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1. Introduction. Fundamental interest in quasi-two-dimensional (2D
electron gas (EG) properties in quantum wells (QW/)initiated both by
fabrication advances and by request of optoeleitrimthnology. The proper-
ties of Q2D EG attract attention owing to excitowsich mostly are confined
in QW with compressed wave functions. The resulésthe increased binding
energy and enhanced contrast between the 1s exgtdnand continuum [1, 2].

In QW samples selective doping makes it possib& ¢ Q2D electron
channel can coexist with photo excited excitonsctvinesults in the changes of
the optical properties. The latter is caused by yvimdy effect such as a
screening of the excitons by free carriers as @equence of Coulomb mutual
correlation [3-9]. The effect of excitons screenisgtwofold: decreasing the
binding energy and altering the interband absonpsipectra. In 2D structures
the screening of excitons by free carriers is éfective than in 3D samples [3,
4] and the any exciton cannot be screened outya? Rrdensity.

Due to selective doping, the free carrier densit@s govern the strength of
interaction between the particles simultaneouslthwtructural adjustment of
the QW specific parameters such as the barriehhaigthe QW widthd and,
particularly, a strong contrast of the neighboringdia dielectric constants in
heteroboundaries (dielectric confinement effect YDCrhe latter, as well
known, turns up the exciton binding energy andlador strength essentially
[3,7,10-12].

A theoretical study of the screened Q2D Coulomeéradtion with arbitrary
dielectric constants of both the QW and barrigf,€,) have been started by

Rytova in [3]. In particular, for the strong cordgtdetweens, and g, values
such as ¢ =¢,/¢,>1 (the two-sided DC effect), a statically screene2DQ
potential expression has been established in tine fo
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Vs(0) =—€2e; Ko[ ngp] 1)

for the moderate large in-plane distancesd/2>>p >>d between the
charges, wherex, is the Bessel function of the second kings is the 2D

screening parameter. Here screened potential §rdegend on the QW width
and decay exponentially for large in-plane distanoetside the circle with the

radius of p,=,/d/2q; .

In Ref. [7] for the case of, = ¢, , ¢, >> ¢, (i.e. when the barrier media on
each side of QW have the strongly different diegleatonstants and the latter’s
mismatch is strong for just one heteroboundary ,omhile for the other one the
DC effect is negligible (the one-sided DC effecthe 2D Debye- Hiickel - type
analytical expression for the 2D screened potential

2 a
Vs(p):_z_e (eXp( p/po) (2)
Eu P
is obtained for the in-plane distancep such as d<<p<p,

\/sv’vl[(ez +1)/ (€ +1)])*-1, wheree,, = ¢,/ ¢,, ~1,e=2.71.is the natural number.
As follows, both for thetwo-sided (g,> ¢ ,=¢,=5,) [3] and one-sided

(e,=¢, ,&,>>¢, ) [7] dielectric contrast affected cases, the Dfecatfleads to

recovering of Q2D screening radius.

In the Refs.[13-15] the binding energy problem ofesned Coulomb
bound states in the semiconductor QW with scree@2® potential after
Exps.(1) has been explored. In particular, maomctincrease of the screened
Coulomb center binding energy with decrease of tththickness and density
/ temperature ratio parameter is revealed.

The present work is devoted to the study of theested exciton properties
in one-sided dielectric contrast,(= ¢, , ¢, >>¢&,, ) affected QW system. We

present both the analytical and numerical studyhefQ2D hidrogen-like (H-
like) screened Coulomb centers binding energy prablmodeled by the
screened potential after Exp. (2), namely for tBe2ebye -Hiickel - type of
limit.

2. Theoretical Background and Model.The H-like Coulomb bound states
in QW system influenced both by quantum confinenard screening effects
have been the subject of deep investigations ipdsétime. Experiments in this
field based mainly on the IlI-V group semicondust¢t6, 17], whereas the
various calculation techniques all within the effee-mass approximation
(EMA) such as the perturbation theory, the varimleperturbation method, the
variational and numerical methods are performedrdteally (see, e.g. Refs.
[29-41] in Ref.[13]). The discussed systems in fietd are GaAs/AlGaAs
and Si/SiQ QW structures by weak or negligible expressed Bece

At the same time, for the dielectrically heterogareternary layer system
with g,=¢, and g, >> ¢, conditions the Coulomb interaction characterized by

2D Debye-Hiuckel type one-sided dielectrically erteah potential (Exp.(2))
becomes larger due to the decreasing of the stmuotffective dielectric
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constant twice. As in the unscreened case [10} Would give rise to the
screened exciton energy spectrum enhancement. X€2kE is realized when
the following the two conditions are simultaneousiiffiled: qd <<1 and

p;td<<1, where q is the 2D electron wave vector. The first inegyal
corresponds to the strong confinement conditige- d (a, is the electron Bohr
radius in bulk sample), while the second matchebéaelationr, >>d, where

ry is the 3D Debye radius.

The 2D Debye—Hiickel type potential has been widglylied in studies on
H-like impurity binding energy [8], excitons osailbr strength [7] in QW
systems, as well as on Dirac electrons spectrheoPD H-like screened atoms,
etc. (see, e.g. Ref.[18] and references therein).

In our discussed one-sided dielectric contrastctdtecase with 2D Debye—
Huckel type enhanced potential the position of skheeened exciton ground
level one can determine with a great deal of acguifione utilizes a direct
variational method. We are following to the strampfinement regime for that
a distance between quantized energy levels isrlahga an CoulomByeraction
energy. Thus, a ground state wave function hasparable form such as
¢=¢(0,2) =¢(p)@(2), where ¢(p) is an in-plane wave function and
@ (2) is an one-particle 1D Schrodinger-like equationAsblution.

The model for the Q2D EG embedded in the QWased on the nearly
rectangular band alignment with band offdgt The Hamiltonian of Coulomb

center in QW i#=H, +H, +V,, where H, =V_, (2)+V, .(2)- is the
unperturbed party; is the screened Coulomb potentid],, =0 with 0< z <

d andVv_, =4, with z<0, z>d. HereV,,_,, is the one-electron self-image
interaction potential, which, as well as the gjpantized potential, modifies
one-particle states, gives contribution to thedsgap renormalization and does
not depend on the in-plane 2D distance betweenhheges. This contribution
has the same order as the particle binding enek@yl§]. So, the self-image
interaction changes the rectangular localizing miiaé weakly [4]. Thus, the
Q2D screened potential/,(p) becomes weak, varies smoothly on the scale of

k" (k. =J27m, is the 2D Fermi vector) and can be treated apéntirbation in

subbands energy calculations. We discuss the siatee fundamental subband
(size quantum limit (SQL)).

3. Analytical study of the Screened Exciton BindingEnergy. The
standard variational principle deals with the fimaal Hg| :jqﬁH] gdv . The
binding energyE, is obtaining by minimization of th&[g¢] by involving the
screened potential after Exp. (3) and as the diffee of the first subband
energyE; and expectation ener@y.

According to the a, > d condition, we choose the 1s exciton ground state

normalized one parameter trial wave function inftiren ¢ (o) =v2/mAe*[9,
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10, 12-15] where A is the variational parameter. After needed catuia we
have theE, variational expression as

h2A 2 1A 8

g =MAm _MAm 8 3)
2/'1D 2iuDaOS CIS + ZA

which gives the screened exciton binding energhénfinal form

2 2 1+ s ex—3
E, =" 2+(2—qsam)~/1+qsaw+[qgamjMV i } (@)

28, 2 \/l+ Oscec *1

wherea_, =a, /2, a, =¢&,h° 1 [, €, p, is the exciton effective mass.

As we can see from Exp. (4), in the zero-order @ypration with respect
to the small parameter binding energyE, does not explicitly depend on the
QW width d. While, as will be show next, the dependence fibimplicitly
holds through validity criteria;*d «<1. As in the unscreened situation with DC

enhanced case [10], here in-plane distances obttier of a_ . =a, /2 are
characteristic for the screened Coulomb problem tikat E, takes the value 16
Ry, with g,-0 instead of 4R whereR, ~ 0.34 meV is the 3D exciton effective
Rydberg.
In our model the Q2D charged (n- or p-type) charomgitributes to the

screening of the e-h pair. For that the Debye m@@ebcreening parametey
in the SQL limit is determined as [3, 9]
2 mmhn

1-exp——=)|, 5

PELY g

e

Os =

where a,,=¢, 7’/ m,e*, m, is the electron effective mass.

After combining Exp. (5) with 2D screening radiuskpeession
p,=4d/2qs both for the pure degeneratemifn, /mk,T >>1) and pure non-
degenerate(7°n, / m kT <<1) Q2D EG cases the Exp.(4) holding validity
criteria would be established in the form
g h?

mksT . (6)

8, >>4d

3, >>4d

With that, however, thes /T parameter’s allowed ranges will be found
numerically as well.

4. Numerical Calculation and ConclusionsAs an illustration of offered
model let now to carry out the Q2D screened exdiioding energy numerical
calculations for InSb-based modulation-doped QW.cadmmon these QW
samples are grown on high dielectric constant-basixdtrates (large as InSb
counterpart) such as Ah;.,Sb and AlGa ., As ternary materials [19].

InSb has the lightest effective mans,= 0.014 m, and large dielectric

constantg,, = 16.8. By this reason free excitons are diffitalobserve and do

not appear as a decisive feature in bulk InSb sesnglie to the small exciton
binding energy (~0.4 0.5 meV). As we will show next, in the model under
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discussion the screened Q2D exciton binding enempy substantially
enhanced, which makes these systems an interestimjnee for excitonic
device applications. The numerical data for theT parameter's permitted

interval are shown in Table 1.
Table 1
The numerical data ofns/T parameter’s allowed interval for the QW
fixed width values

dnm

15

3.0

5.0

10.0

ns/ Tcm? %K

10°+10%

10+4.1C

10+2.1C

10+1C¢

As follows, the density/temperature ratio parametgi allowed interval
widening goes along with the decrease of the QWhwid and this tendency
keeps further tough as the QW becomes narrowerpadirticular, for the
moderate thin QW case with= 10nm anchs/T =1F+10¢ cm? °K the Q2D
EG wholly behaves such as the nondegenerate gasirnl, unded = 5nm QW
width values the Q2D EG deviates from the pure Bgederacy and
demonstrates the fairly degenerate gas propertidsrustrongly narrow QW
cases (narrower thah~ 20nm ands/T > 1.5.18 cm? K).

Now let us display the Q2D screened exciton bindingrgy numerical
calculations for the InSb-based QW system with 28by2 — Hiickel - type
potential. In Fig.1 we plot the binding enery dependence versus parameter
ns/T. Although E, in our model approximation does not depend expficn
QW widthd , nevertheless, the correlation between the latidry/ T parameter
specifically determines the validity criterigo,>>d and, hence, the allowed
ranges for thé&, as well. So, the latter implicitly depends frahin accordance
with Table 1 results. On the graph the allowed eangf /T parameter for the
fixed QW widthd are marked by crosses.

Em (meY)
S

10 10 10° 20109 10 10
ns.’T [em™/"K]

Fig. 1. The binding energy of the screened excignas the function of density /
temperature ratio parameteyhin the cases dQW width d=10nm (10° =108 cm?/ °K),
d=5nm (10° +2.10® cm?/ °K), d=3nm (10° +4.10% cm%/ °K) andd=1.5nm (10° +10'2 cm"

2/ °K).

As follows from Fig.1, the screened exciton DC etféel binding energi,
is enhanced substantially in relation to bulk ueened and DC absent result
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(~0.3+ 0.4 meV) for thens/T values less than 5.3@m?% °K and QW width
values less than 5 nm. According to this, in thergeotic /T low limit range
less than 4.10cm? °K and for the aforementioned QW width values the
unscreened DC enhancBg~16R, result [9] is recovering.

In the transition region between moderate low (2.48% °K) and highns
IT values ( 4.1bcm? °K) for the nondegenerate Q2D EG case the screened
binding energyE, grows up sharply with decreasing of the indicgiachmeter
and has enhanced more than twice for the QW widlheg less than 3nm. A
IT values larger than 1@m? °K and QW width values less thad =2 nm for
the degenerate Q2D EG caBg starts to saturate, but the remaining binding is
still sizable ¢&2meV) and should permit for the observation of extit
associated features in InSh-based QW's at low testyes.
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A formalism for the study of the two-dimensionateened exciton states in one-
sided strong dielectric contrast affected ternargrqum well (QW) system modeled by
the two-dimensional Debye-Huiickel-type potentiapiesented. The numerical analysis
depending on the specifics of InSb-based QW is igemk The appropriate
density/temperature ratio parameter and QW widthretaited ranges have been
established for the variationally calculated twomednsional screened exciton binding
energy expression holds. The latter's strong erdgrapeat (46 meV) in relation to the

unscreened exciton bulk value (8034meV) is received.

K. TI'. Araponsn, H. b. Maprapsix

JHeprusi cBsi3M 3KPAHUPOBAHHOI'0 IKCUTOHA B M0JIYIIPOBOJHMKOBOI
KBAHTOBOIi siMe ¢ O/ITHOCTOPOHHHUM IHIIEKTPUUECKHM YCHIeHHEM

B Momenu ABYMEpHOro ae0aii-XIOKKEIEBCKOTO MMOTEHIHATa B3aMMOJACHCTBHS B
TPEXCIIONHOW KBAaHTOBOH sIME MPEACTaBIeH (HOpMann3M Uil HCCICIOBAHUS IKPAHUPO-
BaHHBIX 3KCHTOHHBIX COCTOSHUI C Y4ETOM OIHOCTOPOHHETO CHIIBHOTO KOHTpAacTa JW3-
JICKTPUYECKUX MTOCTOSHHBIX. [I[POBEACHBI YHCICHHBIE PACYCTHI VISl CTPYKTYPHI C KBAH-
TOBOIT siMoii Ha 6a3e INSb.YcranoBieHB COOTBETCTBYIONIE KOPPEINPOBAHHBIE TIPOME-
KYTKH U1 BEJIMYMH OTHOLICHHUS AByMEPHAs IUIOTHOCTB/TEMITepaTypa 1 IIHPHHbI KBaH-
TOBOi SIMBI, TIPA KOTOPHIX BBIYMCICHHOE BapHAIIMOHHBIM METOJOM BBIPAKCHHE IS
9HEPTHH CBSI3U IBYMEPHOTO SKPAaHHPOBAHHOIO SKCHUTOHA MMeeT MecTo. [lomydeno crpo-
roe yeenuueHue mocieaHedd (4+6 mM3B) MO OTHOWICHWIO K AHANOTHYHON BEIMYHHE
(0.3+0.413B) 1tst HEIKPAHHPOBAHHOTO SKCUTOHA B 0OBEMHBIX 00pasiax.
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Y. Z. Uhwpniyul, L. . Uupquipjub

Ukljynquuih phEjupujuit ndtnugdudp Ejpubuynpus tpuhwnnith
Juwp tukpghwi jhuwhwnnpnsuyhtt pjwinnuyhtt thnunid

Bplppwih phpup-hmjbpyut pinyph thnpwgpgnipyut ynnkughwh Yhpwunnt-
pjudp ukpyuyugyws b tnwokpn pjubnnwghtt thnund Eplswih Eypuwdnpdws tpuh-
untwghtt Jhwljbph nunidbwuppnipmip phFpupulwi hwuonwnnth dkyyng-
dwbh Jupnty pohsph hwojunnidny: Yunwpyus b pyught hwsquply’ InSb-h hkbpny]
pyuttnuyhtt pyughbplswth junnigyusph hwdwp: 9dbp Eu hwitdws tplsuth pawnne-
pi/obpdwunplutt hwpwpbpnipyjutn b pywbnwghtt hnph jujunipjut wpdbputph
huduwywnuupwb hnpujuyulgus vhewluyptpp, npnug nhupnid tpljsuth Eyputw-
UnpJud Epuhwninith’ Juiphwghnt uljqpmipny hwoqwé Juwh Lubpghwih wpnwhw-
nnipgnip wknh nih: Unugqws E Jbpehhu dksmpyut bwlwi wg dhigh 4:6 U hnd
uunoubpnud stjpwtwynpywé tpuhinth hwdwwywunwuppwt wpdtph (0.3+0.4 k)
ujundwdp:
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