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IMPURITY-LIMITED ELECTRON SCATTERING IN TiO,/InSb/TiO;
QUANTUM WELL NANOSTRUCTURES

The effect of electronic and high-x dielectric barrier quantum screening on the
impurity-limited electron scattering in the TiO2InSb/TiO: two-dimensional (2D)
nanostructure is considered. An analytical calculation model corresponding to the quantum
well/high-k dielectric barrier heterostructure under discussion is presented. A numerical
analysis of the screened impurity interaction potential specific to InSb/TiO: heterojunction
is implemented. A calculation of an electron momentum relaxation time (t) is carried out
taking info account both the finite mismatch of the energy bands at the InSb/TiO:
heteroboundary and the energy band non-parabolicity of the InSh material. The
contributions of screened potential compound 2D forms to 7 are established and compared
related to the corresponding results for the HfO/InSb/HfO: 2D nanostructure.
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1. Introduction

At present, the inclusive investigations are supported related to physical
properties of mobile two-dimensional electron gas (2DEG) in the narrow band gap
1II-V group semiconductor quantum wells (OW) joint with the high-x dielectrics as
the substrat barrier media [1]. In these 2D structures, a high carrier mobility of
nanosamples (~ 10* + 10° cm? V™' s™") would be achieved providing the high-speed
power switching, low dissipation and additional benefits of electronic nanodevices.
As a result, the high-k materials progressively replace the traditional dielectric
silicon oxide in many silicon-based nanodevices. Because the material background
of the 2DEG is not certainly dielectrically homogeneous, its operation is influenced
by the surrounding dielectric environment. This affects the nature of the Coulomb
interaction in the active nanolayer by means of both the 2D electronic-nature
screening (ES) and dielectric barrier-nature screening (DBS) mechanisms.
Accordingly, with the appropriate material and structural design of the QW and
surrounding dielectric medium, a significant advance in the optical and transport
characteristics in these nanosystems would be revealed [2, 3]. In this regard, the
screened impurity scattering effect comprehensive analysis for the realistic
InSb/HfO; heterointerface was performed in Refs. 3 and 4 and a substantial
suppression of the electron scattering was obtained. In the paper, a problem of the
screened impurity scattering effect is considered inclusively in the presence of the
more enhanced DBS mechanism on the base of InSb/TiO, QW/hh-k - type finite

24



confining potential heterointerface. The obtained results are compared with the
previously obtained data in the case of InSb/HfO: OW/hh-k type finite confining
potential heterostructure with a lower value of the barrier dielectric constant.

2. The model

Let us have a semiconductor QW with the dielectric constant &, and width d,
neighbored by the dielectric barrier medium with a symmetrical outline of dielectric
constants on both sides as &, = &,, = &, . Also, a strong QC and high-x DBS
effects characterized by conditions [y >>d and ¢ = &, / & << 1, respectively, are
accepted, where the Bohr radius is [y = ewl12/mee’, m. —the electron effective mass.
Here, only the n-type 2D charged channel with the average surface density ng
contributes to the impurity center screening. Certainly, we also assume that the QW
width d is small compared with the Debye radius for bulk samples as »p >>d .

As obtained in Ref.2, for the case of QW/hh-x - based structure at the
moderately large effective 2D distances

d<p<olpser), (2.1)
e3+1\2 1/2
where o(ps, &) = ? [(83_1) — 81%] , e =2.71, a screened impurity interaction
potential takes the 2D Debye-Hiickel potential form:
2 exp(—
Vi(p) = — SRR, (2.2)

while at the large enough 2D distances satisfying the conditions,

p > o(ps, &)
PR (2.3)

26,

is characterized by the pure 2D potential form:

V(o) = =S (3 + merq,[Hoerasp) — Noergo)l} (24)

In Exps. (1) - (3) ps and qy are the 2D screening radius and 2D screening
parameter, respectively, which, according to the Thomas — Fermi method model

po= 2.5)

In particular, for the degenerate and non-degenerate 2DEG statistics the

are given as:

screening parameter ¢, takes, correspondingly, the forms:
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2 __ mngh?

= — = >>
Qs = -s X === >>1 (2.6)
and
2 mngh? nngh?
gs = ——>— x = —>—<<1. 2.7
ag mykgT mykgT

An electron momentum relaxation time due to the scattering of carriers by
impurities in the relaxation time approximation is given by [3]:

1= N, foma((p) (1 —cosp)de . (2.8)

T

In Exp. (2.8) N; = Nyd, where Ny is the 3D density of background impurities,
v = hk/m,, is the electron velocity, ¢ - the electron scattering angle expressed

by the initial k and final k' 2D wave vectors of a scattered electron in the ow

=5y

plane as cosgp = % . Here o(¢) , determining a 2D flux of particles scattered at
the angle ¢, for the 2D screened impurity potential forms after Exps.(2.2) and (2.4)
correspondingly takes the calculated expressions [3, 4]:

__ 2mmye? p?

a(e) = eZh3 v 1+2 k2p2(1—cosp) (2.9)
and
2
1 T 1 i i 1 .
(@) = po Zexp (Zgraok) r (E — sraok) 1Fy (ﬁ’?’ ikpo(1 — cos<p)> -1 . (2.10)
To obtain Exp.(2.10), a cut-off Coulomb potential is used:
ae*
VX (p) =[ p=po (2.11)
0p>po

where py = c,0(ps, &) and ¢, c¢; are the simulation parameters ensuring the
continuity of impurity interaction potential V;(p).

Because we are dealing with the narrow band gap ///-V group semiconductor
OW, it is consequently required to take into account the nonparabolicity (NP) effect
on m', in order to evaluate T more precisely. Within the Kane model, the
conduction energy band can be described by the dispersion equation:

E(l +%>=% (2.12)

where E is the electron energy. In Exp. (2.12) the electron wave vector &, has the
direction normal to QW plain and might be defined from the secular equation:
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kwd\ _ mw(E) kp
tg (22) = v (2.13)
related to the rectangular band QW/dielectric barrier system. Here, the wave
vectors k,, and k&, in the QW and barrier regions with the conduction band offset A4°
are defined as:

my, (E) E

mp(A€—E)
Tz T2

ki =2 >

and kZ = 2 (2.14)

where my, is the electron effective mass in the barrier region. In Exp. (2.13) the
energy-dependent effective mass m,(E) is related to the first derivative of the
dispersion relation with respect to wave vector as:

m,, (E) = h2k2 2w 2.15)

W 8E

From Exps.(2.12) - (2.15), bearing in mind that 4 is large related to Egw, we
come to the NP corrected electron effective mass expression m(E)= m,myp with
the characteristic NP parameter myp as:

Myp = 1”%- (2.16)

3. The impurity-limited electron scattering time under the InSb/TiO;
OW/hh-k -type heterointerface

Let us now, based on the presented physical model, proceed to a numerical
analysis of the impurity-limited electron scattering time related to the
TiOyInSb/TiO; prospective QW/high-k dielectric barrier structure, wherein, for the
InSb/TiO; interface, the dielectric constant ratio &= &, /e» = &5 /sTi02|aaxeSz 16.8

/90 = 0.19 is taken [5]. In accordance with the strong QC condition [1y>>d , we will
display a numerical data for the QW width values d </0 nm, bearing in mind, that
InSb bulk sample holds a macroscopically large impurity effective Bohr radius as
1o~ 64 nm due to the smallest electron effective mass (m". ~ 0.014 my, mo the free
electron mass)). In particular, the calculations are carried out for the QW width
fixed value as d = 2 nm correlated with the 2DEG characteristic parameter value as
ny /T |1 = 3.3.10° em™/ °K (electron 2D density ny= 1.10" cm™ at T = 300 °K )
corresponding to nondegenerate type of 2DEG (with the nondegeneracy parameter
mngh?/m,,kgT|; = 0.11). In calculations, we admit that the background impurity
scatterers are distributed with the same in-plain density as 2DEG electrons (N, =
ns). As known, the conduction band of InSbh material is highly non-parabolic due to
a narrow band gap (= 0.17eV under T=300°K ), and so the electron effective mass
m’ . becomes energy-dependent with the appropriate conduction (c) and valence
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(v) band offsets which, for the TiOyInSb/TiO; QW/high-x dielectric barrier
structure, are demonstrated in Table. For comparison, analogous data for the
HfOyInSb/HfO, QW/high-k dielectric barrier structure are shown as well.

Table

The used and calculated numerical results of the TiO»/InSb/TiO, and HfO»/InSb/HfO:
OW/high - k - type nanostructures

TiO; HfO,
my") 0.7 mo [6, 7] 0.6 mo[8]
e=¢ew/es | 16.8 /9014 axes~0.19 [5] 16.9/27=0.62
Eg 3.1eV (300K [6, 7] 5.3 eV (300K) [8]
/) leV 1.78 eV(300K’) [9]
kud 1.128 1.5
m™ onp 4.65 6.11
¢1lmy, ) 0.006 0.245
C2lm,, &) 960 5.25

) The barrier electron effective mass is taken for the 7TiQ: (rutile) polymorph
material related to the '— Z direction in the Brillouin zone [6, 7].

") Due to the absence of clear data on the conduction band offset 4. for such a QW
system, we deal here with a compromised value of 4. = I eV which is received by
extrapolation of the analogous value for the HfO»/InSb/HfO: QW/hh-« type nanostructure
(see Table) [3].

In Fig. 1, the screened interaction potential V;(p) graphs according to Exps
(2.2) and (2.11) are shown. Here, the solid and dashed lines refer to the
TiOyInSb/TiO; and HfO/InSb/HfO> QW/high — x- type nanostructures, respectively.
Aset follows, an increase in the dielectric constant of the surrounding QW medium,
according to the outline &,|y70, = 27 — &pl7i0, = 90|43 axes> leads to a significant
rearrangement of the V;(p) screened interaction potential graphic picture. As we
can see, a graphical pattern in the TiO,/InSb/TiO; QW/hh-k- type finite confining
potential heterostructure case, with the higher barrier dielectric constant,
&p = 90|, axes> 18 predominantly formed by the screened impurity potential V;(p)
particular type V;PH (Exp.(2.2)), and starting from the 2D distance value p/a, = 0.77
(marked by the dashed-dotted vertical line in Fig.1) and more, a screened potential
particular type VX (Exp.(2.11)) only becomes effectively adopted. Besides that, in
the 2D distance interval p/ay, < 0.77 an intensity of screened interaction drops
already to the negligible values. On the whole, this indicates that for the entire 2D
distance allowed interval p > d , the main contribution to the screened interaction

28



is formed by V,P¥ particular type of screened impurity potential V;(p). This
indicates that, with the moderate large distances p/ay < 0.77, the Coulomb field
lines become increasingly concentrated in the QW region. As follows, here, the OW
material dielectric constant is decisive and, thus, V., potential type becomes
effective.

_1:_ : . , d—=2nm 1
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s —2f , : ]
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Fig. 1. The screened interaction potential V;(p/ay) dependence for TiO»/InSb/TiO; and
HfO,/InSb/HfO, QW/hh-k type nanostructures in the case of d = 2 nm with non-degenerate
2DEG (n/T = 3.3.108 cm/°K) at a background impurity density Ns= 1.10'" cm™

In turn, for the case of HfO,/ InSb / HfO, QW/hh-k - type structure with the
lower than in the former case dielectric constant (g, = 27), a characteristic transition
edge (marked by the dashed-dotted vertical line with p/ay =~ 0.2 data in Fig.1)
between the V;(p) screened potential particular types V¥ and VX is shifted to the
lower values of p/a, parameter in accordance with the validity criteria after Exps.
(2.1) and (2.3). The latter effectively leads to an increase in both the 2D distance
allowed interval of VX potential form and their noticeable contribution in the
Vs(p) reaches until the values of 1 meV. This indicates that despite the decrease of
g, for the HfOyInSb/HfO; QW/hh-x type structure, with the moderate large
distances p/ay < 0.2, the Coulomb field lines are increasingly concentrated in the
OW region. As it follows, here, as in the former case, the QW material dielectric
constant is decisive and the ;P potential type is effective again.

In calculations, a continuity of the graphic curves is provided by the
simulation of the parameters ¢; and ¢, (see both the Exp.(2.11) and Table). Such
displacement indicates that, for the thin enough QW samples (d = 2nm), in the
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corresponding 2D distance p, the surrounding medium dielectric constant &,
becomes a key factor. The latter illustrates a physical situation that with the small
values of QW width d, at the corresponding distances p from the impurity, a
dominant part of the screening Coulomb field extending beyond the confinement
region passes through a barrier media characterized by the high -k value dielectric
constant &,. Note that, a determination of the specified transition edge position
between the allowed intervals of the used potential forms can be of both practical
importance for characterizing the role of the ES and DS mechanisms in the
efficiency of the scattering process and of fundamental significance to revealing
the design pattern of the screened Coulomb interaction in the QW system under
discussion.

Let us now, on the basis of the demonstrated data of the screened Coulomb
interaction in the discussed OW/hh-x - type finite confining potential nanostructures
consider the momentum relaxation time 7(ka,) dependence on the basis of Exp. (2.8).

The graphs obtained in Fig.2 are a result of contributions from both screened
impurity potential types after Exp.(2.2) and Exp.(2.11) related to different intervals
of ka, parameter. The latter are located in the right and left sides of the transition
edges (marked by dashed vertical lines on Fig.2), respectively. Such an integrated
picture proceeds from the relationship between the material parameters of the
InSb/TiO; and InSb/HfO, QW/high-k heterojunctions, which, as already noted
above, touches upon the acting region duration of a particular type of the screened
impurity potential. In particular, as shown in Fig.2, a transition edge between the
two aforementioned forms of potential for the graph with InSb/TiO; case
corresponds to the kay = 1.3 value, while for the InSb/HfO; case it corresponds to
the kay = 4.92 value. Thus, a shift of the transition edge takes place towards the
smaller wave vector values with the increase of the surrounding medium dielectric
constant &, (eplpro, = 27 — €plrio, ® 90|aaxes) in accordance with the validity
criteria after Exps. (2.1) and (2.3).This shift indicates that as ¢ decreases, for larger
and larger 2D electron wave vector values (with a corresponding decrease in 2D
distances p), the surrounding medium dielectric constant &, becomes a key factor.
In turn, as a consequence of the latter, with the reasonable effective values of kay > 0.1
a t graphic line for the InSb/HfO; case is characterized by oscillation behavior
while in the InSb/TiO; case a monotonic decrease of T is observed.

In Fig.2 a graphic line corresponding to the ES effect - absent case in the
dielectrically homogenous InSb/AlInSh QW structure is shown. As it follows, a
strong suppression of electron impurity scattering process is revealed when taking
into account the £S and DBS effects simultaneously in the discussed structures with
the OW/high-x heterojunctions. Wherein this suppression effect, expressed by an
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increase in 7, is quite essential (by an order of magnitude) for the region ka, < 3
corresponding to the relaxation time interval 7 < 5.5.107s.

d
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Fig. 2. Electron momentum relaxation time t(ka,) dependence for the TiO»/InSb/TiO:z and
HfOYInSb/HfO: QW/hh-x type nanostructures in the cases of d = 2 nm with non-
degenerate 2DEG (ny/T= 3.3.10° cm/°K) at a background impurities density of Ns = 1.10"!
cm™. The graph corresponding to the BS and ES effect absent case in the InSb/AlInSb QW
nanostructure is at the bottom (dashed-dotted line)
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hununNhyu3hL UUKUULUPUYUUU PR ELEUSPALLEMP SPNRUL
TiO»/InSb/TiO, £4ULSU3LL <NMNY LULNLUMANRSYUDLLEMNhU

Lutiwnpydty £ EEyupnuwght U pundp-« nhkGhunpulwt wpgtipwh' punyputinh pwu-
wnwhtu Eypwuwynpdwu wanbgniginiup EiGYunpnuutph juwnunlywiht uwhdwuwthwydwdp
gpdwu Ypw TiO2/InSb/TiO2 GpYswih (2D) uwunfwnnigwdpnid: LbpYwjwgyty £ nhunwpy-
uwd pqwuwmwihu hnp/pwndép -« nhitlwnpwlwu wpgbip hbwbpnjunnigwsdpht hwdwww-
wwufuwunn ybpnbwlwu hwodwpyuwihtu dnnbp Ppwlwuwgyb) b InSb/TiO2 hbuinbpnwug-
dwup punpng Eypwuwynpdwsd fuwnuntuihtu thnfuwgnbignipjut wnnbughwih pwihu ybip-
(nnipynLu: Ywwnwnpyby b gpdwt ybpwlwgqudwu dwdwuwyh (7) pywihu hwadwply' hwadh
wnubny huswtu InSb/TiO2 hbinbpnuwhdwund Eubipghwlwu gnunpubiph bipowynp Yuw-
wwlgnwip, wiuwtu k| InSb Ujnueh Eubipghwlwu gnuinpubiph ng wwpwpnwywunyegniup: <wu-
wmwwnyb Gu Eypwuwynpdwt wyninbughwih 2D pwnwnphs wnbiupbph ubpnpnudutpp t-h
dbig, U hwdbtdwwndb) Gu HfO/InSb/HfO2 2D uwunlwnnigywdpht punpn) hwdwwwwnwu-
fuwu wpryntupubiph htiw:

Unwugpuyhti pwnbp. pJwunwihtu hnp, pwpép-k nhkGYnphy, tYpwuwynpnud,
fuwnuntywhu gpnud:

K.I. ATAPOHJSIH, 2.E. QJIBAKSH, A.K. XAYATPSH, 2.11. KOKAHSH

INPUMECHO-OI'PAHUYEHHOE PACCESIHUE 3JIEKTPOHOB B
HAHOCTPYKTYPAX C KBAHTOBBIMHU SIMAMM TiO»/InSb/TiO,

PaccMoTpeHO BIHSHHE 3JIEKTPOHHOTO U BBICOKOTO-K AMAIEKTPHUYECKH OapbepHOTO
THUIIOB KBAaHTOBOT'O SKPaHUPOBAaHMs Ha MPUMECHO-OTPAHMYCHHOE PaccesHUE 3JIEKTPOHOB B
nBymepHoit (2D) nanoctpykrype TiO»InSb/Ti0:. TlpencrapieHa aHATUTHYECKAS PACUET-
Hasi MOJIeJIb, COOTBETCTBYIOIIAst 00CYXIaeMOH IeTepOCTPYKTYpE TUIA “KBAHTOBAs SIMa/Bbl-
COKHI-K JAmdIeKTpuyYeckuii O6apbep”. Peann3oBaH 4HMCICHHBIM aHAIN3 SKPaHHMPOBAHHOTO
MIPAMECHOTO TIOTEHIMANa B3amMoAeicTBrs, criermpuaHoro mia rereporepexona InSb/TiO:.
IIpoBeneH YncneHHBIN pacyeT BPEMEHH pelaKcallli NMITyJIbCa 3JIEKTPOHA (T) C yUEeTOM Kak
KOHEYHOTO pa3pbiBa YHEPreTHUECKHX 30H Ha rereporpanuue InSbh/Ti0z, tak n Henapabo-
JUYHOCTH JHEPreTHYeCKuX 30H MaTtepuana InSh. YcranosneHsl Bkiaaasl 2D COCTaBHBIX
($OpM 3KpaHMPOBAHHOTO MOTEHIMANA B T, IPOBEACHO UX CPABHEHHE C COOTBETCTBYIOIINMHU
pesyabtaramu 1iia 2D vHanoctpyktypsl HfO/InSb/HfO:.

Knrouesvle cnosa: xBaHTOBas siMa, BBICOKHUI-K TUAJIEKTPHK, SKPAaHUPOBAHUE, MPHU-
MECHOE paccesiHHe.
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