Infocommunications and Radio Technologies, vol. 5, no. 2, pp. 169-184, 2022.

Hngoxommynukayuonnvie u paouosnexkmponnvie mexronozuu. 2022. T. 5, Ne 1. C. 169—184.
ISSN: 2587-9936
DOI: 10.29039/2587-9936.2022.05.2.12

UDC 620.3
Nanophoton Generator of Picosecond Pulses

N. F. Karushkin! and I. A. Obukhov?

L Scientific Research Institute “Orion”
Kiev, 03057, Ukraine
nkarushkin001@gmail.com

2Scientific-Industrial Company “Radiotechnika”, Moscow, Russian Federation
iao001@mail.ru

Received: March 22, 2022
Peer-reviewed: June 5, 2022
Accepted: June 5, 2022

Abstract: Results of theoretical analyses of possibility of generations of periodic
picosecond pulses of voltage are presented. This process is possible under condition of
external electromagnetic radiation only. As an active element of such generator may be
heterojunction in which the relaxation instability of electron concentration is developed.
The possible variant of heterostructure and its static and time depended electric
characteristics are demonstrated. Parameters of heterostructure and operating regimes
can be select so that pulses of voltage will be in terahertz range.
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1. Introduction

In papers [1, 2] were demonstrated that under some conditions in region
near heterojunction between materials with different properties may develop the
specific instability named as relaxation instability. Earlier this effect was sug-
gested to be used for generation of electromagnetic waves of terahertz frequen-
cy range [3, 4].

Creation of such generator based on indium antimonide nanowires matrix
is complex task that not solve before now. Here we present more simple con-
struction that, as we hope, may be to realize with less difficulty.
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2. Potential relief and static electric characteristics of heterostructure

As follow from results of papers [1, 2] for creation of conditions for re-
laxation instability development there is enough the structure consists of three
heterojunctions that be formed the potential relief as presented on fig. 1. The
left and right regions of this potential belonging to areas [x,, x) u (x., x1] cor-
respond to contacts. Points x,, x;, x. represent the conditional (“metallurgical”)
boundaries of heterojunctions.
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Fig. 1. Potential relief for electrons under zero voltage

For description of charge transport in this structure we will use the multi-
component model [5]. Suppose that electron gas is the mix of two components:
component a is the electrons with energy more than maximum of potential;
component b — is the electrons with energy less than maximum of potential.
Then approximate one-dimensional equations for concentrations (n,, n,) and
current densities (j,, jp) of such electrons may be wrote as [1, 2, 5]

ong/ot + e 19j,/0x = —h Y(F, — F)(ng + np),
on, /ot + e 10j,/0x = —h~1(F, — F)(n, + np). (D
Here e is the elementary charge; # is the reduced Planck constant; F, , are the
chemical potentials of a and b electrons.
Addition to equations (1) for self-consistent description of charge

transport in heterostructure the Schrodinger and Poisson equations are necessary
[2, 5]. The rations between electron concentrations, current densities and theirs
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waves functions, chemical potentials and temperature are need. The rations be-
tween potential relief of heterostructure and electrostatic potential, zone struc-
ture and electron affinities of different materials and so on are necessary too. All
these formulas and definitions are presented in papers [2, 5].

Equations (1) may be rewrite as

on/ot +e~1dj/0x = 0,
d(ng —np)/0t +e713(, — jp)/0x = —(2/R)(Fy — Fp), (2)

where n =n, +ny, j = j, + jp. First from equation (2) is the electron flux
density conservation law, and second equation describe the dynamic of elec-
trons chemical potentials difference.

Considering that temperature T is constant and neglecting by tunneling,
we write

ana,b/at = @_laa,b aFa,b/at'ja,b ~ —0gp aFa,b/ax- (3)
Here
0= kT, (Xa'b = Oana,b/aFa'b > 0, Oab = —aja,b/a(aFa,b/aX) > 0, (4)

k is the Boltzmann constant.

The values «a,, have a dimension of concentration and are the electron
concentrations in the case of Boltzmann statistics. The values g, ;, are the con-
ductivities of electrons which allows, using the ratios

Hap = aa,b/aa,b , (5)

introduce the generalized mobilities p 5.
From equations (2) taking into account definitions (3) — (5) will obtain

a,0F, /0t +a_0F_/0t = (©/e)d[o,0F,/0x + 0_0F_/0x]/0x,
(aqap/a,)0F_ /ot — (0/e)0[(aqappatiy/0.)0F_/0x]/0x =
= (0/e){(en/M)F. — (9j/0x)[aqay (o — tp)/A404] =
—(/2)a(a/0-)/0x},  (6)

and the ratio is right
Jj =—(04/2)0F, /0x — (0_/2)0F_/0x. (7)
Here

FL =F,xF,ay = azta,, 0, = 0,10y, (8)
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The chemical potentials on contacts must be equal to bias voltage with
the reverse sign and multiplied to elementary charge. Therefor in points x, and
x, we will assume

F_(x01) =0, Fy(xo) = 0,Fy(x;) = —2eV, €)
where V is difference of the potentials between contacts.
a)
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Fig. 2. Current-Voltage Characteristics of structure, presented on Fig. 1:
a — full characteristic, b — characteristic under low voltage

Detail analyses of static current-voltage characteristics of structure
demonstrated on fig. 1 and factors defining their features is presented in book
[2]. On fig. 2 the current-voltage characteristic of structure is shown. Nonlinear
characteristic under low voltage is caused by nonequilibrium of electron gas.
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Source of nonequilibrium is the current that flow perpendicular to heterojunc-
tion in point x;. In accordance with equations (6) in static case when j = j, =
const the level of nonequilibrium may be calculate by approximate formula

F_(xj) = ej,r1;, (10)
where
= (h/e*)/(n(x;)d)), di t = —(1/2)3 (04 /o) /. (11)

Value 7; is specific resistance of heterojunction in point x;, d; is effective width
of this heterojunction, value r, = A/e? ~ 4,11 kQ often referred to as funda-
mental resistance.

IS

In

Fig. 3. Possible material realization of structure, presented on Fig. 1

Calculation of current-voltage characteristic was carried out at room tem-
perature T = 300 K for structure in which as material 1 was indium (In), as ma-
terial 2 was indium antimonide (InSb) and as material 3 was bismuth (Bi) as
demonstrated on fig. 3. Influence of size effects to electron concentration and
electron mobilities was taken to account [6, 7].

For the lengths

Le = xj — X, Lc = x¢ — X (10)

accepted the values L, = 72,0 nm, L, = 12,3 nm. They were selected so that
dimensional quantization significantly reduces the electrons concentration in
bismuth, but, at the same time, resistance of the device passive regions at low
voltages would be much less than the resistance of the heterojunction 7;.
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3. Conditions of relaxation instability development

Let for researched heterostructure some constant current density j, and
voltage V, are correspond to stationary solution F{ of task (6), (9). Let small
fluctuations F{ from this solution arose for some reason. Then

Fy = F) + Fy, (11)
and conditions
|Fi| « [F2]. (12)

are satisfied.

In the areas x € (x,,x;) U (j, x.) that do not include the small neigh-
borhoods of the heterojunctions in the points x,, x; and x. from equations (6)
and (7) we obtain the approximate equations

a,0F}/0t + a_dF! /ot = —(20/e)(dj'/dx),
(aqap/a)OF} /0t — (0/e)(aqapltatty/04)0*F [0x? =
= —15ngFt — (F°/2h)(a F} + a_FY) —
—(0/€)(9j" /0x)[aqap (e — p) /@104 ],
jt = —(04/2)0F}/0x — (0_/2)0F} /ox, (13)
where
7o = h/0. (14)

Al coefficients here are calculate under conditions Fi = 0.
At some point x in considered area let assume

Fi(x,t) = Fi(q) exp{—yt} cos(qx). (15)

Substituting expression (15) into equations (13) and preserving terms that linear
by deviations from stationary solution leads to the system of two homogeneous
algebraic equations of the first order for amplitudes Fi (q)
y(aqap/a)F2 — (q*0/e)(aqaphattn/0r)F> —
-1y ngFt — (F°/2h) (a,Fi + a_FY) +
+(q?0/2e) (U — 1p) (@a@p /a0, ) (04 Fi + 0_F1) = 0,
Y(a Ft 4+ a_FY) — (q%0/e)(0,F} + o_FL). (16)

System (16) have nontrivial solutions if its determinant equal zero only, from
which follows

Y2 -yl + 1520 =0, (17)
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where
0 = &2+ &5 + B, A= 280 + (By€l + Ball) — (o/1r) (82 — &5), (18)
$ap = qLlap: B = Ba + Bv)Bap = nol/aa,b'TF =h/F°, (19)
Lap = (hitg/€)2 (20)

are the lengths of a and b electrons relaxations to the state of chemical equi-
librium.

The value Tz may be interpreted as an average transit time of nonequilib-
rium electrons through heterojunction. Indeed, from expressions (19), (10) and
(11) follow that

= dj/vi(%),
where
v; (%) = jo/en(x;)

is average speed of electrons in heterojunction.

Values 9 and t, are positive, therefore (see book [8]) it is possible three
types of singularities of equations (13) only:

— stable nodal pointwhen 0 < 4A < 9%, and Im(y;;) = 0,Re(yy2) > 0;

— stable focus point when 92 < 4A, and Im(y; ) # 0,Re(y12) > 0;

— saddle point when A < 0, and Im(y,,) = 0,Re(y;) > 0,Re(y,) <O0.

Stable focus point correspond to existence of relaxed periodic oscillations
in structure with frequencies

W17 = Im(h,z) = i(l/ZTo)[—(‘}To/TF)(fc% - fg) - (fczl - fg)z -

—2(Ba = Bp) (85 — &) — B2, (21)
and decrement
A=Re(y1z) = (1/270) (&4 + & + B). (22)
It is possible only if the following conditions are satisfied
q+0, (23)
Ha # Up (24)

and

(4to/7e) (82 — €5) < —{[(82 — &5) + (Ba = Bu)1* + 4Bafp).  (25)
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Condition (23) require the existence of space-periodic perturbations of
chemical potentials of electrons in the structure. For example, such perturba-
tions may be caused by external electromagnetic wave with small amplitude in
wavelength range less than red boundary of absorption.

Conditions (24) refer to local generalized mobilities in point and do not
refer to mobilities in different materials directly. Values u,(x) and y(x) in the
case of nanometer sizes of structure layers significantly depend from many fac-
tors that determine the probabilities of electrons stochastic scattering under dif-
ferent energies. Taking these factors into account is very difficult task. There-
fore, for certainty of further estimations we will assume that near the hetero-
junction placed in point x;,

Ugq > Up. (26)

If inverse inequality will satisfied, then in further expressions will necessary to
change signs of all currents densities.

From formulas (10), (11), (19) and (25) follows the expression for
boundary current density for relaxed oscillations development

Jo = (0/4er){[(§Z — §5) + (Ba — Bu)1* + 4BaBo}/ 183 — E51. (27)

Value j,, is positive. If inequality (26) is true, then relaxed oscillations of chem-
ical potentials and electron concentrations in structure will develop when
j < —ju, in alternative case they will develop whenj > j,,.

Saddle region correspond to relaxation instability of chemicals potentials
and electron concentrations in structure. Necessary conditions of relaxation in-
stability development are inequalities (23), (24) and next inequality

(vo/Te) (88 — §3) > §285 + Byl + Bads, (28)
that define boundary current density of this effect
Ju = (8/e1)(§585 + Buéa + Badp)/ 185 — &5 (29)

As well as j,, value j, is positive. If inequality (26) is true, then relaxation in-
stability in structure will develop when j > j,, in alternative case it will develop
when j < —j,,.

Value of current density equal j,, is the bifurcation point for system of equa-
tions (13). Except for the solution described exponentially rapid relaxation of
small perturbations of difference of electron chemical potentials with decrement

v1 = (1/2t0){(E2 + & + B) + [(E2 + & + B)? -
—4828p — 4(ByéZ + Balh) + (41o/Te) (62 — €212}, (30)
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when |j| > j,, appear the solution that describe them exponentially rapid in-
creasing with increment

n ==y, = (1/21){[(62 + &Z + B)? — 482&% — 4(Byé2 + PaéE) +

+(4o/Tr) (88 — M2 — (82 + &5 + B))- €Y
As for electron concentrations the simple estimations are true
Ng = ngoexp{F1/2kT},n, =~ nyoexp{—F1/2kT}, (32)

therefore, if condition (26) is satisfied, that a-electron concentration increase
fasterly than difference of chemical potentials.

Corresponding to condition (28) instability of stationary task solution for
electron chemical potentials develop in the case when the average transit time of
nonequilibrium electrons through heterojunction area 7 will become less than
effective time of chemical potentials difference relaxation to zero

Tret = Tol$a — §51/ (8485 + Boéa + Badp), (33)

Thus, nonequilibrium electrons do not have time to relax in heterojunction
neighborhood and them concentration in adjacent areas is increase.

If the initial equations (6), (7) were linear that the relaxation instability
will leads to catastrophic decreasing of structure resistance, increasing of cur-
rent and to irreversible electrical breakdown. Nonlinear dependance of electron
concentrations from chemical potentials (see formulas (32)) and expressions
(10), (11) make it possible the scenario in which increasing of concentrations
will stop before the irreversible electrical breakdown will happen and difference
F1 will achieve nonzero but finite value [9]. As a result of such process the
complex singular point named saddle-nodal will formed from which under some
conditions the limit cycle will developed.

4. Stimulated generation of periodic picosecond pulses

As follow from condition (23) for relaxation instability or relaxed oscilla-
tions realization it is necessary small space-periodic perturbation of chemical
potentials. Such perturbation may be created by external electromagnetic radia-
tion with wavelength less than red boundary of absorption in structure. In this
case the electron concentration and chemical potentials will change by internal
photoeffect.

Boundary current density of relaxation instability and increment of instability
increasing defined by expressions (29) and (31). At room temperature the estima-
tions are true: © = 0,026 eV; 1/274 = 19,8 THz; La,b~10‘6 cm; B, Bap~1.1f
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the width of heterojunction in point x; is about lattice constant of indium antimonide
(0,648 nm) then under zero voltage ;,~107¢ Q. x cm?.
From these estimations follow that if wavelength

A=1/q (34)
of stimulating radiation satisfies inequalities
A > La,b g fa,b K 1, (35)

then boundary current density j,, is about 10* A/cm?.

To ensure the picosecond duration of instability development the expres-
sion in figure bracket in formula (31) must be no less than 0,1. It may be reach by
increasing of operating current density to one or two orders compared to j,, and by
maximum decreasing wavelength A for the goal to increase values of & j,.
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Fig. 4. Parameters 82 and 4A as functions of current density under condition A = 598 nm
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On fig. 4 the typical behavior of parameters 82 and 4A as functions of
current density is demonstrated. It can be seen (see fig. 4 a) that region of re-
laxed oscillations (4A > 92) is practically unattainable under reasonable values
of current densities. Opposite the region of relaxation instability (A < 0) is
achievable easily. Boundary current density j,, equal 2,83 x 10* A/cm? when
wavelength A of stimulating radiation equal 598 nm that correspond to voltage
equal 0,06 V (see fig. 2 b).
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| Time (s)
LOOE12 200612 300612 400E12 S00E12  600E12 7,062

Fig. 5. Value F* near the heterojunction in point x; as a function of time after short pulse
of stimulating radiation with A = 598 nm

At wavelength equal 598 nm and current density equal 4,10 X
10 A/cm? (V =0,252V) the increment of perturbation increasing is
32,6 THz. If stimulating radiation acts a very short period of time much less
than 7,, = 1/x =~ 3,06 x 10~ 1* s then function F1(t) near the heterojunction
reaches the limit value F1,,, equal 0,259 eV, as demonstrated on fig. 5, and
stabilized in this level.

Note that the value F1,,,, on fig. 5 is the same order as a bias voltage and
conditions (12) at (t — ty) > t,, not satisfy. Hereinafter, it is accepted that ini-
tial moment of time t, = 0. Presented results were obtained by numerical solu-
tion of task where in initial moment of time amplitude of perturbation was equal
0,00026 eV only and satisfy to conditions (12). Numerical experiment demon-
strated that if condition (12) satisfied in initial moment of time that value F1,,,,
do not depend from amplitude of perturbation practically.

In papers [4, 10] the experimental current-voltage characteristics of indi-
um antimonide nanowires in matrix of alumina oxide with copper contacts were
presented. Curves of current-voltage characteristics are nonmonotonic, they
have hysteresis and jumps that analogical of demonstrated on fig. 6 b. These
features may be interpreted as a result of electron gas relaxation instability in
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heterojunction between nanowire and contact [1,2] stimulated by natural light-
ing. The rationale of such interpretation requires further careful experimental
researches and calculations.
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Fig. 6. Current-Voltage Characteristic of structure, presented on Fig. 1, after short pulse

of stimulating radiation with A = 598 nm: a — characteristic under V > 0,
b — range of characteristic with features caused by relaxation instability

When function F1(t) reaches the value F1,,,, increment of perturbation
increasing » and parameter A become zeros. Saddle singular point of equation
(13) turns to complex singular point saddle-nodal. If any new perturbations are
absent the system may to be in such neutral state infinity long time. However, any
new small perturbation of electron chemical potentials will change the parameter
A and shift the system either towards of stable nodal or towards saddle back. In
any of these two cases function F1(t) will exponentially decrease to zero.

As such perturbation may be the permanent stimulating electromagnetic
radiation. If in this case the current density j, is constant that when function
F1(t) will reach values near zero stimulating radiation may move the transport
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equations solution to the exponentially increased branch again and process will
repeat. Thus, in the systems the periodic process (limit cycle) appears.

On fig. 7 results of calculations of function F1(t) near the heterojunction
in point x; and difference of voltages V — V;, on structure’s contacts under dif-
ferent values wavelengths of stimulating radiation A and current density j, are
presented. Results of electron concentration calculations in the same space point
that F* are demonstrated on fig. 8.
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Fig. 7. FX and V — V, as functions of time under different current densities j
and wavelength of simulating radiation A

At constant current density the pulses of F! appear in the structure. As a
result of these pulses, we see the periodic changes of electron concentration,
resistance of structure and voltage on structure’s contacts. Decreasing of wave-
length A and increasing of current density j, are lead to decreasing of pulses
period and they frequency increasing. When A = 598 nim four times increasing
of current density change the frequency from 244 GHz to 474 GHz. When
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A =399 nm one and a half times increasing of current density increase the fre-
quency from 1,10 THz to 2,61 THz. With increasing of current density, the
amplitudes of electron concentrations pulses and voltage pulses first increase
and then stabilize near some values.
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Fig. 10. Specific power as a function of pulses frequency

It is interesting to calculate the parameters of pulses when wavelength of
stimulating radiation is very short. Results of such calculation for X-ray range
(A = 4,09 nm) demonstrated on fig. 9. It can be seen that pulses frequency in-
crease considerably (to 9,77 THz) but they amplitude decrease. The calculated
dependance of specific power of radiation from frequency is presented on
fig. 10. This curve confirms the noted trend.

5. Conclusion

Theoretical analysis of electric current flow through heterojunction shows
that under some conditions in area near heterojunction may developed instabil-
ity leads to fast increasing of small perturbations of electron concentration. This
increasing is limited by nonlinear dependance of electron concentration from
chemical potentials. The process may reach to the irreversible electrical break-
down of structure or to electron concentration stabilization in some new
nonequilibrium level.

Small perturbations of electron concentration may be caused by electro-
magnetic radiation with wavelength less than red boundary of absorption in
structure. In this paper we demonstrated that under conditions of such stimulat-
ing radiation and constant current density in heterostructure may develop the
periodic process of electron concentration changes that leads to periodic pulses
of voltage on structure’s contacts.

Parameters of heterostructure, operating current density and wavelength
of stimulating radiation can be select so that pulses will picosecond and they
frequency will be in terahertz range.
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