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Capacitance-voltage profile in a structure with negative differential capacitance
caused by the presence of InAS&aAs self-assembled quantum dots
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The application of the usual expressions to calculate the capacitance-v@gerofiles in samples with
quantum dots gives erroneous results, mainly due to the presence of the characteristic negative differential
capacitance of a system with dimensionality lower than 2. We developed a simple electrostatic model to
calculate the CV profiles in these systems, and we applied it to a sample with an InAs self-assembled quantum
dots system in order to obtain informations about the structure of the dots. As a result, the local distribution of
electrons in the quantum dof€V profile) was obtained.

[. INTRODUCTION In the systems with band-gap variations such as hetero-
structures, where quantum effects must be considered, the
It is well known that the capacitance measurements in &apacitance is caused by two distinct contributions: a three-
semiconductor heterostructure show some particular charadimensional capacitance due to the electronic distribution in
teristics that are related to the carriers confinemiehin this  the volume around the quantum region and the capacitance
way, the analysis of the capacitance is a very powerful techdue to the quantum confined electrons. When we measure
nique that can be used in order to obtain the concentratiothe capacitance of these structures, the fundamental concept
and distribution of carriers, band offsétsiensity of statés  (for the bulk of the gradual depletion of the space-charge
and other structural and electronic parameters of the semiegion caused by the variation of the applied bias is not valid
conductors. In homogeneously doped bulk semiconductdpecause the confined electronic gas moves as a whole sys-
the capacitance determines the doping concentratignX ~ tem, changing its shape and density. More generally, the
as a function of the distanc@v) from the semiconductor quantum contribution to the total capacitance is a direct con-

surface, as established by the following equations: sequence of the characteristical density of states and its oc-
cupation at a given temperature.
c® /dc\ ! The above description is general and it can be used in
Nev(w) = 9Se. d_V> (1)  order to describe the capacitance behavior for any structure
S

with quantum confinement. However, the use of Efsand
(2) in these systems is only possible if the contribution of the
We S_SS @) regions with charge confinement is smaller than the contri-
c” bution of the surrounding regions, because the equations
which determine the CV profile were obtained for bulk struc-
whereC is the system capacitancgjs the device area, and tures.
the other symbols have their usual meanings. The above In this work, our attention was focused in a structure with
equations characterize the capacitance vol{&)é) profile,  self-assembled InAs quantum dots producing a zero-
giving the density of carriers along the direction of the ap-dimensional confinement, where quantum effects are clearly
plied electric field. As pointed out by Krelethe above observed. In this case, the direct application of Edjsand
equations are based on the well-defined local relation be?) is not indicated because the contribution of the quantum
tween electric potentialsolution of the Poisson’s equatipn dots dominates. The presence of the zero-dimensional elec-
and the carrier’s statistics. In other words, this means that thegon confinement is evidenced at low temperatu@hen
space charge regidepletion regionis gradually depleted e?/Cyo;>kT, Where Cyqs is the self-capacitance of the
as a function of the applied voltage: at each voltage step, dot9 by the peculiar characteristics of the capacitance-
number of carriers gets out of the depletion region yielding avoltage curves, such as the negative differential capacitance.
variation of the total charge in the semiconductor, which isAs it was mentioned above, neither the spatial localization
measured by the capacitance. If the doping concentratiofelong the growth axjsof the confined charges, nor other
profile is not constant, thblcy, does not reflect directly the structural parameter which characterize the electronic distri-
doping distribution, but rather the carrier distribution asbution can be obtained by the conventional CV profile
shown by Johnson and Panousiherefore, the measured method in the quantum dots system. Thus, we present a
capacitance is naturally limited by the screening length of thesimple electrostatic approximation based on the solution of
electronic systeniDebye screening in a nondegenerate semithe Poisson equation and the superposition principle in order
conductor or Thomas-Fermi screening in a degeneratg.caseo obtain the CV profile even in the presence of the negative
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GaAs/AlAs
superlattice

differential capacitance. More detailed aspects are given in
the next section where we describe the model and the struc-
ture of the studied samples. In Sec. lll, we will discuss the

obtained results.

Il. SAMPLE STRUCTURE AND METHOD

A. Samples B InAs self-assembled

The samples used in this study were grown in a MECA dots

2000 molecular-beam epitaxy system on(E00) GaAs

highly doped substrate; the structure is based in a plane con-
taining InAs self-assembled dots embedded in a metal- -~
insulator-semiconductor-field-effect-transistISFET) de- ! Vv
vice similar to the one proposed and used in Ref. 4. After an 'fl
oxide desorption, a 100-nm-thick GaAs buffer layer doped |-l e
with Si was grown aff =580 °C; then, ten periods of a Si- L
doped (GaAs)(AlAs)s superlattice were deposited fol- dots
lowed by ad=25 nm undoped GaAs layétunneling bar-

rier). The substrate temperature was reduced to 450°C and W

the InAs layer with a nominal thickness 2.3 ML was grown. t

The process of the dots formation was monitored by reflec-

tion high-energy electron diffractiofRHEED) oscilations: FIG. 1. Bottom of the conduction band for the InAs/GaAs self-

the transition from a streaked to a spotty RHEED patternassembled quantum dots used in this wark, is the position of
indicating the formation of three-dimensional islands, washe layers with quantum dots andis the width of the depletion

observed after the deposition of 1.8-ML-thick InAs. The region.

growth was interrupted for 30 sec after the deposition of the

nominal thickness of InAs. Then, an undoped GaAs separagted with the luminescence of the bulk GaAs. The broaden-
ing layer (25 nm was grown aff=580 °C followed by an ing energy value determined in our PL measurements is in
undoped GaAs/AlAs (1 nm/3 nndg; =120 nm) super- accordance with the previously reported values of this
lattice. This superlattice was included in order to increase thearametef:®

sample impedance and thus, to allow us to extend the voltage The capacitance-voltage curve of the structure under in-
range applied to the sample. Finally, the structure wawestigation measured @t=8 K is plotted in the inset of Fig.
capped wih a 5 nmGaAs layer grown at 580 °C to prevent
surface oxidation. During the growth, the fluxes of InAs and
GaAs were fixed at 0.1 and 0.35 ML/s respectively, while InAs/GaAs
PAs=5X10 ¢ Pa. The total thickness of the samples was 20F d
t=175 nm. For the Schottky diode construction, we fabri- quantum dots bulk GaAs
cated a conventional Ohmic contact on the substrate with an r | T=17K

AuGeNi alloy annealed at 450°C for 120 s; the Schottky
contact was formed by the deposition of a 200 nm aluminum
layer with 500 wm diameter. Figure 1 shows a sketch of the
conduction band bottom of our samples with a bias applied
to the Schottky contact.

The capacitance-voltage curves were obtained from ad-
mittance measurements that were carried out using a stan
dard lock-in techniquéwith a SR530 Stanford lock-in am-
plifier). The samples were mounted in a variable temperature
cryostat coupled with the measurement system; the CV
curves were measured at a fixed frequenfcy {00 kHz) in
the temperature range from 8 to 300 K.

Before the Schottky diode construction, photolumines- [
cence(PL) measurements were carried ouflat 17 K. The
corresponding photoluminescence spectrum is shown in Fig. 0.0 -
2. The PL spectrum shows two peaks: the electron-hole re-
combination in the InAs dots is responsible for the peak at 1
E=1.24 eV with aAE=111.2 meV energy broadening as oot e s 1820
obtained by a Gaussian fit. The enerfgy-1.24 eV corre- Energy (eV)
sponds to an electron level located at 80 meV below the
conduction band of GaAs as it was calculated using the dis- FIG. 2. PL spectrum obtained for the sample with InAs dots at
continuity energy for the conduction bandlEcg=0.85 T=17 K, which is characterized by the value of the energy disper-
X (Egaas— Enas). The other peak dE=1.51 eV is associ- sion equal to 111.2 meV.

-
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yields C,=120 pF, in agreement with the calculated value
Co~eS/dg =170 pF(wheree was taken as the dielectric
constant of GaAs

B. Dots capacitance model

In the voltage range from-1.0 to 0.2 V, the main con-
tribution to the total capacitance is due to the InAs self-
assembled quantum dots and it reflects their zero-
dimensional density of statégset of Fig. 3; the behavior
of the capacitance in this voltage range can be explained as
follows: starting atvV=—0.8 V, the measured capacitance
increases due to the filling of the dots, showing a peak at
=—0.15 V (the peak is broad due to fluctuations in their
sizey; if the voltage increases, the capacitance signal dimin-
ishes because the dots are completely filled and for a further
increase of the applied voltage, the total capacitance is given
by the contribution of the bulk GaAs. The charge located in
the InAs quantum dots depends on the voltage, temperature
and density of states. In order to calculate the capacitance of
our samples we used a simple model based on the definition
of the capacitanced=dQ/dV) where the charge is given
by the integral of the product of the density of states and the
energy distribution

0.5

T v T T T T T v Cqot=20SL
145 150 155 160 165 Vot

w(nm) with

C

[J D(e,Vgor) X f(£,Vgorde

using Eq.(14). The positions for the electron concentration maxima D(&,Vgo) =

FIG. 3. The CV profiles calculated at different temperatures Nyot
(0]
——exg —2
represent the positions of the plane of dots which are found in good T l{
EAS

etegort quot) T

Ae

agreement with the corresponding nominal position. The inset

shows the experimental capacitance-voltage characteristics for our

sample with InAs dotsfull line). The negative differential capaci- (43
tance between—0.8 and 0.2 V is an evidence of the zero-

dimensional character of the quantum dots. The dotted line curve 1

are the bulk background fit taken in order to extract the capacitive f(e, Vo) = q(e—qVgoer)
effects of the quantum dots. The dashed line is the calculated ca- 1+ ex;{To
pacitance shifted up for clearness.

, (4b)

whereD(&,Vyoy) is the electron density of statel{e,V o1
3. Two contributions can be distinguished: the backgrounds the Fermi-Dirac energy distribution/y, is the voltage
capacitancgshowed by the dotted lineand the superim- across the quantum dots scaled by a lever-arm relation when
posed capacitance of the dots revealed in the peak=at the band bending is neglectédhe factor 2 in Eq(4) re-
—0.15 V. The following equation was used to obtain theflects the electron spiigis the contact area ardis the lever
GaAs bulk contribution which is dominant in thg< arm coefficient [ =d/t, d is the tunneling barrier thickness
—1 VandV>0.2 V voltage rangésee the inset of Fig.)3 andt is the total sample thickness; therefotes 7 for the
samples used in this worke 4o is the confined energy level
in the quantum dots with respect to the GaAs conduction
gNcve band,A¢ is the energy dispersion amd,, is the total num-
C=CotS 2V’ (3 ber of dots. The density of states in the InAs dots can be
B written in a delta function form in the ideal cag® dots size
dispersion; here, we must include the effects of the dots size
where Ny is the donors concentratiol§ is the Schottky dispersion by taking into account a Gaussian broadening of
contact area and the other parameters have their usual meahe density of states as it is shown in Ega).'° For the
ings. Thus, the adjusted values of these quantities were olzalculations, only the occupied states were considered and
tained: p5=0.96 eV andN¢,=7.8x10" cm 3. Cyisthe  we assumed that the Fermi level in the dots was the same as
contribution of the GaAs/AlAs superlattice and it is inversely in the highly doped substraté.Then, the Eq(4) was nu-
proportional to the superlattice thickness. The fitting of the merically solved withe 4o;, Ae andNyo used as fitting pa-
Eq. (3) to the background of the experimental capacitancerameters; the calculated capacitance is shown in the inset of
voltage curvegshown by the dotted line in the inset of Fig. 3 Fig. 3.
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The obtained values for the confined level energy,{ (we assume no particular interaction between the )dots
=79 meV) and for the energy dispersionAd Then, the density of charge is given by the following
=113 meV) were found in excellent accordance with theexpressior'}.3
photoluminescence measurements; in addition, the value
Ngor=6.5%10'° cm™2 was found. As it is well established, _
the magnitude of the energy dispersion of electronic states is p(2)=0
directly related to the width of the PL spectrdn? It should _ , , _
be mentioned that the characteristical parameters of the dotd'€ integration of the Poisson equation from the surface to
can be obtained by a solution of the Poisson’s equation foth€ interior of the semiconductor can be written as
the entire structure, as it has been done in Ref. 12. However,

chW_f D(&,Vgo) X f(&,Vgonde|. (7)

o : : : —gNeww? gL
as it will be shown in the next section, our analysis allows \,_ g, — 9NewW” 9 dotSf D(&, Vo) X F(&Vag) de,
determine the CV profile as well, and thus, to obtain the 2e4 €s
structural parameters of the quantum dstsch as the spatial (8)

distribution of electrons and dots heighih addition to the

; where®yg and N¢y are the Schottky barrier height and the
energetical parameters.

density of charges in the depletion region, respectively. The
quantitiesL 4415 andw are shown in Fig. 1L 4, iS the nomi-
nal position of the dots plane measured from the semicon-
The voltage interval where the negative differential ca-ductor surface and is the width of the depletion layer. The
pacitance occurs in our samples is clearly seen in the inset ddist term of Eq.(8) is the electronic density of the plane
Fig. 3. In this case, as it was mentioned above, the CV procontaining the dotgrepresented by a quantum well in Fig.
file [Egs.(1) and(2)] cannot be applied to the experimental 1). Note that in this model we consider the bulk and the
curves. Equatioiil) essentially means that the electronic dis-quantum dots contributions as noninteracting ones. The dif-
tribution in a given(bulk) structure can be written as a func- ferentiation of Eq(8) with respect to the bias can be written
tion of the measured capacitance. Therefore, an alternativ&s
and direct method for the construction of the CV profile in

C. CV profile calculation

our samples is the calculation of a general expression for the —&g OLgots
spatial electronic distribution along the structure as a func- AV=—gNewW| —5—ACy |+ An, ©)
tion of the total capacitance bulk s
with
Nev(W) =F(Ciotal) =F (W) 5
i d
with An= f D(e,Vao) X f(.Vae)de [dV.  (10)
Ctotal= G(Chuik:Cdots)» (6)

) i i Equation(10) shows the charge variation in the dots plane,
wherew is the depletion regiorf; andG are unknown func-  \yhich produces the dots contribution to the total capacitance
tions. The formal dependence established by (Bgis only i, 4 range of voltages. In order to derive E§) we used

possible to obtain if there is a well de_fined relation betweenyq total capacitance written in an approximate féparallel
the capacitance and the depletion width. In a quantum dot§jates capacitangeas it is usually done in bulk structures.
system, this relation cannot be determined because the dep earranging the terms, we obtain

tion approximation is not valid for a system with dimension-

. ; ) ; . 5 -
ality lower than 3 as mentioned in the introduction. As an _Cbulk(dcbulk) 1 qLdotsA_n

es AV

additional complication, the total capacitarCg;,, is an un- Ney=—"
known function of both the bulk and dots capacitances as ges | dV
shown in Eq(5). In other words, an expression that gives the, i,

relation between the electron distribution and the capacitance

like Eq. (1) is not possible to be achieved for a system con- s
taining quantum dots. Therefore, we present some consider- W= —
ations based in the electrostatic Poisson equation and in the Coulk

superposition principle that allows to calculate an approxiyyherec, ,, is the capacitance of the bulk structure without
mate equation for the determination of the spatial eIeCtron"huantum dots.

distribution as a function of the capacitan@e the distance The above Eqs7)—(12) describe the dots as a pure elec-
from the semiconductor surfacerhis task involves the de-  ostatic system embedded in a bulk structure in agreement
termination of the functions andG, which were calculated \\ith the chosen parallel coupling for the dots and bulk

using a particular coupling between the capacitarCgs  capacitance!: The established dependence between the dis-
andCgpts- tribution of electrons and capacitance allows us to determine

In order to calculate the CV profile of the structure stud-ihe form of functionF, as follows from Eq(11). Using Eq.
ied here we need to consider the sources of the charges cofk) £q. (11) can be rewritten as

tributing to the capacitance: the net charge is given by the

free three-dimensional electrons in the GaAs surrounding the Nev=F1(Cpun) + F2(Cyotd, (13
dots (unintentional background dopih@nd by the confined

electrons in the dots, which are regarded as punctual chargegere

} (11)

S, (12)
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Clu/dChun) 1 profile width in order to evaluate the effective electronic ra-
F1(Cou)= —( ) (14 dius which can be considered as an estimative of the height
des |\ dV of the self-assembled dots and the density of electrons local-
5 ized in the dots. We have found an average value of 5 nm
Chuik[ dChui| Y| [dLgots A for the CV profile width(effective electron radiysin agree-
F2(Caots) = ges | dV e AV] (19 ment with the height of the self-assembled quantum dots

presented in literature:® The density of electrons in the
This means that the unknown dependence of the confineplane containing the dots can be obtained l;r70m the CV pro-
electrons upon the width of the depletion region is deterdile by the integration of théNcyxw curves.” Using this
mined by the product indicated in functiéfy(Cqyo9 above. Procedure with the curves plotted in Fig. 3 we obtained an
The dependence of the functidh,(Cgyo) ON the nominal —average value of the density 02 electrons in the quantum dots
position of the dots planeL(;o:9 give an uncertainty in the re€gion equal tn=5x10" cm 2. _

amplitude of the CV profile. It is worthwhile to notice two !t IS worse adding that the peak of the capacitance pre-
points: firstly, we consider a linear form for the unknown sented in the inset of Fig. 3 disappears with the increase of

function G, which states the dependence of the total capacil€Mperature. In addition, the calculation of the CV profiles
tance[ Ciorai=Couik+ Cuore,? in Eq. (6)] on the bulk and done for different temperatures showed the sistematic shift of
ota u ots» .

dots capacitance: secondly, the dots contribution in(Ef). ~ (he Peak p03|t|r(])_nhtowarg the sur(;at():e \r/]wtr:j the ”_‘Cffase of
is proportional to the capacitance of the dots per unity of€Mperature, which can be caused by the dynamical process

charge and area, and implicitly contains the dimensionalitymr:’owm,g thef capt#r%/emissiop r:ates IOf the Q'OIS-fAf it was
of the confined system through the density of states as esta hown in Ref. 10, if t e.rate of thermal emission of electrons
lished by Eq.(10). rom the quantum dots is _smaller than the frequency_ of the ac
Equations(11) and (12) relate to the electron concentra- Signal (used in thi_capacnar?ce_ mgasulremeuhtere will be N
tions and are consistent with the superposition principleno response to this ac excitation; at low temperatures the
above mentioned: additionally, they are valid for any chargéf@Pacitance is mainly due to the electrons through the trian-
distribution. The interpretation and use of these equations igular barrier behind the dots. Thus, at these temperatures a
as follows: the reciprocal value of the capacitag,, de- s_maII shift appears on the CV profile posmo_n because a
termines the distance from the semiconductor surface higher electric field is necessary for the tunneling process to
analogy with Eq.(2)]; Eq. (11) includes both contributions: occur. At _h|gher temperatures, when the thermal emission
the bulk(constant throughout the structui@nd the confined becomes important, there is no such shift an(_j the CV profile
electrons in the dots plane. In order to construct the C\W/3S found to be closer to the nominal position of the dots
profile using these equations some important steps are neel—ane' Th'_s process describes _w_eII the e>_<per|mental behavior
essary: first, both the dots and bulk contributions to the totaPPServed in our samples and it is an evidence that the mea-

capacitance were separated as it is bresented b the sured capapitance at low temperatures is caused by the elec-
b P b S8, tron tunneling from the dots to the highly doped substrate.

dotted line in the inset of Fig. 3 represents the bulk capaci- L ; . .

tance fitted to the measured capacitance by means of Eeg}orgover, the variation of the maximum mtgnsny of _the cv

(3)]. Then, the bulk contribution was used both to determin rofiles "’.‘t different temperatur(esh_oyved in F|g..300nf|rms

the distances from the surfaggiven by Eq.(12)] and to that at high temperatures an additional quantity of electrons
h(éontribute(probably due to the thermal excitation of the bulk

calculate the average background density of electrons. T ) ’ h d i d
presence of the quantum dots makes the second term in tﬁéectron$, Increasing the measured capacitance and, as a
consequence, the intensity of the CV profiles.

kets of Eq(11 le t ity, givi i-
brackets of Eq(11) comparable to unity, giving an add Finally, the supposition about a linear coupling between

tional contribution to the calculated bulk profile at the dots .
the capacitances due to the dots and to the bulk plays a

lane, which finally was calculated according to E . . . .
gnd(lB) y 9 dsL) fundamental role in our model: as mentioned in Sec. I, in

order to calculate the CV profile it is necessary to know the
function linking the electronic distribution to the total ca-
Ill. DISCUSSION pacitance of the structure. We can consider that the whole
system behaves like a parallel coupling of two capacitors,
The results of the calculations based in Edd) and(12) ~ where the measured capacitance contains distinguishable
applied to the capacitance-voltage curves are plotted in Figoarts, which are individually related to the bulk and dots
3. A direct comparison between the assumed nominal ele@ontributions. Actually, in a more general treatment for the
tron distribution and the obtained results gives good accorequivalent circuit we should consider other electrical compo-
dance: the nominal position of the dotsligos=150 nm  nents for the model and probably other types of coupling
from the Schottky contact and Eq€12) gives zj,s  between these components. However, the validity of the su-
=155 nm for the electron accumulation positidfig. 3.  perposition of the capacitances used for the samples here
The difference between these two values can be comparegiudied was confirmed by the agreement between the nomi-
with the error due to the electron screening effects found imal and calculated values of the dots plane position.
usual CV profiles obtained in bulk or two-dimensional To conclude, it was shown that the presence of a differ-
structures. By the other hand, the profile width does not ential capacitance is an indicator of an electronic system with
represent the distribution of the position of dots in the planea dimensionality smaller than 2. In this case, the conven-
containing them: as in a quantum well system, the full widthtional method of calculation of the CV profile used for the
at half maximum is related to the spatial resolution of the CVbulk is not valid and therefore, we developed a simple
profile along the growth directiolf. Thus, we can use the method to obtain structural parameters of the self-assembled



5504 A. J. CHIQUITO et al. PRB 61

guantum dots by means of the capacitance-voltage measure- ACKNOWLEDGMENTS
ments. As a result, the structural parameters of the dots such
as the position of the plane containing dots, the dots density, The authors wish to thank E. Diagonel for his help in

the concentration of electrons occupying the dots and an esamples processing and Brazilian agencies CNPq and
timative of the dots height were obtained. FAPESP for financial support.

*Electronic address: pajc@power.ufscar.br 10p N. Brunkov, A.A. Suvorova, N.A. Bert, A.R. Kovsh, A.E.
Ton leave from the Institute of Semiconductors Physics, 630090, Zhukov, A.Yu. Egorov, V.M. Ustinov, A.F. Tsatsulnikov, N.N.
Novosibirsk, Russia. Ledentsov, P.S. Kopev, S.G. Konnikov, L. Eaves and P.S. Main,
1EF SchubertDoping in IlI-V Semiconductor@Cambridge Uni- Semiconductor82, 1096(1998.

, versity Press, CambriFige, England, 199_3 11ph. Lelong, O. Heller, and G. Bastard, Physic,E6578 (1998.

P.N. Brounkov, T. Beniyattou, and G. Guillot, J. Appl. Ph§8,  12p N Brounkov, A. Polimeni, S.T. Stoddart, M. Henini, L. Eaves,

864 (1996. P.C. Main, A.R. Kovsh, Yu.G. Musikhin, and S.G. Konnikov,
®H. Kroemer, W.Y. Chien, J.S. Harris, Jr., and D.D. Edwall, Appl. Appl. Phys. Lett.73, 1092(1998.
Phys. Lett.36, 295 (1980. 133.M. Lopez-Villegas, P. Roura, J. Bosch, J.R. Morante, A. Geor-

4 . . .
G. Medeiros-Ribeiro, D. Leonar.d, anq P..M. Petroff, .Appl. Ehys. gakilas, and K. Zekentes, J. Electrochem. a6, 1492(1993.
Lett. 66, 1767(1995; G. Medeiros-Ribeiro, Ph.D. dissertation

Universidade Federal de Minas Gerais. 1996 ' YE F. Schubert, R.F. Kopf, J.M. Kuo, H.S. Luftman, and P.A.
5K. Kreher, Phys. Status Solidi A35, 597 (1993, Garbinski, Appl. Phys. Let57, 497 (1990.
Bur,  PIYS. ; : . 15M. Grundmann, O. Stier, and D. Bimberg, Phys. Rev58
W.C. Johnson and P.T. Panousis, IEEE Trans. Electron Devices 1'1 969(1995 T ’ ’ ’ ’ ’
18, 965 (1971). 16 ' . .
"K.H. Schmidt, G. Medeiros-Ribeiro, M. Oestreich, P.M. Petroff, M. Grundmann,.J. Christen, N.N. Ledgntsov, ‘jh&ﬂ D. Bim-
and GH D“dillel’, PhyS ReV. 854, 11 346(1996 bel’g, SS RUV|mOY, P Wel’ner, U RIChteI’, U@t@, \] Hey‘
8K.H. Schmidt, G. Medeiros-Ribeiro, and P.M. Petroff, Phys. Rev.  denreich, V.M. Ustinov, A.Yu. Egorov, A.E. Zhukov, P.S. Ko-
B 58, 3597(1999. pev, and Zh.l. Alferov, Phys. Rev. Leff4, 4043(1995.

9G. Medeiros-Ribeiro, F.G. Pikus, P.M. Petroff, and A.L. Efros, = E-F. Schubert, inSemiconductors and Semimetalscademic
Phys. Rev. B65, 1568(1997). Press, New York, 1994 Vol. 40, Chap. 1.



