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BO31YXOHAT'PEBATEJIBHAA YCTAHOBKA, AKKYMYJIUPYIOIIASA
OHEPI'MIO COJIHIA

[Ipennaraemast B paboTe yCTaHOBKA OTHOCHTCS K HAIPaBJICHUIO COJTHEYHON dHEpre-
THUKU B O0JIaCTH aNbTEPHATHBHON SHEPTETUKH. SBISACH aKKyMYIHPYIOIIEH YCTAaHOBKOW IS
sHeprun CoJlHIA, OHA TO3BOJISIET MOTYyYaTh OOJbIINe 00BEMBI TEIJIOTO BO3yXa B TEUECHHE
JIHSI BIUIOTH 10 ITyOoKko# Houm. [IpesncraBieHHass yCTaHOBKa OCYILIECTBIISIET IpeoOpa3oBaHue
HaKOIJICHHOM B TeueHue qHs SHeprun CoJHIa B TEMIOBYIO SHEPTHIO BO3AYIIHOTO MOTOKA.

Kniouesvle cnoea: conHeyHasi SHEPTeTHKA, HAKOITUTEIb TEILIA, BO3AyXOHArPEBATENb.

A.ZH. KHACHATRIAN
AN AIR-HEATING FACILITY ACCUMULATING THE SOLAR ENERGY

The proposed facility is referred to the direction of Solar energy in the alternative
energy area. Being an accumulation facility for the Solar energy, it allows to receive large
volumes of warm air throughout the day until late at night. The introduced unit realizes the
conversion of the Solar energy accumulated during the day in to the thermal energy of an
air flow.

Keywords: Solar energy, heat accumulator, air heater.
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SCREENED IMPURITY ENERGY OF QUANTUM WELL WITH THE
HIGH-k TYPE DIELECTRIC CONTRAST

Quantum well / high-x type barrier dielectric mismatch related problem is elaborated
from the first principles. An influence of the Debye-Hiickel type potential analytical
features on the screened impurity binding energy is considered for the first time. Inclusive
numerical analysis of both high-x barrier/quantum well/high-x barrier and low-x
barrier/quantum well/high-x barrier two-dimensional structures on the basis of InSb/HfO,
heterointerface is investigated.

Keywords: quantum well, impurity, high — k type dielectric contrast.

Since the scaling of optoelectronic devices is currently reaching its own
available physical and best possible limits, the semiconductor quantum well (QW)
channels with highly mobile carriers and dielectric gate layers with sub-nanometer
equivalent thickness acquire the decisive importance in semiconductor technology.
At present, these challenges lead to the justified utilization of the III-V group
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semiconductor and high-k dielectric materials correspondingly as QW and barrier
media in the QW nanosystems [1]. Along with this a question of impurity states
influenced by image charges distribution in the semiconductor high mobility QW
system on the basis of high-«k gate dielectrics arises [2]. So a unique opportunity in
these nanostructures emerges that by mutual adjusting both the QW width d and
the dielectric constants ratio &, ; 2 = & /ep; (€p2) of the QW and the surrounding
barrier media to rule the impurity pair interaction intensity and thus impurity
energies [2, 3]. At the same time, the optical and transport phenomena may become
more specific due to the multi-body effect in the form of screening the polarization
field around the background impurity center by the Q2D electron gas (Q2D EG). In
3D samples the screened Coulomb interaction is characterized by Debye-Hiickel
type short-range potential because of the exponential functional law decrease in the
real space. As for the Q2D (2D) samples, the physical conditions here become
much more complicated since the screening effect influence weakens and the
screened Coulomb interaction demonstrates genuinely long-range spatial behavior
[4, 5]. As shown in Ref.[4] and subsequently in Refs.[5], at the possible interplay
between &2 and QW width d values in the case of ¢ >>1, corresponding to the
low-x barrier/QW/low-k barrier(e,>>¢, = &5 = &2 ) dielectric mismatch type
Q2D structures (below we denote as ll-k type QW structure), Vs (p) for the
intermediate or moderately large 2D distances takes either logarithmical or
exponential functional dependencies. A recovery of the 2D screening radius
quantity ps in Vs(p) has been received as well in the case of dielectrically
inhomogeneous QW structures characterized by criteria &, >> €5, &w ~ &52 [6].

Very recently, a consistency of the developed in [5] theoretical model with
the logarithmical potential is established in Ref. [7], where in the 2D
methylammonium lead halide perovskite (MAPbBr3;) nano-sheets experimentally
clearly has been confirmed that the plasma excitation density can significantly
affect the final screened exciton binding energy and the position of the excitonic
resonance.

Thus, it can be asserted that in the QW heterostructures subject to different
types of dielectric mismatch, a study of the Q2D screening properties in the spatial
region characterized by moderately large 2D distances gives diverse and
characteristic data on the Coulomb screened interaction problem and becomes
more applicable and receptive both from scientific and practical points of view.

What about the QW/high-k barrier dielectric mismatch type topic with the
condition of &,z < 1, corresponding to high-k barrier/QW/high-k barrier type
QW structures (below we denote as hh-k type QW structure), a comprehensive
analytical consideration of the Q2D screened potential problem taking into account
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a correlation between the values of the parameters d and ¢ is not currently
developed yet. In Ref.4 the author has limited to deducing the screened interaction
potential energy’s Fourier-component at the extremely small electron 2D wave
vectors in the long wave asymptotic limit (correspondingly for the asymptotically
large 2D distances and, at the same time, under very small dielectric constants ratio
values (&= &1 = &2<<1).

Consider a semiconductor QW structure with the dielectric constant &,
neighboured with surrounding barrier media having the dielectric constants & ;, >
and containing Q2D EG with the average surface density ns. In discussed model
only the n-type Q2D charged channel contributes to the screening of the charges.
Here, for such a QW heterostructure, we start from the criteria relating both to the
strong spatial confinement and to the high k-dielectric barrier effects
characterized by conditions ay >>d and &, = &, / &, < 1, respectively, where ag =
ewh?/m.e’ is the Bohr radius in the bulk samples, m. — is the electron effective mass.
Necessarily we assume also that the QW thickness d is small compared with the
Debye radius for bulk samples as rp >> d . The Fourier-component ¢s( &, z, zp ) of
the screened interaction Vs (p, z, zo) between the charges —e and e located at the points (0,
7o) and (p, z) in the QW region (-d/2 <z <d/2) is [6].

_ 4me’ cosh[ k(d /2 -z)+nlcosh[ k(d/2+z,)+7n] (1)
swl; sinh[ kd + 2n]

ps(k,z,z,) =

where n=0.5In |(evk +es k) /[(ewk -ep k)|, k= (K + pi)?, ps = Qqy/d)"?, k - is
the 2D electron wave vector, p — is the planar coordinate, the z axis is normal to the
QW plane, g, — is the 2D screening parameter (more see [4-6]).

With the relations ap >> d and rp >> d there exists in the interval effective
wave vectors k << I / d that the typical spatial change of ¢.( k, z zy) is large
enough than d. Since k d << I the long wave related wave vector k values can be
chosen at the condition &, < 1 for which the relationships 2 # > 1 >> k d may take
place. The latter goes to

1/d>> k> p! (((e2 1) Met —e, ) - 1)”2 )
for that the screened impurity interaction potential takes the following Q2D form
Vit p) = ~(e? f e exp( —p/ p Il P 3)

where e =2.71..- is the natural number.

As it follows, the Q2D screening potential after Exp. (5) for the moderately
large in-plane distances (~ py) is characterized by 2D Debye-Hiickel type spatial
dependence and thus exponentially decays outside the circle by radius ps. This
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leads to the restoration of the 2D screening radius p; as such in the Q2D system and
therefore a 3D screened-like property due to the hh-k type dielectric mismatch
effect.Such reality for the hh-k type Q2D structures is revealed for the first time.
As obtained in Ref.6, the 2D Debye-Hiickel type spatial dependence again to the
moderately large in-plane distances range is established in the lh-k type Q2D
structures with .2 = eu/ep2 ~ 1.

The Q2D screening potential after Exp.(3) is weakened twice in comparison
with Ref.6 result due to the interplay between two mutually exclusive cases of the
dielectric mismatch effect (high-k and low-k) at one heterointerface of the QW
structure. Besides that, Vs (p) in both cases depends on the QW dielectric constant
ew. That is quite natural because at the moderately large distances the dominant part
of the screened Coulomb field passes through the confinement region and the
dielectric heterogeneity of the QW structure only partially affects the Q2D
screening potential behavior. Another important common feature of these cases is
the explicit dependence on the QW thickness d for the 2D screening radius p; .

Let us show the screened impurity ground state variational study both in the
hh-k and lh-k type QW structures. In calculations, the 2D Debye-Hiickel potential
expressions are involved, respectively. Here for the screened impurity binding
energy problem we have extracted the 2D screened exciton variational calculation
results from the recent work [8] related to the lh-k type QW structures. Following
that scheme, the screened impurity binding energy has been obtained by
minimization of the variational functional by choosing the ground state normalized
one- parameter trial wave function as

w(p)=~2/mie ", (4)
where A is the variational parameter. The variational calculations for the lower

high-k

bound on the screened impurity binding energy Ej give:

UYSTE S DU ST O AT T ’ 1+ (a, I p)-3]. (5
’ 2ma P, p. \2p, Ji+(ag/p)+1
Eq. (5) describes the screened impurity binding energy in the hh-k type QW

structure and holds on if the nominator in the last term is negative.i.e. ps > (ao/8).
Accordingly, for the Ih-k type QW structure we will have:

2
gk h? eofa_ 90 4+2a°+ a, 4+ (2a,/p,) -6 (6)
’ 2ma; P, .\ 2p, 44 (2a,/p,)+2

We receive an analytical expressions of the binding energy which gives us a

good opportunity to illustrate more effectively an impurity screening problem in
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the discussed cases. In particular, as we may conclude from Exps. (5) and (6), for
the moderately large in-plane distances ~ ps an accounting of the low-k dielectric
mismatch in the one heteroboundary for the lh-k type QW structure highly
rebalances the reduced binding associated with the high-k dielectric mismatch
effect for the two heterointerfaces in the hh-k type QW structure. This is clearly
seen in the limit g, —0 when the Q2D unscreened impurity binding energy instead
of 4R, takes the value as 16R, [8], where Ry = 72/ 2m. ay’ - is the 3D impurity
effective Rydberg.

As an illustration of the offered theoretical model let us now carry out the Q2D
screened impurity property numerical calculations for the realistic InSb/HfO, interface.
For that, the dielectric constants ratio is & = &y /e = &msp/ €ro2 = 16.8 / 25 = 0.625 .
The InSb bulk sample holds the smallest electron effective mass (m* = 0.014my, mg- is
the free electron mass)) and a macroscopically large impurity effective Bohr’s rad-
ius as ap~63.7nm. With this end, and in accordance with the strong condition ay>>d,
we will display a numerical data for the QW width values d </0 nm respectively.
In Figs.1 and 2, the Q2D screened impurity binding energy dependencies as a
function of parameter ny/7T for the fixed QW thickness d are presented for the
HfOyInSb/HfO; (hh-k type) and vacuum/InSb/HfO: (Ih-k type) QW structures
respectively. As it follows from Figs.1 and 2, the binding energy parameters E""*
and E»"* start decreasing from the spatial confinement effect enhanced E,"* | =
=4R, and spatial confinement +dielectric mismatch effects enhanced Ep"™*|, =
=16R, unscreened values with increasing the ny/T parameter, where Ry = 0.66 meV’
is the impurity Rydberg energy in the bulk InSb material. At that, the decrease of
Ey"™* occurs mainly at the non-degenerate Q2D EG statistics. As we see from Fig.1
in the ny/T parameter range (1.2.107 + 6.5.10") cm?/K° we have the result
E™* >1meV, which indicates that a remaining binding is still sizable and points
out the impurity bound state features in the discussed hh-k type structure. Whereas
in the Ih-k type structure for the range (5.1.107-3.3.10%)c¢m /K’ due to the joined
spatial confinement +dielectric mismatch effect influence, the energy parameter
Ey"™* is quite enhanced and thus perceptible relatively to both hh-k type (Ey"* >1
meV) and bulk sample structure Ry = 0.66meV results. Meanwhile, for the lh-k
type QW structure both Q2D EG statistics are significant and this fact is also
reflected in Fig.2. Here we see the saturation of the E,"* parameter for the QW
width values d < 8nm.
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Fig. 1. The binding energy E"™* of the Fig. 2. The binding energy E,"* of the
screened impurity state as the function of screened impurity state as the ny/T

nyT parameter for the QW width values of ~ parameter for the QW width values of
d; = 2nm (solid line), d> = 6 nm (dashed d;= =2nm (solid line) , d> = 8 nm (

line) and d>» = 10 nm (dashed-dotted line) dashed line) and d> = 10 nm (dashed-
for the HfO»/InSb/HfO: as hh-k type dotted line) for the vacuum/InSb/HfO:
structure as  hh-k type structure

As for the dependence of the impurity binding energy £ on the QW width d,
with an increase in d, we should expect an increase in E,, which is demonstrated in
the presented graphs. This behavior is entirely different from the results obtained in
Ref. 5 for the ll-k type QW structure, where with an increase in d, Ej is decreasing.
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u.<. U<UrNL3Uy, E.M. uNLUL3UL

turuvudnrduo ununhub ELEPYLUL «PUMAN-K» SEULUNY
ThELEUSMPHULUL KULUMHNRESUU PR £4ULSUSPL eNUNKU

Thunwpyyws £ pwtnwiht thnu / «pwpép-k» nbuwyny wpgbip nhkGyunphyuwywu
wuhwlwwwwnwuluwunuejwup Ybpwpbpnn fuunhp' Glubing Guybuwhu uygpniupubiphg:
Ypw hwodwnnwing wnwoht wuqwd puuwpywsd b Eypwuwynpywsd fuwnuntyh hwdwp
Ypw-Gnytith inhwh wnnbughwih wnwuduwhwnynueginiiubinh wgnbignyejniup Yuwh Lubp-
ghwjh ypw: Ywwnwpywsd E huswbu «pwndn-k» -ny wpqbip /pywinpuyght thnu / «pupdp-k» -ny
wnqbp, wjuwbu Ly «gwdp-k» -n wpqbyp /pdwtiyugpt thnu / «puipdp-k» -ni wpqbp tpy-
swih hwdwywngbph nbwptiph pYwihtu ybpindnyeyniu InSb/HfO2 hbinbpnwugdwu nbwpnid:

Unwtgpuypti pwnbp. pwunwihu thnu, fuwnunwy, «pwpdp-k» nhkGyunphlulywu
hwywnpniejniu:

K.I'. ATAPOHSIH, J.11. KOKAHSH

SHEPI'USI DKPAHUPOBAHHOM NPUMECH B KBAHTOBOM SIME C
JAIJEKTPUYECKAM KOHTPACTOM THUIA “BbICOKHI-k”

Paccmorpena mpoOiiema JU3IeKTPUIECKOro paccoryiacoBaHus! TUIIA KBaHTOBAs siMa /
JIMRIIEKTPHIECKUH Oapbep ¢ “BBICOKMM-K’, HCXOJISl U3 UCXOIHBIX TPHHIUIIOB. C y4ETOM 3TOTo
BIIEPBBIE 00CYKICHO BIMSIHIE aHAJIUTUUECKHX OCOOEHHOCTEH SKpaHMPOBAaHHOTO MOTEHIHAsA
B3aumoyeicTBus Tuna Jlebaii-X1OKKensl Ha DHepruio cBs3u. [IpoBeleH KOMIUIEKCHBIN
YHCIIEHHBIH aHaIN3 ABYMEPHBIX CTPYKTYP Kak JUIsl Ciiydast bapbep ¢ “sblcokum-k /keanmo-
sas sima / bapvep ¢ “evbicokum-k”, TaK U U Ciydas 6apvep ¢ “HusKum-k’’/keanmosas
ama/bapwep ¢ “gvicoxum-k”’ Ha ocHOBe rerepornepexona InSb / HfO2.

Knrouegvle cnoga: ¥KBaHTOBas siMa, NMPUMECH, AMIIEKTPUUECKUHA KOHTPACT THUIIA
“BBICOKHH-K”.
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