov, S. S. Ruvimov, V. M. Ustinov, V. V. Komin, I. V. Koch-
neously near the lasing threshold. The radiation spectrum ofnev, P. S. Kop'ev, D. Bimberg, and Zh. I. Alferov, Fiz. Tekh. Polupro-
a laser based on a structure with=6 with J=1.1J,, is S\IQOdS-?_lydﬂ?(lgiA@ [Gsem(ijconductﬁrsKl; 9t49$99©C])- Sehmidt. R. Heit

. : . . N. Ledentsov, . Grunamann, N. Kirstaeater, . SCchmidt, R. Reiltz,
shown in Fig. 8a. The temperature dependen_ce of the_IaS|_ngJ‘ Bohrer, D. Bimberg, V. M. Ustinov. V.. A. Shchukin, P. S. Kop'ev, Zh.
wavelength at threshold for the same sample is shown in Fig.|  afferov, S. S. Ruvimov, A. O. Kosogov, P. Werner, U. Richter,
8b. The maxima of the spontaneous emission spectrum,U. Gosele, and J. Heydenreich Tith Int. Conf. on Modulated Semicon-
which correspond to transverse modes of the laser, are indi-ductor StructuresMadrid, Spain, June 19980 be published in Solid
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cated separately. Their temperature dependence can be ex-

plained by the characteristic features of the transvers@&ranslated by M. E. Alferieff
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Deep vacancy levels in (AlAs) ;(GaAs); superlattices
S. N. Grinyaev and G. F. Karavaev

V. D. Kuznetsov Siberian Physicotechnical Institute, 634050 Tomsk, Russia
(Submitted January 24, 1996; accepted for publication September 9), 1996
Fiz. Tekh. Poluprovodn3l, 545-555(May 1997

The pseudopotential and augmented unit celk @< 4) methods are used to study deep levels
created by neutral, unrelaxed vacancies in AlAs, GaAs, andAls),(GaAs; (001

superlattice. The symmetry of the electronic states of defective crystals as a function of the
location of the vacancies in the superlattice layers is analyzed by group theory. Calculations of the
band structure of an ideal superlattice show that it is a straight-band, many-valley
semiconductor with a 1.79-eV band gap. Competing valleys in the lower band are found near the
X, M, andZ points of the Brillouin zone and they originate in thg, X5, andA§

sphalerite states, respectively. The size of the chosen augmented unit cell ensures good isolation
of the wave functions of neighboring deep centers and the calculated level energies of the

t, vacancies in the band gaps of GaAs and AlAs agree with published data. In the superlattice, a
tetragonal component of the potential leads to pattamplete removal of the degeneracy

of these levels for vacancies lying in the intermedigetreme layers relative to Al. The biggest
changes 0.1 eV) occur for As vacancies lying on the heterojunction. The symmetry of

the deep level states and the orientation of the planes in which they are localized depend on the
geometrical position of the vacancy, which may be manifested in a polarization dependence

of the optical characteristics. @997 American Institute of Physids$$1063-78207)01105-9

In recent decades increasing attention has been drawn as shown that the interaction energy of an intrinsic defect
superlattices, a new semiconductor material. By controllingvith the interface depends on the location of the Fermi level
the composition and dimensions of the layers of a superlatand this may lead to deviations from stoichiometry near the
tice, it is possible to vary the energy spectrum of the elecheterojunction. At the same time, the influence of the hetero-
trons and purposefully change the properties of materialfunction on the local density of states and on the position of
with important practical applications. Various defects playthe deep levels in the band gap was negligible, apparently
an important role in bulk semiconductdi€ In superlattices  because of the small valence band 2035 eV used there.
the role of different types of defects is also significant. Be-  Deep donor levels created /X centers in some alloys
cause of the reduced symmetry of the crystal potential irand superlattices of 1lI-V compounds have been studied
superlattices, additional singularities show up in the impurityusing the Green'’s function method. It was found that for a
states(such as a dependence of the level energies on thesalistic barrier potential it plays an important role in the
positions of defect centers within the superlattice layersformation of bound and resonance deep levels: donors lying
splitting of the degenerate levels, an anisotropy in the chargeear the heterojunction create states with energies which dif-
distribution near a defect, ejcwhich may lead to new ef- fer substantially from those in the bulk.
fects. It is knowr? that the strong coupling method can yield

The scientific literature includes publications on this distorted defect potentials because of the limited basis that is
topic which are based on different methods. The effectivaused. This is manifested, in particular, in a lowering of the
mass method has been justified as a description of shallowplitting energy of the deep; andt, levels. A correct de-
hydrogen-like centers in doped superlattie€ghis method,  scription of all the levels can be achieved in principle by
however, is poorly suited to the study of deep centers, whosesing fundamental methods. When they are used, however,
wave functions are strongly localized near defects. In ordeproblems arise in connection with the self-consistent field.
to calculate the spectra of such states in bulk materials, th€he magnitude of the gap obtained by the widely used ap-
Green’s function method, the augmented unit cell methodproximation of a local electron density has a large systematic
and cluster method have been used in combination with funerror (~0.5—1 eV}, which may have a major effect on the
damental and semiempirical approaches to account for thiecation of the deep level@p to 0.2—0.3 e¥?> The more
crystal potential~* The fundamental methodpseudopoten- exact quasiparticle method is extremely cumbersome and has
tial, associated plane waves, ¢tequire large amounts of only been used for rather simple materials.
computation, even for binary compounds, so that studies of In this paper we examine the levels of neutral, unrelaxed
this type for superlattices have thus far only been based owacancies in #AlAs),(GaA9; superlattice using the pseudo-
the strong coupling method. potential and augmented unit cell meth8dm the aug-

The energy spectrum of deep levels associated with gaimented unit cell method one actually studies the band struc-
lium vacancies and Ag antistructural defects near the AlAs/ ture of a crystal in which the impurities being studied are
GaAs (001) heterojunction has been studfassing a recur- located at sublattice sites with periods large enough to ex-
sion method with clusters containing up to 512 atoms. ltclude interactions of the defects with one another. However,
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TABLE |. Compatibility relations of the irreducible representations of Tlﬁe ng, andTﬁ groups(augmented unit cell(the standard notation is given in
parenthesgs

T2 D34 T2 (Augmented unit ce)l T2 D34 T2 (Augmented unit ce)l
I, r, r, s, S 434X+ X, [y+T5+20,+ 2T
r, r, r, s, S+ S+ Xt X, [+ gt T+ 20
Is(T10) r,+T, T, L, X+ Xs r,+T,
(0 Ia+T r, L, Xo+ Xy 4T
Te(T) I,+Ts Ts L, Xy+ X, + Xa+ Xg Tyt T4+ Ty

X, I+ M +M, r,+T, 24, 2U, 2T +2T,

X, I+ Mg Iy 24, 2U, 20+ 2T

Xs ot Ms T, 274 2(U;+Uy) 2T 4+ 2T 4+ 2T
X, I,+M+M, I+, 24, 2U, 2r,+ 2T,

X, [+ Mg Iy 2A, 2U, 205+ 2T

X4 [+ M+M, I+, 2F, 2U,+2(T,+T,) 20,4+ 205+ 4T, + 215
Xs T+ My +My+Ms [+ 2F, 2U,+2(T,+T,) 20+ 2T 4+ 2T, + 4T
A, I +T3+3, I+T3+T, Al Z1+Z5+3,

A, I,+T,+3, I, +T3+T5 Aj Z,+Z4+3,

Aj rs+3, r,+Tg Aj Zs+3,

A, Ts+3, r,+Ts Aj Zs+3,

W, My+M,+3, [,+T5+ T

W, Ms+3, Fy+Ts

W, Myt M +3, [+ T5+T,

W, Ms+3, Fy+Ts

Note: The pointsA have coordinates/a(001) and the pointd’ have coordinatesy/(2a)(001) and 37/(2a)(001). The factor 2 with the representations
A; andF, of the Tﬁ group of sphalerite means that one representation refers to thgktand the other to the stgrk}.

because of the rapid rise in the order of the matrices as theeduced by a factor of 64. As a result of convolution, 64
size of the augmented unit cells is increased, until now onlydifferent points of the large Brillouin zone fall at each point
comparatively small augmented unit cells containing a fewof the small Brillouin zone. The wave functions of the de-
tens of atoms have been used.Here we have been able to fective crystal can be classified according to their symmetry
reduce substantially the number of required basis functionproperties. The states of the isolated vacamagyand t,

due to the symmetry of the augmented unit cells; thus, weransfornt in accordance with the irreducible representations
have been able to increase the volume of the augmented unit, and I';5 of the T3 group of the pointl’ of the small
cell by a factor of 64 compared to the primitive cell of Brillouin zone, into which the points from the staf5 L,
sphalerite and thereby reduce the overlap of the states of A, W, 3, A, andF of the large Brillouin zone that are
neighboring defects and the dispersion of the impurity bandequivalent to it turn. Table | shows the compatibility rela-
The deep levels have been calculated using empiricalons of the representations at these points with the represen-
pseudopotentials that have been fotinécently on the basis tations at the poinf’ of the small Brillouin zone in Kova-

of a large set of experimental data and self-consistent bangd\'s notationt? These relations can be used to analyze

spectrum calculations. These pseudopotentials yield a rathgfantitatively the contributions of the different states of the
accurate description of the electronic states in ideal crystalgyiginal crystal to the vacancy states.

which should ensure a correct form for the wave functions of oy the idealAlAs),(GaAs; (001) superlattice in a co-

the deep centers. ordinate system coincident with the coordinate system for

GaAgAIlAs) we can choose the following as the basis trans-
1. GROUP THEORETICAL ANALYSIS lation vectors: a;=a/2(110), a,=a/2(110, and

We employ the traditional notation for describing the @3=a/2(002). The corresponding reciprocal lattice vectors
crystal structure of GaAs and AlAs. Let us take the coordi-have the form g,=2n/a(110), B,=2w/a(110), and
nate origin at a cation site and direct the axes along the edge®=27/a(001/2). The high symmetry points in the Bril-
of a elementary cube. The symmetry group of this lattice idouin zone of the superlattice are given by the vectors
T4 with elementary translation vectorsy=a/2(011), Kkr=0, ku=212(B+B,), ks=1/4(B,+B;), ky=1/
a,=al2(101), andag=a/2(110), wherea is the lattice con-  4(B>+B3), Kkx=1/2B,, kz=1/2B3, Kkr=1/4(B,+2p;
stant, which is assumed, for simplicity, to be the same int283), andkg=1/2(B,+ B3). The spatial group of the su-
GaAs and AlAs. Let us place vacancies in sites denoted bperlattice symmetry is thgd group. The volume of its unit
integral combinations of the vectorsA;=2a(011), cell is a factor of 4 greater than that of the GaAs or AlAs
A,=2a(101), andA;=2a(110). The resulting new crystal cell, while the Brillouin zone is correspondingly 4 times
has a unit cell that is magnified 64 times compared to thosemaller than that of sphalerite. Sixteen points of the Brillouin
of GaAs or AlAs. The symmetry group of this crystal with zone of the superlattice from tHg M, X, A, U, andT stars
the defects is, as befor@?, but with the elementary trans- turn into the pointl’ of the small Brillouin zone. The com-
lation vectorsA; . Thus, the Brillouin zone for the defective patibility relations for the representations of tﬁ'@d and
crystal is a copy of the Brillouin zone of the original crystal ng symmetry groups are also shown in Table I. Here it is
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TABLE II. Compatibility relations for the representations of tﬁéd group of an idealAlAs),(GaAs; superlattice and of th@%d and Cgﬂ groups of a
superlattice with defects in the augmented unit cell at the doiof the small Brillouin zone. The type of atom chosen as the coordinate origin is indicated
in the top row.

D34 Al D34 Al3Gaav) Galed) C33 As(ed) As(av)
r, r, r, r, r,

r, r, r, r, r,

Iy T Iy I I

r, T, I, I, I,

I's T [3+T, I3+T, I3+T,
My I T, r, I's

M, r, r, Iy r,

Mj T I, r, I

M, T, I, 'y T,

Ms T's I3+Ty I+T, I+T,
3, [1+T,+Ts T+ T+ Tt T, P+ T+ Tt T, P+ T+ Tt T,
3, [+ T3+Ts [1+Tp+ T3+ T, [1+T+T3+T, [+ T+ T3+T,
Uy I +T5+Ts 2T +T3+T, 2+ T3+ T, 2T +T3+T,
U, T,+T,+T 2T, +T3+T, 2T, +T4+T, 2T, +T3+T,
X I+T; I3+T, I+Ty I+T;
X, I+ T, I3+ Ty I+ Ty I+ T,
X3 T 2T, I+Ty I+T,
X4 T's 2T, Lo+ Ty Ip+Ts
T, [ +T3+Ts 2T,+2T, +T,+2T, I+T5+ 2T
T, [p+ T4+ T 2T +2T; Ip+Tp+ 2T Ip+T5+ 2T,

noted that thebgd group is described in Ref. 12 in a coordi- louin zone of a defective superlattice with different locations
nate system that is rotated relative to the coordinate systefor the defect sites. It can be seen that lowering the point
of sphalerite so that th¥ axis is directed along the vector symmetry of the potential leads to splitting of the volume
a; and theY axis, alongea,. In order for the coordinate defect leveld,. For Al and Gaav) vacancies it splits into a
origin in these two crystals to coincide, we have placed it insingleI'; level and a doubld’s level, while for As and Ga
a site occupied by a cation in the case of sphalerite. In théed) levels the degeneracy is removed completely
case of the(AlAs),(GaA9; superlattice, the description of (I'1+1'3+1,).
the ng group given in Ref. 12 corresponds to choosing the
coordinate origin at an Al atom or at a Ga atom lying in an
intermediate layer equally distant from the Al layers. It is
evident from Table | that thd" ;5 upper valence level in
GaAdgAlAs) is split in the superlattice into a doublg level In the augmented unit cell method the problem of find-
and a singld’; level. The leveld',, X;, andX; of the lower  ing the electronic states in a crystal with a single defect re-
conduction band of GaAs transform in the superlattice intajuces to determining the band structure of a crystal with
the levelsl'y, I'y+ M3+ My, andl'3+ Ms, respectively, and  periodically sited defects. The Hamiltonian of this type of
the additional extremunl, of the conduction band of crystal can be written as the sum of the Hamiltortgof an
GaAgAlAs) is split into two levelsX;+Xs. In the lower ideal crystal and the potentis of the defect sublattice. Its
conduction band of the superlattice there is also a competingpectrum can then be determined from the single-electron
valley near the poinZ whose state originates from the Schralinger equation:
sphalerite levels on tha line.

In studying the(AlAs),(GaA9; superlattice defect states (HotV)Wo=Eq¥,,
we have retained the mutual positions of the defects specified
by means of the vectoi; . On placing the coordinate origin V= E ve(r—Ry), (1)
at a site occupied by a defect, we obtain five different pos- B

sible structures for a superlattice with defects. In these CrYSwherew, is the potential of a single defed®, are the vectors
tal structures the basis vectofg describe the translation ¢ the |attice constructed from the basis vectars andq is

group, while the choice of position of the defect determine§pe \yave vector inside the small Brillouin zone. This equa-
the point symmetry. If the defect to which the reference sysiion can be solved most efficiently by using a basis of Bloch
tem origin is attached is placed at an Al site or at a site in thg, 5\ e functions for an ideal crystag,,, which, in turn, are

nNK 1 il Ll

middle of the Ga layersav), then the symmetry group of expanded in terms of plane waves:
the defective superlattice B3,, while if the defect is lo-

cated at an As sitéin an intermediate layeav or in the
nearested layers to A), then the symmetry group i€50.

Table Il lists the compatibility relations of the group repre- r :1/ \/V C.(k+qg)e ktor 2
sentations for states corresponding to the center of the Bril- enlr) 0§g: n(k+9) ' @

2. COMPUTATIONAL TECHNIQUE

Ho®nk= €nk®nk
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wheren is the zone number, and g, andV, are the wave TABLE Ill. Band energies in GaAs and AlAs relative to the ceiling of the
vector, the inverse lattice vector, and the volume of the ideaYalence band';s (€V).
crystal, respectively. We represent the functidy in the

AlAs GaAs

form of a superposition of symmetrized combinations of the.
SPnk re 3.03 1.52
. . IS 4.21 4.01
P => ngliojam%ki_ Q) xv -9.51 -10.01
nki X} ~5.79 ~6.25
Y o _— . . XL -2.29 -2.34
ere Qjy, is the projection operator which projects onto the 2 > 24 500
subspace which transforms through gk row of themth xé 304 231
column of theath irreducible representation of the space ~10.15 ~10.66
group of the defective crystal, arld are the wave vectors L; —-5.53 -5.96
satisfying the equatiok;=qg+ G, in which theG are the L3 *(27-2471 *01-5?370

reciprocal lattice vectors corresponding to the augmentei:ii
unit cell, and the summation is taken over one of the repre-
sentatives of each star. Substituting E8).in Eq. (1) yields
a system of equations whose order is determined by the nungtructed in this way are, as will be shown below, in good
ber of bands taken into account and the number of stars efgreement with the potentials obtained from self-consistent
the vectorsk;. In general, the projection operator does notcalculations.
ensure orthogonality of the projected functions, so that they  Effects related to relaxation and distortion of the lattice
were Schmidt orthogonalized in the cases which arose hergan also affect the position of the deep levefor vacancies
Because the phases were specified consistently, the symmria-GaAs, however, the corresponding shifts turn out to be
trized combinations of Bloch functions can be fairly well smalll® Thus, in this paper we only study neutral, unrelaxed
localized within the confines of small regions of the aug-vacancies in order to clarify the basic features of the deep
mented unit cells; this is yet another advantage of this basigvels which they induce in a superlattice compared to its
for the study of defective materials. binary components.

The band spectra of the ideal AlAs and GaAs crystals
and of the(AlAs),(GaA9; superlattice were calculated in a 3. COMPUTATIONAL RESULTS
basis of plane waves with the pseudopotentials taken from .
Ref. 11 in accordance with the lattice parameters, method for  1he calculated band energies of GaAs and A{Rable
cutoff of the kinetic energy, and pseudopotential form factor!!!) @re in good agreement with experimental data. On an
assumed there, and with allowances for the dependence 8PSelute scale the valence band energy gap of the two com-

the pseudopotential of arsenic on the type of nearest suPPUnds is 0.50 eV. The calculations of the band spectra of
rounding atoms. the (AlAs),(GaA9; superlattice are illustrated in Table IV

The electronic states of the crystals with vacancies werd"d Fig. 1. This superlattice is a straight band semiconductor
calculated with an augmented unit cellX4 X 4). In the  With a band gap enerdly(I';—I's)=1.79 eV, which is 0.1
basis of wave functions with a sphalerite structg@aAs, €V Pelow tche energy obtained by linear interpolation be-
AlAs), the number of irreducible stars kf in this case is 10 WeenEq(I'i—1'j9) for GaAs and AlAs. This is related to

and the expansiof8) ensures rapid convergence in terms ofthe _influen_ce of the tetragonal component of the _crystal po-
the number of bands from the initial problem that are in-tential, which also causes the appearance of multiple valleys

cluded. When 30 such bands are included. the maximur the lower conduction band. The valleys near the points
order of the matrices is 400 for all the representations. I M, andZ lie close in energy to the valley in the con-
order to obtain the deep vacancy levels in the binary crystalduction band. According to the compatibility relatioffsable
with an accuracy of about 0.1 eV it was sufficient to take!) the superlattice stateX; and X; originate from the
about 15 bands. On going to the superlattice, the number ¢iPhaleritel, state, theMis (doubly degenerajendI’s (sec-

symmetrized wave functions in the basis increases because

of the reduced symmetry. TO_ construct them we have used a$\pgLe Iv. Band energies in 4AIAs),(GaAs, superlattice near the band
the ¢ the Bloch wave functions of GaAs for the lowest 15 gap relative to the ceiling of the valence bait (eV).

bands. In this basis the band energies of the ideal superlattice

near the band gap were obtained with an accuracy of bettdp —0.013 Ms —2.33 Uz —0.67
e 1.79 M} -2.27 uy -0.62
than 0.02 eV. L 20 2 20 1 0

idfs dt tral atoms. By 1 95 Ms i v 955

The pseudopoter_m correspond to neu ms. By ¢ 249 ME 238 ul _049

treating these potential@ssumed to have the opposite $ign ¢ 2.64 M$ 2.58 us 2.31

as seed perturbation potentials created by distant atoms, wé —-0.98 z: —0.64 us 2.52
have taken the relaxation of the electron density into accounts —0.94 Zs —0.47
with the aid of the Penn model dielectric permittivity func- X2 —0.90 Z3 214
Xy -0.90 zs 2.15

tion of an ideal crystal calculatétiincluding corrections for ¢ 186
exchange and for correlation in the Hubbard—Shamé 2.20
approximationt? The potentials of the neutral vacancies con
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FIG. 3. The dependence of the energy of the deep leveleated by an As
vacancy in AlAs on the numbét of symmetrized Bloch wave functions for
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12 above atomic pseudopotential of Ga, together with the
spherically averaged potential of Ga vacancies in GaAs
found'® by a self-consistent calculation. The anisotropy in
the defect potentia is relatively small (10 %). It is clear
that the vacancy potentials are in rather good agreement with
one another. Note especially their almost identical
the Z; and Z; states orginate from levels on the line in asymptotic be_hawor at>2 atomic units, where the lonic
GaAs and AlAs. pseqdopotentlal transformg to a C(_)ulomb po_te_ntla}l a_nd es-
Thus, this superlattice is of interest for observing phe-.Se:L['a”y n? l?ngﬁr ha§ theTer.deffr.rplnact);]that IS mtrmsu; ot
nomena related to the intervalley structure of its electronidh € central cefi region. This Hail on th€ vacancy poten-
spectrum. tial has' a 'strong effect on the pos[tlon .of thg: deep Ieygl
Let us now discuss the computational results for defec he co_lnC|dence of th_e two pqter_ltlals_ 1S e\_/ldence of I_|n(_ear
screening of the atomic potential in this region. The existing

tive crystals. Figure 2, for example, shows the Fourier trans: light difference in the defect potentials in the neighborhood

forms (assumed to have the opposite sign and cut off for ) . .
q>3.53 atomic units, in accordance with Ref.)1df the of the central cell may be related either to the difference in

form factors of the original and screenédith the param- the choice of the form of the pseudopotentials in Refs. 11

eters for GaAs, and according to the method describe&nd 16? or7 to_nonlinear screening effettsPrevious
calculation$’ of the deep vacancy levels have been done

without screening of the atomic pseudopotentials and this led
to excessively high values for the energies of these levels.

The 4xX4X 4 augmented unit cell that we have used re-
duces the dispersion of the impurity baiig by roughly a
factor of 2 compared to the dispersion obtained in a
calculatiort® with a 3x3x 3 cell. Here the energy of the
intermediate level of the impurity band calculated as in Ref.
18 from the two pointd™ and X of the small Brillouin zone
differs from the energy of the level at the polntin our case
by less than 0.1 eV. Thus, the results given below are just for
the pointI” (q=0).

We have examined the convergence of the energy of the
deep levels as a function of the number of symmetrized func-
y tions employed. This dependence is shown in Fig. 3 for the

ba example of the, level for arsenic vacancies in AlAs. Here
the 300 symmetrized functions correspond to roughly the 30
lower states of the band structure of ideal AlAs. Evidently,
an acceptable accura¢gbout 0.1 eV is reached by the time
15 bands from the initial problem have been included. For
-50 the shallower levelsin energy of the cation vacancies, this
accuracy is obtained with slightly fewer bands 10). It is
FIG. 2. The potential of a Ga vacancy in GaAs: the dotted curve is theclear that when too few bands are included, as is often the
original atomic pseudopotential of Ga from Ref. (ith opposite sigh the cgse in the strong coupling method, the correct location of
smooth curve is the same potential but screened as described in the text, a . . .
ﬂpe local levels can be obtained only by distorting the poten-

the dot-dashed curve is the spherically averaged self-consistent potentid ‘ : - -
from Ref. 16. tial of the defect(in this case by attenuating).it

=
3
<
~

FIG. 1. Band structure of th@AlAs),(GaA9; superlattice.

ond conduction bandstates originate from th¥; levels, and

Jﬂr

7, arb. units
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TABLE V. t, vacancy levels in the band gap of AlAs and GaAs relative to acterize the accuracy of the calculations. All the levels are
the ceiling of the valence ban@V). The results of a calculation including

15 ideal crystal bands are given in parentheses.

AlAs
Theory Vai Vas Vea Vas
our 0.280.30 1.091.15 0.11(0.12 0.931.00
calculation
[6] 0.81 1.58 0.44 1.21
[16] 0.06 1.08
[20] 0.19 1.71 0.01 1.47
[21] 0.02 1.47
[22] 0.55 1.33
[17] 0.15 1.75
[23] 0.168 1.295
Experiment 0.042Ref. 25 1.38[Ref. 24

Table V shows the energies of the degpevels lying in

taken relative to the energy of the top of the valence band of
the ideal crystals. The statag closest to it lie in the valence
band and are resonance states. Théevels of Ga and Al
vacancies are half filled, while only one electron is found in
thet, level of an As vacancy. Thus, these states are unstable
with respect to the Jahn-Teller efféctHowever® the
Jahn—Teller splitting energy in GaAs is sma# (.03 e\j.

In Table V data are given for comparison from other calcu-
lations using other methods. The discrepancies between them
are as much as 0.5 eV, which reflects the substantial depen-
dence of the deep levels on the way the defect potential is
parametrized. For AlAs the earlier calculations were carried
out only by the strong coupling meth8d° For GaAs our
results are closest to a self-consistent pseudopotential
calculatiort® using the Green’s function method. This is re-
lated to the correlation between the vacancy potentials noted

the band gap of GaAs and AlAs calculated using 30 bandgpreviously. In order to interpret the experimental datait
The energies of these levels obtained using the 15 lowes$ necessary to know the dependence of the deep level on the
bands of the initial problem are given in parentheses to charharge state. Further studies are needed to eliminate the re-

As As As
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FIG. 4. Contours of the charge density of
AL AL states oft, deep levels in{a) AlAs created
by V, (left) in the (110 plane andV,g

(right) in the (1) plane in units ofe/Q

bw

(Qg is the unit cell volumg (b) GaAs cre-
ated byV g, (left) andV s (right) in the same
units and planes. The zigzag lines indicate
the directions of the bonds.

Gw Gw
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TABLE VI. Vacancy levels in the forbidden band gap of the
(AlAs),(GaAsg; superlattice relative to the ceiling of the valence bégid).
Va Véa Ve Vas Vis
0.18(I'3) 0.14(T'y) 0.14(T,) 1.03(I'y) 1.03(I'3)
0.15(T's) 0.12(Ty) 0.12(T'y) 0.99(T'y) 1.00(T"y)
0.12(I'3) 0.99(I'3) 0.96(T'y)

sulting ambiguities in the explanation of the observed

spectra®

Figure 4 shows contour plots of the charge density dis-
tributed around Ga, Al, and As vacancies in GaAs and AlAs

for local t, states in thg110 plane for cations and in the
1-10 plane for arsenic within the confines of the periodic

units of the augmented unit cell in these cross sections. It is
clear that the size of the>44 x4 augmented unit cell are

already sufficient to eliminate any significant overlap of the
defect states from neighboring large unit cells. The wave

As
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GaAs

FIG. 5.

VAl-

AlLAs

Level scheme of vacancy levels in GaAs,
(AlAs),(GaAsg; superlattice including the real band gaps.

oy ed
VAs I, VAS Iy
1'1a13 I
T,

av od
Var, Ver, Vear,

l‘g T; r1’1'3

As As

As

( ALAs), (GaAs),

FIG. 6. Contours of the charge density of
superlattice deep level states in th&l0
plane created by Gag) (a, b and Al(c, d)
vacancies(a, o for theI'; representation in
units ofe/Qy and(b, d) for theI's represen-
tation in units ofe/(2€).
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FIG. 7. Contours of the charge density units of e/Q,) of superlattice deep level states created bye@(vacancies for the representatiof@ I';
(110), (b) I', (110), (c) 'y (110). The orientations of the planes are indicated in parentheses.

functions of the deep levels are mainly localized in the dani", level is nondegenerate, so that, given the estimates of
gling bonds of the vacancies with atoms of the nearest suRef. 19, it is entirely probable that for such a defect there
roundings; the deepdéim energy statesV,s andV, in the  may be no distortion due to the Jahn-—Teller effect. At
wide band AlAs are localized somewhat more strongly tharnGa(@r) and Al vacancies the splitting of thig level into

Vas and Vg, in GaAs. A greater “spreading out” of the singleI'; and doubld’5 levels due to the tetragonal compo-
defect wave function is also observed in the direction of thenent of the potential is of different sign and magnitude. At
bonds. For GaAs our charge density profiles are in goodhe same time, for an Al vacancy the ddéplevel is higher
agreement with an earlier studyAn analysis of the coeffi- than thel's level, while for a Ga vacancy thE; level is
cients;BﬁgJi in the expansiori3) shows that the vacancy wave somewhat lower than thEs level. This change in the order-

functions are mainly constructed from states of the uppeing of the levels is explained by the difference in sigmd
valence band with the largest contribution from the centramagnitudg of the tetragonal perturbation that splits the
I valley. However, even for the shallowest of théséevels, level. In fact, at an Al vacancy the nearest Ga atoms are
which is created by a gallium vacancy in GaAs and forsecond neighbors, while at a Ga vacancy the nearest Al at-
which the weight of thd™!; state in the expansiof8) is as 0ms are fourth neighbors. In addition, at them there is a
high as 0.8, the conduction bands play an important role ithange in the order of the As atoms from the first and third
determining the location of this level, so that ignoring their coordination spheres, which have somewhat different
contribution will lead to a significant excess in its energy Pseudopotentials.
(~0.3 e\). This is caused by the large amplitude 40 eV) Figure 5 shows a sketch of the deep lev@s an abso-
of the perturbing vacancy potentigfig. 2). lute energy sca)ein the band gaps of these crystals calcu-
Calculations of the deep levels in tHalAs),(GaAss lated using the same number of basis functions. Here the
superlattice as a function of the location of the defect areedge of the conduction band corresponds tolthstate. The
shown in Table VI. It is clear that the differences in the distributions of the charge density of states of the deep levels
pseudopotentials of Al and Ga, as well as in the geometri@'® shown in Figs. 6-8. As in the case of vacancies in the
positions of the Ga and As vacancies, show up in the enefinary compounds, the wave functions are mostly localized
gies of the corresponding levels only within a range of 0.1at the dangling bonds with nearest atoms. It should be noted
eV. However, the resulting behavior differs qualitatively that when a Ga vacancy is moved from an intermediate layer
from that of the binary compounds and is, therefore, of in-t0 an outer one, the lower level corresponds to states local-
terest. The triply degenerate levels in AlAs and GaAs ized at bonds directed toward the heterojunctiam the
were split in the superlattice and shifted by amounts consist110) pland, while the upper level corresponds to states at
tent with the change in the band gap. Complete splitting obonds oriented away from the heterojunction the (110
the levels occurs for defects witi,, point symmetry, al- pland. These states have different symmetriés or I',.
though the energy of the Gaf) and As@wv) levels with  Thus, depending on which of the outer layers a vacancy lies,
I'y andI'3 symmetry differ by less than 0.01 eV. For an the upper level will havd’; or I'y symmetry. An optical
arsenic vacancy located immediately at the heterojunctiortransition from this local level out of thE; or I', states and
As(ed), the amounts of splitting are greatest and the lowesinto the band statE? is allowed for different polarizations of
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FIG. 8. Contours of the charge densiin units of e/(Q)) of superlattice deep level states created by aredsvacancy for the representatiofa I';
(110),(b) I'5 (110), (c) I'4 (110). The contours are essentially the same for amAfs{acancy and in order to obtain the corresponding figures for the same
representations in the same planes it is sufficient to replace the Ga atoms in ttleviiest and third chains with Al atom&, ¢ and, vice versa, Al atoms

by Ga atoms in the same order of chaibs

light incident normally on the plane of the superlattice. Thus,dangling bonds with nearest neighbor atoms. Additionally, in
by observing the polarization dependence of the absorptiothe superlattice there is a dependence on the geometric loca-
on these transitions it is possible to determine the predomition of the defec{its local symmetry, which shows up as a
nant geometrical distribution of the Ga vacancies. A differentsplitting (partial or completgof the degenerate states and as
behavior is observed for thE; and I', vacancies of As different orientations in their charge densities. This should be
(ed). Here the lower energy level corresponds to a state thaibserved in the form of a polarization dependence of the
is localized on bonds directed toward Ga atoms and thabsorption at transitions involving deep levels and can be
higher level, to a state localized on bonds directed toward Alsed to analyze the geometric distribution of the vacancies.
atoms. At the same time, there was essentially no differenc&éhe small splitting of the deep levels indicates that perturba-
between the charge densities due to the anisotropy of thon theory can be used to account for the tetragonal compo-
crystal potential for thd'; states of Gadv) vacancies and nent of the crystal potential. This may be used to develop
theI'; states of Ga€d) vacancies associated with the com- simplified models of defects in other superlattices.

patibility relations(Table 1l). This also happens for all states Further refinements in the calculations and development
with the same symmetry in the case of the two As vacanciesf this method will require simultaneous inclusion of all the
In the latter case, however, the higher statiég ¢r I',) are  effects which influence the location of the deep le\ktice
localized in planes containing Al atoms, which have pseudorelaxation and distortion, defect charge state, spin—orbit in-
potentials with a stronger repulsive core than do the Gderactions, self-consistent determination of the electron den-

atoms. sity, etc).
This work was supported by the Russian Fund for Fun-
4. CONCLUSIONS damental Research, Grant No. 94-02-04765.
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Infrared absorption in porous silicon obtained in electrolytes containing ethanol
A. A. Kopylov and A. N. Kholodilov

St. Petersburg State Electronics University, 197376 St. Petersburg, Russia
(Submitted May 24, 1996; accepted for publication September 10,)1996
Fiz. Tekh. Poluprovodr31, 556—558May 1997

The effect of treatments in hydrofluoric acid and annealing-aB50 °C on the optical

properties of porous silicon in the infrared region of the spectrum has been investigated. An
interpretation is given for the observed absorption bands. The index of refraction and thickness of
the porous layer are estimated. 97 American Institute of Physid§1063-78267)01205-2

Molecular spectroscopy methods are helpful for studyingserved. A subsequent analogous treatnfemtve4) substan-
the properties of porous silicdn® The use of these methods tially restored the shape of the spectrum observed prior to
is explained by the fact that the conditions of preparation intreatment in HRcurve 2). Further treatments of porous sili-
an electrolyte are conducive to the adsorption of quasimoeon did not produce any large changes in the transmission
lecular groups on an extended surface. spectra. The annealing of the sample performed next resulted

We investigated porous-silicon layers obtained in anin almost complete vanishing of the absorption lines associ-
electrolyte consisting of equal parts of a 48% HF solutionated with carbon-containing molecular complexesrve 5)
and 96% GH5OH on p-type [111] silicon substrates with and in a strong weakening of the photoluminescence.
current density 7.5 mA/cfrand an etch time of 30 min. The The observed large-scale structure of the spectra shown
layers exhibited efficient photoluminescence in the visiblein Fig. 1, is due to interference in a layer on the surface of
region of the spectrum. The experimental samples werghe experimental structure substrate—porous silicon. This is
treated in a 40% HF solution for 15-20 min. After eachespecially clearly seen for cun& To obtain a quantitative
treatment, the samples were washed in distilled water angstimate of the parameters of this layer we used a model of a
dried in air for one day. The operations listed above wergniform nonabsorbing layer on a high-resistivity silicon sub-
conducted at room temperature. Annealing was performed &frate. In this case the amplitude reflection coefficient of the

a temperature of 350-400 °C in air for 3 h. surface of the sample on the side of the layer is
The IR transmission spectra were measured at room tem-

perature with a LAFS-02 Fourier spectrometer in the range
450-4000 cm? and a LAFS-1000 Fourier spectrometer in
the range 100—650 cnl. The spectral resolution was equal
to 4 cmi 1. The chambers of the apparatus were evacuated to
a pressure of 1 Torr in order to decrease the effect of atmo- 5
spheric absorption.

Examples of the spectra obtained are shown in Figs. 1
and 2. Curvel shows the transmission spectrum of the initial
sample. Together with the lines observed previously by other
investigators, in our case additional lines are present in the
spectrum primarily in the regions 1200-1500 and 2800-—
3000 cm . Data on the positions of the lines and their in- J

[
terpretation are presented in Table I. Analysis of the lines -3 sok
which were not observed in previous studies shows that most § ' 2
of these lines belong to molecular complexes containing g
carbon. E

Repeated measurements performed after the samples
were stored in air for 6 month&urve 2) showed an appre-
ciable change in the large-scale structure of the spectrum
while the intensity of most absorption lines associated with
quasimolecular complexes remained constant. One possible
explanation of this behavior could be a change in the prop-
erties of the porous layer as a result of natural oxidation by . .
the oxygen in ait! The form of the spectra in the region Ocon 1500 2500
150-650 cm* remained practically the same at all stages of Wave number, ¢m~'
the treatments. _ o y 3

After treatment in HF(curve 3), besides changes in the £, P terariesion specya o pavous e sampls e,

!arge-scale structure of the spectrum, a S_UbStamial d_ecreaﬁ‘@atment in HF5 — after annealing. The spectta—5are shifted along the
in the absorption on complexes containing carbon is oObwertical axis.

3500
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TABLE II. Results of an analysis of the parameters of the porous-silicon
layer.

Set No. 1 Set No. 2
State of the sample h, um n h, um n
Initial sample 3.35 2.9 8.45 1.15
6 months in air 3.95 2.65 8.05 1.3
1st treatment in HF 3.3 29 8.35 1.15
2nd tretment in HF 3.73 2.8 8.15 1.28
3rd treatment in HF 411 2.55 7.87 1.33
Annealing at 350 °C 3.15 2.7 6.6 1.28

FIG. 2. Optical transmission spectrum of a porous-silicon sample in theEquation(2) takes into account the interference inside the
region 150-650 cm. The spectrum corresponds to the initial sample.

r+rsexpidmnho)

= 1+rreexpidmnho)’

where

r=@1-n)/(1+n),

n, is the index of refraction of the layer, amq is the index
of refraction of the substratéor silicon n=3.42). The trans-

rs=(n—ng)/(nj+ng),

.Y

layer and the multiple incoherent reflections in the substrate.
The results of the analysis of the interference structure of
the transmission spectra are summarized in Table Il and ex-
amples of the transmission spectra corrected with allowance
for the interference are shown in Fig. 3. The errors in deter-
mining the thickness and index of refraction of the layer are
~0.1 um and 0.1, respectively. As shown in Table Il, there
exist two sets of physically realizable values of the thickness
and the index of refraction of the layer which give equivalent
descriptions of the shape of the spectra. A unique solution
can be chosen only by using additional information about the

mission of the structure was calculated according to the forexperimental structures.

mula
_ (1-R)(1-Ry)
1-RR
where
R=r*r, Rg=rar

TABLE I. Spectral position and interpretation of absorption lines associated

S

with adsorbed molecular complexes.

r<=(ng—21)/(ng+1).

)

Position of absorption

lines, cnt Interpretation References
450 &(SH—O0—Si) 6
664 8(Si—H,), 8(Si—H) 1
744 v,(SC) 7
800 v(S—O—SI) 6
882 Si—H, Si—OH, Si—0 3,6
908 Si—H,, scissors mode 1,3
940 Si—OH 6
1070 Vas(SH—O—Si) 1,6
1288 85(S—CHy), 6Si—(CHa,),] 8,9
1385 6(C—CHy) 8,9
1460 5,(C—CHy) 8,9
1578 Probablys(H—OH) 10
1705 »(C=0) bound groups 10
1725 ¥(C=0) free groups 10
2120 Si—H, Si—H, 1,3
2250 Si—H, O—Si—H 3,6
2850 vs(C—H,), vs(C—Hy) 9
2925 vas(C—H>) 8,9
2959 Vo C—Hz) 8,9
3400 HO, Si—OH 6

Note: »—stretching vibration;,0—bending vibration;s—symmetric vibra-
tion; as—antisymmetric vibration.
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It is known that efficiently luminescing porous-silicon
layers possess comparatively low refractive indices, for ex-
ample,n=1.4, according to Ref. 12. Moreover, as follows
from the transmission spectra, the experimental structures
have a high content of silicon oxides whose refractive index
is n~1.4. Of the two available variants, the lower values of

3
2

2

D

b

1.0

g

«

B

I~

D500 1500 2500 3500

Wave number , cm~"

FIG. 3. Optical transmission spectra of porous-silicon samples. The spectra
are corrected for interference. The spectra were obtained by dividing the
initial transmission spectra by the result of the calculation according to Eq.
(2) for the values of the parameters presented in Table Il. The numbers on
the curves correspond to Fig. 1. The spectra 2 and 3 are shifted along the
vertical axis.
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the refractive index should therefore be chosen, i.e., set 2entration of the molecular complexes changes very little
(Table 1I). right up to annealing.
We note that in the spectra presented the lines of the We thank A. V. Andrianov for a helpful discussion of
carbon-containing complexes are much weaker than the lingbe questions considered in this paper.
of hydrogen-containing complexg8120 and 2250 cimt).
An estimate of the effective thickness of the layer of carbon-
containing compounds, according to the absorption bandC. Tsai, K.-H. Li, J. Sarathy, S. Shih, and J. C. Campbell, Appl. Phys.
2850-2960 cm’, gives a value of the order of gm. The ~ ,Lett.59 2814(199D. .
. . . M. A. Tischler, R. T. Collins, J. H. Stathis, and J. C. Tsang, Appl. Phys.
changes in the effective thickness of the porous layer as a, o g0 639 (1992.
result of treatment are of the same order of magnitude. TheN. ookubo, H. Ono, Y. Ochiai, Y. Mochizuki, and S. Matsui, Appl. Phys.
presence of a large quantity of carbon-containing compound§Lett- 61, 940(1992.
could be due to the electrochemical oxidation of ethanol on,R- Kumar, Y. Kiton, and K. Hara, Appl. Phys. Le@3, 3032(1993.
- . . H. D. Fuchs, M. Stutzmann, M. S. Brandt, M. Rosenbauer, J. Weber,
the porous-silicon .surf.ace, Whlch results in the appearance ofa. Breischwerdt, P. Deak, and M. Cardona, Phys. Re48E8172(1993.
C = O groups which interact with hydroxyl groups. This is ®A. C. Adams, F. B. Alexander, C. D. Capio, and T. E. Smith, J. Electro-
indicated by the substantial intensity of the 1705 and_chem. Soc128 1545(1981).

. . —_ 7 i -
1725-cni ! lines and the weak absorption on the 744-=¢m ! F- Kovalev, L. A Ozolin, M. G. Voronkov, and L. A. ZhagaLollec
tion of Works on Optics and Spectroscopy, Il Molecular Spectroscopy

. _1 - -

(Si-O and 1288—C!T1 (Si—CH;) lines. [in Russiad, Nauka, Leningrad, 1987, p. 301.
The data obtained suggest that the morphology of the’s. P. Mukherjee and P. E. Evans, Thin Sol. Filiis 105 (1972.

porous |ayer Changes during the treatmentS, Wh|Ch can resuFtL. H. I[_ittle, Infrared Spectra of Adsorbed Sp;cim;ademic Press, N. Y.,
: g - 1966[Russian translation, Mir, Moscow, 1959
in a r.ed|§tr|but|on of the adsorbed.r.nolecules of the prOdUCt%A. V. Kiselev and V. I. Lygin,Infrared Spectra of Surface Compounds
of oxidation of ethanol on the modified surface of the porous wiley, N. Y., 1975[Russian original, Nauka, Moscow, 1972
layer and therefore it can influence the contribution of mo-EF. Kozlowski and W. Lang, J. Appl. Phyg2, 5401(1992.
lecular complexes to the optical absorption. This assumption S‘ Vr‘]’t HOO/T YI ShR' FL{- t*é?;g’;iﬂlgé L. J. A. Rikken, and A. H. J.
agrees with the observed character of the changes in the in- ennuizen, Appl. Fhys. LeIbL (1992.

tensity of the absorption lines, which indicates that the conTranslated by M. E. Alferieff
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Inelastic electron scattering in strongly doped Bi 088900 12
S. A. Aliev, A. A. Movsum-zade, and S. S. Ragimov

Institute of Physics, Azerbdzhan Academy of Sciences, 370143 Baku, Amdzhan
(Submitted November 27, 1995; accepted for publication September 10, 1996
Fiz. Tekh. Poluprovodr31, 559-562(May 1997

Experimental investigations of the Maggi—Righi—Leduc, Righi—Leduc, and Nernst—Ettingshausen
thermomagnetic effects have been performed on three samples of the solid solution

Big.geShy 12, doped with tellurium from 0.01 to 0.2 at.%, in the temperature interval 20—230 K.
The quantityL (T) is calculated from the experimental values«gfand the thermomagnetic

effects. It is found that in the interval 40—-220 I, is less than its Sommerfeld valus,.
ComparingL(T) with the existing theory showed that the low valuelois due to inelastic
electron—electron interaction. @997 American Institute of PhysidsS1063-782807)01305-7

It is well known that in narrow-gap semiconductors with 20 000 crd/(V - s). In the magnetic fields accessible to(up
a degenerate electron gas and low lattice thermal conductite 2.2 T) such a high mobility made it possible to achieve
ity, besides elastic scattering, there is also inelastic scatterirgmost limiting values of the longitudinal thermomagnetic
of electrons™ To see it, it is necessary to separate experi<oefficients. Figure 1 is a plot &f x as a function oluH/c
mentally the electronic componexy of the thermal conduc- (u is the electron mobility, and is the speed of light in
tivity or to investigate thermomagnetic effe¢t3® The Lor-  which VH and the magnetic fielt are directed along the
entz number L in the Wiedemann—Franz relation length of the samples and along t@g axis. Since the bipo-
(ke=L-0o-T) can be determined from these data, and in thdar thermal conductivity is negligible in samples with such
presence of inelastic scattering it turns out to be less than thieigh electron density, the maximum valdex., can be taken
Sommerfeld valuéL = (72/3)(k/e)?]. This has been done as the purely electronic valug, (Ax..=ko—Ky_). In
for pure bismutt. The value ofk, was separated in the samples withn=2x10" cm 3 andn=5x10'° cm ™3 the
interval 2—100 K under the action of a strong magnetic fieldmobilities reach much lower values, and for this reason
and the temperature dependerc€l) was determined. It Ax(H) did not saturate. For these samples the limiting value
was shown that in pure bismuth the bipolar thermal conducA .. was determined by the well-tested method of graphical
tivity «pp is also substantial because of the mixed conducand analytic extrapolatioh? The temperaturé (T) was cal-
tivity. It was found that the Lorentz number is less tHan  culated from the data or, . It was found that in the interval
only for T<30 K. It was assumed that the low valuelofs ~ 40-220 KL, is less than its Sommerfeld vallg, (for
due to the inelastic intervalley or electron—electron scatterelastic scattering and atT<40 K L¢,,— Lo (Fig. 2).
ing. However, the nature of the scattering in Bi and in sys- The dependences of the transverse thermomagnetic ef-
tems of solid solutions based on Bi has not been settledects NE €,) and RL (= S-H) on the magnetic field inten-
especially since additional sources of scattering, both elastisity uH/c are shown in Figs. 3 and 4. We see tgatand
and inelastic, can arise in solid solutions. —SH pass through a maximum not foull/c)=1, as

In the present paper we analyze the results of an expershould be the case in the presence of elastic scattering, but
mental study of the electronic thermal conductivity and therather at (H/c)=1.4—1.5.
Maggi—Righi—Leduc (MRL) Ak, Righi-Leduc (RL)
(—S-H), and the Nernst—EttingshauséN-E) &, thermo-
magnetic effects in the solid solutionsyBiSh, 1, doped with
tellurium up to 0.2 at. %.

R

S
T
(XY

~

S
T

1. EXPERIMENTAL RESULTS

The investigations were performed parallel and perpen-
dicular to theC3 axis on three BjggShy 1, samples doped
with tellurium in amounts of 0.01, 0.1, and 0.2 at. %. Tellu-
rium dissolves in the system Bi—Sb, creating shallow donor
levels with density from % 10'® up to 5x10'° cm 3. To /
analyze the main results, measurements of the electric con- /
ductivity o, the Hall coefficientR, and the thermo emé, 1
and the thermo emé,, in a strong magnetic field were also uH/e
required. These data showed that up to room temperature the

conductivity in the experimental samples is determined by C: 1- A« versusutt/c for a sample of the alioy BisSt, 120with electron
densityn=5x 10" cm™3. Dots — experiment. Curves — calculation ac-

the degeneracy of th_e electron gas=5. The electron mo-  cording to Eq.(1) taking into account elastiédashed lingsand inelastic
bility for a sample withn=5x 10'® cm™2 at 100 K reaches (solid lineg electron scatteringl, K: 1, ' — 93;2, 2 — 205.

4k 10°, W/em K
8
i
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N
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These investigations were also repeated in the case A~

AT|/C5 andH parallel to the layers. It was found that the i /’ S

longitudinal and transverse thermomagnetic effects are sub- % 50 = \«

stantially weaker whehl is parallel to the layer&he anisot- b % S N N 17
ropy factor reaches 1.6 gy _,I T T ===

1 1 1 1
2. ANALYSIS OF THE RESULTS 7 3
wh/c

Undoubtedly, the presence of some inelasticity, irrespec-
tive of its nature, in the scattering of charge carriers should!G. 3. £, versusuH/c for a sample of the alloy BiggShy 1, with electron
also affect other transport phenomena. Several theoreticdf"Sityn=5x10® cm *. Dots — experiment. Curves — calculation ac-

. a78 L . ) ..., _cording to Eq.(2) taking into account elasti¢dashed linegsand inelastic
studied’® have been examining this question. The mobility, (solid lines electron scatteringT, K: 1, 1 — 205:2, 2 — 105.
thermoemf, and the NE effect are analyzed in.Ref In
solving the transport equation, two relaxation times are in-
troduced:7,, for isothermal effects and, for effects due to uH/c corresponding to the maximum of the transverse ef-
the temperature gradient. Specifically, it was shown that théects £, and —SH, and with the aid of definite relations

degree of inelasticity can be defined as between these effects
Aa/H'QL:L/LOI QL/R'U'AO{O@:L/Lo.

wherer , andr , are the parameters of the scattering mecha-  The experimental data are compared in Figs. 1, 3, and 4
nisms, determined from the thermo-emf and mobility data. ltwith the curves computed according to E¢H—(3) for dif-

is noted that the inelastic electron-electron interaction influferent values ol/L,. It is found that there is good agree-
ences only the effects caused by the presence of a tempenma&ent for L/Ly)<1. The values obtained fdr/L, are pre-
ture gradient. The effect of inelasticity on other transportsented in Table | together with other data.

rolr,=LILo=1l7g,

phenomena is studied in Ref. 5.
Specifically, it was found that

It follows from the computed data oAx(H) (Fig. 1)
that in the case of elastic interactions between charge carriers

(UHIC)2(L/L )2 or interactions with optical phononAk(H) saturates at
Axk=Axk., . 5 ) much lower valuesiH/c=5—6 than in the case of inelastic
1+ (uH/c)*(L/Lo) interactions(8—9), i.e. inelasticity seemingly decreases the
(UH/c)(L/Lo) effect of the Lorentz force, produced by the same value of
—SH H, on an electron.

T 14[x (Lo-o- D[ 1+ (UH/O)AL/Ly) A [Lo/L]" .
7 As one can see from Fig. 3, the cun#spass through a

maximum for UH/c)=1 in the case of inelastic scattering
and (uH/c)>1 in the case of inelastic scattering.

It is interesting that the curves of the field dependences
K of the transverse NE effect, which were calculated for elastic
where&, = EH -Q,, Q, is the Nerust—Ettinghausen effect, gnd inelastic scattering, cross after the maximum. The cross-

ing after the maximum is due to the fact that in the case of an

inelastic scattering the effective value afH/c)(L/L,) de-
creases less witH than in the case of elastic scattering. The

B Aa,(uH/c)(L/Ly)
~(k/e)[ 1+ (uH/c)?(L/Lg)?]" @

&y

and «, is the lattice thermal conductivity.

As one can see from Egél)—(3), the degree of inelas-
ticity (L/Lo) can be determined from data on the indicated
coefficients in arbitrary magnetic fields, from the value of

1.0
(]
<0 :
NS
o 7
X 2
ad z 7
! ) ubtl/c
0 100 200
T,K FIG. 4. —SH versusuH/c for a sample of the alloy BiggSh, 1, with elec-

tron densityn="5x 10" cm™3. Dots — experiment. Curves — calculation
FIG. 2. Temperature dependencd. ok , for samples with different electron according to Eq(3) taking into account elastiashed linesand inelastic
densities, cm®: 1 — 2x10%, 2 — 5x10%, 3 — 5x 10%. (solid lineg electron scatteringl, K: 1, 1’ — 205;2, 2 — 93.
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TABLE |. Values obtained for the fractiorL(L) of inelasticity in electron scattering in BigShy 1, from data on different thermomagnetic effects.

L/L,
Ak, Ak —-S-H &y Aa Q.
Sample No. T, K n, 108 cm2 U, cn?/(V-9) H-Q. R-o-Aa
93 0.81 0.80 0.76 0.75 0.72 0.75
1 120 5 20000 0.78 0.76 0.72 0.70 0.65 0.71
205 0.75 0.71 0.60 0.65 0.62 0.60
35 1.01 1 - - - -
70 0.88 0.85 - - - _
2 102 20 8000 0.72 0.76 0.70 0.70 0.68 0.065
130 0.69 0.70 0.68 0.65 0.61 0.61
205 0.66 0.65 0.60 0.60 0.60 0.55
97 0.77 0.75 0.71 0.70 0.70 0.65
3 115 50 3800 0.71 0.70 0.68 0.70 0.70 0.65
200 0.62 0.60 0.60 0.65 0.65 0.65

—SH maximum is reached foruH/c)>1 even in the case purely elastic electron scattering in pure Bi at high tempera-
of elastic scattering. However, in the case of inelastic scattures is due to the simultaneous participation of electrons and
tering the —SH maximum shifts in the direction of even holes in the heat flux and the low electron density. This fact
larger values ofiH/c. The displacement of the SH maxi-  is in accord with the results of Refs. 1-3 on the fact that in
mum in the direction of high fields is determined by the narrow-gap semiconductors with a degenerate electron gas at
value of the facto, /(Lg- o-T) in Eqg. (2) and the magni- moderate temperatures, when scattering by phonons occurs,
tude of its displacement to the right in the case of inelastian electron—electron collision contains some measure of in-
scattering is determined by the degree of inelasticitly. elasticity. The absence of inelastic scattering in the alloys
The nature of the inelastic mechanism of the interaction®i, ggSh, 1, at low temperatures is also due to the high elec-
is described more completely in Re . According to this tron density. As is well known, at low temperatures a high
theory, if for strong electron degeneracy*(>kT) the en-  electron density gives rise to elastic scattering by ionized
ergy of the longitudinal optical phonong.g=7% wg) is much  impurities. Evidently, even in the case ofyBiSh, 1, at high
less than the electron energy but is of the order okT  values ofn this mechanism prevails over the intervalley
(u>hoqy, po~kT), then the Lorentz number, in general, mechanism.
has the form

L W, u (Lo -1 1s. A. Aliev, L. L. Korenblit, and S. S. Shalyt, Fiz. Tverd. Télzeningrad
=l — | == (4) 8, 705(1966 [Sov. Phys. Solid Stat8, 565 (1966)].
Lo Wo ugpl L o 25, A. Aliev, U. Kh. Suyunov, D. D. Arasly, and N. I. Aliev, Fiz. Tekh.

Poluprovodn.7, 1086(1973 [Sov. Phys. Semicond, 737 (1973].
In Eq. (4) the term (j/uop)((LO/L) — 1)0p takes into ac- 3S. A. Aliev, U. Kh. Suyunov, and N. I. ALiev, innternational Conffer-
; i i _ ence on Phonon Scattering in Solid&aris, 1972.
count the Ine_IaStICIty caused by the polar scattering .Of elec 4S. A. Aliev, D. A. Bagirov, E R. Iskenderov, El. Zul'fugarov, and S. I.
trons by optical phonons and_the telid,; /W, takes into Safarova, Neorg. Mate@9, 4 (1993.
account the electron—electron interactfof. 5L. L. Korenblit, and V. E. Sherctobitov, Fiz. Tekh. Poluprovod) 688

The computational results are compared in Fig. 2 with (1968 [Sov. Phys. Semicon@, 573(1968].
the experimental data 6|,. Ya. Korenblit, M. E. Kuznetsov, V. M. Muzhdaba, and S. S. Shalyt, Zh.

, . _ Eksp. Teor. Fiz57, 1867 (1969 [Sov. Phys. JETR0, 1009(1970)].
The calculations make it possible to conclude that the7g va. moizhes and Yu. I. Ravich, Fiz. Tekh. Poluprovodn188 (1967

inelasticity of charge-carrier scattering in the solid solution [Sov. Phys. Semicond, 149 (1967)].

Big geShy 12 Under the conditions of strong degeneracy is dueszu-é- gha"l"?h» B.'dA.PlfflmovaF,, and \’/\l TY Ti';%mhe”'@em'co”duc“”g
f _ . . . eal alcogenides;lenum Press, N. Y., .

mamly to the eIeCFron_ electron interaction. The fraCtlor_] of Yu. I. Ravich, B. A. Efimova, and V. T. Tamarchenko, Phys. Status Solidi

the inelasticity which is due to polar scattering by optical g 43 11(1972.

phonons does not exceed 5—-7%. 10y, I. Tamarchenko, Yu. I. Ravich, L. Ya. Morgovskiand I. E. Du-
As noted above, in pure Bi in the temperature interval brovskaya, Fiz. Tverd. Teldeningrad 11, 3206(1969 [Sov. Phys. Solid

L . o State1l, 2599(1969].
80-100 K electron scattering is elastic, and scattering inelas- ate (1969

ticity appears only alf <30 K. It can be assumed that the Translated by M. E. Alferieff
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Photoelectric effect in GaAs-based surface-barrier structures: Temperature dependence
of the short-wavelength quantum efficiency

Yu. A. Gol'dberg, O. V. Konstantinov, O. I. Obolenskii, E. A. Posse, and B. V. Tsarenkov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted July 11, 1996; accepted for publication September 10, 1996
Fiz. Tekh. Poluprovodr3l, 563—566(May 1997

The temperature dependences of the short-wavelength photoelectroconversion quantum efficiency
of GaAs-based surface-barrier structures were studied in the temperature range 78—300 K

and photon energy range 1.8—4.7 eV. It was shown experimentally that the quantum effigciency
increases with temperatufie The dependence of on T saturates at high temperatures. A

model based on the idea of fluctuation traps in the space-charge layer of the structure is used to
explain the temperature increase of the photoelectroconversion quantum efficiency of GaAs-

based surface-barrier structures. This model, which agrees quite well with experiment, makes it
possible to distinguish the dependence of the quantum efficiency on the temperature and

on the photon energy, i.e., to separate explicitly the temperature dependence of the quantum
efficiency. © 1997 American Institute of Physids$51063-78267)01405-1]

1. PRELIMINARY REMARKS 3. SUBJECT OF INVESTIGATION

This work continues our investigations of the short-  The subject of the investigation was the temperature de-
wavelength photoelectric effect in IlI-V semiconductbrs, Pendence of the short-wavelength quantum efficiency of
i.e., the photoelectric produced by photons with energy muclPaAs-based surface-barrier structures in the temperature
greater than the band gap in the semiconductor. range 78—300 K and photon energy ratge=1.8—-4.7 eV.

The temperature dependence of photoelectroconversiohhe effective light absorption length,=«,* (wherea, is
in GaP-based surface-barrier structures in the region of dire¢f€ absorption coefficientin this spectral interval varies
optical transitions was studied in Ref . It wasshown that from 4000 A athv=1.8 eV up to 60 A ahv=4.7 eV. This
the short-wavelength quantum efficiency of the structures inl€ngth is much less than the width of the space-charge layer
creases with temperature, and it was concluded that this iref the structure Wo=10* A). _ _
crease is due to the temperature increase of the internal quan- The quantum efficiency was determined with respect
tum yield of the photoelectric in GaP and not a temperaturd® the incident light and calculated according to the standard
change in the losses of nonequilibrium charge carriers. ~ formulay=1hv/P, wherel is the photocurrentin A), P is

In this paper we report the results of an experimentafhe incident light flux(in W), andhw is the photon energy
study of the temperature dependence of the short—wavelengﬁﬁ1 ev).
photoelectroconversion in GaAs-based surface-barrier struc-
tures which are used as visible-radiation detectors. The in-
vestigations of the short-wavelength quantum efficiency of* EXPERIMENTAL RESULTS

GaAs-based surface-barrier structures, which are known to  The results of the study of the temperature dependences
us, involve only experiments performed at room temperaturgs the short-wavelength quantum efficiency of photoelectro-
(see, for example, Refs. 2):4 conversion in surface-barrier structures are as foll¢wsg.
1): The quantum efficiency increases with temperature and
the temperature dependence of the quantum efficiency satu-
rates at high temperatures.
2. OBJECT OF INVESTIGATION The effect under study was already reported by us in a
study of the temperature dependence of the photoelectrocon-
The objects of investigation were Ni-GaAs surface- version in GaP-based surface structureSomparing the
barrier structures. A structure consisted of a strongly dopetemperature dependences of the quantum efficiency of GaAs-
GaAs substratéelectron densityn=10' cm~2 and 300 K based surface-barrier structures obtained in the present work
coated with a 1Qz=m-thick, weakly doped, epitaxial layer of and GaP-based structures obtained in Ref. 1 shows that the
GaAs (h=1x10" cm %) with a half-transmitting barrier dependencey=y(T) for GaAs structures is much stronger
contact(Ni layer) on one side and containing an ohmic con-than for GaP structures. For example,hat=3.98 eV an
tact (In) on the opposite side. The substrate was orienteéhcrease in the temperature by a factor ¢frdm 100 to 300
along the(100 crystallographic plane. The ohmic contact K) increasesy for GaAs structures by a factor of 6, while for
was produced by alloying In into the substrate, and the barGaP structurey increases only by a factor of 1.4. The rea-
rier contact was produced by chemical deposition of Ni onson for this difference is still unclear — the chemical com-
the epitaxial layeP. The structure was-0.02 cm thick and position of the semiconductor or the doping level of the
the illuminated surface area was equal te B0~ 2 cn?. semiconductor, since the GaP-based structure had a doping
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FIG. 1. Short-wavelength quantum efficiency of photoelectroconversion
versus temperature for different photon energieseV:1—1.8,2 — 4.11, -
3 —4.18, and4 — 4.68. 7/
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level of the order of~10'" cm™* and the doping level of the g, 2. Fiuctuations of the conduction-band bottoe) &nd valence-band
GaAs-based structure was equakHd0'® cm 3. top (v) in the absencéA, b) and presencéd’, b') of an electric field.
In our work Ref. 1 an excitonic model of the photoelec-
tric was used to explain the temperature dependence
y=%(T) in GaP-based structures. However, the excitonicquantum efficiency. If there is sufficient time for the pro-
model of the photoelectric cannot be used for GaAs-baseduced photocarriers to be thermalized, then their future fate
surface-barrier structures, since the exciton binding energy iwill be determined by the barrier field.
GaAs is four times smaller than in GaP. It is ordinarily assumed that if the surface recombination
We therefore propose a different model to explain theand thermionic emission of photoelectrons into the metal is
temperature variation of photoelectroconversion in semiconreglected, then the barrier field separates all thermalized
ductor surface-barrier structure. photoelectrons and photoholes. In this case the quantum ef-
ficiency of photoelectroconversion should not depend on the
temperature.
As follows from the experiment, however, the quantum
efficiency of photoelectroconversion in a surface-barrier
To construct a model of the experimentally observed destructure does depend, and quite strongly, on the tempera-
pendence of the quantum efficiency on temperature and irture.
cident photon energy, we shall analyze all stages of photo- We assume that the losses of hot photocarriers do not
electroconversion. depend on temperature. We need than only to study the pos-
We assume that radiation is not absorbed in the metalibility of recombination losses of thermalizécboled car-
(Ni) and that all photons which have not been reflected fronmiers in the space-charge layer and the relation of these losses
the surface enter the semiconductor. Indeed, absorptioi the temperature.
losses in the given wavelength range with Ni layer thickness Recombination of thermalized free electrons to free
<100 A do not exceed 10% and cannot greatly affect thenoles in the space-charge layer is unlikely. In order for re-
observed characteristics. combination to occur, the electron and hole must be spatially
We also assume that all photons which have entered thiecalized, i.e., traps for carriers must exist, and a trap must
semiconductor are absorbed and that one electron-hole paimultaneously localize an electron and a hole in a small
is produced in each case. region of space. It was natural to assume at first that the traps
Photons with energhv=1.8 eV generate photocarriers are allowed states in the band gampurity centers and de-
in the space-charge layer, and to some extent they are sufiecty. However, the results of a theory constructed for traps
jected to the action of a barrier electric field. The barrier fieldof this type do not agree with experiment. This is due to their
separates some of these photoelectrons and photoholes. high activation energy. For this region, we propose a differ-
If the energy of a photocarrier is sufficient for the carrierent model: Potential wells an@r) humps formed by fluc-
to overcome the potential barrier, then there is some probtuations of the conduction-band bottom and the valence-band
ability that the photoelectron will escape into the metal andop can serve as traps.
(or) a photohole will escape into the volume of the semicon-  In the absence of an electric field, fluctuations of the
ductor; i.e., these photocarriers will be excluded from theconduction-band bottom and the valence-band top lead to
photoelectroconversion process. Therefore, the higher thiecalization of carriers of only one type: In Fig. 2a an elec-
photon energy, i.e., the higher the kinetic energy of the photron is localized and in Fig2 a hole is localized. However,
tocarrier produced, the lower is the photoelectroconversioman electric field converts this fluctuation into a trap for an

5. MODEL
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electron and a hole simultaneouskee Figs. 2aand 2b). -1
An electron—hole pair trapped by such a capture center re-
combines after some time as a result of the tunneling effect.

A change in temperature results in a change in the den-
sity of free thermalized photocarriers because some carriers -2
are trapped by fluctuation capture centers, i.e., the quantum
efficiency of photoelectroconversion changes.

As the temperature increases, the density of free ther- a_
malized photocarriers will increase as a result of thermal g -3
dissociation of electron-hole pairs trapped by the capture
centers and therefore the higher the temperature, the higher is
the quantum efficiency of photoelectroconversion; this oc-
curs until the traps are completely emptied.

We shall describe everything that has been said above in
an expression for the quantum efficiency of photoelectrocon-
version. _ , , ,

Before a photon incident on the structure contributes to 52 4 ] 8 10
the photocurrent, there occur several events, each of which is 10°%/T, K"
characterized by a corresponding probability. Since these
events all occur gradually, the resulting quantum efficienC)F'G- 3. Iny versus 1TI': Comparison of theory with experiment. Photon

e energyhv, eV:1—1.8,2 — 4.11,3 — 4.18,4 — 4.68.
equals the product of the probabilities of all events.

The probability that a photon enters a semiconductor
equals R, whereR is the reflection coefficient; we as-
sume that the probabilitg of the production of an electron-
hole pair by the photorithe quantum vyield of the internal
photoeffect equals 1; the probability that the produced 8- COMPARISON OF THE MODEL WITH EXPERIMENT

electron-hole pair will stop in the space-charge layer and will Equation(4) which we have proposed gives a linear re-

thereby be able to participate in the photoelectroconversiofgtion between Iy and 17. The activation energE deter-

process equals -1y, Wheredpq is the loss factor for hot  mines the slope of this straight line, and the loss fadgy

photocarriers; the probability that a thermalized electronfg, hot carriers determines the cutoff at the ordinétee

hole pair is separated by the electric field and the photoeleGeflection coefficient for any energy can be found from the

troconversion process is completed equals&lyem, Where appropriate — see, for example, Ref).6

Sinerm 1S the coefficient of recombination losses of thermali- The experimental dependencesjobn 17T turned out to

zed photocarriers. o . be linear on a semilogarithmic scale, in accordance with the
The q_uantum efficiency of photoelectroconversmn,modeL for all photon energie@Fig. 3, and the activation

therefore, is given by energy and loss factor for hot carriers determined from the

1 _ _ experimental data are presented in Table I. As expected, the

¥=(1=R)B(1~ Snoy (1~ Stherm) - @ loss factor for the hot photocarriers increases with photon
The loss factow,y, of hot photocarriers is determined by energy, and the activation energy does not depend on the

the light absorption depth, i.e., the position of the producedhoton energy. The activation energy can be assumed to be

photocarriers with respect to the boundaries of the space20 meV with an error of no more than 25%.

charge region, and by their energy. We assumedhatioes We have thus reduced the experimental results of a study
not depend on temperature. of the temperature dependence of the quantum efficiency of

The loss factordyem for thermalized carriers does not photoelectroconversion in GaAs-based surface-barrier struc-
depend on the photon energy; it depends only on the ratio dires to rather simple empirical laws. We proposed a simple
the densities,. and n; of photocarriers trapped in capture model to explain these laws. To a first approximation, this

y=(1-R)(1- Srode 2 T. 4

centers and free photocarriers, respectively: model makes it possible to assume that the temperature de-
pendence of the quantum efficiency of photoelectroconver-
S = Nioc @) sion is determined by recombination losses of thermalized
hem™ n + Nige.” photocarriers in fluctuation traps located in the space-charge

Assuming that carriers are freed from traps with increasing
temperature according to a simple exponential law, we ObTABLE I.

tain
hv, eV AE, meV Shot R
_ — a— AEKT
1= Stherm=€ ' ) 1.8 25.4 0.23 0.34
. L . , 411 22.0 0.58 0.44
where AE is the activation energyk is Boltzmann’s con- 418 208 070 046
stant, andr is the temperature. 4.68 15.9 0.88 057

Therefore,
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layer, and that the photon-energy dependence of the quantunFiz. Tekh. Poluprovodns, 1927 (1972 [Sov. Phys. Semicond, 1673
efficiency of photoelectroconversion is determined by the (1972]

losses of hot photocarriers which are not separated by théYu- A- Gol'dberg, T. V. L'vova, O. A. Merzin, S. I. Troshkov, and B. V.
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Contact phenomena in two-dimensional electronic systems
V. B. Shikin and N. I. Shikina

Institute of Solid-State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia
(Submitted March 13, 1996; accepted for publication September 16) 1996
Fiz. Tekh. Poluprovodr31, 567-570(May 1997

Unusual oscillations of the conductivity of a two-dimensional Corbino disk in a magnetic field,
which were recently observed experimentally, are discussed on the basis of existing ideas
about the specific properties of the contacts of a two-dimensional electronic system with
“external” metallic electrodes. ©1997 American Institute of Physics.

[S1063-78287)01505-9

In an interesting experimenit was shown that the con- then the oscillations of the total resistance can appear as a
ductivity of a low-density two-dimensional electronic sys- result of the oscillatory behavior of the chemical potential in
tem, which in a magnetic field oriented normal to its surfacethe metallic edges which have a higbompared with the
possesses a filling factor less than one, nonetheless undeentral part of the diskelectron density and correspondingly
goes oscillations as a function of the magnetic field. Thea quasiclassically large filling factor. The effect of such os-
amplitude of the oscillations increases as the average densitjllations on the equilibrium electron density in the central
of the two-dimensional electron gd8DEG) in the central part of the disk is transferred from the metallic edges because
part of the Corbino disk, on which the experiments of Ref. 10f the Coulomb proximity effect.
were performed, decreases. These two effects cannot be ex- 1. To investigate the proposed mechanism of the specific
plained by using the standard ideas about the conductivity afscillations in the conductivity of the Corbino disk as a func-
an infinite two-dimensiona2D) electronic system in a mag- tion of the magnetic field, we shall employ a simplified
netic field. This paper proposes an interpretation of the efmodel of the structure: metal-2DEG—-metal. The model con-
fects observed in Ref. 1 that takes into account the contad@ins only qualitatively important details of the contact prob-
phenomena which occur in devices containing low-lem under discussion, so that we do not claim to explain the
dimensional conducting systems and “external” metallic data of Ref. 1 quantitatively. The problem, nonetheless, re-
electrodes. Such setups also include the Corbino disk enfains essentially the same.
ployed in the investigations performed in Ref. 1. We are talking about a specially prepared, unscreened,

Contact phenomenéelow called the Coulomb proxim- degenerate heterostructure which possesses a stepped donor
ity effects, which destroy the spatial uniformity of the elec- density distributiomy(x). The donors are distributed in the
tron density in the contact zone of two metals with differentplanez=—d according to the law
work functions, have been known for a long time in classical
three-dimensional electrostatitsee, for example, Ref. 2, the
section entitled “Contact potential difference”The same Here 2w is the width of a step in the donor distribution along
phenomena also occur in low-dimensional conducting systhe x axis. This step plays the role of the central part of the
tems, where they are more pronounced. The recent réviewCorbino sample in the one-dimensional approximation.
serves as a good introduction to the physics of two-  Regions with high donor densityy act as metallic con-
dimensional contact phenomena. It makes sense to unddgcts.
score that virtually all low-dimensional contact phenomena  The quasi-one-dimensionality of the Corbino disk,
studied in this review presuppose depletion of the low-which makes it possible to interpret the data in Ref. 1 on the
dimensional system and the appearance of different depletidpasis of our model, arises under the conditions
layers, Schottky layers, directly in the contact zone in the R«
process. The central problem of the theory is to describe the Re~Ri<(Rp+R)/2, @
Schottky layer accurately. The oscillations of interest to usvhere R, and R; are the outside and inside radii of the
develop under conditions of nonuniform enrichment of thetwo-dimensional region of the Corbino disk. It is obvious
2D system and depend mainly on the characteristics of thehat the main property of the Corbino geometry — the closed
electronic system in the bulk, at a large distance from thenature of the current lines in the Hall direction — is also
contacts. As a rule, this requires taking into account the relapreserved in the quasi-one-dimensional approximatelh
tive position of the contacts. This is the technical novelty offunctions of the problem are independent of the coordinate
the problem discussed below. y, which is also the direction of the Hall current

In the absence of Coulomb proximity effects the total In general, the electrons occupy the plawe+d, i.e.,
resistance of a Corbino disk from Ref. 1 should not oscillatehey are separated from the donors by a spacer layer of thick-
as a function of the magnetic fielghe resistance is deter- ness 2. The existence of a spatial separation between elec-
mined mainly by the central part of the disk, where the fillingtrons and holes, as is characteristic of real heterostructures,
factor is less than 1 and therefore there are no oscillationsmust be taken into account in our model as well. However,
If, however, the Coulomb proximity effects are substantial,the discussion below shows that the oscillations of the con-

Ng(X)=Ng, [X|>W; ng(x)=ng, |x|<w. 6h)
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7 ) 2¢? [(w+x)?+4d?
+d electrons epg(X)=——(Ng=ng)in W—x)214d® (6)

! L - where k is the permittivity.
Tw ‘l tw z The solution of Egs(5) and (6) is
bbbttt + o+ L I SRt TR
-4 donors 4dw
5n(x)= Y TS+ arctanw s (7)
FIG. 1. Diagram of a heterostructure with modulated donor density. The WX
crosses represent the distribution of the donors occupying the plane 2 2 2
z=—d; the dashes represent the plane of 2D electrens- d. The jumps in _ _ 0, (4d°—w"+x9)>0
the donor density are located at the poirts +w. The magnetic field is y=(Mg—Ng)/m, S= 1, (4d2—w?+x?)<0|" (7a)
directed along the axis. All spatial quantities are independent of the coor- '
dinatey. In the region|x|>w the quantitysn(x) is of the order of
n(x)~4ydw/x?; 8
ductivity are insensitive to this separatiordi&w. The struc-  i-€., the perturbation8) is integrable.
ture under discussion is shown schematically in Fig. 1. If, however,x—0 andd/w<1, then
The model(1) is suitable from the formal standpoint 4d
becuase of its simplicity. It contains singularities of the elec- 5n(0)5777( 1— —) : (8a)
tron density, which are known from Ref. 2, in the contact W
zonegsee the definition obny(x) given by expressiofil4)  je. the additional density in the central part of the 2D sys-

of Ref. 2] and it can be used to regulate the singularities bitem is proportional tal/w. It is obvious that the effect of the
the methods described in Ref. 3. The properties of the modgjniteness ofd/w on the conductivity of the system can be
(1), as compared with the existing results from Ref. 3, sugyisregarded in the regiaw<1, especially since this chan-

gest that the behavior of the perturbed electron density a{e| of nonuniformity sn(x) is insensitive to the magnetic
large distances from the contact zones is insensitive to thefg|q.

geometry. Finally, in modefl) it is possible to give a self- 3. Now letd/w— 0 i.e., the spacer thickness is zero, and
consistent description of a two-dimensional electronic sys-
tem bounded on two sides. This solves the problem of the Ng>ng. 9)

integral divergence of the total effective charge near the CONthis means specifically
tact zones, as is the case within the one-contact approxim ’ ’
tion, and(which is important for the conductivity problem in
which we are interestedhere arises a reasonable definition
of the perturbed electron density in the central part of theP
system at large distances from the metallic edges. On thi
basis we consider the proposed model of a Corbino disk tQ
be acceptable for a qualitative description of oscillatory
magneto-Coulomb proximity effects in bounded 2D systems vy, = wIﬁNd> 1, v,= wlﬁnd< 1, |2=chleH, (10
with metal contacts.

2. The finiteness of the spacer thickness @akes it whereH is the intensity of the magnetic field. How will the
much more difficult to solve the problem of equilibrium in total resistance of the heterostructure behave as a function of

an electronic system. For this reason, it is desirable to detef'® magnetic field? .
mine its role at least under simplified conditions, for ex- S noted above, when the Coulomb proximity effects
ample, for a purely electrostatic equilibrium in a nonuni- &€ taken into account, the total resistance of the system can

formly doped heterostructure where the equilibriumoscmate because of the oscillatory behavior of the chemical

that the resistance of the structure is
Fetermined mainly by its central part. We now introduce into
the problem a magnetic field oriented perpendicular to the
lane of the system. Here the magnetic filling faciqris
uasiclassically large for regions with electron density
(X)~Ng; i.e.,v>1, and small ¢,<1) for the central part

f the system:

condition has the form potential in the metallic edges and because of the effect of
these oscillations on the equilibrium electron density in the
¢(X,z=+d)+ @q4(x,z= +d)=const. (3  central part of the disk. This idea was realized in the experi-

Here ¢(x,2) and pq(x,z) are the electric potentials associ- Ments of Ref. 1, where the electron density of the disk was
ated with the electron densityp(x) and donor density Modulated with the aid of auxiliary controlling electrons.

ng(x) distributions along the heterostructure. The electrorRualitatively, the experimental answer is that the total resis-
densityn(x) can be represented in the form tance of the disk, with the “suppressed” electron density in

the central part of the disk, does indeed oscillate as a func-

n(x)=Ng+ én(x). (4)  tion of the magnetic field with quasiclassical frequency char-
Here the correctiorsn(x) must vanish in the limitstoo. acteristic of “edges” with a high electron density. The am-

Taking into account Eq(4), the requirement3) reduces to  Plitude of the oscillations increases with decreasing electron

an equation fosn(x): density in the central part of the disk. However, a detailed
) interpretation of the data of Ref. 1 is impeded by the abun-
el(X)+ Zijmds&n(s)/(x—s):o, (5) dance c_)f auxi!iary electrons. Our mo<_jel of a Corbino disk

K J-o makes it possible to analyze the details of this effect.
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The condition of equilibrium for the modulated elec- us, since the critical feature here is the region with the mini-
tronic systemn(x) in a magnetic field and with zero spacer mum electron density, i.e., the central part of the 2D system.

thickness idinstead of Eq(3)] From this reasoning follows the criterion for the applicability
u=ep(x,z=0)+ ¢ [n(x)]=const (11) of the perturbation theory which we are using
Here oNnp(0)<<ny (15
4T cog27e; Ifiwg) or, using Eq.(14), we have
N = et o TRy * € 1@e (113 l<w, |=xeq/m2en. (153
or It is obvious that the requireme(it5a can always be satis-
1 fied in any case by making a suitable choicenof
{p(n)= Eth_T In(——l), e<hwe, (11b The next approximation fon(x) is formulated, when
v necessary, as
where
Ny1(X) =nNg(X)+ Ng(x), Ng(X)=ny(x). (15b)

~ %2 * — 12
gr=A"n()/m™, () =mlin(x), The density distribution(15) must be substituted into

w. is the cyclotron frequency, amtd* is the effective elec- ¢(n,), after which a new boundary conditipwhich replaces
tron mass. We do not present here the general definition ahe condition(13)] for the distribution(x) along 2DEG
£(n) in the form of a series in the eigenvalues of the electrorarises from Eq(11):

energy in the magnetic field. We shall restrict the discussion

to the asymptotic relationdl1a and(11b). We assume that ea(x)=const=¢ [ny(x)]. (16)

the problem of equilibrium is solved approximately. Using the new boundary conditiqfi6) instead of the condi-

The idea of the approximation is suggested by the struction (13a, we can find the distributiorp;(x,z) in all the
ture of the definition(11). In this formula the “chemical”  space around the 2DEG and hence alsg(X):

part {(n) is sensitive to the total electron densityx) and
its Coulomb component contains onBn(x). We now as- 2redn (X):K<9<P1(Xa0)
sume that in the zeroth approximation the electronic density . iz’
n(x), which appears in the definition ¢{n), reproduces the
donor distribution(1), i.e.,

17

etc.

4. We now introduce the correctiofn(x) into Ohm’s
No(X)=ngy(X), (12 law for the current between the metallic edges of the system
under discussion. Here we confine our attention to the sim-

whereny(x) is obtained from the initial conditioft). In this plest possibility — the Drude approximation

case the equilibrium conditiofl1l) along the system as-

sumes the form ~ n(x)e?r de
1= axe M) =ng+ne(x), (18
epat {a(Ng) =epp+ {p(Nng) (13 m X
or, equivalently, where 7 is the momentum relaxation time, ar®hy(x) is
. (N — Cwex=+ taken from Eq.(14). Assuming now that the current density
€¢ap=E¢p~€¢a=La(Na) = p(Na), WSX= (Vilsa j is conserved along the axis, we can determine the effec-

tive relation betweernj and the potential differencé at the
If the distributionn(x) of the type(12) were an equilibrium  edges of the high-resistance part of the system

solution (11), then the electrical part of the problem would .

be zero. In reality, however, EGL3) implies the presence of Ve J'+WdS(d<p/dS)= m Jf“” ds (19
a jump ¢4, Which is determined by the asymptotic expres- —w e’r ) _wng+dng(s)’

sions for Z(n) [Egs. (118 and (11b)]. This behavior of
¢(Xx) is possible only if there exists a deviatian(x) of the
equilibrium electron density fromy(x) [Eq.(12)]. Denoting
this deviation in the zeroth approximation @sy(x) and
using Eq.(13a, we obtain

The definition(19) indicates, in particular, that the singular
points of the functionSny(x) from Eq.(14) do not contribute
to the integral. The expressiofi9 can be reduced ulti-
mately to the following effective Ohm’s law:

KW@ap ji=oVi2w, o=00f(8), ou=€?r ng/m*, (20)
Mo(X) = “zerz—x2) (14 5
f(5)

where ¢, is given by Eq.(139. The power-law depen- 5—0.51—-8)In[(1+8)/(1-6)]’
dences at the ends of the intervak &re similar to the di- 1 > 5
vergences of the normal component of the electric field at the o=(1+1w)"™% 1= regap/m € ng.
joint of the free faces of the metals in contact with one an-f 5=1—¢, e<1, then

other in the problem of the contact potential difference of
Ref. 2. The presence of these singularities is not very impor-

1
tant for the effective conductivity of the system of interest to f(o)= e=08/w. (21)

1—¢ In(2/e)’

482 Semiconductors 31 (5), May 1997 V. B. Shikin and N. I. Shikina 482



In the opposite limiting casé— 0 (I>w), which we present electron density, and the capacitance measurements of the
only as an alternative to Eq21) (our perturbation theory density from Ref. 1 give an idea only about the average
“does not work” in this limit), electron density along the central part of the Corbino disk.
£(8)=3/262. 22) Furthermore, a direct gomparison of the numerical'data in
Ref. 1 and our results is only moderately correct, since the
Equations(20) and(21) contain the main qualitative features presence of an additional controlling electrode in Ref. 1 in-
of the experiment of Ref. 1; specifically, for smallthe fluences the experimental results.
effective conductivity of the system possesses a component |n summary, we call attention to the existence of specific
which oscillates as a function of the magnetic field. Here thepscillations of the conductivity as a function of the magnetic
period of these oscillations is determined by the denl§ify field in bounded, low-dimensional, charged systems with
and the amplitude is inversely proportional ng. Taking  metallic contacts, when the oscillations of the chemical po-
into account the definitions of [Eq. (20)] and of ¢,, [EQ.  tential in the low-resistance part of the system, which makes
(139], we can write the definition of the oscillatory part a negligible contribution to the total resistance, influence the

do in the form electron density in the high-resistance part of the system —
_ which accounts for the oscillations of the total resistance. A
dalag= de In(2/ey), . : . i
relationship between the low- and high-resistance parts of
2khw, cog (27ANg)/ (M* w,] the problem can be established because of the Coulomb
oe= 73e2ngw  hoe>T, (23 proximity effects.

) This work is supported by INTAS Grant No. 93-933 and
go=«hNq/(7me"ngw), RFFR Grant No. 95-02-06108.

Whe.re e from Eq' (21) is divided into moni)';onl(:so and V. T. Dolgopolov, A. A. Shashkin, G. V. Kravchenko, I. M. Mukkhamed-
oscillatory e components. Fok=10, w=10"“ cm, H_B 1 zhanov, M. Vendel’, J. P. Cotthouse, L. V. Molencamp, and S. T. Foxson,
T, Ng=10" cm2, and ny=<10° cm 2, the amplitude  JETP Lett.63 63 (1996.
Soloy= 1072, 2L, D. Landau and E. M. LifshitzElectrodynamics of Continuous Media

. . . : . Pergamon Press, N. YRussian original, Gostekhizdat, Moscow, 1957,

This estimate is approxmately an order of magmtudg 133,

smaller than the experimental result of Ref. 1. However, itsa. va. shik, Fiz. Tekh. Poluprovodre9, 1345 (1995 [Semiconductors
should be kept in mind that in the density interval of interest 29 697(1995].
to us the Conductivity of a Corbino disk exhibits a pro- 4A. A. Shashkin, V. T. Dolgopolov, and G. V. Kravchenko, Phys. Rev. B
nounced percolation charact&ee, for example, Ref. 4 49, 14 486(194).

i.e., it is determined mainly by local saddle points with low Translated by M. E. Alferieff
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Exchange energy of a free electron in a semiconductor
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A general expression is obtained for the exchange interaction energy of an electron in a
semiconductor for arbitrary degree of degeneracy of an electron gas. The single-particle exchange
energy is expressed in terms of an integral function that depends only on the ratio of the

Fermi energy, measured from the conduction-band bottom, to the thermal energy of the electron.
For a strongly degenerate Fermi gas and zero temperature, this expression transforms to

Slater’s formula for the exchange energy of an electron in a metal. As the temperature is raised,
the exchange energy decreases monotonically. The general expression acquires a simple
analytic form in the limit of a nondegenerate electron gas. On the insulator side of a Mott transition
the exchange energy varies nonmonotonically with increasing temperature: It has a maximum

at a temperature of the order of the donor ionization energy. It is shown that the anistropy

of the isoenergy surface of the electrons has virtually no effect on the magnitude of the exchange
energy. The concentration dependences of the narrowing of the band gap at several
temperatures for silicon and gallium arsenide are presentedl9%Y American Institute of
Physics[S1063-782807)01605-0

1. INTRODUCTION Heren is the free-electron density, amd is the number of

) ) L equivalent valleys in the energy spectrum of the electrons in
It is well known that in the theory of metals it is impor- i, space of an anisotropic semiconductor.

tant to take into account t.he exchange energy of t'he free-  gjaters formula1) is widely used not only in the theory
electron gas when calculating the shape of the Fermi surfacgs metald but also in the theory of atonfsUsing this for-

The exchange energy is also found to be important in SOMg, j5; the complicated nonlocal Fock term was replaced by a
problems of semiconductor physics. Examples are the theoréﬁmple local potential. This idea was the basis of the so-

of impuirty-concentration narrowing of the band gap of acgjieq |ocal-density approximatich.This approximation
semiconductdrand the theory of a insulator—metal phaseayes into account, in addition to the exchange energy, the

transition in semiconductofs. correlation energy responsible for the interaction of Fermi

The effect qf the ex.change interaction can be taken int?)articles with antiparallel spin]é’. This correlation term for
account when finding either the total energy of the system 0ggmiconductors is no more than 1/8 of the exchange term.

the single-particle energy levels of the electrons. The contrigjere we disregard this term since for a concentration shift of
bution of the exchange energy to the total energy of thgne conduction-band bottom another correlation ris

system was first obtained by Wigner and Skitin a calcu-  5nd to be much more important — the Debye-ekel en-
lation of the lattice parameters of a crystal. Wigner and Seitz,,

work with the exchange energy per electron; this quantity is

obtained by dividing the total exchange energy by the num- _ €
ber of electrons in the system. However, in applications, in- DH™ 5¢
cluding in the calculation of the band gap of a semiconduc- . . .
tor, it is necessary to know the single-particle eigenenergieswhere'< is the reciprocal of the Debye screening length
The single-particle exchange energy, as shown by Siaser, 4née?

two times greater than the exchange energy per electron. The K™= cE. (4)
expression used by Slater is

K, ()

HereE; is the screening energy

3 e F_in) E
Uex=— 5= — k¢, (N kT —2 - F
X 277 & ES kBT F%( 77) ’ n kBT . (5)
wheree is the elementary charge,is the dielectric constant Expression(1) was obtained for an isotropic dispersion

of the medium(assumed to be 1 in Ref),6andkg is the relation and for a Fermi gas with the maximum degeneracy.

Fermi quasiwave vector, which in the case of a semicondudn semiconductors the state of the electron gas can vary from

tor is given by the expression strongly degenerate to nondegenerate. In addition, the isoen-

ergy surfaces in many semiconductors are anisotropic.

5 Our objective was to obtain an expression suitable for

F_<3Tf n) @) determining the single-particle exchange energy in a semi-
M

wl =

conductor.
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2. CALCULATION OF THE EXCHANGE INTERACTION Then the integration over' gives the volume of the system

ENERGY OF AN ELECTRON IN A SEMICONDUCTOR V and the exchange integral becomes
2.1. General method for obtaining the exchange correc- o e2 el (k=K")-r
tions to the total energy of a particld.et us consider the Vi = s_Vf d3rf. (14

first-order correction to the energy of an electron in a state
with quasiwave vectok and some definite direction of the Replacing in Eq(7) the summation ovek’ by integration,
spin which arises as a result of the exchange interaction oie obtain the single-particle energy

the given electron with another electron located in the state 262
k’ and with the same direction of the spin. It is knd#that e(K)=E,— —Q, (15)
the exchange interaction decreases the total energy of a par- e
ticle by the amount of the exchange integral where
Agk,(k)=Vt|;'f. (6) 1 el (k—k")-r
, Qk=16 5 f d3k’ fyr f d3r — (16)
The expression for the exchange integvék'f will be pre- &
sented below. The second term in Eql5) gives the single-particle ex-

If the exchange interaction is summed over all stateshange energy>*which depends on the quasiwave vector
k’ with fixed k, taking into account the probability of filling k. In the literature(see, for example, Ref. 15the single-
these states, then the total energy of a quasiparticle in a staparticle exchange correction to the total energy of a quasi-
with quasiwave vectok and a definite direction of the spin patrticle is, as a rule, averaged over the quasiwave vector:
can be written in the form

, Q=970 [ d*kauty, a7
8(K)=E— 2 Vigifi, (7)
k' where the normalization constant is
where
202 K 9(0)= j A%k (18)
= ( Ly —L) ®
2\mp mg Therefore, the averaged single-particle exchange energy is
is the kinetic energym; and m, are the longitudinal and 22
transverse effective masses, dgandk, are the analogous U= — EQ' (19
components of the quasiwave vector;
1 The quantityQ, defined in Eq(17), can be put into the form
=g — © 1 dr ,
el +1 Q= 16,29 (0)f7|g(r)| , (20

is the Fermi distribution, whergr is the Fermi energy level,
andkgT is the thermal energy.

The exchange integral';li'f in Eq. (6) is determined by
the expression g(r):J d3ke*rf,. (21

2 * *
Vté'f: e_f d3r,d%r, c(r)Wie(r2)Widra) Wie(ra) 2.2 General expression for the single-particle exchange
& [ri=r2l energy in a semiconductoEquations(19)—(21) completely
(10 determine the single-particle energy. We shall further trans-
In the effective-mass approximation the Bloch waveform them in order to decrease the multiplicity of the inte-

where g(r) is the inverse Fourier transform of the Fermi
distribution function:

functionsW¥(r) can be replaced by plane waves gration by separating the angular part and representing the
final expression for the exchange energy in a form conve-

\Ifk(r)zi elkr (11) nient for practical applications.
\% In the general case of ellipsoidal or spherical valleys in a

semiconductor, the problem of finding the single-particle ex-
8hange energy can be reduced to a calculation of a double
integral which depends only on a single parameter the

ratio of the Fermi energymeasured from the conduction-
band bottom to the thermal energygT:

whereV is a normalization volume. In this approximation it
must be assumed that all wave functions appearing in th
integral (10) refer to the same valley of the energy spectrum
of the electron.

We make the following substitution of integration vari-

ables in Eq(lO) e? K(ﬂ) EF
r=ri-ra, @z Ve RATE T T 2
TF%( 7)
,:r1+ ry 13
2 HereK(#) is a function defined as
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K(n)= f:pﬁ(p)dp,

Jp)= fowcosqmln(e"*qzﬂ)dq; 23)

kt is the characteristic thermal momentum of the carriers

(24)

2mgkgT
kT: hZ ,

Fi(#) is the Fermi integral

» \ydy

Fl(n)—\/— et 25

A is the anisotropy factor in the dispersion relation

me . m;
A= —————arcsi 1-—
vm, (myj—m;) my /)’
m, <my; (26)
m m
(VB
mi(mi my) mj my
m, >my, (27)
where
mé=m?m. (28)

It is obvious that for an isotropic dispersion relation

(m; =m) the factorA=1. But the value oA is found to be

obtained in this case from E@l6), is identical to the quasi-
particle dispersion relation presented in Refs. 13 and 14:

k
Qk=keF(x), X=qo (32
F

2 |1+x

1-x

1—X
2X

F(x)— L 1+ In| —— (33

We note that the anisotropy of the isoenergy surface of
the electrons in a semiconduct@or the casem, <mj) was
first taken into account in Ref. 16; the expression obtained in
Ref. 16 forU., was then refined in Ref. 17.

2.4. Nondegenerate electron gds.the case of a nonde-
generate electron gas

K(m)= 7€ (34
Fi(np)=e”, (39
and therefore
e’ Er
Ug= — mAkTa?. (36)

This formula will be discussed in the next section.

3. RELATION OF THE EXCHANGE INTERACTION WITH THE
PARAMETERS OF THE SYSTEM OF ELECTRONS

3.1. Transformation of the final asymptotic expressions.
The single-particle exchange interaction energy is repre-

close to 1 even for the common anisotropic semiconductorsented in a simple analytical form for two limiting states of
For example, for silicon, which has a comparatively highan electron gas in a semiconductor: degenerate @ate31
anisotropy,A=0.94. It can be assumed, therefore, that theand nondegenerate statéq. 36. These formulas can be
anisotropy of the isoenergetic surface of electrons has virtutransformed into a clear and symmetrized form by introduc-

ally no effect on the magnitude of the exchange energy.

ing into the analysis the characteristic de Broglie wavelength

The representation given above for the final result is useof an electron X = 2x/k, wherek is the characteristic quasi-
ful for practical calculations, since it is sufficient to calculate Wave VECIOT and the average distance between electrons
once and tabulate the functid(#) in order to obtain the (a=n- 3) The quantitya determines the Coulomb interac-
single-particle energy for different ratios of the Fermi energytion energy between two electroe®/ca and the ration/a

(measured from the conduction-band botjoand the ther-

mal energykgT.

The integrals appearing in the functi&i{ ») can be cal-
culated analytically in two limiting cases — for strongly de-

generate and nondegenerate electron gases.
2.3. Strongly degenerate electron gas the limiting
case of strong degeneracy

K(n)= (29)
4 3
Fi(n)= 3/n 72, (30)
and therefore
Ugy= — 3¢ Ake . (31)
2me

For an isotropic dispersion relation E(1) transforms
into the Slater equatiofl). The expression fo®,, which is

486 Semiconductors 31 (5), May 1997

determines the degree of overlapping of the wave functions,
i.e., the intensity of the exchange interaction. Equati@is
and(36) can then be written in the unified form

(37)

The numerical factor equals 9#8for a degenerate electron
gas and 1/z for a nondegenerate gas. In the express&

\ is the electron de Broglie wavelength associated with the
characteristic electron energy:

N=Ngl 1 S keT)* 2710 (3
for a degenerate gas and
2
ke
for a nondegenerate electron gas.
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change energy decreases monotonically with inceasing tem-
perature(Fig. 1). This decrease is due to the temperature
decrease of the characteristic de Broglie waveleigtti the
electrons, since does not depend on the temperat(itee
electron density in the conduction band is congtant

In a nondegenerate semiconductor the exchange energy
varies nonmonotonically with increasing temperat(Fé.
2). At low temperature the exchange interaction energy in-
creases as a result of a decreasea ifthe electron density
increasepand reaches a maximum at the ionization tempera-
ture of all donors, when the increase in the carrier density
saturates. Then the exchange energy starts to decrease, but
now it does so as a result of the temperature decreake in
i.e., a decrease in the overlapping of the wave functions. The
effect of such a temperature dependence of the exchange
0 150 200 350 energy in a nondegenerate semiconductor is that the ex-

Temperature , K change correction to the band gap in a nondegenerate semi-

conductor is much smaller than the exchange correction in a

FIG. 1. Temperature dependence of the single-particle exchange energy degenerate semiconductor.
degenerate GaAs with different doping levils, 10 cm 31 —1.5,2 —

5, 3 — 10. Parameters: Electron effective mans=0.067m,; dielectric

constante =12.9.

Ezchange energy , meV

4. CONCENTRATION NARROWING OF THE BAND GAP

The electron—electron interaction decreases the width of

Equation(37) reflects the fact that the greater the elec-the band gap in a semiconductor. There are several mecha-
tron wavelength and the shorter the distance between thg§isms for this narrowing, which we shall examine for the
electrons, the stronger is the exchange interaction. example of an-type semiconductor. The Debye tkel

3.2 Temperature dependence of the single-particle eXjowering(3) of the conduction-band bottom and the rising of
change interaction energye shall now consider the tem- the valence-band top equivalent to(it it is assumed that
perature dependence of the single-particle exchange energyectrons and holes are screened by the electron gas identi-
in a semiconductor in the case of degenerate and nondegegully; see, for example, Ref. 1iand the lowering of the
erate gallium arsenide. It was calculated according to forconduction-band bottom by the amount of the exchange in-
mula (22) and is presented in Figs. 1 and 2. To understanderaction(22) make the main contribution. The total narrow-

these dependences clearly, it is sufficient to analyze E&q. ing of the band gap will then be
for the exchange energy in two limiting states of the electron

In a degenerate semiconductor the single-particle ex-

0.5t 250

200

0.41r
S
L1
E = 150
2 E
g 037 t“,:,
g <760
F0.
- 50
8
[t

01 0

710’3 1.0 "9 7(‘]za
) — Concentration , cm -3
0 100 200 J00
Temperature, K FIG. 3. Narrowing of the band gap in Si as a function of the free carrier

density at different temperaturds K: 1 — 4, 2 — 77, 3 — 300. Heavy
FIG. 2. Temperature dependence of the single-particle exchange energy lines — total narrowing; thin lines — exchange term. Experimental data are
nondegenerate GaAs for different doping levidls, 10°cm™3:1—0.1,2 available for temperatur&=300 K (indicated in the figure by dot$® Pa-
— 1,3 — 10. The parameters of the semiconductor are the same as in Figameters: effective masses =0.98n,, m, =0.9m,; dielectric constant
1. e=11.9.
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relation mechanism. In gallium arsenide, on the other hand,
the effect of the exchange interaction is found to be substan-
tial, as one can see from Fig. 4. For free electron density
10 cm™2 the exchange term becomes the same as the cor-
relation term. This stems from the fact that the exchange
interaction arises only between electrons located in the same
valley ofk space. The presence of six valleys in silicon in the
calculation of the exchange energy is therefore equivalent to
a decrease in the electron density by a factor of 6. Con-
versely, the correlation energy depends only on the total
electron density in the conduction band and therefore the
relative contribution of the exchange interaction to the total
narrowing of the band gap decreases as the number of val-
leys increases.

FIG. 4. Narrowing of the band gap in GaAs as a function of the free carrier1 g Berggren and B. E. Sernellius, Phys. Rev24 1971(1981).

density at different temperaturds K: 1 — 4,2 — 77, 3 — 300. Heavy

2D. N. Bychkovski, O. V. Konstantinov, and B. V. Tsarenkov, Fiz. Tekh.

lines — total narrowing; thin lines — exchange term. The parameters of the Poluprovodn29, 152 (1995 [Semiconductor9, 80 (1995].
semiconductor are the same as in Figs. 1 and 2.

3E. Wigner and F. Seitz, Phys. Re4B, 804 (1933.
4E. Wigner and F. Seitz, Phys. Re46, 509 (1934).
SE. Wigner, Trans. Faraday So84, 678 (1938.

. . 6
This formula was used to calculate the concentration de- J- C. Slater, Phys. Reg1, 385(1951.

pendences of the narrowing of the band gaprfaype sili-

A. P. Cracknell and K. WongThe Fermi Surfac¢Russian trans., Atom-
izdat, Moscow, 197B

con and gallium arsenide; these curves are presented in Figsr. Herman and Sh. Skillmastomic Structure Calculation®rentice-Hall
3 and 4. The computational results agree well with the ex- Inc., 1963.

perimental data only for silicon. For gallium arsenide ou
values of the narrowing of the band gap are 1.5-2 timeso
smaller than the available experimental valfiéhis could

r 9S. Lundqvist and N. M. MarcfEds], Theory of the Inhomogeneous Elec-

tron Gas Plenum Press, N. Y., 19§Russian trans., Mir, Moscow, 1987
O. Gunnarsson and B. I. Lundqvist, Phys. Revi® 4274 (1976.
11D, N. Bychkovski, O. V. Konstantinov, and B. V. Tsrenkov, Fiz. Tekh.

be due to different methods of performing the experiment: Inl Poluprovodn24, 1848(1990 [Sov. Phys. Semicon@4, 1151(1990].

gallium arsenide the measurements were performed accor

L. D. Landau and E. M. LifshitzQuantum Mechani¢csPergamon Press,
N. Y. [Russian orig., Nauka, Moscow, 1989

ing to the ph0t0|um|nesce_nce spectra, _Whereas in S'I'C_On then w. Ashcroft and N. D. Mermin irSolid State Physicsolt, Rhinehart,
data on band-gap narrowing were obtained by measuring theand winston, N. Y., 197Russian trans., Mir, Moscow, 1979
transport coefficient in transistors with a different degree of‘F. Seitz,Modern Theory of SoligsMcGraw-Hill, N. Y., 1940[Russian

doping of the emittet? This method seems to us to be more

trans., GTTL, Moscow, 1949
J. Slater,Insulators, Semiconductors, and MetdRussian trans., Mir,

reliable since in practice the tails of the density of states gscow, 1969

cannot affect the carrier transport coefficient, but at the sam&v. L. Bonch-Bruevich and R. Rozman, Fiz. Tverd. Télaeningrad 6,
time they can play a substantial role in the formation of the 2535(1964 [Sov. Phys. Solid Staté, 2016(1964].
photoluminescence spectrum.

A. A. Rogachev, Author’s Abstract of Doctoral Dissertation, A. F. loffe
Physicotechnical Institute of the USSR Academy of Sciences, Leningrad,

The heavy lines in Figs. 3 and 4 represent the total nar- 1947.
rowing of the band gap and the thin lines represent the con®Huade Yao and A. Compaan, Appl. Phys. L&, 147 (1990.
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Electron transport under Wannier—Stark localization conditions in silicon carbide
polytypes
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Fiz. Tekh. Poluprovodn3l, 577-584(May 1997

A detailed study is made of electron transport in high electric fields in natural superlattices of the
6H and 4 polytypes of silicon carbide. The electron behavior indicates the appearance

and development of Wannier-Stark quantization over a wide range of electric fields, 200—2000 kV/
cm. Direct measurements of the electron current as a function of the average electric field

reveal a number of regions with negative differential conductivity. An analysis of these data shows
that the observed effects are caused by different mechanisms which come into effect as the
electric field is raised(1) Bragg reflection of electrons from the boundary of the first minib&2d,

jump conduction between levels of a Wannier—Stark staircase induced by resonant
electron—phonon interactions, af®) resonant inter-miniband tunnelling from the first miniband

into the second. ©1997 American Institute of Physids$$1063-782@07)01705-3

INTRODUCTION carrier spectrum consisting of narrow bands known as mini-
] o ) bands. A number of Wannier—Stark localization effects re-
Applying an electric field to a crystal is known to lead 10 |a4e4 tg the appearance of a negative differential conductivity
a number of interesting effects. Many of these effects, suchaye peen predicted theoretically for this type of structure.
as the Fran_k—KeIdysh e_ffect,_ tunnelling, and others_, received Tpe possibility, in principle, of obtaining a negative dif-
early experimental confirmation and have found widespreagy entia| conductivity on an artificial superlattice due to the

practical application. In this paper we examine one of theje|q_induced localization was predicted by Es&Kihe
most interesting effects, for which this cannot be saidi eshold field for its appearance is determined by
Wannier—Stark localization. A qualitative picture of this

phenomenon can be obtained using the basic principles of eFd>h/r. 2

the band theory of solids; this has been done most clearly by

Gurevich! The result of solving this problem is widely Hereh andr are Planck’s constant and the electron scatter-
known to be the transformation, under the influence of théng time, respectively; and is the superlattice period. The
electric field, of the continuous band structure into discretecriterion (2) means that negative differential conductivity as-
levels which are localized in space and which form a so-sociated with this effect arises when the frequea&yd/h of
called Wannier—Stark staircaéélhe distance between the the Stark oscillations exceeds the scattering frequency.

levels (the Stark energyis determined by In the effect considered above the Stark energy is still
small as long as the quasicontinuity of the first miniband is
AE=eFa (1) preserved, i.e., many Stark levels fit into its width. As the

Heree E. anda are the electronic charae. the electric field field is increased further, the regidn-E4 /eF in which the
e ' 9e, IC TG, electron is localized becomes smaller. Heéreis the width

and the lattice period, respectively. . L L .
Since then the Wannier—Stark localization problem hasof the first miniband. The miniband is then destroyed and the

. . . - rum takes the form of discr nergy levels. Electron
been discussed widely in scientific publications. It should b spectrum takes the form of discrete energy levels. Electro

) . . ransport in m of thi rth n ri Emin
noted that the correctness of Wannier's solution leading tqQ ansportin a system of this sort has been described by

. o ) nd Hart’ Conduction m ible in this ran f
Wannier—Stark localization has been questioned by §omea d Hart. Conduction becomes possible in this range o

. . o . %Iectric fields due to jumps between the discrete Stark levels
because his model used a single-band approximation WhICWith the participation of phonons. A negative differential
did not take into account the possibility of mixing of states P P b ' 9

. L conductivity associated with resonances of phonon transi-
from different bands by the electric field. It was later shéwn tions was predicted.The field corresponding tg these reso-
that even if interband tunnelling is taken into account, thenances is given by
Wannier—Stark localization remains, but the later result has
itself generated an active controvers¥his is evidence of eFdn=%4w. 3
the theoretical complexity of the problem and of the need for
experimental data for the entire range of related questionsderef w is the energy of the corresponding phonon, and
The great practical interest in experimental data on this topitakes the values 1,2,3, ..
arises in the possibility, in principle, of obtaining a negative At still higher fields, the Stark energy becomes high
differential conductivity, which is very important for many enough that only one level fits within the width of the mini-
applications. band. This case has been discussed theoretically elsefvhere.

Practical observation of Wannier—Stark localization iSA negative differential conductivity effect was predicted

possible only with use of a superlattice which has a chargevith a threshold field
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F=E,/2ed. (4)  this model, we can say in accordance with the Kronig—
Penney solution that the energy structure of the allowed band
Yet another possible mechanism for the conductivity infor 4H contains two minibands, that forHg three, and that
the Wannier-Stark localization regime is interminiband resofor 8H, four.
nant tunnelling’ It occurs when the height of the step inthe  Two bands have been observed previously in the optical
Wannier—Stark staircaseFd equals the energy gap;, be-  spectra of many polytypes in the region from 1 to 2.7V,
tween the first and second minibands; i.e., i.e., well below the intrinsic absorption edge. Both bands
were justifiably attributed to direct allowed electronic transi-
tions at the localization point of the minimum of the conduc-
As note above, in a number of theoretical papérs tipn band from.the ground state of thg conduction band into
doubts have been raised about the correctness of the solt]'—ghfer condu_ct|on bands.. A hypothesis was advaﬁé@gl:—
tions implying the existence of Wannier—Stark staircase ‘?Ord'ﬂg to this hypqthe_3|s, these bands were explglned by
This largely stems from the absence of convincing experi_transnmns from 'the. first into the §econd and third minibands.
mental confirmation of this phenomenon. Rather convincing confirmation of the presence of a nar-
For a rather long time, studies of Wannier—Stark local-"OW electronic band in a number of polytypes, .SUChlfs 4
ization were carried out exclusively on artificial heterojunc-GH' 8H, 1R, 2IR, 2/R, and 3R, has been obta|_r1é%r n
studies of collisional ionization in silicon carbide. It was

tion superlattices, mainly of the type AlAs—GaAs, as pro—]c d that the ch ter of th llisional ionization d q
posed by Esald.The first manifestations of Wannier—Stark ound that the character of the coflisiona’ 10nization depends
trongly on the direction of the electric field. The following

guantization were found in luminescence and opticalS

spectrd® and after a few years observations of negative Olif_conclusions were drawn from the collisional ionization data:
ferentiai conductivity were reported:12 (1) In uniaxial silicon carbide polytypes there is a nar-
In this paper we propose to stu;jy Wannier—Stark localfoW electron band in the direction of the superlattice axis and

ization on an object which differs substantially from thoseWanmer—Stark localization processes develop in that band

used previously: a natural superlattice which contains moslfndezr tr_:_eh acrtlloln %f hlghhelectrlcf fletlds. iated with th
of the polytypes of silicon carbide. From the standpoint of (2) ef ole aT i as nothea ures aSSOC'ﬁ‘f‘;‘ tV\:Ih de
crystalline structure, the natural superlattice is defined rathdf€S€nce of a superiatice, or they are so small that they do

simply. Silicon carbide is known to consist of a set of crys—nOt _SI_?]OW upt du:mglc?lhspnt?ll |c()jn|za|t|on. t of th tudi
tals which differ from one another in structufee., poly- € next natural step in the development ot these studies

types. The simplest polytypes are cubicC3SiC and hex- Wa,? an aftftentwpt. at (?lretct obtservanotnl;) f V\{agn_ler—tf]tark Iocalt—
agonal H-SiC. There are no purely cubic or purely Ization efiects In electron transport by studying the curren

hexagonal polytypes among the more complicated pontypeé’.OItage characteristics of superlattice crystals in high fields.
Each of them consists of layers ordered in a specific wa
with cubic and hexagonal surroundings. The best know
polytypes are #, 6H, 8H, 15R, 21R, and 2'R. The number For studying electron transport in high fields we have
denotes the number of atomic layers contained in a unit cellleveloped an experimental apparatus that satisfies the fol-
along the selected symmetry axis of the crysfalwhile the  lowing requirements{1) the measured current in the sample
letter defines the symmetry of the unit cell: hexagoh#) 6r  is purely electronic(2) the electric field in the sample is
rhombohedral R). It is clear, therefore, that the size of the uniform, and(3) the current in the sample can be controlled
unit cell of most of the polytypes along ti@ axis exceeds independently of the field. The triode structure developed for
the size of the cell for the simplest polytypes. For examplethese purposes has a number of important differences from a
in the hexagonal seriedH 6H, and & it exceeds the size traditional transistor which should be considered separately.
for 2H by factors of 2, 3, and 4. In this sense, this series of  The main element of this structure is a base that is doped
polytypes has a natural one-dimensional superlattice. with a deep acceptor impuritygcandium with an ionization
How does this affect the energy of the crystals? SpecifienergyE>0.5 eV. This makes it possible to achieve a hole
cally, is it possible to isolate a one-dimensional superpoteneoncentratiorp~ 10'° cm™2 at room temperature. The char-
tial in it with a period along the axis of the superlattice thatacteristic deionization times for such an impurity in the space
exceeds the period of the primary crystal potential? It hasharge region whemp~10° cm 3 exceeds 10° s. This
been found experimentally that the band gap in the purelyneans that the forward-biased emittér—p junction can be
hexagonal polytype | is greater than that in the cubicC3  opened only by a constant voltage or by pulses of duration
by 1 eV. Evidently, this means that the amplitude of thet>10"? s. After the potential barrier has been lowered, how-
crystal potential of an atomic layer with a hexagonal sur-ever, injection(which is a fast proce$san be realized with
rounding is substantially greater than the amplitude of a layeshort pulses of duration<10® s.
with a cubic surrounding. These hexagonal layers have a We now consider the collectg-—n™ junction. With re-
fixed periodicity with a period that exceeds the primary pe-verse bias, the establishment of an electric field in the base is
riod of the crystal. For the seried¥4 6H, 8H this excess is determined by the ionization process for the deep acceptor
same: by factors of 2, 3, and 4, respectively. Thus, there ignpurity, which takes place over a rather long time. Thus, if
reason to assume in these polytypes the existence of a supéhne reverse bias is created by sufficiently short pulses, the
lattice with a period that exceeds the period of the primaryacceptor levels in the base remain neutral and the hole con-
lattice by the corresponding number of factors. In terms ofcentration, as stated above, is no more thah® n 3,

eFd= ElZ' (5)

XPERIMENTAL TECHNIQUE
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FIG. 1. The measurement setup and distribution of the electric field in the experimental device structure for the cases of a high uni@ramtieddvery
high nonuniform field(b).

which corresponds to screening of the electric field over aneans of the sublimation sandwich method onratype
distance of less than 16 cm. Thus, for a base width of substrate. It should be noted that the problem of controlled
5-10 um, screening of the field will be very weak and the growth of a given polytype has not been solved in practice
field in the base may be assumed to be essentially uniforrand the required object is found by selection from a large
Fig. 1a. Its magnitude is given by=V/w, whereV is the = number of samples. Then antype layer with a thickness of
magnitude of the voltage pulse, amdis the width of the 1-2um was grown on th@-type film. The thickness of the
base region. base layer was determined by direct measurements of the
The operating principle of this structure is as follows: awidth of the luminescence region seen at the end of the fab-
pulsed reverse biag, with a periodtp~10‘7 s is applied ricated three-layer structure. Usually the thickness of the
between the collector and emitter. A constant forward biasase layer was 5—10m. After this, the experimental struc-
Vy, is applied to the emitter-base junction. The associatedure was prepared by photolithography. The diameters of the
emitter-base current essentially has no effect on the injectionollector, base electrode, and emitter were 420, 400, and 200
magnitude due to the large (2010 Q) resistance of the um, respectively.
p-region. The task of this bias is to reduce the height of the = The measurement scheme is shown in Fig. 1a. The cur-
contact barrier. A pulsed voltage applied between the collecrent in the emitter circuit was recorded during the measure-
tor and emitter ensures a uniform electric field which, onments. When the pulsed voltage was changed, the base bias
propagating through the base, reaches the open emitter junaras usually held constant. In addition, in order to observe
tion and gives rise to injection. The injection current in- the states of the experimental structure, the constant currents
creases together witif,, but is can be limited by changing in the emitter and base circuits were recorded.
V. The resistance of the base region decreases by a factor
of 10°~10* during the pulsed current flow, because the elec-
trons injected into the base are captured by the field and pa.gsESULTS AND DISCUSSION
through the base to the collector. Thus, an injection- The measuredN-shaped current voltage characteristics
transition mechanism for current flow is realized in the ex-for the 4H and 64 polytypes are shown in Fig. 2. This sort
perimental device. This electrical circuit corresponds to aof characteristic was first obtained for théi goolytype®2°
transistor incorporated with a common emitter. The threshold field at the beginning of its falling portion was
All the conditions enumerated above as necessary fot.2—1.7x 10° V/cm in the various samples with an error of
studying electron transport in high field under Wannier—about 10% due primarily to the inaccuracy in determining
Stark localization conditions are realized in this experimentathe width of the base layer. Somewhat later this effect was
structure. A pure electron current, controlled by a constanobtained in a second polytypet4? Figure 2 shows that the
bias which has no effect on the magnitude of the field in thecurrent voltage characteristics are qualitatively similar, but
base, flows through the base. The field over the entire widtithe threshold field for ¥ is almost a factor of 2 higher than
of the base is then essentially uniform. We have describetbr 6H at 2.7—3X 10° V/cm. Figure 2 shows structures for
this experimental structure elsewhere for the first tifhd.  which theN-shaped current voltage characteristic showed up
triode structure was used latéand its use was justified by most distinctly. In some of the samples the current drop was
the same considerations. less than 20% and in many cases observation of the effect
This experimental structure was created by growingwas inhibited by uncontrolled current losses and micro-
films of two scandium-doped polytypesH4and 64, by  plasma breakdown. In some of the samples, even when there
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bination instability, when the current carriers are captured at
repulsive center® The time of flight of the electrons
Ik 4H through the base layer<< 10 1°s, however, is much shorter
than the recombination time, so the probability of this pro-
cess is reduced. Furthermore, in the case of a recombination
B instability the threshold fields for4 and 64 would be es-

V sentially the same.

It thus seems reasonable to interpret the observed effects
in terms of a theory of Wannier—Stark localization. The pa-
6H rameters of these effects satisfy the criteria for Wannier—
Stark localization and the difference in the threshold fields
for the two polytypes is consistent with the difference in
11 their superlattice parameters. The rising branch of the current
voltage characteristic to the right of the threshold point can
be explained by increased injection as the field is raised, as
well as by transverse heating of the electrons. In addition,
! ) | . | not all the electrons which participate in the current flow are
0 7 2 3 subject to Wannier—Stark quantization. Because of the ge-

Electric field, 10° V/em ometry of the experimental structure, current can flow in it in

directions other than along the superlattice axis.
FIG. 2. Current as a function of field in experimental structures based on the
6H and 4 polytypes.

i)
|

Current, mA

STUDIES OF WANNIER-STARK LOCALIZATION IN VERY

o . HIGH ELECTRIC FIELDS
were no losses of this kind, the current voltage characteristic

retained its monotonic character up to the breakdown field. ~ Until now, we have been concerned with Wannier-Stark
For numerical calculations in the course of interpretinglocalization effects in strong fields, but only such that the
the data we have used the following parametets:7.5  distances between the levels in the Stark staircase are so
X 108 cm for 6H-SIiC, d=5 X 10 8 cm for 4H-SiC,  small that the miniband can be regarded as quasicontinuous;
m=my, and ©=100 cnf/(V-s). Herem, u, andm, are, i.e., E;>eFd. When the electric field is increased further,
respectively, the mass of the electron mass, its mobilitthe continuity of the electron spectrum is broken and the
along the superlattice axis, and the mass of the free electroregion in which an electron is localized becomes smaller. We
Condition(2) implies that the threshold field for negative define very high fields as the fields in which the size of this
differential conductivity associated with the Esaki—Tsu ef-region is much smaller than the mean free path, i.e.,
fect depends directly on the superlattice period. An estimate I>E, /eF. )

of the scattering time- according to the formula
The experimental procedure was modified slightly in or-
der to study the further development of the Wannier—Stark
yields 7=6 X 10 *s, which is in fair agreement with the localization process in these high fields. This was necessary
estimate given by Eq2). The estimate ofr given by that because the technique described above does not permit at-
formula is 4.4x 10 s for 4H and 5.5x 10™ s for 6H. tainment of fields above 5< 10° V/cm because of local
The other condition for this effect is breakdown. The main change in the experimental conditions
eFI>E, % was that, in addition to the pulsed voltage, a constant voltage
' was applied to the collector junction in order to bias it in the
wherel is the mean free path, ari} is the width of the first  reverse direction. This meant that, besides a pulsed voltage
miniband. Evidently, the width of the first miniband irH4  that was uniform over the entire base region, a much higher
should be considerably greater than iH 6since the super- constant field was concentrated in the space charge region at
lattice period of the former is a factor of 1.5 shorter. Thus,the collector junction. The measurement scheme and field
the threshold field for appearance of negative differentialistribution in the structure for this case are shown in Fig.
conductivity in the 4 and 64 polytypes corresponds to the 1b. Obviously, the field in the space charge layer is nonuni-
conditions for the Esaki—Tsu effect, while the observed dif-form. Since this junction is formed by a heavily doped
ference in the threshold fields for these polytypes are alsgegion withNy—N,=3-5 X 10 cm™ 2 and ap region with
consistent with these conditions. This allows us to interpreN,—Ny<2 X 10 cm™3, it can be regarded as sharp and
the negative differential conductivity observed in these poly-asymmetric, while the electric field inside it varies linearly
types as the initial phase of a Wannier—Stark localizatiorwith position. The maximum field at the—n* boundary is
process, specifically, as Bragg reflection of electrons fromhen
the edge of the first miniband.
The observed negative differential conductivity also can Fn=2V(eN2sV)™, ©)
obviously be explained by other causes.shaped current wheree is the dielectric constant, ald=N_,—N. The av-
voltage characteristic is also known to arise during a recomerage field within each of the regions is equal to half the

r=mule (6)
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The current—voltage characteristics for thd @olytype
4 50_"_ H contain five structural featurdslenoted by the label§-5),
of which four have a segment with a negative differential
- conductivity, while the fifth has a sharp current burst, as well
- 5 as a segment with a negative differential conductiyfyg.
F501 3). Region1l is characterized by a threshold field of 600
[~ kV/cm. It is unlikely that this effect is caused by Bragg re-
flection of electrons, i.e., that it is the initial stage of a
Wannier—Stark localization process. As noted above, the
threshold field for Bragg reflection is about 150 kV/cm. In
this experimental setup it was not possible to produce such
low fields, since even without an external field fhten junc-
\_A tion contact barrier is 2.7 V, which corresponds to an average
field in the space charge region of over 150 kV/cm. In order
to lower the field further it would be necessary to reverse the
external voltage at the collector junction, but then the three-
: L electrode structure can no longer function.
0 500 000 1500 2000 The threshold field of 600 kV/cm for thet6 polytype
Electric field ,kv/em corresponds to a Stark energy of 45 meV, which suggests
strong localization leading to failure of the quasicontinuity
FIG. 3. Current as a function of field for the experimental structures base¢ondition for the electron spectrum in the first miniband.
on the‘ 6—|hpolytype (very high electric field cage See comments on this Then conduction can occur through jumping of electrons be-
flgure in the text. tween quasidiscrete levels with the participation of phonons.
This mechanism for conduction has been examined theoreti-

. ’8 . .
maximum. In this experimental setup the pulsed field serveS§2ally in two papers:® The physical models upon which the

to ensure injection of electrons into the base and make theffficulation is based were different in these two papers, so the
drift into the high field region. predicted results were different. Both papers do conclude

This experimental technique made it possible to investithat the current voltage characteristic must have the form of

gate the current voltage characteristics of structures based &fsonances with threshold fields for the appearance of nega-
the 44 and 64 polytypes at fields ranging from 100 to 2000 tive differential conductivity given by the equation

kV/cm. The main results are shown in Figs. 3 and 4. The

characteristics for the two polytypes have a number of struc- €Fdn=const. (10

tural features, of which there are many more fot éhan for

4H. Here we propose an interpretation of these data in termm Ref. 7 the constant was the phonon energy and in Ref. 8,

Current,mA
N
S
T

#0

50

of the theory of Wannier—Stark localization. the width E; of the first miniband. The factor
n=1,2,3, ... corresponds to the number of superlattice lay-
ers through which an electron jumps.
200 In the current voltage characteristic for thel §olytype

the features labelletl, 2, and3 correspond to Stark energies
of 45, 80, and 103 meV, respectively. These are close to the
transverse(46 me\) and longitudinal (77 me\) acoustic
phonon energies, and to the longitudinal optical phonon en-
ergy (103—112 meV at the conduction band minimuff.
Thus, the negative differential conductivity observed in re-
gions1l, 2, and3 can be interpreted as phonon assisted elec-
tron jumps between neighboring levels of a Stark staircase.
Here the threshold fields for negative differential conductiv-
ity satisfy Eq.(3) with n=1, i.e., for transitions between
neighboring superlattice sites. Transitions with 1 are not
observed, since they take place at substantially lower fields

‘
S
x

Current, mV
8
i

% which were not technically attainable in our experiment.
B Low fields can also lead to failure of the strong localization
condition (8), which will make it impossible to observe this
Y SRS NN NS SR R | effect. It should also be noted that transitions with 1 are
0 500 000 1500 2000 more subtle effects and it may be hard to see them because of

Electric field,kv/cm the different loss mechanisms in the bulk and on the surface,

FIG. 4. Current as a function of field for the experimental structures base&InCe the prObIem of CryStaI qua“ty becomes crucial in hlgh

on the 4 polytype (very high electric field case See comments on this field _StUdieS- Thus, it is ‘_jO_Ubtf_Ulr in principle, whether it is
figure in the text. possible to observe multiplicative series with-1.
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The Stark energy corresponding to the threshold field irFig. 4. Only two features containing a negative differential
region4 is 125-130 meV, or substantially higher than theconductivity were observed at threshold fields of (1.6—1.7)
known phonon energies at the conduction band minimumx 10° V/cm and (1.9-2)x 10 V/cm, which correspond to
Thus, there is reason to interpret the observed effect in termStark energies of 80—85 and 96—100 meV. These values are
of the model considered in Ref. 8, where the width of theclose to the energies of the longitudinal acoustic and optical
first miniband must be a multiple of the Stark energy. Thephonong?® No other features associated with resonant inter-
Stark energy at the threshold field is Hp® This easily actions of phonons with Wannier—Stark staircase states were
yields E;=250-260 meV. Thus, the width; has been es- observed in #. This can be explained by the fact that the
timated directly for the first time and this value is consistentcondition for strong localization in theHt polytype, which
with other qualitative estimates of the width of the first has a much wider first miniband tharH¢ is satisfied at
miniband?* as well as with the line of reasoning introduced higher fields. In particular, this condition cannot be satisfied
above in connection with the interpretation of the data forat a Stark energy corresponding to the energy of the trans-
homogeneous fields. verse acoustic phonon.

Region5 is distinguished from the other four in that the The absence of a feature associated with complete local-
negative differential conductivity segment is preceded by dzation of the first miniband can be explained by the fact that,
sharp current rise. In itself, a sharp rise in the current at higtvecause of the large width of the first miniband iH 4con-
fields is an ordinary event which accompanies breakdowslition (4) is satisfied only at very high electric fields in ex-
phenomena. The distinctive feature of the present situation igess of the limit imposed by avalanche breakdown. In addi-
that the current falls after it has risen. During the observation, we cannot say that our measurements provide a
tions, we recorded both a pulsed current associated with theomplete picture of the evolution of the Wannier—Stark lo-
electron current from the emitter and a constant curren€alization process in theH and 6 polytypes. Further im-
caused by local breakdown and uncontrolled leakage into therovements in the experimental technique and in the quality
collector junction region. A drop was observed only in theOf the experimental device structures may lead to the obser-
current voltage characteristic of the pulsed current. In addivation of new effects.
tion, the emission accompanying the sharp rise in the pulsed
current was quenched at the threshold field for the negative
differential conductivity. CONCLUSION

The experimental observations can be explained as fol- |n this paper for the first time we have obtained a most
lows: the section with a rapid rise in the electron current isgetailed characterization of electron transport during the evo-
associated with resonant tunnelling of electrons from statefytion of Wannier—Stark localization. It is not by chance that
in the discrete spectrum of the first miniband into the seconghese data were obtained on a natural superlattice of silicon
miniband, which is still quasicontinuous. The subsequentarbide, which is free of serious deficiencies of the type in-
current drop can be attributed to Bragg reflection of electrongrinsic to even the most perfect artificial superlattices.
in the second miniband. Based on the simplest rule for the we might expect that the picture of Wannier—Stark lo-
increase in the size of the first miniband as the band numbejalization obtained here is not complete and that it will be
rises, we can assume that the second miniband is roughbnriched by new effects in the future. Probably, it will be
four times wider than the first and that it is still quasicon- more complicated and largely unpredictable in the rhombo-
tinuous at the available fields. Thus, electron Bragg reflechedral polytypes of SiC. At the same time, detection of a
tion can occur in it. Interminiband resonant tunnelling is pos-number of the electron transport effects is extremely prob-
sible when conditior(5) is met? It is correct to characterize lematic. This applies first of all to transitions between levels
the resonant tunnelling process by the maximum, rather thapf the Stark staircase caused by electron jumps between dis-
the average, field in the space charge region. Thus, the Statént layers of the superlattice involving phonditise multi-
energy corresponding to interminiband tunnelling is aboufplicative series witm>1). We have shown in this paper that
300 meV. Here the sunk;+E;,+E,<1.55 eV, in good the strong localization conditiof8) fails for these transitions
agreement with the spectral location of the interminibandand that this occurs even for the very narrow first miniband,
absorption band due to transitions between the first and sesince its narrowing is, as a rule, accompanied by a reduction
ond minibandg? in the mean free path.

These results make it possible to refine the scheme for We note in concluding that superlattices of the different
electron heating proposed earlf#fThis scheme was used to polytypes of silicon carbide are thus far the only natural ob-
interpret data on collisional ionization and was based on thgects in which Wannier—Stark localization effects have been
assumption that there is no tunnelling between the first andbserved over a wide range of electric fields. Our data sug-
second minibands, while transitions into the second minigest the possibility of creating microwave devices, including
band are caused by an increase in the energy of the electronscillators and amplifiers, based on the effects observed here.
through transverse heating as they are scattered by phonons. We consider it our pleasant duty to thank E. N. Mokhov
Our data show that electrons can tunnel into the second minfer help in growing the heavily doped™ layers of silicon
band and that this occurs at a field 20% below the avalanchearbide.
breakdown field. This work was supported by the Russian Fund for Fun-

Similar measurements were made for the golytype. damental ResearcfProject 94-06258Ja as well as by the
The resulting current voltage characteristics are shown ifProgram on the Physics of Solid State Nanostructures of the
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Low-frequency Hall conductance of a semi-infinite two-dimensional system
V. B. Shikin
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A contact theory of the current-voltage characteristic at finite frequencies is constructed for a semi-
infinite two-dimensional electronic system with two point contacts. It is noted that the

relative arrangement of the contacts substantially influences the structure of the current-voltage
characteristic. The relation between the current-voltage characteristic and the properties

of edge magnetoplasmons in this system is discussed9@Y American Institute of Physics.
[S1063-78287)01805-X

The study of the frequency dependence of the Hall coninput contacts are located at the points 0, y=+*b sym-
ductivity in bounded two-dimension&2D) systems can be metrically relative to the origin of the coordinates. The
divided into two parts. First, the conductivity tensor itself boundary of the 2D electronic system is assumed to be quite
depends on the frequency of the alternating electric field. Fosharp. Its presence will be taken into account by the effective
2D systems this problem has been solved, with different deboundary conditions on the current density.
grees of accuracy, by many authdsee, for example, Refs. The system of definitions which relates the potential dif-
1 and 2. Furthermore, the conductancee., the electrical ferenceV(t)=V expiwt between the contacts and the cor-
conductivity of this system with allowance for its geometry responding currenit(t) =1 expiwt is as follows:
and the arrangement of the contacts in the linear region of . _ _
the current-voltage characterigtican additionally and non- =ouBe Be=ddlox, @)
trivially depend on the frequency of the external signal for iwedn=o,,A ¢, 2
geometric reasons. For example, in bounded 2D systems the

position of the cyclotron resonance is shifted relative to its )= Ejmdaj““ds (Zn(SyU) .
value for an infinite two-dimensional electron gé2DEG) K ) 0 [(X=s)*+(y—0)7]

by the so-called depolarization efféciAs will be shown €)
below, the size factor '|s' also preser)t |r) the semi-infinite i () =1(D[8(y—b)— 8(y+b)], )
problem, when the traditional depolarization effects are not

important. In this case there is the question of the excitation V(t)=¢(x=0y=+b,t)— ¢(0,—b,t), 5)

of specific edge magnetoplasma&MP9, whose spectrum
has no threshold and softens with increasing magnetic field,
along the edge of the 2DEG between the contacts. Here én(x,y,t) and ¢(x,y,t) determine the deviation of the
The objective of this note is to calculate the conductancelectron density and the corresponding potential from its val-
for a semi-infinite 2D system with two point contacts, which ues, « is the dielectric constant, ang, is the local conduc-
determine the position of the source and sink along the edggvity tensor, whose structuréncluding the frequency de-
of the 2D system. Obviously, the current-voltage characterpendencgis assumed to be given.
istic (IVC) of the problem in the linear approximation has Switching in Egs.(1)—(6) to Fourier components in the
the form of Ohm’s law. However, the effective conductancevariabley, we have
is by no means correspond to the conductivity tensor for the
given 2D system.

SN(X— + o0, y— *+oo,t)—0. (6)

Sn(x,y,t)edn(x,q)expiqy expiwt,

This problem is also interesting from the standpoint of  ¢(x,y,t)=¢(x,q)expiqy expiot, (7)
the excitation of EMPs in bounded 2D systems. The pointis | B ) s 5
that the “soft” EMPs propagate along the boundary of the iwedn(X,q)= oyl d“¢(X,q)/dX — g ¢(X,q)], (8)
2DEG only in one direction. Such oscillations do not form 2 [+
standing waves, and as a result the question of how traveling ¢(x,q)= TL on(s,q)Ko(g|x—s|)ds, (9

EMPs are excited with the aid of external contacts fixed
along the boundary of the sample remains open. EXisting  j(q)=o,,d¢(0.q)/dx-+iqob(0q),
experiments on the excitation of EMPs with the aid of fixed Y

contact$~® are interpreted in terms of freé.e. traveling j(q)=2il singb expiwt, (10

?(I)c;?gc'ihe unperturbed boundagMPs, which is not entirely on(+2,0)—0, ¢(+o,q)—0, (11)
1. In presenting specific results, we shall examine the +oo

semi-infinite 2DEG occupying the regior=0 with a free V= f_w ¢(0,q)da, (12)

boundary extended along theaxis. The magnetic field is

oriented in a direction normal to the plane of the 2DEG. The oy, /o,,<1. (13
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Here Ky(x) is a Bessel function; the transformation of the for kw=2mo,Ko(7l/b)/b is impossible. Usings(0,9)
condition (5) to (12) is valid only if the inequality(13) is  (16), the 1-V characteristic of this system can be calculated
satisfied. This inequality limits somewhat the generality ofwith the aid of Eq.(12).

our analysis, but it makes it possible to simplify the calcula-  If in addition o,,<bw, then

tion substantially, remaining in so doing in the parametri-

. . . I kbw
cally most interesting region close to the quantum Hall effect yv=_— cog— |, (18
(QHE). Txy 20,,Ko(l/b)

The combination{8) and(9) leads to an integral equation \wherel is taken from Eq(163.
for on(x,q) which is typical of the theory of EMPs. Solving Therefore, the conductan&=1/V of the system under
this equation approximately by the method described in Refdiscussion has the form
7, we find from Eqs(8)—(11)

O'Xy

1+2 K/i 3= . 19
O=i(a) / 90+ Oy o, (14 c0 kb /20,y o(17D)] 19
ol In the limit w—0 the quantity>— o,,. However, at finite
- _ frequenciess # o, .
¢(0q)==¢'0al, K fo Ko(s)ds, gl<1, The results obtained can be compared with the data of

(15 Ref. 8 on the frequency dependence of the Hall voltage for a
The desired relation betweevi and | arises wheng(0,gq)  MOS structure in the range from zero to several kHz. These
(14) is substituted into Eq(12). The characteristic length _experiments attest to the increase in the condu_c_tance WiFh
appearing in the course of the solution of the syst@s  Increasing frequency and the appearance of additional oscil-
(11) [see the definition of (15)] ultimately has the following lations of> near the Hall plateau. Both observations can be

asymptotic forms: qualitatively explained in the above-proposed picture of the
) B B . _ formation of low-frequency conductance.
1(@)=0, I=0xliqoyy; (16) This work was supported by the Russian Fund for Fun-

() #0, 1=20,Ko(q)/[1+ mowglikw]. (163 damental Research grants Nos. 95-02-06108a and 96-02-

In the casg(q) =0, in order for the quantityy(0,q) (16) to 19568.
be finite, the denominator from E@L5 must vanish. This |

. . . . T. Ando, A. Fowler, and F. Stern, Rev. Mod. Phygl, 437(1982.
requirement leads to the standard dispersion relation foeg Apenko and Yu. E. Lozovik, Zh. ksp. Teor. Fiz89, 573 (1985
EMPs in an electronic system with a sharp boundary [Sov. Phys. JETR2, 328(1985].

_ 3G. Dresselhaus, A. F. Kip, and C. Kittel, Phys. R88, 368(1995.
kw=2q0yKo(ql), ql<l. 17 4N. B. Zhitenev, JETP Lett55, 756 (1992.

Here the |ength| is given in Eq (16) |f, however’ 5N. B. Zhitenev, R. J. Haug, K. V. Klitzing, and K. Eberl, Phys. Rev. Lett.
- : - 71, 2292(1993.

j(q) # 0, the quantity acquires the forni16a and the pole e\ "s “7picney R, J. Haug, K. V. Kiitzing, and K. Eberl, Phys. Revi®
of the expressioril5) for ¢(q), which arises with a purely  7g09(1994.

imaginary o, is no longer a characteristic of free EMPs. "V. B. Shikin, Zh. Esp. Teor. Fiz95, 1513(1989 [Sov. Phys. JETRS,
Furthermore, the observed quantity — the IVC from E®) %73;1989] 4 3. Wakabavashi. 1. Phve. C: Sol. St. Fbve113 (108

— contains an integral over all wave numbers. Therefore, the - PePPer and J. Wakabayashi, J. Phys. C: Sol. St. Fiby113(1983.

resonance excitation of the EMPs at the wavelengt?b  Translated by M. E. Alferieff
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Electrical properties of the solid solutions p-type GaAs ;_,Sb, doped with germanium
T. Yu. Allen? and T. A. Polyanskaya®

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted August 20, 1996; accepted for publication September 16) 1996
Fiz. Tekh. Poluprovodrl, 587-593(May 1997

Epitaxial Ge-dopeg-type GaAs_,Sh, films (x=0—0.1; Ng=0.01-10 at. % in a liquid phase;
hole density at room temperature (0-060x 10*® cm™2), grown by liquid-phase epitaxy,

were investigated. It was found that for the same Ge concentration in the liquid phase the hole
density in the solid solution is approximately two times higher than in GaAs, irrespective

of the Sb content. The activation energy of the germanium acceptor and the critical density for
the metal—insulator transition were foung;=22+2 meV andp.=(3.9+0.3)x 10'® cm

~3 for x=0.06. © 1997 American Institute of Physid$S1063-78267)01905-4

The rapid development of modern optoelectronics isdifferent antimony contents. We see that at the same Ge
largely tied to the application of Ill-V compounds and their concentration in the liquid phase the hole density in GaAs
solid solutions. The application of epitaxial films of the solid (x=0, curvea) is approximately two times lower than in the
solutions GaAs_,Sh, (0<x<0.2) makes it possible, by solid solution withx=3% (curveb). Apparently, to change
varying the antimony content and therefore the band gap dhe hole density in the solid solutiotas compared with
the active layer, to obtain a set of optoelectronic devices if3aAs it is sufficient to introduce Sb at a 1% or lower level,
the wavelength range 0.9-1.}1an. Epitaxial layers grown since in the range of Sb concentrations from 3% to 10.5%
on GaAs substrates can be used as a wide-gap window féihe hole density is independent »f(see Fig. 1, curve).
introducing radiation. The previously published studiés The hole mobility decreases when Sb is introdutéid. 2).
involved the use of GaAs,Sh, films (n-type) that were not It is possible that these facts are explained by the effect of Sb
specially doped, whilg-type films have been virtually ig- on the ensemble of point defects in GaAs, specifically, the
nored. In a number of devicép—n junctions, photocathodes density of electrically active centef§e,s, Ges,, etc). For
with a negative electron affiniya p-type GaAs_,Sh layer — example, in Ref. 10 it was observed that the density of cen-
is one of the active regions. It is therefore important that théers with energy E,+0.1 eV, which associated with
electrical properties of the p-type solid solution impurity—vacancy complexes when GaAs is doped with an-

GaAs _,Sh, be investigated. timony, decreases. However, mechanism of this effect re-
Typical  impurites  for  obtaining  epitaxial quires further study.
p-GaAs _,Sh, layers are Zn and G&® Germanium mani- In studying the solid solutions we focused our attention

fests amphoteric properties: It can form donorgiGat the  mainly on GaAs_,Sh, layers withx=0.062 Some param-
sites of the gallium sublattice and acceptors, G the sites ~ eters of the experimental samples are presented in Table I.
of the arsenic sublattice. In GaARef. 7) and in the solid The experimental hole density=1/eR (ignoring the Hall
solutions GaAs_,Sh, (Ref. 6), grown from gallium fluxed facton versus the reciprocal of the temperature is shown in
solutions, the As vacancy density is higher than the Ga vaFig. 3 for the most weakly doped samples
cancy density, which is what gives tpetype conductivity of ~GaAs 9.Shy os. Analysis of these curves with the aid of the
these materials on doping with Ge. Since the saturated vap@eutrality equation by computer fitting makes it possible to
pressure of germanium is lower than that of Zn, it is prefer-determine the thermal ionization energy, the acceptor im-
able to use Ge as a dopant for prepanntype layers with ~ purity density Ny, and the degree of compensation
reproducible parameters. K=Np/Na (Np is the donor densily We employed the
We investigated the solid solutions GaAgSh, with Sb  neutrality equation, well known from statistics, for a nonde-
content in the solid phase from 0 to 10.5%. The fraction ofgenerate carrier gds:
Ge in the liquid phase varied from 0.01 to 10 at. %; this N,
made it possible to obtain layers with a hole density from +Np= .
5.6x 10 cm™ 2 to 3.4x 10'° cm™ 2 at room temperature. The T LY B(pIN,Jexpe, /KT)
films were 15-2Qum thick on average. The samples for the Here 8=4 is the spin degeneracy factor, aNg is the ef-
measurements were prepared by photolithography in théective density of states in the valence band with mass
form of a double Hall cross. The contacts were made bynmy=m, (just as for GaAs wherem,, is the mass of the
alloying indium on the contact areas of the sample. Samplekeavy holes. Equatiofl) was solved by the method of itera-
for which the voltage drop measured on two pairs of potentions. The values o;, N5, andK were found in such a
tial probes did not exceed 2% were chosen for the investigavay as to obtain the best fit between the computed and ex-
tions. perimental curvep(T). The degree of compensati#hfor a
Figure 1 shows the room-temperature Hall hole densitysample with the lowest hole density was found to be 0.68; as
Pags=1/eRE® (RZ® is the Hall coefficient atT=295 K, the density increases, the degree of compensation decreases
H=3 kG) as a function of the Ge content for samples withto 0.5. The same value &f was found for films obtained by

(€
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TABLE |. Basic characteristics of Gaf\g.Shy o Samples.

v}
T=295 K
Hu=Ryo, Pags=1/eRy,
Sample Ge,at.% d, um cmiV-s) 10 cm™3

1 0.01 15 153 0.056

2 0.05 12 118 0.35

3 0.1 18 158 0.45

4 0.2 18 110 0.67

5 0.2 21 83.8 1.17

6 0.3 20 85.6 1.20

7 0.5 18 87.6 2.20

8 0.6 19 79.8 2.74

9 0.7 20 66.7 2.59 0 . L1 Lt L L
10 1 16 55.6 6.0 0.01 0.1 G ° 1 "

e, at. %

FIG. 2. Room temperature Hall hole mobility, in GaAs _,Sh, (x=0 and
x=0.06) versus the Ge content in the liquid phase- GaAs;2 — GaAs?
the same growth technology with hole dengiy T=295 K) 3 — GaAg.eShyee-
above 6x10% cm 3. It was determined by comparing the
experimental values of the low-temperature mobiliigt ) o _
T=4.2 K) with the values calculated according to the theory ~ Theé values obtained for the ionization energies are
of galvanomagnetic phenomena in semiconductors with deShown in Fig. 4 as a function of the hole densityat 295 K
generate band®Ref. 12).% Therefore, it can be assumed that P2es= 1/eRy® (which approximately corrle/:sponds to the
in our samples the degree of compensatikr0.5 for Vvalue of No—Np) and as a function 092935-_-”‘9 value
p>10'7 cm 3. The values obtained for the background do-£1=22*+2 _meV, determined for a sample with the lowest
nor densityNp,=KN, agree with the values dfl, deter- th)ILe density, was found_ to be very close to the value
mined in the investigation op—n junctions and Schottky €1 =24 meV, presented in Ref. 13 in a study of the photo-
barrief on n-type GaAs_,Sh, films grown under the same luminescence spectra of a Ge-doped solid solution

technological conditions and not specially doped.

18
0
~ 17
) -
? g 7
3 o 2
Q "~
- L
S R
_
B o
16
0
1
6
| ] i 101 A 1 1 ] I ) 1
0.01 0.7G t/1 0 0 2 4 6 & 10 12 #%
eg,at. % 3 -7
077, K
FIG. 1. Room temperature Hall hole dengityys in GaAs _,Sh, versus the
Ge concentration in the liquid phase. Sb content, at19@ — 0; 4 — 3; FIG. 3. Hole densityp versus the reciprocal of the temperature for
5—45;6 — 6; 7 — 85; 8 — 10.5. The data for GaAsxE&0) are GaAs _,Sh, with different Sb contents. The numbers on the curves corre-
supplemented with the results fro— Ref. 8 and3 — Ref. 9. spond to the numbers of the samples in Table I. Solid lines —Hgq.
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FIG. 4. Ge ionization energy versus carrier density in the samples: 8 8
GaAs, oShyos; 2 — GaAs? The arrows indicate the values obtained from )
photoluminescence investigatiohs a.3f
a.1 L ® ! L )
GaAs o.Shy o6. Figure 4 also shows the values of the ther- 1 J 0 0 00 300
mal ionization energy of Ge in epitaxial GaAs according to 7K
=35+
the data of Ref. 8. The value, =35=2 meV (found by FIG. 5. Temperatures dependencea — Resistivity of p-type

agfllyzmg the tempergture depgndenc_:es_ Rf) and GaAg 0.5ty 0s; b — reduced activation energy (2). The numbers on the
€1 =38 meV (photoluminescence investigationare pre-  curves correspond to the numbers of the samples in Table I.

sented in Ref. 8. A linear dependence affp3a=N3") is
characteristic of hydrogen-like impurity states in semicon-

ductors and is manifested in the range of electron or hO"%iependencep(T) which are characteristic of the insulator
densities where screening of localized impurity states by carregime as well as about the temperature limits within which
riers and by the charge of ionized impurities is appreciablethese laws are valid. Only the transitional region between the
This dependence is clearly seen fo_r Gagsrve 2) and for energiese, ande; is clearly seen in Fig. 58 in addition,
633A$)94Stb.06 (curve 1). Extrapolating the GaAs data 10 this region does not increase in size with increasing impurity
P2es—0, we obtaine °=38.3 meV, and for GaAnsShos  density asN'3, but rather it decreasésee curves in Fig. 5a

we obtaine °=34 meV. and curves$-8 in Fig. 5b), as should happen with increasing

The temperature dependences of the resistigitare  overlapping of the acceptor wave functions as the metal—
shown for a number of Samples in Flg 5a. By diﬁerentiatinginsu|ator transition is approachéﬂ_

these curves using the method developed in Refs. 14 and 15, Figure 6 shows the conductivity: and the mobility
we determined the temperature dependence of the reduced =R,c at T=4.2 K versus the hole density

activation energy Poo=N,—Np . By analogy with the well-studied semicon-
w=g/kT=T 19 In p/oT " (2)  ductors(see, for example, the data in Ref. 17 fo(GB) the
) ] critical hole densityp, for a metal—insulator transition in
(seg Fig. 5b in order to make aglattempt to separa'Fe theGa,%.o'943%'06 can be estimated from the dependence
region e=const (where w~T~*) and the region pn(p): pe=(3.9+0.3)x 108 cm™ 2.
w~(To/T)~** with variable hopping length. Unfortunately, This value can be compared with the critical concentra-

we had too few samples at our disposal on the insulator sidgyn which should be estimated using the relation
of the metal—insulator transition in order to draw any general

conclusions about the laws of variation of the temperature  Pc ag=a, (€)
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like model of the impurity state. To estimate the radisof
a localized impurity state we employ a relation recom-
mended in Ref. 16

ag=nhl\y2m*e, . (5)

We also note that when the masses of the light and heavy
holes differ strongly, the asymptotic behavior of the charge-
carrier wave functions at large distances is determined by the
light mass and the energy, is determined mainly by the
heavy masqRef. 16.? Indeed, the effective Bohr energy
g5 =m*e*2x*h? for heavy holes in GaAgfor x=12.79,

m* =m,,=0.46+0.05) equals 384 meV, which corre-
sponds to the energies presented above:

ef"=38 meV, £3°=38.3 meV.

T

200

700+

For GaAg ¢.Shy o6 the variance of the corresponding values
of the ionization energy of Ge is much larger:

eTt=24 meV, £3°=34meV, &|ganss=36 meV.

The last quantity was calculated for* = my,;,| gaasand under
the assumption that the permittivity exhibits a linear de-
pendence on switching from GaAs to GaAsSh e
x=(1—X) %|gapst X#|Gaspy  fOr %] gaps=12.8 and
%|gasi=15.7. Assuming for GaAs the activation energy of
acceptor states of Ge to lzg|gaa=38.2+ 0.2 meV and us-

FIG. 6. Conductivityo and hole mobilityu,, (T=4.2 K) versus the hole INg EQ. (5) and the values presented above for
densityp,os in the solid solution GaAs,Shy os. m* =Myl gaas, WeE obtain

a5 |caasce=(14.7:1.2)A,

5]
o
T

and for GaAg ¢Sk g5, aSSUMING: 1| gaassi= 295 meV and

whereag is the effective Bohr radius of the impurity state )
* =Mhnlcaas: WE oObtain

with energye; and «=0.26 is a numerical factor. The rela- ™
tion (3) is_ based on _the simple assumption that thg transit_ion a% | canssice= (17 2.4)A.
to metallic conductivity occurs when the screening radius N . ) )
R, becomes of the order od and therefore the charge As a result, the critical hole density estimated in accordance
carriers cannot remain in localized orbits of the impurity With EQ. (3) gives
states because of the electron-electron interaction. The quan- _ %13
: : A : N p.=(0.26/az)
tity R in the approximation linear in the screening is given
by the relation _{(5.5i1.6)>< 10%m 3 for GaAgGe),
T 1(3.6+2)x10%ecm 2 for GaAg, ¢,Shy od GE).

ST 4me’p F_17) walldkeg, 7510, (4b) Here the error in determining, is large, since it consists of
three terms:

Apc:3A_a+§<_An:* ﬂ)
m €1

where n=¢gg /KT, e¢ is the Fermi energyx is the permit-
tivity of the semiconductorf;(7) are the Fermi integrafs,
Lp is the Debye length, ankiro=(37%p)*? is the magni- Pc a 2
tude of the wave vector fop>10, i.e., T—0. If it is as-

The metal—insulator transition in the solid solutions

sumed that GaAs _,Sh, has not been studied previously. The value
Relp—p.=Rsc=a} , P.=2x10'® cm 2 obtained for p-type gallium arsenide

¢ doped with Zn is presented in Ref. 19. In Ref. 19 anomalies

then a relation of the typés) of the tunneling conductivity of Pb/GaAs contacts were stud-

1 /[ )\ 13 ied, p. was estimated as the density at which the half-width

pi’?’agzz(§> =0.254 of the differential current-voltage characteristic had a mini-

mum, and strong dependence of the low-temperature bulk
follows from Eq.(4b) (i.e., in the region of metallic conduc- conductivity of the samples on the concentration measured at
tivity ). In Ref. 18 it was shown on the basis of an analysis ofroom temperature appeared. The authors also observed that a
a wide spectrum of experimental data that fornonvanishing activation energy existed at temperatures be-
a=0.26+0.01 the relation3) does indeed hold in a wide low 10 K for hole densities below 2 10*® cm™3. We note
range of materials, including materials doped with differentthat in our investigations of the zero anomalies of the tun-
semiconductor impurities, despite the simplified hydrogenneling contact® Au/p-GaAs, 4,Shy o5 (the solid solution was
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Photoluminescence in porous silicon produced as a result of intense laser excitation
E. Shatkovskii and Ya. Vertsinskil

Institute of Semiconductor Physics, 2600 Vil'nyus, Lithuania
(Submitted March 9, 1996; accepted for publication October 9, 1996
Fiz. Tekh. Poluprovodr31, 593—-596(May 1997

The integrated photoluminescence in porgdtype silicon produced as a result of intense
excitation with second harmonic\&532 nm) pulses from a YAG:Nd laser has been
investigated. It was established that in the intensity range corresponding to quasistationary
excitation conditions the radiation is characterized by a power-law depentigneé®®. As the
excitation intensity increases, the quantum yigldlecreases-1~*2. It is shown that the

main radiation of porous silicon is due to a bimolecular recombination proces4.999% American
Institute of Physicg.S1063-782807)02005-X

Despite intensive investigations of porous silicguor- posed in Refs. 16 and 17. Authors of other works adhere to
Si), there is still no unequivocal answer to the question of thehe opinion that the radiation gfr-Si is due to a bimolecu-
nature of the visible-range luminescence observed in thitar process, i.e., it is the result of a recombination of free
material. There are two main controversial models. Accordelectrons or holes or electrons and holes bound in an
ing to the first one, the visible-range luminescence appears &xciton?4181°Nonetheless, the results and conclusions in
a result of quantum-size effeéfswhich are a consequence this model are inconsistent. This is most clearly seen by
of the characteristic nanometer sizes of the porous structureomparing Refs. 14 and 18, where direct interband tansitions
According to the second one, the visible-range radiation ofire studied in one case and indirect interband transitions are
por-Si is due to Si:O:H and H:Si:H complexes formed in the studied in the other.
process of anodic etching and siloxengt$jOz and its In this study we determined the multiplicity of the radia-
modifications®~’ The first hypothesis is confirmed by inves- tive process inpor-Si. We have accordingly measured the
tigations of the shift of the absorption band edgé 1° intensity of the integrated radiation as a function of the ex-
However, it cannot explain adequately the behavior of thetitation intensity. Porous silicon was obtained by anodic
luminescence spectrum. First, the luminescence arises onBiching of p-type single-crystal silicon wafers with=10
in samples with a substantial porosity. Second, there is né-cm and{111} orientation for 15 min in a current of 50
definite relation between the form and position of the lumi-mA/cn? at room temperaturé Excitation was performed by
nescence spectrum and the sizes of the nanopatfitfes pulses of the second harmonic radiation=(0.532 um)
even though, as follows from the shift of the absorptionfrom aQ-switched YAG:Nd* laser. The pulse duration was
edge, there should be such a dependence. Recently, however16 ns. The maximum excitation intensity reached
these two models have been converging. For example, ih=10°* photons/crf-s. The photoluminescence pulses were
Ref. 12 it was established that spherical silicon nanoparticledetected with a FE-28 photomultiplier operating in a linear
coated with silicon oxide emit in the same region of theregime and shielded by KS-11 and -12 light filters. The ra-
spectrum apor-Si. It was shown that this radiation can be diation was detected in the spectral range 1.2-+n§ lim-
explained by annihilation of an exciton, spatially boundedited by the spectral sensitivity characteristic of the photomul-
(trapped in an intermediate region between the core of atiplier, on the one hand, and the transmission of the light
sphere and the oxide layer on the surface. On the other hantilters, on the other. Detection occurred at the peak of the
it is shown in Ref. 13 that clusters of planes of silicon atomsPhotoluminescence pulse. An optical fiber was used for op-
can form in complicated siloxen-type complexes. Quantundical coupling between the photomultiplier and the sample.
confinement occurs in these clusters. It has not been rulefine photoresponse signals were recorded with a wideband
out, that the two mechanisms, and possibly an even mor@scilloscope(transmission band f=250 MH2). The mea-
complex system of transitions, form the integrated radiatiorfurements were performed at room temperature.
of por-Si in the visible range. This assumption is based on ~ The dependence of the radiation intensity on the excita-
the presence of only a very extended surface with a quantundion Power is shown in Fig. 1. As expected, excitation is
confinement effect. Furthermore, at low temperatures a conflonstationary up to excitation intensitieg=10"2l,. Since
plex structure of the spectrum appe&rS and a shift of the this region provides little information, we will consider be-
radiation band in time, formally described by a three-levellow only the range of intensities>1, in which the excita-
scheme in Ref. 6, occurs. tion is quasistationar§??*As one can see from Fig. 1, in this

Recombination models of different multiplicity are in- ange of intensities the radiation is characterized by a power-
voked to describe the characteristics of radiation frnsi  law dependence,~1%° We give here the quantum yield
on the basis of the quantum-confinement mechanism. One 4t of the radiation versus the excitation intensity calculated
them, as mentioned above, is the model of three-level mondiccording to the relation
molecular recombinatiofi. Monomolecular recombination,
limited by tunneling through a potential barrier, is also pro-  B=1,4/l. (1)
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FIG. 2. Dependence of the voltagkof the photomagnetoelectric effect and
of the nonequilibrium charge carrier density(0) on the excited surface of
porous silicon on the intensity of the exciting laser radiation.

FIG. 1. Integrated intensity,,q and quantum yielg3 versus the excitation
intensity| (1,=10%* photons/crA-s).

As one can see from Fig. 1, the quantum radiation yieldHere C,=A;. As an illustration, Fig. 2 shows the voltage
decreases with increasing excitation intensity. In accordancg of the photomagnetoelectric effect of the same samples of
with the measurements of the photoconductivity and photoporous silicon as a function of excitation intensity; the curve
magnetoelectric effeéf, the density of nonequilibrium is analogous to that obtained in Ref. 23. In our experiment
charge carriers is therefore controlled not by a radiative prothe voltage is determined by the densky(0) of nonequi-
cess, but rather by a more strongly concentration-dependefibrium charge carriers on the excited surface, so that
nonlinear nonradiative process. This conclusion is confirmed
by the relatively low (~3%) numerical value of the quan- U~An(0). )
tum radiation yield."8 The generation rate of the nonequilibrium charge carriers is
The conditions of our experiments differ fundamentally g(x)~1(x). The curve ofJ(l) therefore reflects the depen-
from most other experiments by the extremely high excita-dence of the density of nonequilibrium charge carriers on the
tion intensity. The pulsed excitation regime chosen by usgyeneration rate. Taking into account the conditions of qua-
also serves this purpose. It is well known that under similasistationarity of excitation, which occurs for-10"2l,, the
conditions, the density of nonequilibrium charge carriers independenceé\n(0)~ 1 observed in Fig. 2 corresponds to
semiconductors usually iAn=Ap>ng, po. Hereng and  the cubic density dependence of the recombination rate of
po are the equilibrium electron and hole densities. In thisthe charge carriers. As is well known, it is realized in the
case we can write the total recombination ratef charge case of interband Auger recombination. In the same study we
carriers, taking into account the standard models of monoshowed that diffusion can be ignored in the continuity equa-
bimolecular, and three-particle interband Auger recombination describing the kinetics of the charge carriers. Under sta-

tion, in the form tionary conditions, the recombination and generation rates
3 will then be equal to one anothet(y) =g(x). Using expres-
r=> A(An). (2)  sion(3), we obtain
i=1
| o o a0 .
Herei are the exponenignultiplicities) of the recombination An(x)= C_A ~I17= 5

processes, and; are the corresponding recombination coef-

ficients. One or another process can predominate, dependitg the case of a monomolecular radiative process we have for
on the ratio of the coefficients; and the densityAn. By  the radiation

measuring the dependencer(An) it is possible to deter- | o= rac= A AN~ 113 (6)
mine uniquely the multiplicity and therefore the model ]

which the dominant recombination process satisfies. Furthe@Nd from Eqs(1)—(3) follows the quantum yields

more, if the predominant recombination process is known, — g={|_/r ,~1Y¥1 =128 (7)
then the character of the radiative process can be established ) L o

by measuring under stationary conditions the dependence & the c:;\se of a bimolecular radiative recombination, when
the rate of the radiative procesgq =1, On the generation Frag~AN7, we have

rate. We showed in a previous stddshat in porous silicon, | ra= Brad AN)62~123, (8)

just as in single-crystalline silicon, interband Auger recom- . L
Jbination predgmina);es under strong-excitation conditions. Ityere, as usuak,;=Bq. The quantum yield is
characteristic feature is a cubic dependence of the recombi- B~1%3~]"13, (9)

nation rater , on the densian: Comparing expression§)—(9) with the experimental depen-

ra=Ca(AN)3. 3 dence which we obtaing@Fig. 1), we see that the experimen-
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The Schottky barrier at a junction between a metal and silicon carbide
S. Yu. Davydov, A. A. Lebedev, and S. K. Tikhonov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted March 26, 1996; accepted for publication October 20,)1996
Fiz. Tekh. Poluprovodr31, 597-599(May 1997

A simple model is proposed for a metal-semiconductor junction. It is assumed that a Schottky
barrier is formed by states of defects localized at the interface. The experimental data on

the {(metal (Au, Cr, Mo, and A))—(hexagonal siliconcarbidéH—SiC)) systems, where SiC has
an n-type conductivity, are analyzed. @997 American Institute of Physics.
[S1063-78287)02103-0

1. The study of Schottky barrier formation on a metal—analogous operator for an electron in the stdte The
semiconductor contact is an old but still important problemHamiltonian (1) is a simplified version of the Anderson
in semiconductor physicslt is important to understand how Hamiltonian!**?where it is assumed that the le\&l can be
the characteristics of the surfaces in contact and the methagtcupied by not more than one electrhis makes it pos-
for producing a contact influence the parameters of the barsible to drop the correlation term and the spin indjcés-
rier that appears. Surface-barrier structures based on silicawuming that the level of the localized staig overlaps with
carbide are undoubtedly of interésin Ref. 3 Schottky di- the wide conduction band of the metal, it is easy to find its
odes formed on contacts between met#ls, Mo, Cr, and  occupancy numbenm; as
Al) and n-6H-SiC were investigated. The effect of the un-

. . ) . 1 Ei—Ef
compensated donor impurity density, the density of surface = — arccot , 2)
states, the work function of the metal, and the parameters of ™ r
the insulator layer at the metal—semiconductor boundary oyhere I'= 7pV2 is the half-width (at half-height of the
the barrier height was investigated experimentally. The gengyasilevelE;, p is the density of states of the metas-
eralized Bardeen and Schottky—Mott theory was used to anaymed to be constantandEg is the Fermi level.
lyze the experimental dafalt was found, specifically, that The solution(2) corresponds to an isolated state of a
the Schottky barrier heighby, is the same for all metallic gefect or, equivalently, a set of such states but not interacting
components investigated, and that it corresponds to half thgith one another. We shall study the latter situation, making
band gafE, in silicon carbide £4=3 eV). These results aré the assumption that the density of such stafes unit sur-
at variance with the data of Refs. 5-7, where a comparagce |ayey equalsN; . As a result of electron tunneling be-

tively strong dependence of the barrier heighf on the  tyeen the metal and the quasileviils, a potential barrier
work function of the metatb,,, was observed. This depen-

dence was explained in Ref. 8 in a model of states induced A®=—4me’ANiq;, 3

by metal atoms. It was assumed that states formed by defecigere) is the thickness parameter of the double lagsere

were not present in the contact region. As analysis of thge|ow) andq; is the charge localized in the stdt, arises at
published dathand discussion of the obtained results in Ref.the contact. If prior to contact the levB) was empty, then

3 show, the weak dependence®f on @, (we are talking ¢ — . and the resulting work function of the metal

about stabilizationpinning of the Fermi level at energies changes fromb,, to ®,,+Ad. If, however, the initially lo-
corresponding to the states of the defe&sdue to the pres-  jjized level was filled, theg,= + (1—n;). The position of

ence of such states localized in the contact region. A simplghe Fermi level relative to the top of the valence band of the
model, taking into account the presence of defects in th@emiconductor is determined by the relation

contact region, was recently proposed for describing
Schottky barriers in a metal-GaAs syst&h.In the present Er=lse Pn—AD. (4)
paper a modified variant of this model is used to describe thg . |

system metaltsilicon carbidg. , _ height of the Schottky barrie®, equalsEg for a p-type
2. We shall study the interaction of the defect std}e  somiconductor ané.— E for an-type semiconductor.
localized on the surface of the semiconductor with a metal. 3 | ot us now gexamine the general properties of the

The energyE; of this state lies in the band gap. The interac- ., 4el. We rewrite Eqs2) and(4) in the form
tion of |i) with the metal in contact with the semiconductor

s XTEg, where y is the electron affinity. The

can be described by a Hamiltonian of the form cot mn;=e;—A—Aq;, 5
=A+Aq;, 6
H=> scic+Ea’a+VY, (¢ a+h.c), (1) of i ©
K K where
yvhe_resk is the electron energy in the m.etlan,is the h_ybrid- e =E T, A=(ly—®)IT,
ization energy of the metallic and localized staigs,is the
operator creating an electron in the stftg, anda;" is the Ai=47e\N; /T, e=Eg/T. (7)
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The following relations can be obtained from expressi@)s
and (6)

dni_Sinz’ITniR 8
@A a ®
de_R 9
aA ~ Ris 9
where
sirfarn;| ~1

TABLE I. Values of®,,, ®f, and the parameteR; for Ei=Ep=E4/2.

Au Cr Mo Al
o, ev 5.10 4.58 4.30 4.25
R; 0.66 0.54 0.50 0.49
dp, eV (Ref. 3 1.40 1.22 1.29 1.26

SiC correspond approximately to half the band gap, we ob-
tain in Eq.(14) et=¢4/2. We then find from Eqs(13) and
(14) n;=—q;=0.5 and therefore

x=Eg/2—®,=2m€’\N,;. (15

Since the two derivatives are positive, as the work function/Veé hote that Eqs(13) and (14) show that it must be as-

d, of the metal increases, the occupamgyof the level and

sumed that the defect level is initially empty.

the Fermi energy decrease. In the absence of states related to ASsumingA to be of the order of the lattice constant of

the defectsdn,/dA=0 anddes;/dA=1. The latter equality
corresponds to the Schottky—Mott cdsdn the limit
N;— we havedn;/dA—0 andde;/dA—1. Therefore,

the metal, i.e.A=3 A, we find the corresponding defect
densities(in units 13 cm™2): N;=3.0, 5.9, 3.7, and 6.1 for
Au, Mo, Cr, and Al, respectively. These results are com-

when the density of states of the defects is high, neither thBletely reasonable.

occupancy of the defects nor the position of the Fermi level

(and therefore the barrier heigldepends on the work func-
tion of the contact metal.

Let us now examine the dependencelof ande; on the
position of the defect levet;. For arbitrarydn;/dA and
de;/dA we obtain the expression8) and (9) but with a

We shall now find the value of the parameter (see
Table ), making the assumption that the width of the quasi-
level of a defect =1 eV. Sinced®/dd,,=de;/dA, we
can calculate the increment to the Schottky barrier height
A®P)=R,A®,,, Using as a basis the parameters correspond-
ing to the system AH-6H-SIC (®]=1.26 eVd,,=4.25

minus sign on the right-hand side. Therefore, a change ifY)- Switching to molybdenum, we hava®,,=0.05 eV

e, leads to the same consequences as a chande,inFi-  and, correspondinglypy=1.29 eV, which agrees well with
nally, the dependence of the occupation numbers and Ferrgxperiment. Switching from molybdenum to chromium, we
level on the density of statéd; of the defects has the form Obtain a positive incrememtd®y=0.14 eV, which is at vari-

dnj sinzwniR "
d_Ai_QiT i, (11
der_ 4R 12
d_Ai_Qi i (12

ance with experimentAX®_= — 0.08 e\). Switching from
chromium to gold givesb)=1.50 eV. With the exception of
chromium, which does not follow the general trend, the
agreement with experiment is satisfactory. The result for
chromium can be refined by, for example, displacing the
defect levelE; upwards ((®p/dd = —ddp/de;).

4. Let us analyze the results of Ref. 3 on the basis of the

proposed model. For simplicity, |df;=Eg/2, which corre-
sponds approximately to the situation at hasde also the
data on other metal-semiconductor contatis We will
then have

cotrn;= w—A;q; , (13
1
8f=§sg—w+Aiqiy (14

wherew=(®,—x—Ey/2)/T", andeq=E,4/I'. According to
the data presented in R&¥ , for the6H-SiC modification of
silicon carbide the band gép;=3 eV andy=4.4 eV. The

work functions of metals are presented, for example, in Ref.
14 . The parametek; is quite difficult to calculate, since we
know nothing, in principle, about the nature of the boundary 08 L ' L L a
defects in the system under study. Estimates presented in 0 2 4 6,8
Refs. 9 and 10 also seem unconvincing to us, since we be-

13
/Vi’ 10 cm
lieve that it is unacceptable to use the concept of permittivit
P P P yFIG. 1. Schottky barrier heigh®p and occupation numbers of defect

on atomic scales. In our VIeW_’ the methOfISS of ChemIS()rptIC'Qtaltes versus the density of boundary defects for the system AeBH-SiC
theory should be used to estimateandI".™ As a result of it E;=E4/2. The dashed lines represent the valddg)=E,/2=1.5 eV

the fact that the Schottky barriers in the system metidl—6 andn;=0.5, which correspond to the valig=3x 10" cm™2.

507 Semiconductors 31 (5), May 1997 Davydov et al. 507



n; (mainly N; andI’), which are governed by the density and

20 10 nature of the boundary defects. The fact that these defects
can be generated during the process of producing a contact,
16 108 which greatly complicates the investigation of the defects,
12l [ dog introduces an additional difficulty. The fact that the Fermi
" T ) level in most Schottky diodes is pinned approximately at the
we:.; 08k : 0.4 center of the band gap suggests that the defect density is
| close toN; . Here, however, additional investigations are re-
041 | 02 quired.
} This work was supported, in part, by Arizona State Uni-
0 7 % 6’h 8L 11') T o versity (USA).
N, ,70% em™®
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Polarization anisotropy of optical interband transitions in strained InGaAs/GaAs
guantum wires
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Fiz. Tekh. Poluprovodr3l, 600—605(May 1997

The optical properties appearing in strained quantum wires as a result of the inhomogeneity of
the elastic deformations distribution inside the wires and in the surrounding barrier material

are investigated. An analytical approximation is used to calculate this distribution. It is shown that
the short-wavelength shift of the photoluminescence and the polarization anisotropy of
photoluminescence in a direction normal to the plane of the wires are determined mainly by the
difference of the elastic deformations from the biaxial deformations. This result is confirmed

by comparing the computed polarization—dependent photoluminescence spectra with

the experimental data obtained for InGaAs/GaAs quantum wires witlk @07nm cross section.

© 1997 American Institute of PhysidsS1063-782@07)02205-9

1. INTRODUCTION rectangular shape. In calculating the dispersion and the wave
functions of the electrons and holes, we take into account the

Many papers involving calculation of the spatial distri- nonuniformity of the distribution of the elastic deformations

bution of the elastic mechanical deformations in buriedalong the cross section of the QW and the surrounding ma-

structures with quantum wire@QWs), based on materials terial. The computed spectra are compared with the experi-

which are not lattice-matched, have recently appeared in thmental data obtained for buried structures with InGaAs/

literaturel? It has been shown that the elastic deformationsGaAs QWs.

in these structures differ substantially from a simple biaxial

compression existing in the two-dimensional objects —

guantum wells(QWs). This affects the band structure of 2 BAND STRUCTURE AND MATRIX ELEMENTS OF

QWs and results in a number of characteristic differences irI]NTERBAND TRANSITIONS IN INGAAS/GAAS QUANTUM
the optical properties of strained QWs as compared with ung,res

strained wires.

One of the most important manifestations of size quan- 2.1 Calculation of elastic stresse®/e consider first the
tization of charge carriers in QWs is the short-wavelengthdistribution of elastic deformations in a heterostructure with
shift of the photoluminescenc@L) spectra as compared an InGaAs/GaAs quantum well sandwiched between infi-
with the spectra of the initial quantum well. In Ref. 2 it was nitely thick GaAs barriergFig. 1a. As is well known, the
shown that for strained QWs this short-wavelength shift isdifference in the lattice constants of,{Ba, _,As and GaAs
determined mainly by the difference in the components ofcauses the quantum well to be uniformly biaxially com-
the elastic-deformation tensor from the values characteristipressed:
of biaxial compression of a quantum well, and only a small

part of it is_ due to the additiqn_all gquantization of electrons Eixr;(: fiynyZ(ao—a(x))/ao, Eiznz: 3 2v 6ixnx;
and holes in the plane of the initial quantum well. 1-v

It is well known' that a modification of the spatial de- (OU_ Lout_ out_ 5 i
pendence of the components of the elastic-deformation ten- —x  ~yy “zz ™

sor in QWS Changes primarily the structure of the Valenc%herea(x) and ay are the lattice constants OfxalfoS
band of the semiconductor, giving rise to mixing of the and GaAs, and is Poisson’s ratio.

heavy- and Iight-hole subbands. This should result in an ap- |n the case of a one-dimensional struetut a guantum
preciable polarization anisotropy of the matrix elements ofyjre (Fig. 1 — the situation becomes more complicated. In
optical interband transitions associated with the absorptiofhjs case the components of the elastic deformation tensor in
and emission of linearly polarized light. On the other handthe xz plane become substantially spatially nonuniform, and
some experimental data show a substantiab@) PL po-  the barrier material is elastically deformed. To calculate the

larization anisotropy for structures with strained QWs Ofcomponents of the tenser we shall emp|oy the ana|ytica|
width 50—60 nn? The nature of this polarization anisotropy approximation

in the case of strained QWs is substantially different from the

case of unstrained structures, where it is a consequence of (v 0 2v
the additional quantization of the charge carriers in the plane T\ 1-0 20 E) €0~ F(X,2)ve,
of the initial quantum welf:®

In the present paper we calculate the polarization- _ 2 i_ ﬂ —F(x,2)
dependent PL spectra for strained InGaAs/GaAs QWs witha %2 |1—p 27 1—p) £/ V€os
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Z count the interaction of the two top subbands of the valence

Y band. We write Schidinger’'s equation in the form
[H, +H]f"(x,2)=Ef"(x,2), (5)
X
wheref”(x,z) is a four-component envelope wave function
Lx of the holes, andd, is the Luttinger Hamiltonian, which in
ds 0. 1 the basis of the eigenfunctions of the projection operator of
Lz the total angular momentum has the form
d N d: _ - -
Hon b 0 3
a) b) 2
N 1
FIG. 1. Schematic diagram of a structure with a quantum wslland c Hin 0 —-b - =
quantum wire(b). f - 2
L— 1
1
b+ 0 th C —
2
1+v 1d3 3
Eyy=F(X,Z)EO, €xz=— mh’ﬂd d, |60, 0 -b* c* Hun _E
_ao_a 2 2
0= gy @ M= [t 1K)+ (= 272) 1+ V' (x.2),

where the functiorF(x,z) equals 1 everywhere inside the
QW and 0 outside. The distancdg, d,, d3, andd;, and
anglesé, and 6, are shown in Fig. 1bg=6,+ 6,,. Equa-
tions (2) were obtained in Ref. 1 under the following basic

h
H|h=2—mo[(71_ 7’2)((95_k§)+(’)’1+ 29,) 931+ V"(x,2),

assumptions: The QW and barrier materials were assumed to  42,/3 2\/— 72 Y3 )
be continuously isotropic and to obey Hooke's law. Furtherb=——_——v3(dxtky)d;, c=- omg ——(dxtky)*,
more, Poisson’s ratio of the QW and the barrier were as- 0 (6)

sumed to be equal.

2.2. Structure of the valence and conduction bandls. wherey,, v,, andy; are the Luttinger parameters, is the
distinguishing feature of expressiof® for the components free-electron mass, and,(x,z) is the profile of the valence-
of the deformation tensor is that the hydrostatic compressioband edge. The second term in E®) is the so-called
0= exxt €yt €,, is constant inside the wire and equals zeroPikus—Bir Hamiltoniar!, which in the same basis as the

outside the wire: Hamiltonian(6) has the form
5in:(2_ 2v )€o§ SOUt= 0. 3) p+q r -s 0
1-v *
r p—q 0 s
The quantityé (3) is equal to the value for the quantum Hs=— _g* 0 p—q r

well. Since the Hamiltonian of the conduction-band electrons
depends only on the hydrostatic compressi®rthe relax-

ation of the elastic deformations which is described by Eqgs.
(2) has no effect, to a first approximation, on the quantization
of the electrons. Disregarding the interaction of the conduc-

p=a,s, O=¢€yt €yyT €27,

tion band with other bands, we write the Sotiirger equa- q=—b, 5 (€t €)— €22,
tion for the electrons in the effective mass approximation in
the form 3
3
h? 1 1 125 . r=——5b(exx ey +id,ey,
> —(9XW(9X—(9ZF(92 + — Sm +a.0+V*(x,2)
XfC(XZ):ECfC(X,Z), (4) S:_idy(fxz_ifyz)- W)

wheref®(x,z) are the envelopes of the electron wave func-Herea,, b,, andd, are the deformation potentials of the
tions, V¢(x,z) is the profile of the conduction-band bottom, valence band, and the components of the deformation tensor
anda. is the deformation potential of the electrons. € depend on the coordinates according to &j. It should

To calculate the energy levels and the envelopes of thbe noted that the Hamiltoniai®) is written in the axial ap-
wave functions of the holes, we shall employ Luttinger's proximation. The values of the parameters for GaAs and In-
formalisn? with a 4x4 Hamiltonian, i.e., we take into ac- GaAs employed in the calculation are presented in Table I.
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TABLE I. Values of the parameters for GaAs and j6& gAs. it, the PL band. The results presented in Fig. 2 are in good
qualitative agreement with the results obtained in Ref. 2 on
the measurements of the magnetoluminescence, as well as

Parameter GaAs |GagAs Parameter GaAs  §nGagAs

me/mg 0.067 0.059 a,, ev - -11 with their calculation, performed using algorithms for solv-
7 6.85 9.56 b,, eV - —2 ing numerically the equations of the theory of elasticity.
- 2.1 3.34 d,, ev - -5

2.3 Matrix elements and their polarization anisotropy.
Zz eV =0 24 aO;A % S’;ﬁ Besides the short-wavelength shift of the PL, another char-
acteristic manifestation of the one-dimensional nature of the
electron-hole gas in QWs is thought to be the polarization
anisotropy of PL and the absorption of light. We shall show
To solve to Eq(5) numerically, we employed a Fourier below that in the case of strained QWs the magnitude of this
expansion of the envelope wave functions of the electrongnisotropy is determined mainly by the modification of the

and hole$ components of the tenset
1 n, n, Using the expansioli8), we can calculate the overlap
fo(x,2) = fe(m, n)e2mim¥Xg2minziz integrals of the envelopes of the wave functions of electrons
(x.2) VXZ m=§;n)< n=§;nZ ( ) and holes:
1 & < - - 3= | 1%, (x,2)dxdz= S, £5(m,n)f** (m,n)
f:(x,z): XZ m:Zn n;n fl;(m,n)ezﬂ-lmxlxezﬂ-mﬂz, i, i ’ v, ’ = i ’ v,j ’ ’
N x 2 @ 9

where f(m,n) and f;’](m,n) are the eigenvectors of the
Hamiltonians(4) and (5); the indicesi andj enumerate the
b(-?Iectron and hole states, respectively; and the index

where X and Z are the periods of a formal superlattice of
QWs in the directions of the and z axes. These periods
e

must be chosen to be large enough so as to ensure negligi 1S (312, —1/2, 1/2, —3/2} enumerates the components of

overlapping of the wave functions of the electronic and hOIethe hole wave function. For linearly polarized light incident
states of the neighboring QWSs. Substitution of the expan: ' yp 9

. . in a direction normal to the plane of the QWSs, the matrix
sions(8) into Egs.(5) and (4) reduces the latter to an alge- lement of a radiative transition between statek, andj,

braic proplem of finding the eigenvalues aqd eigenvectors O(IE’ of the valence and conduction bands can be written in the
the matrices. The results of the calculation of the shorty?Y

wavelength shift of the first interband transitiep—h rela- form
tive to its position in a quantum well are presented in Fig. 2 |M; j|?=F;;(1+ a; jc0S2p) S(ky—ky), (10
for different widths of the QWSs. The dashed curve was ob- . o

. ; . . . where ¢ is the angle between the polarization vector of the
tained without regard for the spatial nonuniformity of the . 2 .

R . . . .~ light and they axis (i.e., the axis of the quantum wireand
distribution of the elastic deformations, i.e., upon substitu- . ; .
. : S . the & function ensures that the law of conservation of quasi-
tion of the values ofe (1) into the Hamiltonian(7). It is

evident from the figure that even for wide QWs the spatialwave. vector in the direction of th.? axis 1 sat|sf|ed._ _The
amplitudeF;; and degree of polarizatioa;; of a transition

dependence of the components of the elastic-deformation . . .
tensor cannot be ignored. In addition, in wide enough QW are related with the overlap integra® by the relationgsee,

the modification ofe;;, compared with their values in the or example, Ref. 4

initial quantum well, is the main source of the short- 1 g 5 _;2 1 % 5 _%2
wavelength shift of the transitioa; —h, and, together with Fii:§ |‘]i,j| +|‘]i,j | ]+§[Ji,j| +|‘]i,j ]
3oL 3 101 3
> X ' ' ] “”_Hﬁ i P (1)
g sor o 2Capes/Galts - It should be kept in mind that the overlap integrals, and
§ L,=7nm 1 therefore the quantities; ; andF; ;, are functions ok, .
@ 60 ] The computational results for the degree of polarization
8 sof f L ; . of the transitione; —h; at the pointk,=0 are presented in
:,:: 40l L, ] Fig. 3 as a function of the width of the QW. The dashed line
9 [ 1 in this figure shows the results of such a calculation in the
o or ] approximation of spatially uniform biaxial mechanical defor-
S 201 i mations. As one can see from the figure, the polarization
3 10t e 8 anisotropy of the matrix elements of interband optical tran-
@ i . . et sitions in strained QWs is determined virtually completely
8 10 20 40 60 8 100 by the difference of the elastic deformations from biaxial

deformations. Biaxial compression, as is well known, splits
FIG. 2. Short-wavelength shift of the transitiep—h, versus the width of the Valence band, Shlftlng the heavy-.hOIe subband upward
a QW taking into accounsolid line) and neglectingdashed lingthe spa- and the |Ight-h(_)|8 SUbbar_]d dowm’_\’ard in energy. At the same
tial dependence of the components of the tensor of elastic deformations. time, the polarization anisotropy in the plane of the QWs is
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70 —— . . —_— wheren is the index of refractioneg is the vacuum permit-

tivity, mg is the free-electron mass, aadis the frequency of
6oy Iny,Ga, gAs/GaAs ] the light. The Lorentziard (E), which replaces the law of
50 - L,=7nm 1 conservation of energy, takes into account the homogeneous
broadening of the optical transitions.
< 40 f L ; T Denoting the integrand in Eq13) asda, we write the
& 30t L, ] spectral dependence of the luminescence in the form
o]
] 2
20~ ; L(ﬁw)Z%wzz f j J' da
ol ] €mC™My 7] JkJEJE,
___________________ el N ={ _EV
0 s o n T XF(E.—Ep)F(E,—Ef)dk,dEE,, (14
Ly, nm whereF (E) is the Fermi distribution, anBf andEf are the

FIG. 3. Degree of polarization of the transitien—h, versus the width of Fermi quasilevels O-f the electrons.an(_j holes, respectively.
a QW taking into accounsolid line) and neglectingldashed lingthe spa- We_underscore again that t[he polarization depepdgnce of the
tial dependence of the components of the tensor of elastic deformations. luminescence and absorption spedttd) and(14) is incor-
porated in the matrix elemen; j(k,). Knowing the PL
intensity for two directions of linear polarization of light
determined by the mixing of the states of these two SUb(paraIIeI and perpendicular to the axis of the QWe can
bands, which are associated with the additional size quantggjculate the PL polarization spectrum as
zation in the plane of the initial quantum well. This mixing is
found to be suppressed by the splitting caused by the biaxial Li(fiw)—L, (hw)
compression. Therefore, the degree of polarization of the in-  P(hw)= Li(hw)+L, (ho)
terband transitions in the plane of the QW approaches zero |
(dashed curve in Fig.)3The difference of the elastic defor- Equation(14) describes the shape of the luminescence
mations inside a QW and in the surrounding barrier fromspectrum when the scale of the inhomogeneities of the QW,
biaxial deformations results in indirect mixing, which is not which result in broadening of the carrier energy levels, is less
associated with size quantization, of the heavy- and lightthan the carrier diffusion length, i.e., when there is enough
hole subbands. The resulting polarization anisotropy of theime for the carriers to be thermalized during their lifetime.
matrix elements of interband transitions is substarige  However, another possible case is when the scale of the in-
Fig. 3) and even exceeds the similar values for unstrainethomogeneities is greater than the carrier diffusion length and

(15

InGaAs/GaAs QWs of the same width. when the luminescence of different sections of a QW occurs
independently. In this case the unbroadened luminescence
3. POLARIZATION ANISOTROPY OF PL contour must be determined first and then its convolution

3.1. Calculation of the PL spectralo calculate the PL with the static distribution must be calculated:

spectra, in addition to the dispersion laws for electrons and
holes, calculated in Sec. 2, and the matrix elements of inter-
band transitions, it is also necessary to know the paramete($heres is a parameter, with a variance, on which the lumi-

of the homogeneous and inhomogeneous broadening of thgyscence spectrum dependsis the average value of this
energy levels, as well as the distribution of charge carrierg arameter, and(s—s) is the statistical distribution of the

L(hw)=L(%w,s)X P(s—s), (16)

over these levels. . . . _ensemble of QWs with respect to this parameter.
We shall write the one-dimensional density of states in 3 5 Experimental data. Comparison with calculations.
the conduction and valence bands in the form The measurements of the PL spectra and polarization were
2 performed on QWs obtained by reactive ionic etching fol-
D"(E)= ;2 J G(E—Ep"(ky))dky, (12 lowed by burying of the initial structures with a single 70-
"Ik A-thick-Ing ,Gay sAs/GaAs quantum well. A detailed de-

where Eﬁ"’(ky) are the electron and hole dispersion scription of the fabrication technology is given in Ref. 10 .
branches, an(E) is a Gaussian function that describes in Transmission microscopy data showed that the width of a
Eqg. (12) the inhomogeneous broadening of energy levelsQW was equal to 608100 A.

Knowing the density of states and the matrix elements of the  The experimental PL spectra of a QW and of the initial
interband transitions, we can calculate the interband lighstructure with a quantum well, as well as the computed PL

absorption spectrum spectrum of the quantum well are shown in Fig. 4. The com-
-2 1 puted spectrum was obtained by the method described in the
a(hw)= = J f J G(E.—Ef(ky)) preceding section. The adjustable parameters were as fol-
eocnmp ofF Ji Je Je, lows:
_Ev . 2 _ — the position of the Fermi quasilevEIE in the con-
X G(E,~Ef(k)IMi (k)T (B~ E, duction band relative to the bottoB; of the first electron
—hw)dk dEE,, (13 guantization subband;
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FIG. 5. PL polarization spectrum. Solid curve — calculation taking into
account the spatial modulation of the components of the teaisdashed
line — in the approximation of uniform biaxial deformation; dots — experi-
00 L 1 mental valuesT=77 K.

130 132 134 136 138 140 142
Photon energy, eV

FIG. 4. PL spectra of a QW and the initial quantum well. For QW the dots o . .
show the experimental spectrum and the solid curve is the computed spe€lensity in a material that has not been specially doped can be

trum. explained by accumulation of a backgroumdype impurity
at the boundary! The position of the Fermi quasilevel of the
holes in this case does not appreciably influence the shape of

— the magnitudd” of the homogeneous broadening of the PL line, since for the pump densities employed the holes

the transitions, which appears in the Lorentzian in @J); are far from bgmg degenerate,
for simplicity, this parameter was assumed to be energy- The experimental and computed spectra of the degree of
independent', polarization of PL are presented in Fig. 5. The values of the

— the electron-hole gas temperatdrg; parameters obtained from fitting the shape of PL line, as

— the magpnitude of the inhomogeneous broadenirg described above, were used in the calculation. The figure
the levels of the initial quantum well that is associated WithaISO shows_ the PL_poIarlz_atl_on spectrum calculateq in the
fluctuations of the width and composition of the quamumapproxmatlon of uniform b|a.X|aI de.formlanor(\dash_ed I|.n¢
well, and so on; since the scale of these fluctuations is Ies’g‘S one can see from the figure, in this approximation the

than the carrier diffusion length, we employed Ek2)— calc;lﬁ/cm g'\ées 3 degree cc)jf polgbrlzaﬁon that does nlft e)l:()-
(14) to calculate them: and ceed 1%, and it does not describe the experimentally ob-

— the fluctuations of the width of the QW: since the served spectrum. At the same time, the calculation per-

scale of these fluctuations, which are associated with thgormed with allowance fo.r the spatial modulatlon. of the
nonideality of the technological process, is much greater thaffomPonents of the t_ensergw_es much better, though incom-
the carrier diffusion length, this mechanism of broadening Opletg, agreement with eXpe”me’_‘t- Near the maximum of the
the PL line must be taken into account in accordance WitHDL line, as one can_ se_e frqm Fig. 5, the computed value of
Eq. (16). For the distributionP we employed the normal the degree of polarization is 1.3-1.5 times greater than the

Gaussian distribution eXpe“’T‘e"?ta' value. . .
This discrepancy cannot be attributed only to the experi-

1 (L—L)2 mental error in the measurement of the degree of polarization
\/ﬁALeX - TAE ' 17 of PL or the approximate nature of the algorithms for nu-
_ merical calculation of these spectra. In our opinion, it can be
wherelL is the width of the QWL is the average value of attributed to the crystallographic nonideality of the bound-
this width, andA,| is the rms fluctuation of the width. aries of the QW and the presence of point defects on it.
The values of the parameters which give the best agredRartial inelastic relaxation of the mechanical stresses, result-
ment between the computed shape of the PL spectrum andg in a decrease of the spatial modulation of the components
the experimental spectrum are presented in Fig. 4. We enwef the deformation tensor, can occur on such defects. At the
ployed as the adjustable parameter the Fermi quasilevel gfresent time, we are investigating the boundaries of QWs
the electrons and not the holes, since these measurementsvath the aid of different methods of high-resolution micros-
the voltage dependence of the capacitance attesttygpe  copy, and we are working on imposing boundary conditions
conductivity near the QW. From the results of thgfitg. 4,  on the components of the tensothat take into account the
one can see that the Fermi quasilevel of the electrons lies 28artial plastic relaxation of the stresses on point defects. The
meV above the bottom of the first quantization subband; i.e.fesults of this work will be the subject of our subsequent
the electron gas is strongly degenerate. Such a high electrguublications.

G(L-L)=
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Photoresponse of Cd ,Hg;_,Te crystals due to composition inhomogeneities
I. S. Virt and D. I. Tsyutsyura

I. Franko Drogobych State Pedagogical Institute, 293720 Drogobych, Ukraine
(Submitted February 19, 1996; accepted for publication October 25,) 1996
Fiz. Tekh. Poluprovodr31, 606—608(May 1997

It is shown that when CgHg, _,Te crystals are irradiated with light with photon energy less than
the band gap, photoconductivity due to generation of electron-hole pairs on inhomogeneities
with a lower value ofx is possible. The inhomogeneities are modeled in the form of a cluster
network of small-angle boundaries of blocks with a high rate of recombination of
nonequilibrium charge carriers. The magnitude of the photorespangg \(ersus the sizer() of

the cluster network is estimated. €97 American Institute of Physics.

[S1063-78287)02305-3

The photoconductivity of CgHg, _,Te crystals with photon dAp dAp
energieshv greater than the band g&j is due to interband Dogr | = Cs=s:dp| .+ Dp—g| =0
absorption and formation of electron-hole pairs. In the case r=rs =re r=0

hv<E4 several processes are possible — intraband and two- @
photon absorptionas well as absorption on inhomogeneities.wherer is the diffusion coefficient of the nonequilibrium
In this paper we report the results of an experimentahmeS,TP is the bulk lifetime of NCCs, an€, is the rate of
study of the photoelectric properties of Etl); ,Te crystals  generation of NCCs at the boundaries of the blocks. The
(x>0.20) illuminated with CQ laser pulsesX=10.6 um,  gojution of Eq.(1) with the boundary condition€) is an

hv<Egy). Samples with the composition=0.23-0.27 and  expression describing the coordinate distribution of the den-
dimensions of K2X1 mm were employed. The samples sity of NCCs inside the blocks:

possessed electronic conductivity with electron density

n=(5—0.5)x10* cm~2 and mobility x,=(1—0.1)x 10° o

cn?/(V-s). The photoresponse was recordedhwat S 8—13 3'”"<|__)

oscilloscope. Excitation was performed witi~10"7 s la- Ap(r)zApS(rc)TC —rp’ 3
ser pulses. The effect of heating of the electron gas was sinl-(—c)

decreased by using low radiation powers, obtained with the Lp

aid of filters. To determin&, in the crystals, we measured
the spectral dependences of the photoconductivity at 77 K
Light absorption can occur on spherical inhomogeneitie
as well as on dislocatiorfsbut the most common defect in
CdHg, _,Te crystals are small-angle boundari&ABs) of
mercury-enriched block$this determines the local decrease a

in Eg in their vicinity. The comparatively large area of the
network of SABs in crystals makes SABs the most active '

where Apg(r.) is the surface density of NCCs, which de-
'é)ends on the size of the SAB network,

defects in photoprocesses as compared with all other defects.

The recombination action of extended defects was investi- ‘

gated in Refs. 4 and 5. ‘ ‘
In calculating the induced photoconductivity, the cluster ‘r

network of SABs can be represented by spherical grains of a

semiconductor with a high rate of recombination of nonequi- ‘.‘"’

librium charge carrier§NCCs9 at the boundang. Nonequi-
librium charge carriers are generated in regions on the b kv
boundaries of the blockéwith Egs<hv) and subsequently / ’f
diffuse into the semiconductor graifiBig. 1).

For an-type semiconductor, in the chosen model the
continuity equation for nonequilibrium charge carriers
(NCCs (Ap)has the form

d?Ap 2dAp| Ap
,,( ar? *rw)n—p—o @
FIG. 1. SAB network(a and energy diagram of a ¢ldg, ,Te sample with
with the boundary conditions SABs (b).
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FIG. 2. Average density of nonequilibrium holes versus the relative size of

a cluster network of SABs with relative surface recombination fate-
s/lv=1,2 — s/v=100. FIG. 3. Spectral characteristics of the photoconductitity?) and tempera-

ture dependences of the lifetime of NCCs, 2') for two n-type samples
with compositionx=0.24.

G.7,/L
Apy(re)=—— P, @)
e
coth —|+-———
Lo/ Lp r¢ calculated for these compositidrisc=0.24 and 0.2)) differ
andL,= \/m is the diffusion length of NCCs. by approximately a factor of 3, which agrees with the data
Photoconductivity is produced by the average density oPPtained. . .
NCCs within the blocks: It shoqld be noted_ that the high density of mercury ato!”r)s
. at the grain boundaries not only decreases the composition
—_ 3Gs7p S7p re| Lp X but also forms a high density of donors. In samples with
Ap=——1+— coth —|—— . (5) . . . .
Me Lp Lo/ ¢ electronic conductivity this improves the natural sink of non-

The dependence of the relative magnitude of the photocon(?qUIIIbrIum holes from grain boundaries in the volume,

ductivity (Ap) on the size . of a cluster network of SABs is Whose_ energy barrier is approximately 45 meV: I_n InSb crys
A : . tals with the same band gaB, photoconductivity under
shown in Fig. 2 for different relative values of the surface e X 9 ;
. - . . lower-power excitation with a CQlaser is not observed.
recombination rate/v (wherev=L,/7, is the rate of diffu-

sion of NCCs. It follows from these relations that for a On this basis it can be expected that the sensitivity to
. ' . o . CO, laser radiation will increase as a result of an increase in
sufficiently extended network of inhomogeneities, the inho- e . . . "
. . S the lifetime of NCCs, if inhomogeneities with composition
mogeneities can make an appreciable contribution to the . . . .
. . . X=0.20 are introduced into the wide-gap material
photoresponse, especially if the sizgsof the subblocks of CdH Te
SABs are comparable to the diffusion lendtp. Gi-x1€
The experimental results for two samples of
Cd,Hg, _,Te with compositiorx=0.24 are shown in Fig. 3.
The band gap estimated according to the long-wavelength
;hqulder of the spectral chara.cte'rlstlc of the photoconductiv1g ashmontas, 1. Gradauska, K. Naudzhyus, an@irmulis, Fiz. Tekh.
ity is E4~0.20 eV. The NCC lifetimer,, measured accord-  Poluprovodn28, 1975(1994 [Semiconductorgs, 1089(1994].
ing to the relaxation of the photoresponse induced by thezTéé\lé(i;El;f’evy A. V. Lyubchenko, and E. A. Sal’kov, Ukr. Fiz. Z84,
~ o (7 —6 : .
CO, laser pUIS.e. IQy 0.11 eV), is (7 S)X 10 _S' E_VI 3A. 1. Elizarov, V. I. lvanov-Omski, A. A. Korniyash, and V. A. Petrya-
d?ntl){: nonequ]llbrlum electror)-.hok-a pair production is pos- oy, Fiz. Tekh. Poluprovodri8, 201 (1984 [Sov. Phys. Semicond.8,
sible in the regions of composition in which the band gap 125 (1984].
is Eq=0.11 eV (at the block boundari¢sSince the relax- 42- \’)‘ Efigboz’]eV'kV- K-dEng:ki/\lhlL- 'Aﬁlfarli?he‘lr']tiivaﬁ *T R. Klijfgé;novi
. : . H . V. Lyubchenko, an . Malovicnko, Fiz. lTeknh. Poluprovo 3
gtlon time ob§erved expt_anmentally is much longer than that 1649 (1991 [Sov. Phys. Semicon@5, 995 (1991].
in samples with compositiors=0.20, where the band gap SM. G. Andrukhiv, I. S. Virt, D. I. Tsyutsyura, and P. S. Shkumbatyuk,
equals the photon energy, it can be assumed-héat deter- Elektron. Tekhn,, Ser. Materialg5?, 62 (199. .
mined by the recombination of NCCs not on inhomogene- X'zf'llégpes’ A.Y. Syllaios, and M. C. Chen, Semicond. Sci. Tectiol.
ities but rather in the volume of the blocks. The lifetimes of (1993.

nonequilibrium holes in weakly doped material, which wereTranslated by M. E. Alferieff
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Transient space-charge-limited current in porous silicon
L. P. Kazakova, A. A. Lebedev, and E. A. Lebedev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted October 14, 1996; accepted for publication October 25,) 1996
Fiz. Tekh. Poluprovodr31, 609—-610(May 1997

The transient space-charge-limited current in porous Si preparedriitype crystalline Si has
been investigated. The values of the electron and hole drift mobilities were determined

from the charge-carrier transit times through the sample and from the magnitude of the initial
photocurrent. ©1997 American Institute of Physids$1063-782@07)02405-9

In recent years a great deal of attention has been devotatiicted on samples with a sandwich-type structure. A crystal-
to porous silicon. This material is interesting because it exline silicon wafer served as the bottom electrode. The top
hibits intense photoluminescence and appreciable electrolelectrode consisted of a half-transmitting Au film which was
minescence in the visible region of the spectrum. Until nowdeposited on the porous Si by the thermal sputtering in a
the characteristics of the luminescence and the optical andacuum. The resistance of the samples in an electric field of
photoelectric properties of porous Si have been stutiiéd. 10° V/cm was equal to about $Q0) with the top electrode
Much less attention has been devoted to the characteristics afeaS=7x 102 cn?. The thickness of the porous-Si layer,
charge-carrier transport, despite the fact that informatiormeasured with an optical microscope, was 8 um.
about electron and hole drift mobilities is very important for The time-of-fight method was used for the
clarifying the mechanism of electroluminescence. Data orinvestigations.Nonequilibrium charge carriers were injected
charge-carrier mobility in porous Si prepared frgvtype  into the sample by means of a light pulse from a LGI-21
crystalline Si are available in the literatutédowever, it is  laser with a wavelength of 0.33Zm and a pulse duration of
known that the most interesting results on electroluminesthe order of 8 ns.
cence have been obtained on samples prepared rirtype The measurements were performed in the strong injec-
crystalline SP In this connection, in the present work we tion regime, in which a space-charge-limited transient cur-
conducted investigations to determine the electron and holeent (SCLTC) was observed. Under SCLTC conditions the
drift mobilities in porous Si obtained from-type crystalline injected chargeQ=CV, whereC is the capacitance of the
Si. sample, which was regarded as a flat capacitor,\am&lthe

Polished wafers of phosphorus-dopedype (111) crys-  voltage applied to the sampl€The characteristic features of
talline Si with a resistivity of 4.9)-cm were used to fabri- the SCLTC are that the currehis independent of the inten-
cate porous silicon. The porous layers were obtained by elegity of the injecting radiation and the current is a quadratic
trolytic etching of silicon in an electrolyte with the function of the voltagd ~V?2.1°
composition (% by volumg 50%HF (48% + The measurements of the transient SCLTCs were per-
50%GHs0H (90%) + 0.1%KNG, (unimolar solution un-  formed with a pulsed voltage with a duration of the order of
der illumination from an incandescent lamp. The duration ofl ms applied to the samples and with a holding time of
the etching with current density 7—10 mA/&was equal to  ~100 us between the moments of application of the voltage
25-30 min. Intense photoluminescence in the red-orange re-
gion of the spectrum was observed from samples prepared in

this manner.
The investigation of charge-carrier transport was con- 0k
3 -
<
2.
N a2
1}
0.5
s 20 ps 17
{ el
FIG. 1. Oscilloscore traces of transient space-charge-limited photocurrenfsiG. 2. Values of the currents, (1) andl, (2, 3) versus the voltag® for
corresponding to hole drift in porous Si. Applied voltageV: 1 — 2,2 — space-charge-limited transient currents corresponding to holgHr#f and
3. The sweep time is 2@ s/division. electron drift(3) in a layer of porous Si.
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and photoinjection. Figure 1 shows oscillograms of the pho-  In summary, the investigations performed in layers of
tocurrent pulses observed during hole drift. The form of theporous Si prepared fromn-type crystalline Si gave close
oscillograms of the transient currem{t)is typical of a values of the hole and electron drift mobilities:
SCLTC. The time dependenckd) are characterized by ini- ue=pu,=6x10"2 cn?/(V-s). This result is different from
tial 1o and maximum ,, currents. The ratid,,/1 is close to  that obtained in Ref ; this attests to the strong difference in
2.7. The timet,, corresponding to the current maximum var- the values of u,=1-2 cnf/(V-s) and u,=6
ied as the reciprocal of the voltage applied to the samplex 10~ 3cn?/(V-s), determined in porous Si prepared from
The quantitied andl,, increased almost quadratically as a p-type crystalline silicon. The high values @f, evidently
function of the voltaget ~V? (Fig. 2). The value of the hole stem from the fact that in Ref. 8 they were determined from
drift mobility u,, was determined as the time of flight the fast component of the current, although a slow compo-
tr=L%u,V, which is related tot, by the relation nent was also observed. The value of which we found
t,,=0.81, as well as from the initial current density could correspond to this component.

J0=10/S= e V2I2.25¢ 101 3, 'The fact that nearly.identical values were obtained for

Mn in layers of porous Si prepared frop andn-type crys-

where ¢ is the relative permittivity. The value talline Si shows that the type of conductivity in the initial
up="5.7x10"2 cn?/(V-s) was obtained from the time of material does not strongly affect hole transport in porous
flight. This value ofu,, also follows from the initial current, silicon. Another important result of this work is that it has
if one setse=4.8. It is interesting that the close value been shown that space-charge-limited currents can be used
g=5 was obtained in the measurements of the capacitance effectively to study charge-carrier transport in porous Si.
the samples at a frequency of 1 MHz.

In contrast to hole transport, current pulses whose form
consisted of a continuous Qrop of t.he current in time Werey o anham. Appl. Phys. Let57, 1046(1990.
observed during electron drift. The independence of the sig<g koch, MRS Symp. Proos 319(1993.
nal from the intensity of the injecting radiation and the qua- ®N. Koshida and H. Koyama, Appl. Phys. Le60, 347 (1992.
dratic dependence of its magnitude on the voltégig. 2) 4N‘-1 gzshligg, H. Mizuno, H. Koyama, and G. J. Collins Jpn. J. Appl. Phys.
attested to _the presence of space-ch_arge limited current. T "Stei;er’ 2 Kozlovski, and W. Lang, MRS Symp. P&88, 665(1995.
electron drift mobility u was determined from the current &3 p zheng, K. L. Jiao, W. P. Shen, W. A. Anderson, and H. S. Kwok,
amplitude, which was taken dg, and it was assumed that Appl. Phys. Lett61, 459 (1992.
e=>5. This gave the valug,=6Xx 103 sz/(V- s). We note E. V. Astrova, S. V. Belov, O. A. Zissev, and A. A. Lebedev, Pis'ma Zh.
that in rEStruc,turing the time d_epepdences of t,he eIeCtroniQE?kAh-If;i).el(?é\ioc(al.glgzi.sski and V. Petrova-Kokh, Fiz. Tekh. Polupro-
photocurrent in a double logarithmic scale, a kink appeared yodn. 30, 1648(1996 [Semiconductor80, 1099(1996].
on the curved (t) and the time of flight was determined °w. E. Spear, J. Non-Cryst. Sdl, 197 (1969.
according to this kink. The value of the electron mobility OM. A. Lampert anv_:i P. MarkCgrrent !njection in SolidsAcademic Press,
found from the time of flight was found to be close to the N. Y., 1970[Russian translation, Mir, Moscow, 1973
value obtained from the initial current. Translated by M. E. Alferieff
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Effect of transverse pump current nonuniformity and field distribution on the dynamical
characteristics of strip injection lasers
S. A. Gurevich, G. S. Simin, and M. S. Shatalov

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 9, 1996; accepted for publication December 19) 1996
Fiz. Tekh. Poluprovodr3l, 611-615(May 1997

A new model that makes it possible to describe in detail the static and dynamic characteristics of
strip injection lasers, taking into account the transverse nonuniformity of the pump current

and optical field, is proposed. For the example of a strip ridge-guide laser, it is shown that the
“hole-burning” effect in the transverse distribution of the optical gain determines the

frequency of relaxational oscillations at high power levels. The computed dependence of the
rates of decay of the relaxational oscillations on the squared resonance frequency agree well with
the experimental data, which previously could not be adequately explained in existing models.

© 1997 American Institute of Physid$S1063-782807)02505-3

Strip injection lasers, in which the pump current flow problem, since the nonuniform capacitance of the diode and
and distribution of the optical field are concentrated in athe inductance, which is stimulated by radiation and which is
narrow channe— a strip several microns wide — are now of a nonlocal charactérmust be taken into account in this
the most widely used lasers. In calculating the static andase. Several methods for solving this problem were pro-
dynamic characteristics of such lasers, useful results can lmosed in Refs. 8—12. However, the proposed analytical ap-
obtained in many cases on the basis of models in which thproaches, as a rule, are applicable only for model
pump current density, the nonequilibrium carrier density, andstructure®1° and numerical methods do not permit follow-
the photon density in the cavity are assumed to be constairig the effect of important physical parameters on the dy-
within the strip channei=® A number of approaches, which namical characteristics of lasers'? The present paper pro-
account for the spreading of the pump current in a plangoses a new model for calculating the static and dynamic
parallel to thep—n junction, charge-carrier diffusion, and the characteristics of strip injection lasers that can be applied to
effect of the field of a laser mode on the carrier densitylasers of arbitrary construction.
distribution profile, have been proposed to describe the static For definiteness, we shall study a ridge-guide-type strip
operating regime of the laser, taking into account the transijection laser, shown schematically in Fig. 1a. In our model
verse nonuniformity® However, a calculation of the dy- the laser is represented as a distributed chain, consisting of
namical characteristics of strip lasers is a much more difficultells arranged in the transverse direction in the plane of the

— a

AN

FIG. 1. Schematic diagram of a ridge-guide strip lagrand the equivalent circuib).

1T
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p—n junction (Fig. 1b. As shown in Fig. 1b, the sections of whereW?(x) is the squared field of the transverse mode and
the structure under the ridge, the grooves, and the side ré(t) is a time-dependent coefficient. It is assumed that
gions are represented by cells of different type, so that th&@?2(x) corresponds to the main transverse mode, which has a
sizeAx of each cell is small and the parameters of the strucmaximum that peaks at the center of the strip and does not
ture are constant within a cell. Since the structure of the lasedepend on time, and

is symmetric with respect to the center of the ridge, the cal- .

culations were performed for half the chain shown in Fig. 1b, P2(x)dx=1. (3)

but the final results are presented for the complete structure. —o

The resistances., arranged in the central cells, correspond
to the specific contact resistance referred to the area of a ¢
(the transverse size of a cell, as indicated above, edquals
and the length of a cell equals the length of the laser cavity
The resistors ¢ describe the resistance to spreading under the
ridge and in the side regions, and the resistqisdescribe i ) .
spreading in regions under the grooves. The magnitudes dfheréf o is the photon energy, arfd is the reflection co-
these resistances are determined on the basis of the thickfficient of the laser mirrors. In solving the rate equations
nesses, the composition, and the doping level of the uppdtd and  (1b) it was assumed  that

_ 2
layers in the structure. It is assumed that the resistance @ss*:t)=An(x,t)+Bn(x,t), whereA andB are the non-
spreading in the thick bottom layers is small and for thisradlatlve and radiative recombination coefficients. The fol-

lowing representation of the gain was also used:

he radiation power through one mirror of the laser,
12(t), can then be expressed as

1 d 1
Pl/z(t)ZEN(t)ﬁwVF—tH’Iﬁ, (4)

reason all cells are connected to a common “ground.”
The elementary diodes located in each cell represent the g'[n(x,t)—ng]

inner part of the laser structure, whose impedance depends 9(n)= TS(xt)

on the pump current, and the spontaneous and stimulated '

radiation. The capacitances, describe the barrier capaci- whereg’ is the differential gainn, is the density at the

tance of thep—n junction andC describes the parasitic ca- inversion point, and is a coefficient that describes the gain

pacitance of the contact area. The diffusion capacitance dafaturation at high optical power levels.

the p—n junction, which dominates at high injection levels, is The carrier densityn(x,t) at each poin is related to

taken into account when calculating the currents in the elthe voltageU(x,t) across an elementary diode:

ementary diodes.

®)

The properties of the elementary diodes are described by (x,t)=n, exp‘ﬂ _ (6)
the rate equations for the laser, written in the one-mode ap- Uo
proximation in the local fornf: The parametersi, and U, are phenomenological material
parameters of the structure and can be determined from the
nxy _IxH o *n(xt) initial exponential section of the experimental current-
at ed ax? voltage characteristic of the laser diode. The voltage

U(x,t) is in turn related to the currerit(x,t) that flows
through each unit cell. Enumerating all nodes of the equiva-
lent circuit (Fig. 1b and using the method of nodal

—Rgn) = vg(MP2(x)N(), (1a

IN(t o N(t 3 ; i ian i ;
(1) =N(t)l"tvf g(nMW2(x)dx— (1) voltagesl, we write this relation in the form of the matrix
at —w T equation
o im=UiGnk- @
+gf Rydn)dx, (1b) mTkem
—oo In the expressiofi7) the matrixG,, is a matrix of the nodal

conductances; its diagonal elemef@s,, are the sum of the
wheren(x,t) is the density of nonequilibrium carriers in the conductances connected directly to the nadand the off-
active layer (it is assumed that the neutrality condition diagonal element&,,, are the sum of the conductances con-
n=p holds, x is the transverse coordinate, anis$ the time.  nected between the nodesandk with the reverse sigft It
In Egs. (1a) and(1b) J(x,t) is the local pump current den- is important to note that in Eq7) the “barrier capacitance—
sity, d is the thickness of the active layeRs{n) is the  diode” pair is regarded as a source of the curigpevhich is
spontaneous recombination raiiejs the ambipolar diffusion  present in each cell. Since the conductances of the current
coefficient,g(n) is the optical gainl’, is the optical confine- sources equal zero, they do not appear in the maijx.
ment factor in a plane perpendicular to then junction, and  Such an approach is convenient, since in the present case
v is the speed of light in the material. As usuajis the there is no need to describe the elementary diode as a non-
photon lifetime andB is the spontaneous emission coeffi- linear conductance taking into account spontaneous and

cient in a mode. stimulated emission and the diffusion capacitance.
The photon densit$(x,t) in the cavity is represented in In the structure under study the horizontal component of
the form the currenialong thex axis) consists of two parts: an ohmic
current flowing along the top layer and a diffusion current
S(x,t)=P2(x)N(t), (2 flowing between the neighboring cells along the active layer.
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FIG. 2. Computed static power versus current characteristic of the laser.

Ins:erts: P.rOf'I?S gfﬂthe r:ongthj_lllbrlum calrrlerl density distribution in the FIG. 3. Computed frequency of the relaxational oscillations versus the

active region for ditterent radiation power levels. square root of the static power. Solid curve — calculation by the standard
model, dots — calculation according to the proposed model.

It is easy to show that for reasonable doping levels and thick-
nesses of the layers the diffusion component of the current is
much smaller(by one to two orders of magnitugéhan the  hole burnin§) appears at the center of the ridge.
ohmic component. Therefore, the change in dens(ty,t) Taking account of the spatial nonuniformity made it pos-
occurs as a result of recombination processes in the activ@ble to explain a number of experimentally important fea-
layer and as a result of injection and extraction of carriergures of the dynamics of strip lasers. The computed depen-
through thep—n junction with carrier transport along the top dences of the frequendy, of the relaxational oscillations on
and bottom conducting layers. The ohmic component of théhe square root of the static radiation povieare presented
current in the present model is taken into account when then Fig. 3. The solid curve corresponds to the calculation ac-
solving the matrix equatiofi7) and the diffusion term was cording to the standard “average” model in which the pump
dropped when solving the rate equatidis current density and the photon density are assumed to be
The computational procedure consists of solving simul-constantaveragg within the strip. The dots in Fig. 3 repre-
taneously Eqs(1) and(7) with the appropriate boundary and sent the results of the calculation performed in a model
initial conditions. The external voltage or the total currentwhich takes into account the spatial nonuniformity. In this
through the laser must be prescribed as the boundary condiase the stationary state was calculated first, after which the
tion. In calculating the stationary regime of the laser, thelaser pump currenit was changed by a jump by an amount
initial conditions can be chosen arbitrarily to a certain extentdl <l (weak signal. In this case damped relaxational oscil-
The stationary state obtained is used as an initial condition itations, whose frequenciy, is plotted along the ordinate in
modeling the transient processes. Fig. 3, were observed in the time dependence of the output
The static power versus current characteristic of the lapowerP. We note that the main parameters of laser structure
ser, calculated by the procedure described above, is shown imere taken to be the same in the calculation by the average
Fig. 2. The parameters of standard InGaAsP/InP laser struand “nonuniform” models. As one can see, the results of the
tures(radiation wavelengtih = 1.55 um) with separate con- two calculations are identical for low optical powers. At
finement, which contain several quantum wells in the activgpower levels exceeding 15 mW the calculation according
region, were used in the calculatiotfs-*!® The cones and to our model gives a sublinear dependencé,asn PY2. The
grooves(Fig. 1) were assumed to besm wide and the laser same dependence is also observed experimerifalip. ex-
cavity was assumed to be 1%0m long. The values of the plain the saturation of, in the average model it would have
main parameters in the expressighsand(4)—(6) were cho-  been necessary to increase substantially the value of the pa-
sen to be as followsg’'=6x10"16 cm?, ¢=2.5x10" "  rameters. The observed discrepancy is explained by the
cnt, 7,=1.6 ps, and the parasitic capacitar€e-0.22 pF.  above-noted burning of a spatial hole in the transverse direc-
As one can see in Fig. 2, the threshold current of the laser i8on (see Fig. 2
18 mA and the efficiency is 0.37 mW/m, which corresponds  An appreciable difference of the results is also observed
to the actually observed characteristics of such lasers. Tha calculations of another important dynamical parameter —
nonequilibrium carrier density distributions in the active the decay ratey of the relaxational oscillations. As one can
layer, calculated for two radiation power levels, are shown irsee in Fig. 4, at low frequencies our model gives compara-
the insets. At low powefof the order of several milliwatis tively high values of the decay rate while at frequencies ex-
the density profile is determined by the spreading of theceeding~6 GHz (radiation power exceeding 6 mW) vy is
pump current under the ridge and the grooves. At a radiatiofess than that predicted by the average model. It is interesting
power level of~15 mW a dip due to depletion of the carrier to note that this behavior of the decay at low frequencies was
density under the action of the stimulated radiatipatial ~ observed experimentally in a number of studi&s?but this
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describe in detail the static and dynamic characteristics of
strip injection lasers. This model can be used to calculate the
characteristics of different types of laser structures with a
fixed profile of the optical mode.

We are deeply grateful to R. A. Suris for many helpful
discussions.
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Luminescence properties of gallium nitride layers grown on silicon carbide substrates
by gas-phase epitaxy in a chloride system

A. S. Zubrilov,” Yu. V. Mel'nik, D. V. Tsvetkov, V. E. Bugrov, A. E. Nikolaev,
S. I. Stepanov, and V. A. Dmitriev

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
(Submitted December 3, 1996; accepted for publication January 15) 1997
Fiz. Tekh. Poluprovodr3l, 616—620(May 1997

The luminescence properties of undoped epitaxial layers of gallium nitride grown on silicon
carbide substrates by gas-phase epitaxy in a chloride system have been investigated. An edge band
(361 nm, 96 K and defect band&380, 430, 560 nm, 96 Kwere recorded in the photo- and
cathodoluminescence spectra. It was observed that the parameters of the edge and defect
luminescence bands for the GaN layers studied do not depend on the crystalline perfection

of the substrate, but rather they are determined by the growth conditions, specifically, the position
of the sample in the reactor. It is shown that there exists a characteristic symmetry of the
distribution of the luminescence properties of a layer along the surface of the samples relative to
the direction of the gas flow in the reactor. A correlation is established between the

parameters of the edge and blue luminescence bands and the density of the electrically-active
impurity in the epitaxial layer. ©1997 American Institute of Physics.

[S1063-782807)02605-1

1. INTRODUCTION tride layer increases in width. The range of variation of the
half-width of the x-ray rocking curve for different sections of

The production of highly efficient blue and green light the SiC substrate ranged in these experiments from 17 to 74

emitting dioded and the development of a violet injection angular seconds. The existing range of values for a GaN-

lasef based on gallium nitride have made this material ondayer was equal to 69 to 149 angular seconds. In the present

of the most intensively studied semiconductors. The develpaper we report the results of an experimental study of the

opment of epitaxial methods for growing GaN is being pur-optical characteristics of these layers.

sued very actively. These studies are impeded by the fact that

GaN substrates are virtually nonexistdrand the methods
being developed are heteroepitaxial. 2. EXPERIMENTAL SAMPLES AND MEASUREMENT

We reported in a previous paper the possibility of grow-'vIETHODS

ing high quality epitaxial layers of AIN on sapphire The GaN layers were grown at atmospheric pressure in
substrates and GaN layers on silicon carbide substrates a horizontal reactor placed in a multizone furnace with resis-
modified during gas-phase epitaxy by a chloride-hydridetve heating. Silicon carbide crystals were used as substrates.
method(CHM) without the use of a buffer layer. An advan- Gallium nitride was deposited without a buffer layer. The
tage of silicon carbide as a substrate for GaN over the widelyayers were grown on th@001) Si face of the SiC substrates
used sapphire is the smaller lattice mismatch and the possef the 64 and 4H polytypes. The substrates were bath
bility of passing an electrical current through the substrateand p-type. The layers were not doped during growth. The
which is important for a number of device applications. Fur-growth temperature was in the range 950—1050 °C. The lay-
thermore, GaN/SiC heterojunctions are of interest for devicers ranged in thickness from 0.2 toum. For samples 30
applications>” It is natural to expect that in the case of epi- mm in diameter the variance of the GaN layer thickness over
taxy without a buffer the parameters of the substrate willthe area did not exceed 5%. The growth rate ranged from 0.1
have a much stronger effect on the structural quality ando 60 xwm/h, depending on the technological regimes. The
properties of the epitaxial layer than in the case of epitaxy orayers possessed electronic-type conductivity. The density of
a pregrown buffef uncompensated donog, — N4, determined with a mercury

In Ref. 8 we presented the properties of the crystallingorobe by theC—V method, was in the range ¥6-10'
structure of epitaxial layers grown by CHM on silicon car- cm™3. A description of the characteristic features of the tech-
bide substrates. It was found that the quality of the crystalnology can be found in Refs. 5 and 8 .
line structure of the GaN epitaxial layers is determined  The luminescence properties of the samples were inves-
mainly by the crystalline perfection of the substrate. Experi-tigated by photo- PL) and cathodoluminescenc€L) in
ments in which the half-width of the x-ray rocking curve the temperature range 96—300 K. A nitrogen laser operating
from a definite section of the SiC substrate was comparedt a wavelength of 337.1 nm was used for photopumping.
with the half-width of the rocking curve from the GaN layer The parameters of the laser were as follows: pulse power —
grown on the same section of the substrate showed that &kW, pulse duration- 10 ns, and pulse repetition frequency
the half-width of the rocking curve from the silicon carbide — 100 Hz. A 4 to15-keV electron beam was used for the
structure increases, the rocking curve from the gallium ni-cathodoluminescence investigations. The beam current was
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FIG. 1. Cathodoluminescenctop figure and photoluminescend@ottom
figure) spectra of GaN layers grown orHESIC substrates. The dotted line
is the cathodoluminescence spectrum of the substrate.

Gas flow

equal to 0.01-0.05 mA. The diameter of the electron beam

on the surface of the sample was varied in the range 0.5-50

mm. The luminescence spectra were recorded with a mono- b

chromator(MDR-23) with a dispersion of 1.3 nm/mm. The

spectral resolution of the apparatus was no worse than Odig_ 2. Histograms of the distribution of the half-widths of the edge peak

nm. After being recorded with a photomultipliéFEU-100), (@ and intensities of the edge peé® for the GaN epitaxial layer over the

the Signa| was automatica”y corrected for the Spectra| sensprea of a plate 30 mm ir_1 diameter. The arrqw marks the direction of gas

tivity of the apparatus. A chart of the distribution of the flow of the reagents relative to the substrate in the reactor.

intensity values and the half-width of the luminescence

bands, measured in 24 regions of the structure by analogy

with previous x-ray studie®,was constructed for a layer apparently due to reemission in the SiC substrétee

grown on a SiC substrate 30 mm in diameter. cathodoluminescence spectrum of the substrate has a wide

band with a maximum at the wavelengtt670 nmj. In some

samples the& andD bands were not recorded. At very high

excitation levelgof the order of 1 MW/crf) the edge band
The characteristic luminescence spectra of the GaN layA was observed to dominate the bafjsC, andD as result

ers grown at low and high excitation levels are shown in Fig.of saturation of the recombination channels via defects. We

1. We note that the excitation method does not greatly influnote that the previously measured correlationstween the

ence the spectra. Four bands are typically present for thiealf-width of the x-ray rocking curves and the luminescence

measured spectra: an edge bad\ 361 nm, 96 K, characteristicéthe half-width of the luminescence bands and

previously interpreted as an excitonic barahd three longer the ratios of the intensities of different bandgere not ob-

wavelength band8, C, andD in the near-UV, blue, and served. The type of conductivity and polytype of SiC sub-

yellow-green regions of the optical spectrum, respectivelystrates had no effect on the luminescence of the GaN layers.

The B band (\pnx—-380 nm, 96 K and the C band In studying the distribution of the luminescence proper-

(Amax—430 nm, 96 K can be attributed to self-doping dur- ties over the area of a layer grown on a SiC substrate 30 mm

ing growth. The nature of thB band ( 4560 Nnm, 96 K, in diameter, it was found that the position of the sample

which is apparently attributable to vacancies in the nitrogemelative to the direction of the gas flow affected the lumines-

sublattice, is being vigorously discussed in the literafuke.  cence propertie&Figs. 2—4. The intensity of the edge peak

E band with a radiation intensity peak in the edge region ofof the photo- and cathodoluminescence and alsoCtend

the spectrum was recorded in some samples; this band 3 band intensities were distributed symmetrically relative to

3. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 4. Analysis of the distribution of the intensities of theuminescence
FIG. 3. Analysis of the distribution of the intensities of tBduminescence  pand over the area of the plate. Topogr@nand histograntb): distribution
band over the area of the plate. Topogr@rand histograntb): distribution  of the intensity of the green ban@ptical filter with a transmission band

of the intensity of the blue bancbptical filter with a transmission band  500-580 nm The arrows show the direction of gas flow of the reagents
380-460 nm The arrows show the direction of gas flow of the reagents g|ative to the substrate in the reactor.

relative to the substrate in the reactor.

In this connection, the appearance of mirror symmetry in the

a line passing through the center of the sample parallel to thdistribution of the intensity of the luminescence bands is not
direction of the gas flow. This symmetry was not observed irunexpected and is determined by the geometry of the reactor
the x-ray measurements in Re§ . The densityNp— N, at a fixed position of the substrates during growth. This ef-
constant over the entire area of the sample, was equal tect is quite weakly expressed in one samfidich is the
2x 10" ecm™3, fundamental advantage of the technology employed for

The results obtained can be explained as follows. Thgrowing GaN. For this reason, it was not possible to observe
nonuniform distribution of the intensity of the luminescenceon one sample a correlation with the density, —Nj.
bands over the area of the sample is due, in our opinion, telowever, such a correlation could be observed in samples
the nonuniform introduction of point defects into the layer: from different growth experiments with substantially differ-
impurities and(or) intrinsic defects of the structurdnere a  ent intensity of the blue defect bar@. As a rule, more
correlation is possible between the luminescence and electrintenseC band and greater broadening of the edge band
cal properties over the area of the sample turn, the non- were observed in samples with a large valueNgf—Ngx
uniformity of the distribution of point defects could be due to (Fig. 5).
at least two factors: the nonuniform distribution of the con-  Here a different reason is given for the absence of a
taminating uncontrollable impurity along the growth zone ofsharp correlation between the luminescence and x-ray mea-
the reactor and the dependence of the trapping coefficiensurements. In strongly mismatched heterostructures, such as
for these impurities an¢r) point defects on the technologi- GaN/SiC, the main type of structural defects, whose density
cal conditions on the growth surfadpressure of the re- and distribution determine the broadening of the x-ray rock-
agents, temperatur@nd the properties of the surface itself. ing curves in thew-scan geometry, are dislocations. For a
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0.10

small in this case. For samples obtained under nonoptimal
technological conditions and possessing a lakggand half-
width (>100 meV, 300 K, inhomogeneous broadening

makes a substantial contribution; this is confirmed by the
weaker temperature dependence of the half-width for this
band.

The nature of the defect luminescence bands in our
samples is unknown. Analysis of the composition of the
samples by Auger electron spectroscopy showed that the
samples do not contain chemical impurities with concentra-
tions exceeding 0.1 at. %. Analysis of the GaN layers by
secondary-ion mass spectrometry revealed the presence of
traces of a number of elements which could form electrically

active centers. However, this question requires additional in-
10 bt e i 0 oo vestigation.
107 10'® 10" In summary, a strong effect of substrate properties on the
Np- NA,Cm'3 luminescence properties of a layer were not observed for
F'_‘(-;’t-hif?ﬁ;":gdznceeag)tzﬁ iﬂteezse‘;ii"f the ’l\’l'u‘f*o'rug‘r‘&enjgifi?gd It“;g‘al gallium nitride layers of high structural perfection on silicon
GaN loyers grc?wnpby CHM under diﬁtg\:gm technological regimei_ carbide substrates without a buffer layer; i.e., the substrate
does not make a substantial contributi@i least for layer
thicknesses greater than Qu2n) to the formation and distri-
bution of point structural defects over the area of the layer,

dislocation density of 10-10° cm™? (Ref. 8) in the experi- hich | v determine the lumi fies of aal
mental layers the effect of point defects on the x-ray rockinqvi‘:”::: nit?ir(?: y determine Ihe fuminescence properties ot gal-

curves is negligible. On the other hand, it is well known that ) . . .
g We wish to thank A. I. Babanin for performing the in-

such a high dislocation density in IlI-V nitrides, nonethe- L -
vestigations of the composition of the layers grown. We also

less, makes it possible to prepare highly efficient light- hank N. 1. K ¢ torming the electrical
emitting diodes and injection lasers based on thérhis "Nk N. I. Kuznetsov for performing the electrical measure-
Jnents and |. P. Nikitina for valuable discussions.

means that the luminescence properties of these materials Thi K ted. | ¢ by Ari State Uni
largely determined by point defects and local mechanical " lSUVgX was supported, in part, by Arizona State Uni-
stresses, i.e., the short-range order in the crystain in the versity ( )-
free states, for example, free excitons, which contribute to
the edge luminescence in GaN, are strongly localized be; o , _
cause of the |arge effective masses of the charge ca?ﬂriers Electronic mail: asz@shuttle.ioffe.rssi.ru; fa@8l2) 247-6425.
This is apparently attributable to the fact that the diffusion
lengths for nonequmbr'lum charge carriers in this materlgl 15, Nakamura, M. Senoh, and T. Mukai, Appl. Phys. Le2. 2390(1993:
are S_hO'JtO compa_red with the average _d|5tance between d'?‘ H. Morkoc, S. Strite, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns,
locations. There is therefore enough time for most nonequi- J. Appl. Phys.76, 1363(1994; S. Nakamura, M. Senoh, N. Isawa, and
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Mechanism of multivalued electrical conductivity anisotropy in double heterostructure
wells and superlattices

Z. S. Gribnikov
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A new mechanism is proposed for the multivalued anisotropy of the longitudinal electrical
conductivity in double and multiple heterostructures based on multivalley semiconductors. The
mechanism is based on the assumptions that when the electron gas is heated, the interwell
thermionic emission through a low potential barrier becomes the dominant channel for electronic
transitions between wells and that interwell transitions with the valley remaining the same

can occur more often than intervalley transitions. The internal electrical voltages arising on the
barriers as a result of different intervalley redistribution in the wells are taken into account.

© 1997 American Institute of PhysidsS1063-782807)02705-1

1. The multivalued anisotropy of electrical conductivity electric fields of interest to us — well-to-well thermionic
(MAE) (or the multivalued Sasaki effect — M3 most  emission. In the process of such emission an electron from,
clearly manifested in the form of a spontaneous breaking ofor example, valley 1 in welh (i.e., from stateal) should be
the symmetry of the electron distribution along equivalentheated up to an energy in its own well such that as a result of
valleys of a multivalley semiconductor in the case of a cur-scattering it is transferred into one of the higher subbands
rent directed along one of the symmetry axes of the crystalwhile remaining in the same vallgwnd then again is scat-
This effect, which leads to domaitayered structure of the tered by the lowest quantization level but now in the well
transverse electrical field and valley densifigsgs been in- b (i.e., it is transferred into the statel), where it cools.
vestigated in great detail, both theoretically and in experi- We shall assume below that a interwell valley-
ments with bulkn-Si samplegsee the monograph in Ref. 2 conserving thermionic transition in the range of fields stud-
and the more recent review articiés The “standard” ied is a much more likely process than intervalley scattering
mechanism of MAE is a rapid increase in the probability ofof electrons within a well. This is possible if elastic interval-
an intervalley transition with the emission of an intervalley ley scattering(by impurities or composition fluctuations of
phonon at low lattice temperatures as the heating of the eledhe alloy is suppressed, the emission of intervalley phonons
tron gas in a valley increases. is very small, i.e., the temperature is low, and the height of

When bulk samples are replaced by layered structurefe thermoelectric interwell barriet,,=¢,, —¢, is much
with potential barriers separating the conducting channeldpwer than the energj wy of an intervalley phonon
the domain structure of the transverse electric field should

! . <fiwy - 1
change appreciably as a result of the field effect on the Fap™nOm @
barriers® At equilibrium the initially uniform distribution of carri-

Here we give the first exposition of a new mechanism ofers over valleys and wells is present, i.e,

the MAE which differs from the standard phonon mecha-n,;=n,,=ny;=ny,=ny. The applied electri€,=E is di-
nism and is characteristic only of layered heterostructuresected along th& axis and there is no transverse component:
with two or more current channels separated by potentiakE,=0. Because of the anisotropy of the valleys 1 and 2, each
barriers. The proposed mechanism is impossible in bulkalley contains  transverse current  components
samples. We shall show the essence of this mechanism fQ§.;=jyn1=—Jya2= —jyb2, Which, because of the absence
the simplest example of a double symmetric heterostructuref the field componeni, , do not lead to an average heating
well (Fig. 1) whose current-conducting channéleells), just  or cooling of the carriers in the valleys.
as the barrier separating them, consist of materials whose Let us now assume that a fluctuation intervalley redistri-
electronic spectrum can be described in a double-valleyution of carriers arises in the wellwith the appearance of
model. a positive correctiondn,; and a negative correction
Let us assume that in each of two welisandb the  én,,=—6n,,. As a result, the conductivity of the wedl
electrons in each of two valleys 1 and 2 form a single levelacquires anisotropy, so that this well produces a small trans-
g, (the lowest subbangls(In view of the assumed weakness verse fieldSE,, directed so that typal electrons are cooled
of the tunneling coupling between wells, we disregard theas a whole and typa2 electrons are heated. Since there is
splitting of these level¥.Let us also assume that the upper- no such field in the welb, the thermionic emission equilib-
lying quantization levels, , ¢, , etc., lie at the height of or rium breaks down and an excess transition of tg@eelec-
above the barrier and are therefore collective. Since the turtrons into the staté2 and also a transition of typgel elec-
neling coupling between the wells in the lowest subbands isrons into the cooled statel arise. Now, an electric field
assumed to be weak, a different mechanism of interwell elecéE,, of opposite sign compared with the fieE,, giving
tron transistions predominates in the range of longitudinatise to the additional heating of tygel electrons and cool-
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X(y')]dy’ on the potential barrier separating the wells. This
Uiz),e voltage has two consequences which radically change the
LoPe picture described above.
First, there is a charge exchange of the wells, for which

e V(y)
_l__P _ ] e(na—nb)zzfO C(vHdv’, 2
b 0 Y>Py ;
b wheren,=ng;+Ngy, Ny=ny+Nny,, andC(V) is the effec-
r & tive differential interwell capacitance. Second, the shape of
the potential barrier and the wells changes. Now, in view of
a 0 b z the strong asymmetry which has appeared, we cannot intro-
duce a single lowest, doubly degenerate, level and we must
FIG. 1. Double heterostructure weléft side and arrangement of valleys in - examine different levels in the wells and introduce two dif-
the two-dimensionap space of the lowest size-well subbar{dght side. ferent thermionic emission energies. Therefore, the prob-
abilities of thermionic emission from wedl into well b and
vice versa are different not only because of the different
heating of the electrons in these wells, but also because of
the presence of the voltag4qy).
As a result of the two effects acting together, the region

o™

ing of typeb2 electrons, i.e.(taking into account the ther-
mionic emission process into the wel) intensifying the
initial concentration fluctuation in the well 1, arises in well

b also. f taini i i@ ® and th
As a result, when the dissipative fluctuation-intensifyingO space containing a transverse i é’a an € corre-
gondlng valley redistribution of electrons in the wells is

effects described above predominate over many other effec ded and " . bh_o
which suppress it, one of two stationary states, shown sch Jounded and separates two wide regions WlEﬁé T

matically on the right side of Fig. 2, arises. Such a state i ut bet_we(i/n theTr\]/veIIs there 'S} i volta%é(oc) "?‘”dd
characterized by the presence of transverse electric field\é(_m),__ (). The presence o t ese Vo tages Is ge,
E® andE® , equal in magnitude and opposite in direction according to Eq(2), to the asymmetric filling of the wells:
Y y : . (Na=Np)|ly===—(Ng—Np)|y=—« . Actually, these wide re-
in wells a and b, as well as by a different filling of the a y= a y=- !

valleys in the wells; here the asymmetry of filling is the sameJ'ons al§0 play the role of !ayers N domal_ns in the MAE
in magnitude but different in SigM.;—Nyp=ny;— N mechanism under study, while the comparatively narrow lay-
al™ Na2=MNp1—Np2

(however, n;+ Ny, =N.,+Npy). AS a comparison, states ers that separate them with transverse fields and intervalley

with broken symmetry which arise in the bulk of the material repopulation of e-Iectrons serve as domain walls. Therefore,

in the standard MAE scheme are shown on the left side o?he MAE oceurs in these walls. . .

Fig. 2 The qualitative features of the domains and domain
S walls with the standard MAE in bulk samples and in the

2. The schematic picture of MAE, shown in Fig. 2, in a doubl I tudied h ized in Table |
double well cannot be realized in pure form, since the pres- ouble-well case studied here are summarized in 1abie 1.
3. We shall write a simplifiedphenomenologicalsys-

ence of the fields of different sigh(® andE(" results in the : . . ; .
g Y tem of equations that makes it possible to describe qualita-

= (YE@(y")—ED
appearance of a  voltageV(y) o[By°()— By tively the effect which we are studying. These equations also
elaborate and generalize the analogous equations for the
standard MAE effecttheir viability was later confirmed by

fxf(,, many numerical calculationsThey include Eq(2) and four
,,,,, - / —] \\ continuity equations for all four groups of electrons intro-
-7 p = ! at a2 | duced above:
T \ / .
1 2z \ / ﬁnyk d) vk
E;u Et 7—’_Wz_nyk[v(Fykivyy’)+VO(Fyk)]
— £ |
7"1<"'z b1 b2 +n,yrkV(Fyrk,Vyry)'f'n,ykrVo(Fykr), (3)
Tar ™ Mpz < Myt =My wherey=a, b, k=1,2,9" # v, k' # Kk, Vo= —V, and
Eztlm Es \ 2 2 k
; bt \ F=enEY1+2—2A7 (- 1. 4
—— I
e ~~o ! at 2y Here,=E{IE.
E \ o / Here it is assumed that the components of the valley
y * o ZEy mobility tensors, which by definition do not depend on the
heating, areuX = uX =u and X = uk = — Au(—1)% and
b1 b2 e ) xx— Myy= M . Myy™ Myx M ) .
Ey—— it is assumed that the heating dependence of the probabilities
gD Ny gt = Tp2 ) gt = Mgz v(F,x,V,,) andvy(F,,) can be much stronger. The prob-

abilities, introduced in Eqg3) (inverse timey of intervalley

FIG. 2. Schematic picture of MAE in the “standard” bulk varigteft side Scatte_ringVO(Fyk) are assumed to _be functions Only of some
and in the proposed variant for a double weitht side. effective powergper electronF , given by Eq.(4) (in com-
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TABLE I.

Bulk sample with standard Double well with
(phonon) MAE mechanism thermoelectron MAE mechanism

Domain properties

Constant transverse field, No transverse fields,
intervalley population redistribution, constant voltage on the barrier,
anisotropic conductivity no intervalley population redistribution,

interwell population redistribution,
isotropic conductivity
Properties of double walls

Transverse field passes through zero, Transverse fields in wells,
intervalley population redistribution occurs through zero, voltage on barrier passes through zero,
domain walls are polarized: thin and thilorward and reverge intervalley population redistribution in wells,

interwell population redistribution passes through zero,
domain walls are not polarized
Symmetry relations

Ey(y)=—E,(-y) E§3Ey;: 7\E/%b)(f)y),
y)=-V(-y
M) =na(=y) na(y)=ns( =),

Na1(Y) = Np2( —Y),
Naz(y) =nNp1(—Y)

plete analogy with the standard theory of the MBENd the  or opposite to that of their diffusion flukxAs a result, we
probabilities of interwell thermoelectronic transition have two types of domain walls, alternating with one an-
v(F.V,,) depend also on the voltagesV across the other: thick walls, where these directions are identical on
potential barrier. The electron fluxgsy in the y direction  both sides, and thin walls, where these fluxes are antiparallel
are on both sides.

¢) There exist solutions with symmetric properties:

_— 8nyk K
Fp= DGy TREMLEGm A DL © ) =Ny NV =Nea(—Y); Na(y) =N~y
Finally, it is assumed that the quasineutrality condition (y)=—¢,(—y); V(y)=—-V(-Yy). (9)
holds:
b 2 These solutions are the new solutions whose existence is due
: _ to the rapid growth ofvy(F,V) with F. These solutions are
Sy Ny=4Ng. (6 identical to those shown in Fig. @n the right side of the

) N figure) only at the pointy=0, which must be taken as the
From this conditiorfand also from Eqs(3) and(5)] follows  center of the domain wall. We note that in this case there is
the condition no polarization of the domain walls that occurs in the case of
Nalat Nyl + A(Nay— Nap+ Ny —Npy) =0, (7)  the standard bulk effect, since the densitiggin these walls

, _ do not change sharply and the values of the fi&{fs” do
where the zero on the right side corresponds to the assumpe pass through zeréand, conversely, are close to their
tion of a Hall configuration of the sample in thxg plane. maximum values

The solution of the systeni2)—(6) falls outside the In the domains separated by this wall the voltages on the
scope of the present paper. Here we confine our attentiop, rier saturate up to the valueg,=V(») and —V
. . S S
only ;o somellof |t|s S|mpflestrc]:onsequences. <ol =V(—x); the densities also saturaten,.=n,(«)
a) For all values ofE there exists a trivial solution _ " _ N ’ (a)
N=Ng, {a={p=0, F x=€euE? V=0. nb((b)oo) and Nps=ny(*) =Ng(—0); and the fieldsE,
Y a Y andE,"” approach zero. The intervalley redistribution in each

. . v
b) The system considered above describes the standawe” also vanishes together with the fields. The saturated

MAE: value V; of the voltage is determined from Eq®) and (6)
Na1=Np1=N1; Na=Npy=Ny#Ny; and also from the equation that follows from E8),
{a=0=(#0; V=0. () Nast(Vs) = Npsv(—Vs), (10)

HereF 1 =Fp1=F1# F2=Fp=F.. where v(+ V) =v(euE2 +V,). From these equations we

The possibility for the existence of the solutioi8s does  have
not mean that these solutions are necessary. They occur only

in some range of electric fields e (E,, E;,) at sufficiently ZJVSC(V)dV= 2en, v(=V9—w(Vy) (11)
low temperatures, where sufficiently rapid growthig{F) 0 v(=Ve)+u(Vs)'

with F occurs. The solutions in the domain walls depend on

whether or not the direction of the field flux of the majority Nas=4Ng v(=Vy) ' (12)
carriers in a domaifwhich appears in Eq5)] is the same as as v(—=Vg)+v(Vs)
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----- N-mmmooo- mmmmmmmmome- described above should be sought are the heterostructures
Si/Si,_,Geg, and Ge/SjGe, _, . We shall examine the first of

|’ ° { these structures, grown on a @00 substrate.
‘\‘ a > a As is well known, in this case the main change in the
b . —_— 3 gap width occurs as a result of offsets in the valence band.
v y However, according to the estimates made in Ref. 6 in a
h) a b wide range of values of (0.2-0.5, we are still dealing with
————— £ b a type-l heterostructure, i.e., the; SjGe, layers also form

L potential wells in an electronic band with an offset of the
@ order of 0.02 eV, and the deformation of these layers is such
FIG. 3. Possible variants of interwell population redistribution in a multi- that the indicated wells contain only two pairs bfvalleys
well heterostructure. Left — symmetric population redistribution, right — ([010] and[001]), and thg/100] valley is substantially raised
population redistribution by means of pairing. upward. Accordingly, a band structure that is optimal in the
sense of the studied effect is realized here. Unfortunately, the
unavoidable alloy scattering in Si,Ge, wells can greatly
Npe= 4N, v(Vs) _ (13) increaseyo and liquidate the expected effect. _
v(— V) +v(Vy) In this sense, the advantages of the G&8j_, struc-
ture on a(100) Ge substrate with Ge wells has noticeable

tions of Eq.(11) requires a sharp function(V). Otherwise, ~2dvantages. Fox=0.02-0.03 E'S also easy to obtain in
the only domain solution i8/;=0. In the case of a very thgse ;tructurefs barngrs W':Qb_o'_oz ev. r:ﬁere ‘Z“Oy sc_at-
sharp functiorv(V¢) we find that all electrons are transferred tgrmg is transferred into the barriers, where the residence

into one of the wells because of complete emptying of thé'me of an electrorfequal to the ballistic transit time between
other well two elastic scatteringds short. We note that the structures

In addition to walls where fields are realized. for ex. ©" G€ substrates have been attracting increased attention in

ample, in the sequendg® >0, E{ <0, it is also possible to recent yeargsee, for example, Refs. 7):9 .

have analogous walls with fields with opposite signs. The Although the_ experlmer_ltal observatlo_n of the _effect n

alternation of these two types of walls leads to the existencgOuble and multiply repegtlng well_s requires cooling to or

of multidomain(multilayen structures with domains of dif- near the temperature of liquid .he"“”." h_e(ne contrast to

ferent extent. There arise in this connection the problems ol?u”( S) carrier ffeeze"’”‘ and d|el.ectr|zat|.on of the samples

periodicity, stability, pinning, chaos, and so on. do not occur, since u.nder selectilve dqplr]g Qf the barriers
4. The satisfaction of the conditiofl) shifts the region electrons will always fill the wellgif the ionization energy

of existence of the standard MSE in the structures unde?f_the impurity in the barrier is sufficiently low, as is the case
study in the direction of stronger fields. Domains with inter-With the structure Ge/Jee, for smallx).

well voltage and interwell charge exchange must be unstable tlhthank V. L._Btor_lt_)::k for |r|1(valuable ass:s';agceir:n Erep;\;-
with respect to intervalley redistribution by the phononIng € manuscript. 1his work was supportéd by the Fund tor

mechanism. Depending on the combination of parametergundamental Research of the Ukrainian State Committee on

the appearance of an additional redistribution can both Com$C|ence and TechnologiGrant No. 2.3/122"Prostir”)).

pletely destroy the structure arising in the weak field region

and be incorporated into {with the formation of a hybrid  'Z. S. Gribnikov and V. V. Mitin, JETP Lett14, 182 (197J).
structure. 2A. Asche, Z. S. Gribnikov, V. V. Mitin, and O. G. Sarhdot Electrons
. in Multivalley Semiconductorign Russian, Nauk. Dumka, Kiev, 1982.
Thus far we have studied only double-well Structures'3M. Asche, in Hot Electron Transport in Semiconductoredited by
Similar effects should also arise in multiwell periodic struc- L. Reggiani, Springer-Verlag, Berlin, 1985, p. 149.
tures. The closest analog to the double-well problem would’M. Asche, Solid—State Electro82, 1633(1989.

. . . 5 5 . .
be structures in which wells with an even number could be % S: Gribnikov and A. N. Korshak, Fiz. Tekh. Poluprovodi8, 963
.. . L. (1994 [Semiconductor28, 558 (1994].
similar to the wella and wells with odd numbers similar to  sg_people and J.C. Bean, Appl. Phys. Ld8, 538 (1986.

It is easy to show that the existence of nontrivial solu-

the well b (Fig. 33. However, besides the structure ... 7V. I Gavrilenko, I. N. Kozlov, O. A. Kuznetsov, M. D. Moldavskaya,
bababa..., it is entirely possible to have a structure ... E/l-g\ééN'ka”OfOVv L. K. Orlov, and A. L. Chernov, JETP Le89, 348

paabbaabba" (Fig. ‘?’b)' "_1 the latter St_rUCture the_ pOSi- 8V. J. Aleshkin, N. A. Bekin, I. V. Erofeeva, V. |. Gavrilenko, Z. F.
tion of the walls corresponding to one pair of layers is much grasirnik, 0. A. Kuznetsov, M. D. Moldavskaya, V. V. Nikonorov, and
more easily decoupled and therefore the collection of pos- V. M. Tsvetkov, Lithuan. J. Phys35, 368(1995.
sible domain structures is enriched substantially, which fa-’E: Murukami, K. Nakagava, A. Nishida, and M. Miyao, IEEE Electron.
cilitates transition to chaos. Dev. Lett.12, 71 (1999).

The most obvious material systems in which the effectsrranslated by M. E. Alferieff
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Positive magnetoresistance in films of the ferromagnetic semiconductor Eu 1—xSM, O
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The positive magnetoresistance effect in a film of the ferromagnetic semicondugtofSBEyO

has been studied; this effect is not characteristic of materials of this class. The effect of

the external magnetic and electric fields and temperature on the positive magnetoresistance was
investigated. It is shown that the magnitude of the magnetoresistangs, is determined

by scattering of free charge carriers by spatial fluctuations of the magnetization which are due to
the nonuniform distribution of defects in the structurally disordered systgrmsiamorphous

film). © 1997 American Institute of Physids$51063-78267)02805-4

It is well known that some oxide compounds of rare-region? A region (magnetic clustrwith an anomalously
earth elements, specifically, europium monoxide EuO andhigh magnetic momer, much greater than the magnitude
the solid solutions Eu ,SmO based on it, are ferromag- of the spin of a europium io%:,, forms around different
netic materials. In this paper we report the results of an exkinds of imperfections because the stronger ferromagnetic
perimental study of positive magnetoresistance observed iooupling between defects and regular magnetic iond"Eu
Eu,_,SmO films, which is not characteristic of magnetic The experimental films are strongly defective quasiamor-
semiconductors of this class. phous structurésin which magnetic clusters can exist.

We investigated the properties of films of the oxide ofa  The moment of a cluster is a geometric sum of the cor-
solid solution of europium with samarium. The films were responding projections of the constituent ions of the clusters
obtained on an-type single-crystal silicon substrate by onto a chosen direction of magnetization. Therefore, the ex-
vacuum thermal evaporation of a corresponding base alloisting magnetization fluctuations can be dominant scattering
and subsequent oxidation. The films were @rh thick. Alu-  centers of free charge carrigiis this case electrons
minum contacts were used for the electrodes. The transverse In samples with a negative magnetoresistaicbaracter-
current through the structure was measured in the enrichmerdtic of ordinary ferromagnetic semiconductors of the type
regime at theérare-earth oxide-silicon boundary. The resis- EuO) at temperature3<T_ an external magnetic field sup-
tance measurements were performed in the temperatupFesses the magnetization fluctuations. This is accompanied
range 77—-300 K in magnetic fieldd=3.0—7.6 kOe and by an increase in the carrier mobility and a decrease of the
electric fieldsE=10*—10° V/cm. resistance in a magnetic field.

The results obtained are presented in Figs. 1-4. Positive In our case the suppression of fluctuations should also
magnetoresistance was observed in the ferromagnetic temecur in an external magnetic field. However, under the con-
perature range. As one can see from Figs. 1 and 2, the spditions of a high density of defects, nonuniformity of the
cific magnetoresistivityd p/p is a linear function of the in- magnetic properties of the films can play a large role in the
tensity of the magnetic field in the range investigated. Thisexperimental films at low temperatufB<T.. In a weak
form of the characteristic was virtually independent of themagnetic field, magnetization fluctuatiofesf nonuniformly
orientation of the magnetic field vector relative to the electricarranged clusteysan be intensified because of the spatially
field vector(Fig. 2). The magnitude of the effect &=7.6  nonuniform magnetization. This makes it possible to explain
kOe ordinarily reached several percent and much higlyer the positive magnetoresistance, which is attributable to the
to 20% with individual samples. scattering by the magnetic-field-enhanced magnetic moments

The magnetoresistivity as a function of the intensity ofof clusters and which increase linearly with the intensity of
the electric field(for fixed values of the temperature and the field, as follows from experiment.
magnetic field intensity; see Fig) 8r different samples has This point of view is confirmed by the fact that a change
a maximum aE=(2—3)X 10° V/cm, it increases for fields in the direction of the magnetic field with respect to the
in the region (0.72)x 10° V/cm, and it drops off gently in  carrier current density vectgr which coincides in direction
the range (4 10)x 10° V/cm. A curve of the electric con- with the vectorE, does not affect the characteristics. The
ductivity o versus the intensity of the electric field is shown observed differences in the values &p/p,, depending on
in Fig. 3 for comparison. the whether the vectotd andj are parallel or perpendicular

The quantityAp/po(Fig. 4) drops off rapidly near the to one another, are explained by the well-known magnetic
Curie temperaturd . and atT>T, it decreases virtually to anisotropy in the experimental filnfs.
zero. The curver(T) is also plotted here. The positive magnetoresistance was previously observed

We employed the model of magnetic clusters to explainn samples of the antiferromagnets EuSe and EuTe. The fol-
the positive magnetoresistance in films of magnetidowing explanation of this effect was given for strongly de-
semiconductor$.This model has been used to analyze scatfective materials. In an antiferromagnet a weak magnetic
tering mechanisms at temperatures near the paramagnefield gives rise to the formation of ferromagnetic clusters,
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FIG. 1. Magnetoresistivity p/ po versus magnetic field intensity. 1, 2 —

Different samplesT — 77 K, E = 2.5x 10° Vicm. FIG. 3. MagnetoresistivityA p/py (1) and electrical conductivity (2) ver-

sus electric field intensitE. T=77 K, H=7.6 kOe.

scattering by which increases the resistahadjich we used . . .
g by o8 the free electron density over the sample is substantially non-

in our discussion. i X . :

To analyze the dependence of the magnetoresistivity onforr.?.' Thﬁ |rf1crease n the eleclt_ron den§|ty ndear alde_fect
the intensity of the electric field in the sample, it is necessar*me?s.' les the erfrohmagnetlc coupling near .'t and resu ts na
to take into account the fact that the electric field in the'oca NCréase o t e magnetization. Carner. §cattenng n-
magnetic materials changes not only the electric propertie%.reas.esi the mobility decreases, and the positive magnetore-
but also the magnetic ordering. It is well knotvthat in Sistivity Increases. . . .
order for a magnetoelectric effect to exist, an electric field The barriers decrease in elecric fields exceeding

must be nonuniform. In our experimental samples this situas < 16° V/em. This results in a more uniform distribution of

Lo . . . .. the charge carrier density, and the magnetization fluctuations
tion is conveniently realized, since our samples contain in- 9 y 9

tercrystalite barriers of different magnitude distributed also C()'[rrrtat§pon(fjl|ngtly ?ecomg weaker, the s(;:attts ring by tt.r;e
throughout the sample. It has been shdwhmat the Poole— magnetization -Tiuctuations - decreases, - an € Quantily

Frenkel effect, which is associated with lowering of the bar-Ap/ZO dicreaies. the dependence of the madnetoresistivit
riers in the indicated voltage range, makes the main contri- S One can see, the dependence of In€ magnetoresistivity

bution to the mechanism of electrical conductivity in on the glstensny of the electrlc_fleld has a maximum at
Eu,_,SmO films. In electric fields up to~-3x10° V/icm a E=3Xx10° Vicm u_nd_er the experlr_nental _cond|t|0n'§<(Tc
sharp increase of the free electron density is obsefired a_nd wegk magnetic f|e_laisWe obtained this value dt pre-
crease ofo in Fig. 3, and when the electric barriers are viously in Ref 6 , and it corresponds to the voltage at which

conserved, one can legitimately say that the distribution of
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FIG. 4. Temperature dependence of the magnetoresisti¥jtyp, at
FIG. 2. MagnetoresistivityA p/p, versus magnetic field intensity. 1 — E=3X10° V/cm. H=7.6 kOe(1) and electric conductivityr at E=10°
HLij, 2—H | j. T=77 K, E=2.5x 10° V/icm. vicm (2).
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the mechanism of current passage in the experimental films In summary, we have examined the positive magnetore-
changes. The mechanism of thermionic ionization of trapsistance in a film of the ferromagnetic semiconductor
dominates in stronger fields. Eu, _,SmO; this effect is not characteristic of materials of

The temperature dependencelgi/p, (Fig. 4) obtained this class. The influence of external magnetic and electric
by us exhibits a sharp drop &t=T., which occurs because fields and temperature on the positive magnetoresistance was
the magnetic moment of a cluster decreases with increasingvestigated. It was shown thatp/p, is determined by the
temperaturg K|~ 1/T. This occurs in connection with the scattering of free charge carriers by the spatial fluctuations of
temperature-related decrease of the magnetic ion density ithe magnetization, which arise due to the nonuniform distri-
side a cluster and possibly destruction of the cluster itself abution of defects in a structurally disordered systéqua-
higher values ofT. In the rangeT<T, the quantityAp/p,  siamorphous film
remains virtually constant, although it was found that at
these temperatures the electrical conductivity of the samples
increases as a result of an increase in mobility due to SPON:E. L. Nagaev,Physics of Magnetic Semiconductdis Russia, Nauka,
taneous magnetization. ,Moscow, 1979.

This indicates that the positive magnetoresistance occurs\éé;icsggggo‘l’bs':z'z(‘lggg?' Poluprovodi6, 1837 (1992 [Sov. Phys.
only at temperatures on the orderTf and below, when the 355, vdovin, V. N. Kotelkov, V. A. Rozhkoet al, Films of the Oxides
spontaneous magnetization existing in this temperature rangeof Rare Earth Elements in MIM and MIS Structufés Russiai, Saratov
reflects the nonuniformity of the properties in the sample.ﬁ%ﬁ%i&fﬁj /ia[satgvérizﬁg{/ich and A A. Samokhvaldntroduc
The nonunlfor_mlty of ma,gne,tlzatlon IS Incr_eased by _an ex- ti(')n tlo the Physi’caI'Ch.emistry of Fer’romagr;eti'c SemicondudiorRus-
ternal magnetic field, which increases carrier scattering, de-sjarj, Metallurgiya, Moscow, 1988.
creases mobility, and gives rise to a positive magnetoresis2V. G. Kashin and EL. Nagaev, JETP LetR1, 126(1975.21, 56 (1975.
tance. At high temperaturesT>T., the spontaneous V. F. Kabanov and A. M. Sverdlova, Fiz. Tekh. Poluprovo@h, 1388

- . . ... (1997 [Sov. Phys. Semicon@5, 837 (1997)].
magnetization vanishes and, correspondingly, the positive
magnetoresistance vanishes. Translated by M. E. Alferieff
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Photoacoustic spectroscopy of porous silicon
A. N. Obraztsov and V. Yu. Timoshenko
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Fiz. Tekh. Poluprovodr3l, 629-631(May 1997

The results of a photoacoustic spectroscopy investigation of the optical absorption in porous-
silicon films in the range 300—1500 nm are reported. It was found that the fundamental
absorption edge due to the porous layer lies in the range 350-500 nm for the experimental
samples. It was determined from the dependence of the photoacoustic signal on the light
modulation frequency that the thermal conductivity of porous silicon isX 25 2 W/cm- deg.

© 1997 American Institute of Physids$1063-782@07)02905-0

1. INTRODUCTION the photoacoustic effect on the light modulation frequency
(in the range from 45 to 1500 Hlz

The possible use of porous silicgpor-Si) for the fab-
rication of optoelectronic devicedsee, for example, Ref. 1L
has been attracting investigators from the moment that thé EXPERIMENTAL CONDITIONS
unique properties of this material were discovetéddow- The por-Si layers were prepared on KDB-10 silicon
ever, the nature of the most remarkable propertiesaiSi  pjates(boron-doped silicon witlf100) orientation and resis-
— the shift of the fundamental absorption edge and photogjyity ;=10 Q-cm). To ensure a good ohmic contact, prior
luminescence in the short-wavelength directiwiith respect 5 anodization an aluminum layer was deposited on the back-
to the values characteristic of crystalline siligon- until  gjge of the platdvacuum sputtering followed by alloying at
now has not been conclusively established. The existing temperature of 400 9CThe composition of the electrolyte
models give this phenomenon different mutually exclusiveyas HF50%):C,HsOH in a 1:1 ratio. The anodization pro-
explanations, including the following: quantum-mechanicalcess was conducted in the dark at room temperature with a
effects associated with the spatial confinement of the eleccyrrent density of 30 mA/cAtor a period of 5 min. After the
trons; presence of siloxens and polysilicon compounds in thg|ectrochemical treatment the samples were washed in etha-
layer of porous silicon; manifestation of “tails” of the den- no| and dried in air. To stabilize the properties of the porous
sity of states in the band gap of silicon, and otheee the  silicon, the samples were held in air for several weeks before
review in Ref. 4). Therefore, despite the enormous numberithe measurements were started.
of studies devoted tpOl’-Si, the need for further investiga- The thickness of the porous |ayer of the prepared
tions of this material remains. samples, measured by optical and electronic microscopy,

Some of the most important, from the practical and fun-was equal to about 1am. The porosity was determined by
damental standpoints, properties of porous silicon are its opyravimetric measurements and was equal to about 80%.
tical properties, and especially the optical absorption. As @  The measurements of the photoluminescence and Raman
rule, measurements of the optical absorption spectra are pescattering of light in the porous films were performed under
formed on free films opor-Si, obtained by sharply increas- standard conditiort8 using the 488-nm line radiation from
ing the current at the final stage of electrochemical formatioran argon laser.
of a film,? etching of a silicon substrate in NaOH solutidn, An upgraded Princeton Applied Research Corporation
or with the help of other methodsee the review in Ref. ¥.  spectrometefModel 6001 was used to obtain the PA spec-
However, the separation of the porous film from the silicontra in the range from 300 to 1500 nm. The amplitude of the
substrate can substantially alter the propertiep@tSi. At PA signal from a sensitive microphone placed in an air-filled
the same time, the published optical absorption data, whicheasuring cell was recorded at room temperature. The light
were obtained by nondestructive methods of investigationfrom a 1-kW xenon lamp was passed through a monochro-
are limited to only several studiés. mator and modulated with a mechanical chopper with a fre-

In the present paper we report the results of an experiguency from 40 to 1500 Hz. In recording the spectra the scan
mental study ofpor-Si layers by photoacousti®®A) spec-  step was equal to 4 nm with a monochromator slit width of 2
troscopy, similar to the methods employed in Refs. 8 and 9mm; this corresponded to a spectral width of 8 nm in the UV
The improved experimental technique which we emplyedand visible regions of the spectrum and 32 nm in the IR
made it possible not only to confirm the basic results of ouregion. To take into account the spectral distribution of the
predecessors, but also to obtain new experimental data dntensity of the light source, all Pl spectra were normalized
optical absorption in the range 300—1500 nm and to estimat® the spectrum of the xenon lamp, recorded with the aid of
the thermal conductivity opor-Si from the dependence of a pyroelectric detector simultaneously with the PA spectra.
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FIG. 1. PA spectra of Iayer; of porous silicdh) and a crystaliine Si 15 5 pa spectra obtained for porous silicon with different light modula-
substrate2) with light modulation frequency 45 H2 — Scale enlarged by frequencies, HZL — 45,2 — 275,3 — 500,4 — 1000,5 — 1500. For

a factor of 5. Dashed line — photoluminescence spectrum for the S8MEyarity, only 20% of the experimental points are presented.

sample of porous silicon.

The effectiveness of such a normalization was confirmed b{urve 2 is actually identical to that of thgor-Si samples
measuring the PA spectra of amorphous carlfoarbon (Fig. 1,.curve1) |nlthe IR range. In.both.cases a sharp Qe—
black standart In accordance with the published datahis crease in the amplitude of the PA signal is observed for light

material is characterized by an absorption spectrum simila‘f"ith phc?to.n energy close to the band gap in sili¢ari (?\0-
to that of an absolutely blackbody. The variation of the spectral dependence of the PA signal for

crystalline silicon in the UV and visible parts of the spectrum
is evidentally due to the change in the reflection coefficient,
whose increase results in a decrease of the fraction of the
The preparedpor-Si samples possessed an opticallylight absorbed in the sample and hence a decrease in the
smooth surface and a uniform brown color over the entireamplitude of the PA signdf These spectral features are in
surface. The typical photoluminescence spectfuni\)] of  good agreement with the known optical properties of
the samples, represented in Fig. 1 by a dashed line, is similailicon*
to the spectrum described previously in Refs. 10 and 12. The Increasing the modulation frequency of the light resulted
maximum of the photoluminescence line was located neain a relative decrease, due to the absorption of light in the
750 nm at room temperature. The half-width of the line wascrystalline silicon, of the PA signalFig. 2). As is well
equal to about 200 nm. The Raman scattelR§) spectra known, the effective thickness of the sample, which deter-
were also typical of such films and consisted of asymmetrienines the amplitude of the photoacoustic signal, is identical
lines shifted by 2 cm? into the low-frequency direction to the thermal diffusion length; it ige=(2a/w)*? where
relative to the line at 520 cht characteristic of crystalline w is the light modulation frequency,=k/pC is the thermal
silicon. As indicated previously, this form of the RS spectradiffusivity, k is the thermal conductivityp is the density,
can be explained with the aid of the model of spatial con-andC is the specific heat of the material of the samilAt
finement of phonons and attests to the presence of silicorelatively low frequenciegsup to 700 Hz the thermal diffu-
particles with an average size of 4-5 nm in the poroussion length in porous silicon does not exceed the thickness of
layer/:10:12 the porous layeffor our samples 15m) and the obtained
The solid lines in Fig. 1 show the spectral dependence®A signal is determined by light absorption in both the
of the amplitude of the PA signdlpo(A) measured at a por-Si film and in the crystalline substrate. At frequencies
modulation frequency of 45 Hz fgoor-Si and an initial Si  above 700 Hz the thermal diffusion length in porous silicon
plate (curvesl and 2, respectively. Since the experimental is less than the film thickness. As a result, the characteristic
conditions for the Si plates ambr-Si samples were nearly feature in the crystalline substrate, which is associated with
identical, the corresponding PA spectra can be compared ntight absorption, vanishes completely in the PA spectra.
only with respect to shape, but also with respect to the abso- The spectra shown in Fig. 2 illustrate the considerations.
lute values of the PA signal and therefore the light absorpThe small decrease in the amplitude of the signal at frequen-
tion coefficient. cies above 1 kHz could be due to a variation in the properties
Two features attesting to the large change in the lighof porous silicon over the thickness of the film: a decrease in
absorption coefficients in the region 400—-500 and 1050-the fraction of nonradiative recombination of photoexcited
1150 nm are clearly seen in thmr-Si spectra(see Fig. 1, charge carriers or a relative increase in the reflection and
curve 1). These features evidently correspond to the fundascattering of light in the surface layers of the porous fiim.
mental absorption edge in a porous silicon film and in a  Our experimental datéB0% porosity, thermal diffusion
single-crystal substrate. This is confirmed by the fact that théength = 15 wm for modulation frequency =700 H2 and

amplitude of the PA signal for the initial Si plaiig. 1, tabulated data for silicon[density p=2.328 gcm 3,

3. RESULTS AND DISCUSSION
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C=0.7 J/igdeg(Ref. 15], make it possible to estimate the In summary, the method of photoacoustic spectroscopy
thermal conductivity for porous silicon a=0.25<10 %  employed in the present work made it possible, because of its
W/cm-deg. This value is three orders of magnitude lowernondestructive character, to obtain fundamentally new data
than the thermal conductivity of crystalline silicofi.5 on the spectral dependence of the absorption coefficient of
W/cm- deg and even more than an order of magnitude lowedayers of porous silicon.
than the thermal conductivity of quartz SiG0.014 W/ We wish to thank the International Matsumae Founda-
cm-deg.’® This estimate is confirmed by the previously de- tion for awarding_a stipend to A. N. Obraztsov for Wprk at
scribed experiments on Raman scattering, during which #1e Electrotechnical LaboratorySukuba, Japan which
substantially larger heating of the samples of porous silicofhade this work possible.
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observed:1®*? |t is obvious that this parameter gfor-Si L. T. Canham, Appl. Phys. Let7, 1046(1990.
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he fil ditis i f h dooi X ical S. M. Prokes, Interfacet, 341(1994).
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Exciton scattering by concentration fluctuations and projection of the spins of magnetic
impurities in quantum wells in semimagnetic semiconductors

A. V. Vertsimakha and V. I. Sugakov?

Institute of Nuclear Research, Ukrainian National Academy of Sciences, 252028 Kiev, Ukraine
(Submitted July 4, 1996; accepted for publication October 23, 1996
Fiz. Tekh. Poluprovodr3l, 632—634(May 1997

Exciton scattering by fluctuations of the concentration and the orientation of the spins of
magnetic impurities and the associated broadening of excitonic bands in a quantum well with
semimagnetic barriers CdMnTe/CdTe/CdMnTe have been investigated. The relaxation

time is found as a function of the exciton energy and thickness of the well. The relaxation time
depends strongly on the magnetic field. The dependence is different for excitons that form

the o, and o_ components of the optical transition. €97 American Institute of Physics.
[S1063-78287)03005-9

The optical properties of quantum wells and superlat- 1
tices based on semimagnetic semiconductors have been Hine= > NoL(Ae=JeSe: Sy d(re—n)
widely investigated in recent yeals® The giant spin split- noo
ting of the bands, which arises in heterostructures consisting +(AL— IS Sy) (rp—n)IX,, (2
of alternating magnetically mixed and nonmagnetic layers as
a result of the exchange interaction of charge carriers wittVhereHo is the typical Hamiltonian of a free exciton in a
magnetic impuritieé, makes it possible to change the depth Crystal with no impuritieSandHiy is the Hamiltonian of the
of the quantum wells by means of an external magnetic fieldnteraction of an electron and hole with Knions, which
and leads to splitting of the excitonic lines in a magneticincludes the exchange interaction described by the exchange
field. integralsJ, andJy, and the interactions caused by the defor-

An important question in the study of heterostructures ignation of the lattice accompanying the introduction of an
the investigation of the effect of structural imperfections oniMpurity ion, which are described by the termg andAy,.
their physical properties. The imperfections could be associl h€ latter interactions lead to an offset of the bands and form
ated with the conditions under which the crystal is grown@ guantum well in the absence of a magnetic field. The mag-
and with fluctuations of the composition. Imperfections of netic field is directed perpendicular to the layers of the sys-
the second type are always present, irrespective of thi€Mm. The quantitieS,, S,, andS, are the spins of the elec-
method used for growing the structure. One way to studyTon. hole, and impurity, respectiveliy, is the density of
structural defects is to investigate the shape of the excitonigationic sites in the lattice and andr,, are the electron and
spectra. Scattering of excitons by imperfections results if10le coordinates. The diamagnetic effects, which are smallin
broadening of the bands. The effect of composition fluctuath® magnetic fields studied, are ignored in the Hamiltonian
tions on the excitonic spectra in heterostructures with non(1); the masses of the particles are assumed to be isotropic
magnetic impurities was investigated in Ref. 5. Such an in&nd identical in the different layers of the heterojunction.
fluence should be substantial in semimagneticThe guantity X,, gives the distribution of the impurities:
semiconductors, since the magnetic impurities, because fn=0 if a Cd* ion is present at the siteandX,=1 if the
the exchange interaction with the carriers, largely determindhain ion is replaced by a Ml ion. We represenk, and
the energy spectrum of the excitons. Furthermore, it can bén in the form
expected that the line broadening in them will depend on the X=X+ 85X 3)
magnetic field, which is not the case in crystals with non- " n
mag'neti'c impurities. In bulk crystals such bro.ad'ening Was g (S, +4S,, (4)
studied in Ref6 . In heterostructures, characteristic features
associated with the two-dimensional nature of the systemvhere(Sy,) and 8S, are the average value and the fluctua-
and with the redistribution of the exciton wave function be-tion of the spin of an impurity, anX and 6X,, are the aver-
tween wells and barriers accompanying a change in the dage value and fluctuation of the relative density. Using ex-
mensions of the heterostructures, should be observed. In opressiong3) and(4), we can transform the Hamiltonian into
study we examine the scattering of excitons by fluctuationgshe form
of the concentration and orientation of the spins of impurities -
in a quantum well with semimagnetic barriers CdMnTe/ H=Hg+AH,

CdTe/CdMnTe. -
To study scattering by fluctuations of the impurity we ~ Ho=Ho+X(Ae=JeSe (Sun)) O (|z¢| —L/2)
write the exciton Hamiltonian in the form +X(An— 1S (Sun)) O (|20 — L12),
H=Ho+Hy, (1)  where
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V=-— N_(Jese5(re_ n)+J3,$,0(rh—n)), FIG. 2. i/ 7 versus the wave vector of an exciton in a fiele=0.25 T.1 —
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1
V1:N_O((Ae_JeSe'<S\/In>)5(re_ n)

+(Ah_‘]hsh'<3\lln>)5(rh_n)): (5Xn,5Xm>=X(1—X) 5n ms

0 (2) is the unit step(Heaviside function. The termH, is a2
the Hamiltonian of the interaction of an exciton with the {9502, 6Sm.2)=(9Swn) Snm
magnetic impurities in the mean-field approximati{fig. 1), (8Sh.2,8X)=0.
andAH takes into account the fluctuations of the distribution
of the impurities and orientations of their spins.
Let us examine the probability of elastic scattering of an
exciton by fluctuations of the distribution and orientation of _, 27 2 \uo , )
the impurity spins. In the zeroth approximation the states of ~ 7e :TE’ [<58Mn>x ; [(K[V k) [+ X(1=X)
an exciton are determined by the Hamiltonidg, found in X
the mean-field approximation. Since the interaction energy
of an exciton with an impurity is much smaller than the
width of the excitonic band, the scattering can be studied in
the Born approximation by perturbation theory with the per- > 2 [(K|V,K)|2
turbation HamiltonianAH. We shall ignore the processes n z
assomafced with spin flipping in the process of scattering. Fo\r/vhereEk=ﬁ2k2/2M is the Kinetic energy of an excitoM is
calculations we chose the often employed form of the wave Mmass of  an exciton and (k'|V;[k)
; ; ; ; . ’ i
functions of excitons localized in a quantum wefi:

Finally, for the reciprocal of the relaxation time of an exciton
we obtain

X 2 (K VAl k) + (085X (1= X)

S(Ex—Ex),

= [dredrp Wy, (re,rp)ViWi(re,rp), i=1, 2, and 3. One
V(e ,Th) = Pe(Ze) dn(Zn) Pi(pe.pn), manifestation of exciton scattering by impurities should be
_ . broadening of the excitonic bands. The contribution of scat-
(Dk(pe'ph)_l/‘/é eXpik-R) dex p), tering by fluctuations of the impurity concentration to the

where Igny= (Pe(n) 1 Ze(h))» Pe(ny are the coordinates of an half-width of the excitonic absorption band isrg/,, , where
electron(hole) in the plane of the layeR are the coordinates E(w) is the energy of an exciton at the frequenay’ Cal-

of the center of mass of the exciton in the plane of the layerculations of the quantity &£, were performed numerically
p=pe.—pn, S is the area of the layer, ¢edp) for CdMnTe/CdTe/CdMnTe heterostructures wih=0.05,
=\2mexp(~p/\)I\, N is a variational parameter, and temperatureT=2 K, and the following parametefs®
#e(ze) and ¢p(z) are the wave functions of the lowest- XA,=0.85AEy; and XA, =0.1%gy,whereAE;=1.587 is
lying states of an electron and hole in the quantum @2ll. the offset of the bandgap at the boundary of the layers; the
The probability for the scattering of an exciton from a stateeffective masses of the carriers am,=0.96m; and

k into a statek’ is determined by the standard perturbationm,=0.5m; (my is the electron mags J.=0.22 eV,
theory. We obtain the reciprocal of the relaxation time after,,=0.83/3 eV, and the dielectric constaa#=9.7. The com-
summing the probability of scattering over the final statesputational results fofi/ 7z as a function of the kinetic energy
k' and averaging over the distribution of impurities and theE of an exciton in the plane of the layer in a magnetic field
orientation of their spins. For low impurity concentrationsH=0.25 T are presented in Fig. 2. In contrast with a bulk
these distributions can be assumed to be uncorrelated. Thamystal, the reciprocal of the relaxation time, due to scattering
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In this study we examined a very simple mechanism, yet
2.0 - 7 one which is always present in mixed crystals, of broadening
of excitonic bands — scattering of excitons by concentration
fluctuations. It gives a larger contribution to the broadening
than the fluctuations-induced change in the exciton spectrum.
The latter contribution in bulk crystals results in broadening
which depends on the relative impurity concentration as
X?(1—X)2 and it is much smaller than that observed
experimentally’ Real heterostructures contain nonuniformi-
ties of the distribution of impurities and defects of a techno-
logical origin, whose presence can substantially change the
exciton spectrum. In this case the change in the spectrum,
rather than the scattering, determines the broadening of the
bands. However, calculations of such broadening require a
B knowledge of the character of such technological imperfec-
tions and cannot generally be performed. Furthermore, the

0 o.zl75 l 0.;0 - 0.1'5 ' o_lgg ‘ 0_25 calculations performed in this paper show that composition
H,T fluctuations, which are always present in a crystal, give to
the broadening a contribution which can be observed experi-
FIG. 3. /74 versus magnetic field #=0.1 — L=15 A, o_; 2—  mentally.
L=15A,0,;3—L=30A 0_;4—L=30A 0,;5—L=50A, We thank S. M. Ryabchenko for a helpful discussion.
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Optical absorption edge and its modification due to the decomposition of cadmium
telluride and cadmium sulfide solid solution films

A. P. Belyaev, V. P. Rubets, and I. P. Kalinkin

St. Petersburg Technological Institute, 198013 St. Petersburg, Russia
(Submitted July 8, 1996; accepted for publication October 25, 1996
Fiz. Tekh. Poluprovodr3l, 635—-638(May 1997

The spectral dependences of the transmission and absorption of metastaple;Cd8Iims

before and after thermally activated decomposition have been studied. A model is proposed for the
transmission processes in disordered multiphase systems. The correlations between
characteristic points on the transmission curves and the composition of the solid solution are
determined. ©1997 American Institute of Physid$1063-78207)03105-0

For many reasons, light absorption is generally analyzed@. EXPERIMENTAL RESULTS
in the overwhelming majority of scientific studies involving

the optical properties of a given system. The transmission is - Thet rﬁﬁltsczf the mvesl,.t(;gatllo?s of the rt_]ransmlsslonlco—
ordinarily not analyzed. In this connection, it is helpful to efficient of the CdgTe, _ solid solution are shown in Fig. 1.

make such an analysis for films of the solid soluti¢8$3 Curve 1 corresponds to the transmission of the sample im-

CdSTe, , and to compare the results with the standard aIO_rnedlately after preparation; cunZcorresponds to the same

proach sample after thermal action. The same figure also shows for

The choice of the model is made mainly for two reasons%%mrpar'son Ltlh(:_ltransmlssmn curves of C@8rve 3) and

First, the solid solutions of 1I-VI compounds possess a wide e (curve4) films. . .
As one can see from the figure, the spectral transmission

spectrum of properties, which are always of interest to inves- t the freshl d film of solid soluti b
tigators and practitioners. Second, a pronounced metastapfe! V€ OF the Ireshly prepared Tim of Soiid solution can be

system is easy to model. The metastable system is achievé(apresented, o a f_|rst. approximation, as a linear SUPETPOsI-
tion of the transmission curves of cadmium telluride and

by synthesizing under sharply nonequilibrium conditions, for . o .
example, synthesis on a substrate cooled to a temperatu?gdm'um sulfide films, where a weakening of the wavelength

close to that of liquid nitrogeh? The metastability of the dependence_ of the transmission coefficient occurs in the
system makes it a convenient object for investigating phas}g/avelength |ntervals_570—800 nm.
transformations and, correspondingly, for investigating the Aft_ert_he sample_ is annealed, the stepped chara_ctq of the
correlations between the transmission and the composition:[ransm'ss'qn Curve 1s smooth_ed duurve 2). Transmission
Increases in the wavelength interval 570—800 nm.
The typical experimental results for the absorption coef-

1. EXPERIMENTAL PROCEDURE AND SAMPLES ficient in films of the solid solutions Cq%e,_, are pre-

, sented in Fig. 2. Curvé was obtained from a freshly pre-
The films were prepared by the thermal-screen method ared sample and curv® was obtained from the same
from a mechanical mixture of CdS and CdTe powders. The . :
mixture was placed in a reactor and heated up to the SubIIs_ample after annealing. The results correspond to the sample
mation temperature, and the substrate was cooled with quuiEQ’hose transmission was exa_mmed abkig. 1). . -
nitrogen. The reactor with the powder heated up to the sub- As one can see from the figure, the absqrptmn coeff|C|_ent
limation temperature=1020 K) and the cooled substrate a of the sample before and after annealing gradually in-

were brought together by a manipulator only for the Synthe_creases in an interval of several eV. In both cases the curves

sis time (not more than several secondSynthesis was re- f:on.t ain an equr)enUaI sgchon of growdbirbach edggsat-
. ) 3 ' : isfying the empirical relatich
alized in a 10° Pa vacuum on a muscovite-mica substrate.

According to x-ray phase and electron diffraction analy- a=aq exd — Y(E—fw)/KT], (N}
sis, the structure of the films was close to polycrystalline
Thermally activated decomposition of the solid solutions wa
conducted in a vacuum by heating up to a temperature of 60
K and holding at this temperature for 2 h. The substrate amgCt
reactor temperatures were monitored with copper—
constantan and chromel—aluminum thermocouples, respec-
tively. The thickness of the samples did not exceedr.
The thickness was estimated with a MII-4 microinterferom-
eter. Electron diffraction investigations were performed on  As is well known, transmission, in general, is not a self-
an BMR-100 electron diffraction camera and x-ray phaseaveraging physical quantity. It depends multiplicatively on
analysis was performed on a DRON-2 diffractometer. Thethe size of the object and the “tails” of the probability dis-
optical measurements were performed on a SF-26 spectrdribution of the scatterer configurations make the main con-
photometer at room temperature. tribution to its average value. For this reason, the theoretical

whereag and y are constants is the band gap, antlw is

e photon energy.

The absorption curve for the annealed sample was char-
erized by a lower value of the parameter

3. DISCUSSION
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FIG. 1. Spectral dependences of the transmission of films of the solid solu-
tions Cd$Te,_, before(1) and after(2) thermally activated decomposition
and of CdS(3) and CdTe(4) films.

1 1 1 i

description of such quantities is a very difficult problem,
whose solution even in a one-dimensional case is known &lG. 2. Spectral dependences of the absorption coefficient of the solid so-
present only approximately. lutions Cd$Te;_, before(1) and after(2) thermoreactive decomposition.
According to current theory, the transmission of a disor-
dered system is determined by the so-called representative
scatterer configurations, which are thought to account for thassume a different value for each wavelength. This means
transmission to be within a small neighborhood of its averthat the spectral curves presented in Fig. 1 can be regarded as
age value. The composition of the representative configura-being the result of a functional coupling between the scat-
tions is not, in general, the most likely composition, but to-terer density and the wavelength of the incident light.
gether with the concentration of representative In Fig. 1 curvel, which corresponds to a freshly pre-
configurations it determines the properties of the transmispared sample, demonstrates low transmission in the region
sion coefficient of the object. 570—-800 nm. According t®) and(3), this indicates that the
The experimental films of the solid solutions were syn-scatterer density increases substantially in this region, and
thesized from the vapor phase by vacuum condensation onthat a maximum of the variation of the density occurs at the
substrate. Films grow in such a synthesis method by nuclgnflection point ;, of the spectral curve. This means, in turn,
ation and layerwise. The composition of the solid solutionthat the sample contains predominantly regions with a band
therefore fluctuates over the volume. Since J#§_, are  gap corresponding to photon enerdgy,, which makes it
variable-gap solutions, fluctuations of the absorbing properpossible to determine the composition of the solid solution in
ties of the volume of the film occur along with the compo- terms of the functional relation between the width of the
sition fluctuations. According to what we have said abovepand gap and the composition of the solid solution.

one or another set of absorbing regioisgatterersin the The composition of the solid solution determined in this
path of the light can be regarded as typical or a representananner for the sample represented by cutve Fig. 1 was
tive configuration. found to bex=0.60, which is close to the result obtained

In the experiment under discussion the transverse crosgrom x-ray phase and electron diffraction analysis
sectional area of the sample was exponentially large comx=0.58).
pared with the thickness of the sample. This means that the According to the x-ray phase and electron diffraction
results obtained for a one-dimensional model can be used @nalysis, the freshly prepared Cd®,_, samples are single-
interpret the data.In this case the experimentally observed phase samples. It can be assumed, however, from the fact

transmission can be regarded as that their spectral transmission curves are close to a linear
superposition of the spectral curves for CdS and CdTe that
wasflz (D), (2)  they contain representative configurations with composition

close to the indicated binary compounds. Their concentration
whereD, is the experimentally observed transmissiris  in the experimental samples is evidently low; for this reason,
the area of the film, an¢D_) is the transmission of a repre- they are not detected either by x rays or electron diffraction.
sentative configuratiofaverage value of the transmission of As indicated above, however, the transmission is due to the
a linear chain “tails” of the probability distribution and it is therefore very
For a one-dimensional chain sensitive to the relative fluctuations.
— The existence of composition fluctuations is confirmed
(Duy=exfg—nL(1-D)], ®) by electrical investigations, according to which the potential
wherelL is the chain lengthn is the scatterer density, and well of the zones of films of the solid solutions of 11-VI
D is the transmission of one scatterer in a chain. compounds grown by the method of vapor condensation on a
Since the short-wavelength photons are absorbed by adlubstrate is determined mainly by fluctuations of the compo-
regions of the inhomogeneous Gd®,_, films, and since sition of the solid solutiof.
the long-wavelength photons are absorbed only by regions After the samples are annealed, the variation of their
with composition giving a small band gap, the quantitgan  transmission coefficient becomes more monotonic. The re-
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gion with a low transmission vanishéBig. 1, curve2). In The quadratic region in the CgBe;_, systems investi-
the proposed model this means that their representative cogated is found to be very narrow, and its extrapolation gives
figurations with good transmission in the indicated spectrah substantially underestimated result. For the samples, whose
region appear in the volume, and hence the concentration afpectral curves are shown in Figs. 1 ande2 1.45-1.55
regions with the most characteristic composition decreasesV.
(for the sample studied=0.60). X-Ray phase and electron Such a discrepancy can be explained, in our view, by the
diffraction analysis confirms this conclusion and detects thetypical character of the density of states in the J@&g
decomposition of solid solutions into two phases. solutions. The theoretical derivation of the quadratic depen-
According to the proposed model, one would think thatdence ofaZiw on Zw is based on the assumption of para-
the spectral curves of such samples should contain two chabolic bands. In the systems investigated, however, strong
acteristic points. However, graphical differentiation canfluctuations of the bands occur. It seems to us that this can
separate only one point — at short wavelengths. The comsubstantially alter the density of states. The endggyeter-
position of the phase estimated according to this point wasnined by extrapolating the experimental cur(® should
identical to the results obtained by electron diffraction andtherefore be regarded only as a characteristic energy, which
x-ray phase analysis for one of the detected phaseis related in some way with the band gap.
(x=0.78). In conclusion, we note that we checked the correlation
The absence of a second characteristic point is due, ifound between the characteristic points on the transmission
our opinion, to the smearing of the absorption curve of eaclturve and the composition of the solid solution for other
scattering region and by the increase in the relative rms desystems as well. Specifically, good agreement of the results
viation A, of the transmission. According to Ref. 5, the rela- for CdSTe,;_, films was obtained by using the functional
tive rms deviatiomA is relation between the composition and the band gap deter-
A=N-95s, @ mined from photoluminescence measurements.

whereN is the number of linear chains in the sample, and
J is the rms deviation of the transmission of one linear chain

_ 4. CONCLUSIONS
s={exgdnL(1-D)]—1}°% (5)
Since the wide-gap regions are transparent to long- 1. The absorption edge of films of the solid solutions

wavelength radiation, it can be assumed that in this spectr&fdST€1-x, synthesized under strongly nonequilibrium con-

region the number of effective scatterers in the sample deditions, before and after thermally activated decomposition,

creases and thereforedecreases, which, according to Egs. has the form characteristic of disordered systems — the Ur-

(4) and(5), results in a smoothing of the spectral dependenc®ach edge. _
of the transmission. 2. Transmission processes in systems of the type

The spectral dependences of the absorption coefficierffdST€1-x can be satisfactorily interpreted on the basis of
have a form that is characteristic of disorderedthe model of representative configurations in the form of

semiconductoré This behavior of the materials has still not linéar chains. . _
been explained unequivocally. It is well known, however, 3. The spectral dependences of the transmission coeffi-

that as the degree of disorder increases, the absorption edai@nt are a sensitive indicator of the phase composition of the

becomes increasingly more smeared, and correspondingﬁyStem’ making it possible to identify the phase composition

the parametery decreaseb.This correlates with the data under F:ertain conditions. )
from our investigations of CdSe;_,. After the sample is This work was supported by the Russian Fund for Fun-

annealed, which, according to the results presented abovd@mental ReseardiNo. 96-02-19138
results in decomposition of the solid solutiondecreases.

The “knee” on the spectral absorption curve is used to
estimate the optical band gap in the case of the Urbach ab-

sorption edge. This is a rather crude method, and ordinarily it;i- '\éegd?lia am\i/ D}': Lsmg)ine, PZVIS- st?:uls Sk_olidg_A 6T01k(h19§6|- .
H H alle elyaev, V. P. RU ets, and |. P. Kalinkin, Fiz. Tekh. oluprovodn.

gives a result that is somer\évhat less than the band gap ob 31, 635(1997 [Semiconductor8L, 540 (1997

tained in other measuremerits. 3A. P. Belyaev and I. P. Kalinkin, Thin Sol. Film58 25 (1988.

Our results also show a similar relation, as one can se€N. F. Mott and E. A. DavisElectronic Processes in Non-Crystalline
from Fig. 2. The arrows on the curves in the figure mark the Materials, Clarendon Press, Oxford, 1979, 2nd edit{@®ussian transla-

. tion, Mir, Moscow, 1982, Part]l
gaps which we calculated from the spectral curves of thes|. M. Lifshits, S. A. Gredeskul, and L. A. Pastuimtroduction to the

transmission coefficient. Theory of Disordered Systemwiley, N. Y., 1988 [Russian original,
In many cases, for disordered systems beyond the expo-Nauka, Moscow, 1982
nential absorption edge there follows a depend‘énce 6A. P. Belyaev, V. P. Rubets, Kh. A. Toshkhodzhaev, and I. P. Kalinkin,
Fiz. Tekh. Poluprovodnl8, 1975(1984) [Sov. Phys. Semicond8, 1234
a=B(ho—E))to, (6) (1084, .
A. P. Belyaev, V. P. Rubets, Kh. A. Toshkhodzhaev, and I. P. Kalinkin,
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Extrapolating this quadratic dependence, we find the (1992]
band gap. Translated by M. E. Alferieff
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