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ELECTRON SCATTERING IN SCREENED IMPURITY-DOPED
HfO»/InSb/HfO; HETEROSTRUCTURES

The effect of screened ionized background impurities on electron scattering in
HfO2/InSb/HfO2 two-dimensional (2D) nanostructure is considered. The expression of
differential scattering cross-section depending on the 2D screened Coulomb potential
analytical features is calculated analytically. A numerical analysis of the scattering
relaxation time in the presence of electronic screening and quantum well/high-x dielectric
heterojunction effects is carried out. Taking these effects into account, a substantial
suppression of electron scattering is obtained.
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Currently, an intensive study is carried out in quantum nanostructures related
to electronic, optical and transport phenomena on the base of narrow band gap 111I-V
group semiconductors combined with high-k dielectric materials (HfO,, ZrO,,)
correspondingly as the quantum well (QW) and barrier media ([1] and Refs.
therein). Such systems can provide high carrier mobility in nanosamples (~ 10* +

10° cm® V' s7') responsible mainly for high-speed power switching, low
dissipation and other benefits of electronic nanodevices.

In [1] the screened impurity scattering relaxation time both analytical and
numerical analysis for the realistic InSb/HfO, interface is performed by using the
two-dimensional (2D) Debye-Hiickel type potential as an integral result of quantum
confinement (QC), QW/high-k dielectric mismatch and impurity electronic screening
effects balanced influence. In the present paper, a problem is considered where the
larger values of 2D distances are used for consideration.

Consider a semiconductor single QW (SQW) with the dielectric constant &,
and thickness d surrounded by the barrier medium, for which a symmetrical outline
of dielectric mismatch on both sides is adopted, characterized by the condition
&y = &p, = &p, for the dielectric constant values. In the discussed model, only the
n-type 2D charged channel with the average surface density ns contributes to the
impurity center screening. For such QW heterostructure QC and high k-dielectric
barrier effects are characterized by conditions ay >>d and ¢ = &, / & < 1,
respectively, where the Bohr radius is a) = e,h%/m.e’, m. — the electron effective

mass. As a gas of carriers is confined to move in the x-y plane, i.e., their motion in
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the z direction is taken as the direction perpendicular to the plane of the charged
channel is confined. Necessarily, we also assume that the QW thickness d is small
compared with the Debye radius for bulk samples as rp >>d .

In these circumstances for the suitable range of effectively large 2D

distances as:

p > o(ps &) 0
d
p> 2%,
3,472 1/2
_ Ps e°+1 2 _ . .
where 0(pg, &) = o (63_1) - sr] , e =2.71., the screened background impurity

interaction potential Vs(p) takes the following 2D form [2]:

V(o) = == {5+ me,q[Ho (261450) — No(2era;0)]), @

which for the asymptotic distances p > (g,q;)! takes the form:

o) =S () 2. )
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Note that the calculations in [1] are concerned to the appropriate range of
moderately large 2D distances p such as d < p < o(ps, ).

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

b= |, )

2me? Ong
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given as [2]:

where o >> kgT is the chemical potential in the absence of the Coulomb
perturbing field, kzT is the energy scale factor, dng /du, on the condition of the
SQL is determined from the Debye model as:

Z—Zi=%[1—exp (—%}] 6)

In particular, for the degenerate and non-degenerate 2DEG statistics, the
screening parameter g, takes, correspondingly, the forms:

2 _ mngh?
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and

2 mngh? _ mngh?

qs = <1 (3

ap mykgT >~ mykgT
Note that both the screened potential after Exp.(2) and the Debye-Hiickel
type screened potential used in [1] are received in the leading order of parameter d
/ [y which permits to get a solution for any arbitrary normalized charge distribution
function in z direction normal to the QW plain.
The scattering rate due to the scattering of carriers by impurities in the
relaxation time approximation is given by [3]:

== Ny [ () (1 = cosp)dep ©)

In Exp. (9) N; = Nyd, where Ny is the 3D density of background impurities,
v, = hk/m,, is the electron velocity, ¢ is the electron scattering angle expressed

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

-y

[K’|

plane as cosg = . Here o(¢) , determining a 2D flux of particles scattered at

k|
the angle ¢ is

S2 Wkk'
(2m)? vy

a(p) = d?k, (10)

where S is the normalizing area in the QW plain, W, - the rate of transition
probability between the initial and final states of the scattered electron. Under such
circumstances, we will deal with the electron momentum relaxation time T
calculations by the 2D screened impurity potential after Exp.(2) which in accordance
with the validity criterion (2.4) related to the moderately long wave region as [2]:

1
o(ps.er) (in

Since, for the potential form after Exp. (2), an exact analytical solution of
the Schrodinger equation is clearly im possible, we make use of a cut-off Coulomb
potential method successfully implemented before in calculating the Q2D
Somerfield exciton factor [4]. In accordance with that method, we studu the
potential form as:

eZ
Vs(p)={5psp°, (12)
0p>po
5 1/2
where py = max{p;, p,} and p, = 5_: (Zz_j) - ETZ] P2 = zislr
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Subsequently, the wave function ¥/(p) can be a solution of 2D Schrédinger
equation corresponding to the potential after Exp. (12) describing a scattering.
At p < pg, Y(p) can be defined as the exact solution in the continuous

spectrum for the 2D Coulomb potential [3]:

w(p)lpspo \/— N p (ZEraok) F (% - €r;ok) eikp 1F1 (8 agk ! 2 ! lkp(l N COS(p)) (13)

where ;F;(x) is the confluent hypergeometric function, I'(x) - the gamma function.
Here, a normalization constant in Y (p) provides a unit amplitude in the incident
plane wave.

At p > p, following the accepted scattering theory method, Y (p) should be
expressed by the superposition of plane wave propagating in the positive x direction
and diverging 2D scattered wave characterizing the scattering amplitude f(¢).
With this, the asymptotic expression of 1(p) takes the form:

Y(p)lps>p, = exp(ikpcosep) + Q@ exp(ikp). (14)

From the continuity condition of the normalized functions ¥ (p)|,<,, and
Y(P)|p>p, at p = po, the scattering amplitude f(¢) can be obtained which leads to
the 2D scattering cross section by impurities a (@) = |f(¢)]? as:

2

- (15)

(@) = po |\/—e P (Zeraok) r (% - Er(iok) - 1f1 <£ra.0k' 2’ tkpo(1 = COS(p)) -1

The latter, in accordance with Exp. (9), leads to the electron momentum
relaxation time final expression with the integral form which cannot be reduced to
an explicit analytic form and, therefore, should be investigated numerically. It
should be noted that the 2D scattering cross section a(¢) in Exp. (15) directly
depends on &,.

As an illustration of the propesed theoretical model, let us now carry out the
impurity scattering time numerical calculations for the realistic InSb/HfO; interface
[1]. For that the dielectric constants ratio & = &y /&5 = &msp /enro2 = 16.8 / 25 = 0.625
value is taken. InSb bulk sample holds the smallest electron effective mass (m* =
0.014my , my is the free electron mass)) and a macroscopically large impurity
effective Bohr radius as @p~63.7nm. In accordance with the strong QC condition ay
>>d, we will display a numerical data for the QW width values d <70 nm.

At the same time, the conduction band of InSh material is highly non-
parabolic due to the narrow band gap (= 0.17eV under T=300°K), and so the
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electron effective mass m",,, becomes energy-dependent. It is consequently required
to take into account the NP effect on m’. in order to evaluate more precisely T.
Within the Kane model, the conduction energy band can be described by dispersion
equation:
27,2
E(1+2) =2 (16)
Eg 2mby,
where E is the electron energy. In Exp,(16) the electron wave vector &, has the
direction normal to the QW plain and might be defined from the secular equation:

tg (M) — Mw(E) kp (17)

2 my  ky
related to rectangular band QW/barrier system with the appropriate conduction (c¢)
and valence (v) band offsets which for the HfO,/InSb/ HfO; SQW can be
characterized by the energy scheme after Fig.1 in accordance with the data after
[5]. Here, the wave vectors &, and k» in the QW and barrier regions with the

conduction band offset 4 are defined as:

my (E) E

mp(A°=E)
TRz T hz

k2 =2 and ki = 2 > (18)

where m; is the electron effective mass in the barrier region. In Exp (17), the
energy-dependent effective mass m,,(E) is related to the first derivative of the
dispersion relation with respect to wave vector as:

my, (E) = A2k} 2 (19)

From Exps.(16) - (19), bearing in mind that A° 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:

Mmyp = 142 hik%‘, . (20)

meEy

On the basis of Fig.1, data and an electron effective mass value m = 0.6 my
in the case of bulk cubic c-HfO, material [6], the allowed values of the k,.d and mnp
parameters are obtained as: k.d = 1.496 and myp= 3.03. As follows, owing to finite
conduction band offset 4. in discussing structure, the size quantized k.d and

corresponding electron effective mass NP correction parameter myp are softly
related to infinite potential barrier model with k,.d = .
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Fig. 1 The energy scheme of the HfO»/InSb/ HfO.SQW

In Fig. 2, 7(kay) dependence is displayed for the QW width value d; = 2 nm
correlated with the n, /T | = 6.8.10° cm™/K parameter corresponded to near
degenerate type of 2DEG (2D density ny~ 2.10'' ¢cm™at T= 300 °K ) at the density
of ionized background impurities as Ny = 6.10'%m™. The obtained graph is a result
of contribution from the screened impurity potential after Exp. (2) and takes the
complete range of ka, under discussion. Such a setting follows from the validity
criteria after Exp. (11). As received, for values ka, < 1, with a decrease in 2D
wave vector k, the graphic line starts to grow oscillating and finally reaches values
7~ 10""'s. Whereas in the interval kay > 1 it falls smoothly and near the point ka,
~ 2 (marked with a vertical dashed line in Fig. 2) becomes saturated, taking the
scattering time value t|q, = 0.8.107'%s (marked with a horizontal dashed line in
Fig.2). For the large ka,, this saturating line, in turn, limits the graphics
corresponding to the QW/high-x dielectric mismatch and impurity electronic
screening effects absent case in dielectrically homogenous InSh QW structure.
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Fig. 2. Electron momentum relaxation time t(kagy) dependence for the HfO»/InSb/HfO:
high - k type SOW structure in the case of d; = 2 nm (upper bold line) with the near
degenerate 2D EG (ny/T=6.8.10° cm*/°K) at the density of ionized background impurities
as Ny = 6.10'5 cm™. The lower dashed graphic line corresponds to QW/high-x dielectric
mismatch and impurity electronic screening effect absent case in InSb based SQW
structure with d; = 2nm

As we can see from the graphical data, a strong suppression of electron
impurity scattering process is revealed when taking into account the electronic and
quantum well/high-k dielectric mismatch caused screening effects simultaneously.
This suppression effect, expressed by increasing of 7, is more essential for a small d
QW width values and it becomes more clearly starting from the region ka,< 2.85
corresponding to interval 7 < 5.5.10"3 s. Such behavior, in accordance with Exps.
(15), is due to the decline of cross section o with the decrease of d. A suppression
of ionized impurity scattering by decreasing the latter can be understood on the
basis of the o(E) behavior. Indeed, scattering cross section is decreasing as the
scattered electron energy E increases. In the SQL, as the QW width decreases, the
electron energy increases in accordance with Exp. (18).

REFERENCES

1. Aharonyan K.H., Khachatryan A.Zh., Kokanyan E.P. Screened impurity scattering
relaxation time with the quantum well/high-k dielectric heterojunction // National
Polytechnic University of Armenia Bulletin .-2023.-V.1.-P.48-54.

2. Aharonyan K.H., Kazaryan E.M., Kokanyan E.P. Screened shallow impurity
properties of quantum well heterosystems with high-k dielectric barrier environment //
Physica E.-2019.-V.113.-P. 47-53.

53



3. Chaplik A.V., Entin M..V. Charged impurities in very thin layers / JETP.- 1971.- V.61 .- P.
1335-1339.

4. Aharonyan K.H., Kazaryan, E.M. The effect of shieclded coulomb interaction on light
absorption in thin semiconductor films // Thin Solid Films.-1983. - V.105.- P.149-156.

5. Demonstrating 1 nm-oxide-equivalent-thickness HfO»/InSb structure with unpinning
Fermi level and low gate leakage current density/H.-D.Trinh, et al / Appl.Phys.Lett.-
2013.-V.103.- P.142903-1-5.

6. Gritsenko V.A., Perevalov T.V., Islamov D.R. Electronic properties of hafnium oxide:
A contribution from defects and traps// Physics Reports.- 2016.-V. 613.-P.1-20.

L.<. u<UrNL3UL, U.d. hlUSMr3uu, k.M. 4NLUUL3UL, L. UNNUNL3UL

tLeuS/rNuLLerh SMNRUC EUMULUYNMYUD vufunhyLerNd
L6QhM4UD HfO,/InSb/HfO, <ESEMNUUNNKSYUDLLEMNRYU

“Yhwnwpyyt £ pnuwgyws Eypwuwynpywsd hbupwihu fuwnunyubiph wgnbignieniup
ElGYwnpnuubph gpdwu ypw HFO2/InSb/HFO2  tiplswih uwunlwnnigwdpnid: Ybpnidwlw-
unpbu hwodwnpyyby £ gndwu nhbtiptughw) Yunpquéph wpunwhwynnyeniup' Yuiudws Gply-
swih Eypwuwynpdwt nbwpnid Ynyntyw wnnbughwih wnwuduwhwwnyniyeniututiphg: Yw-
nwpyby b gpdwt yepwlwuqudwt dwdwuwyh pdwihu depindnuyggniu’ flayunpnuwhu bypw-
Uwynpdwt b pwunwiht hnp / pwpép-k nhktywphy hbwnbpnwugdwu Gpunypubph wnlw-
Jnipjwdp: Uju tplnypubiph hwowndwdp' unwgyb £ flGyunpnuutiph gpdwt bwlywt upyw-
onientl:

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

K.I'. ATAPOHSH, A K. XAYATPSAH, 3.11. KOKAHSH, JI.P. COTOMOHSH

PACCESIHUE JJIEKTPOHOB B I'ETEPOCTPYKTYPAX HfO,/InSb/HfO,,
JIETHPOBAHHbBIX DKPAHUPOBAHHBIMU ITPUMECAMU

PaccMoTpeHO BiMsSHHE MOHM3MPOBAHHBIX SKPAaHUPOBAHHBIX (JOHOBBIX ITpUMeECEH Ha
paccesiHue DIEKTPOHOB B aByMmepHoit HanocTtpykrype HfO»/InSb/HfO,. Anamurnuecku
PAacCUMTaHO BBIpaKeHUe I 1] epeHIIMAIBHOTO CeYeHNS PACCESHUS B 3aBUCHMOCTU OT
0COOEHHOCTEH IBYMEPHOI'0 SKPaHHPOBAHHOTO KyJIOHOBCKOro noTeHuuana. Ilposenen unc-
JICHHBIH aHAIlM3 BPEMEHHU pellaKCallii PacCesHUs NPH HAIHMYMH dPPEKTOB dICKTPOHHOTO
9KPAHUPOBAHMS M TETEPOIIePEX0ia KBAHTOBAS SMa/BBICOKUI-K TUITEKTPHK. C yueToM THX
3((eKTOB MOIYYCHO CYIMIECTBEHHOE MOIaBIeHUE d((eKTa paccessHUs SJIEKTPOHOB.

Knrouesvle cnosa: xBaHTOBas siMa, BBICOKHUH-K TMAJIEKTPHK, SKpPAaHUPOBAHHUE, MPHU-
MECHOE paccesiHUe.
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