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Abstract: Simulations of the interaction of terahertz (THz) waves with the silicon integrated p-i-n-structures in the
isolated silicon dielectric waveguides have been done. The modulation of the fundamental almost linearly polarized
electromagnetic mode is considered. This modulation is essential in the case of highly doped p**, n™" regions, which
provide the double injection of electrons and holes into i-region. The generalized boundary conditions at the
injecting electrodes have been applied in the case of highly doped p*™, n** regions. The silicon dielectric waveguides
possess the low losses in the regime without the injection. The investigations of the modulation properties of the
integrated p-i-n-structures in the dielectric waveguides of THz range have demonstrated a possibility to use these
structures up to the frequencies <8 THz. The transmission and the modulation of picoseconds electromagnetic
monopulses have been demonstrated too.
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1. Introduction

In the past years, much attention has been given to electromagnetic (EM) terahertz (THz)
frequency range, 0.1 THz - 10 THz [1]-[11]. In this range it is necessary to use the novel
electrodynamics structures, because the traditional metallic waveguides possess the high losses;
therefore, it is better to utilize the dielectric waveguides (DW) [12]-[15]. Below, the isolated DW
is considered, where the wave guiding rod with the permittivity & is separated from the metallic
base by a dielectric isolation layer (&1 < &). In isolated DW the losses are smaller, when
comparing with the image DW without a dielectric layer. It is possible to fabricate an isolated
DW from highly resistive silicon with SiO; isolation layer, see below in Fig. 1. As an effective
control device, the integrated p-i-n-structures also made of silicon can be used [16].

In quasi-optic modulators the integrated structures are placed in the cross-section of the
oversized metallic waveguide [16], and the thickness of the structure cannot be smaller than 50
um. This is connected with a reduction of its durability. In silicon DW it is possible to fabricate
the structures directly within the waveguide or to insert this structure into the aperture within the
waveguide core. There is no problem with the mechanic durability of the modulator in this case.
The structures should provide the small losses of EM waves in the regime without the injection
and the high modulation degree in an injection regime. But a change of the frequency-dependent
effective dielectric permittivity due to injected carriers in THz range is not high as in the
millimeter wave range. Moreover, in the millimeter wave range the modulation of the effective
permittivity has mainly the imaginary part, whereas in THz range such a modulation includes
both real and imaginary parts.
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To obtain the higher values of concentrations of the carriers injected into i-region of
p-i-n-structures, it is necessary to use the structures with highly doped p*™*, n** regions [17]. In
the highly doped p*™, n*™ regions the majority carriers become degenerated and the narrowing of
the forbidden gap occurs both from the side of the conduction band AE. and from the valence
band AE, [17],[18],[19]. The modification of the boundary conditions for injected carriers at
p* i, n""-i junctions was done in [20], [21].

In the present paper the EM wave modulation in THz range based on the integrated
p-i-n-structures in the silicon isolated DW is theoretically investigated. For the injection problem,
the generalized boundary conditions at p**-i and n**-i injecting junctions have been applied. It
has been demonstrated that silicon DWs possess relatively low dissipation of EM modes in THz
range, whereas the modulation due to p-i-n-structures is high up till the frequencies 7 - 8 THz.

2. Geometry and Model

In this paper the experience of fabrication and experimental investigation the surface oriented
p-i-n structures of the following geometry is used [16]. The real structures included the planar
structure, which consists of planar periodic metal and p-i-n regions with deep injecting junctions.
These structures were tested experimentally [16]. Surface oriented silicon integrated
p-i-n-structures with deep injecting junctions have demonstrated a high efficiency in the whole
millimeter wave range as quasi-optical modulators and phase shifters [16].

The integrated surface oriented p-i-n-structure is a plate made of highly resistive silicon or
another material, where a set of injecting deep n*-i and p*-i junctions is fabricated on one of its
sides, see Fig.1, a.
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Fig.1 Cross-section of integrated p-i-n-structure (a) and silicon isolated DW (b).

These p*-i and n*-i junctions are “deep” junctions [16] with the depth of doped regions r = 10
- 25 um. The geometry of the structure is as follows, see Fig.1: the thickness of silicon plate is 50
- 250 um, the width of i-region w = 10 - 40 um, the metallization value y=w/d =0.5; 0.73; 0.8, or

(d-w)/d = 0.1 - 0.3. The silicon plate is made of a material having the resistivity py > 103 Ohm-
cm.
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The control of a p-i-n diode is based on the following phenomenon. Under the action of a
control signal, the charge carriers are injected into the i-region of the diode from the p- and n-
regions. Thus, the electron-hole plasma is created in i-region of the diode shielded from the
microwave signal. In the absence of a control signal, the microwave power passes through
i-region with small losses. The high-speed time of p-i-n diode may be shown to increase with a
decrease in i-layer thickness, however, the permitted microwave switch level decreases in this
case. This limitation is very important for the volume of the p-i-n diode. The operation
characteristics of microwave modulators based on p-i-n structures are: the initial losses, the
inserted attenuation (decoupling), and the speed of response, the width of the operating frequency
range, the control currents, and the controlled amounts of power. All these parameters may be
obtained by theoretical and experimental methods [16].

3. Modes of Isolated DW

The propagation of modes of the isolated DW has been simulated by means of partial regions,
or the Marcatili method, and by the effective dielectric constant method [12]-[15]. The selection
of partial regions is given in Fig.1, b. A case | > b is considered. Generally, all the components of
the electric field E are present in the fundamental mode LP*;;. But the dominating component is
the vertical one Ex. The impedance boundary conditions have been used at the metallic surface. It
is possible to utilize the approximate calculations by means of partial regions [12], where the
electromagnetic field out of the selected partial regions 1,2,3,4 is neglected. For LP* modes all
the field components can be expressed through the single component of the electric Hertz

vectorI1® = g,IT. The Hertz vector satisfies the Helmholtz equation:

2
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In each partial region the corresponding value of permittivity should be used.

He=0; Hy

The boundary conditions of the continuity of tangential components of the electromagnetic
field are equivalent to:

Xx=h, x=h+b: aaH is
X : (2)
. oIl . .
continuous; y=I: ga— iSs continuous
X

At the metallic surface x = 0, the impedance boundary condition is used:
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Here Z is the surface impedance of the metal. The propagating EM modes are searched as:
I ~ exp(iwt —ikz) . The solutions for the partial regions are:

IT=(A, -cos(q, (x—h))+ A, -sin(q, (x - h)))-cos(q,y) ~—region 1

IT=(B, - cosh(rx) + B, -sinh(rx)) -cos(q,y) —region 2;

(4)
I =(C, -cos(q, (x— ) +C, -sin(q, (x—h))) -exp(~s(| y| 1)) - region 3;
[T=D-exp(—p(x—b—h))-exp(q,y) —region 4.
The transverse wave numbers gy, gy satisfy the following equations:
[tanh(rh) +—2 |0z,2 Z)(q—xcos(qxb) + psin(qxb)j
& r &
_Q_x(l iwg,e 7 tanh(rh)j [ sin(q,b) — pcos(qxb)J =0; (5)
g, r &,

q, tan(q,l) -s=0;
where r? =k’ (¢, -&)-0,", s’=k, (s, -1)-0q,".

First of all, it is necessary to solve Egs. (5) for qy, gy, then one can get the longitudinal wave
number k of the mode as:

2 2 2 2
k* =ko e —Uy” —0y°. (6)
The approximation of this simulation method is valid, when the inequalities are satisfied:
ko’e, >> q,%, q,% o, equivalently, when |E,| << |E,|. But namely this situation is interesting for
practical applications, because the injecting junctions are oriented along the axis OY, as shown in
Fig.1, a, b, and the reflection of the fundamental mode of DW is small in the regime without
injection.

The working frequency band is limited from below by the frequency where the maximum
value of |[Ey| component of the fundamental mode is 10% from the maximum value of its |E|
component. At higher frequencies, it is assumed the excitation of higher modes is suppressed. A
typical dispersion relation of silicon DW (&g = 11.7, & = 3.9) is given in Fig.2.

The used sizes of DW are: the thickness of the core is b = 0.2 cm, the thickness of the isolator
is h = 0.05 cm, the width is 21 = 1 cm. The metallic substrate is copper. At frequencies f <50 GHz
the waveguide dispersion is essential, whereas at higher frequencies f > 100 GHz the dispersion
relation is practically a straight line k = ko(&2)"? and the wave dispersion is absent. The wave
dissipation at f > 50 GHz is small: Im(k) < 0.1 cm™. When the thickness of the isolator is finite h
# 0, the fundamental mode possesses the cut-off. But practically the frequency region for DW is
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determined by localization of the fundamental mode, or, in another words, by the condition
|Ex| >> [Ey|.
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Fig.2 The wave dispersion of the fundamental mode of DW (a). More detailed one at lower frequencies (b).

4. Injection Problem

The basic assumptions are: the p**-i, n""-i junctions are abrupt; the simplest parabolic
approximation for the density of states Ny, N. both in p*™™, n*™*, and i- regions; neglecting the
recombination at the contacts. The recombination at the contacts can decrease the concentrations
of injected carriers on 20 - 40 % when the nonlinearity of boundary conditions is not essential.
But when the concentrations are higher than 2x10'" ¢cm™, the nonlinearity of boundary conditions
becomes dominating, as our simulations have demonstrated.

The injection problem is simulated within a framework of the ambipolar diffusion equation
added by the boundary conditions at n**-i and p**-i junctions and on free surfaces [16],[20],[21]:
on__.0°n o°n, n

7_}_7
ot ox> ozt T,

2D (Wn)—(l+&)hn(p”):_h-
' D,” w q’ 7)

n p+
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2D, (’Vn)—(1+—")——p(n™) =—=2;
D,” w, q

(®n)-7,n=0

Here n(x,zt) is the concentration of injected carriers; Dnp, D = 2D.Dy/(Da+Dy) are the
diffusion coefficients of electrons, holes, and the ambipolar diffusion in i-region, correspondingly;
T, is the lifetime of carriers there. The value Ny, are the concentrations of donors and acceptors in
n** and p*” regions; the value W+ are the thicknesses of these regions, the value Dyp+ is the
diffusion coefficient for the minority carriers (electrons) within the p*™* region; and OZ-axis is
directed perpendicularly to the surface of structure and coincides with the axis of DW, OX —axis
is perpendicular to OZ-axis (see Fig. 1). The unit vector x{(x,z) is normal to p**-i, n**-i interfaces
or to a free surface and is directed into the i-region. The parameter j is the recombination
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coefficient at free surfaces. A distribution of the electric current density jo is assumed as uniform
along the surface of the injecting junctions. The last fact is confirmed by the calculations of the
distributions of electric potential within the i-region.

The value of n(p™™) is determined by the following equation (analogously for p(n**) ) [20],
[21]:

n(p™)= exp(%" Az ®
N, or @
Here ¢rp, @ra are the quasi-Fermi levels, which are measured in Volts, grpn = Fpn/d), Apyc =
AE, /9, or =ksTe/q = 0.026 V at the room temperature T, = 300 K. Note that the narrowing of the
forbidden gap leads to increase of the density of the current due to the minority carriers and to
decrease of the injection efficiency, whereas the smaller diffusion coefficients of the minority
carriers in the highly doped regions [17],[19],[22] partially compensate this decreasing. It was
calculated also the values of concentrations of minority carriers when a more accurate
approximation for the density of the states within the highly doped regions is used. The results of
the simulations are practically the same as in the simple parabolic approximation.

5. Numerical Simulations

Under high injection levels the boundary conditions are nonlinear due to the current of the
minority carriers in the highly doped regions. The numerical simulations show that in the
structures with the deep junctions an influence of the surface recombination is unessential, when
the depth of the junctions is r > 15 uxm. The injection takes place mostly into the region between
the junctions, and the transverse distribution of the concentration of the injected carriers is
uniform. Moreover, within DW it is possible to get the thickness of the structure along the
OZ-axis equal to the depth of the injecting electrodes and to provide the double injection between
the electrodes exactly.

The following parameters are used in the simulations: the distance between the centers of
electrodes is d = 4 - 8 um, the thickness if i-layer is w = 1.5 - 5 um, the depth of the injecting
electrodes is r = 15 - 25 um, Wn+/Ln+ = Wp+/Lp+ = 0.05. The lifetime of the carriers in the i-region
is Ty = 10 us, the doping levels are 10*® - 10% cm™. The density of the injection current is jo =
100 - 3000 A/cm? Under the parameters pointed above, it is possible to achieve the
concentrations of the injected carriers up to n ~ (5 - 8)x10"" cm™®,

The distributions of the concentrations of the injected carriers are given in Fig. 3, left parts.
The depth of the injecting junctions is r = 25 um here, the p™* region is on the left side. The
nonlinearity is a limiting factor for the further increase of the injection at jo > 1000 A/cm®. Under
the concentrations n > 10'® cm™ the Auger recombination processes may be important, and the
ambipolar diffusion equation within the i-region becomes nonlinear. The time of establishing can
be estimated as ~0.3w*/D; and it is about 3 - 10 ns here. Note that the decrease of the sizes of the
injecting junctions leads to decrease of the concentrations of the injected carriers, due to the
nonlinearity of the boundary conditions (the thicknesses of highly doped layers wp+, Wy+ are in
denominators, see Eqgs. (1)). Therefore, there exists some optimum distance between the junctions
of the structure to produce the maximum injection level.
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Fig.3 Distribution of injected carriers (10" cm™ units), left parts; transmission coefficients without injection (line 1)
and with it (line 2), right parts. The doping concentrations of n**, p** junctions are Ng = N, = 10%° cm?, the
densities of current are: j, = 50 A/cm? (part a); jo = 100 A/cm? (part b); jo = 500 A/cm? (part c); jo = 1000 A/cm?
(part d); jo = 2000 A/lcm? (part €); jo = 4000 A/cm? (part f); jo = 5000 A/cm? (part g).

The modulation of the fundamental EM LP*;; mode, which is mostly x-polarized, has been
investigated. There is no necessity to use the clarifying layers here, in comparison with a
quasi-optical modulator [16],[20], where the propagation of EM beams in the oversize metallic
waveguide was considered.

The used parameters of DW are: the width is 21 = 0.2-1 cm, the thickness of the silicon core is
b = 0.05 - 0.4 cm, the thickness of the isolator SiO, layer is h = 0.01-0.05 cm (h <b < I). The
following expression for effective (averaged) dielectric permittivity in X- and Z-directions has
been used [23]:
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Here g is the lattice part of the relative dielectric permittivity (a = & = 11.7 for Si); the
parameter & is the electric constant; the values v. are the collision frequencies of electrons and
holes; mey are the effective masses of the carriers [17],[22]; @ = 27f, apen are the plasma
frequencies. The incident EM wave is mainly polarized along OX-axis, and the averaging takes
place for the inverse value of the complex dielectric permittivity £* [23]. The waveguide modes
mainly polarized along OY-axis are reflected from the structure completely because for the
component E, it is necessary to average the complex dielectric permittivity &(x,z, @), which is
high in the metallic regions. Thus, the p-i-n-structure can be represented as the part of the DW
where the effective permittivity differs from the permittivity of the isolating silicon. In the regime
without injection, such a permittivity is 10 - 15% higher than one of the silicon. In the injection
regime, it is essentially complex and its absolute value increases.

The propagation of the localized fundamental LP,"* mode is considered, the ratio |E,|/|E,| is
smaller than 0.1 within the waveguide as our simulations have demonstrated. Therefore, in the
regime without injection the EM mode can pass through the p-i-n-structure, and the reflection
coefficient is <10% higher than for the plane wave at the same frequency.

The results of the calculations of the transmission coefficients T for the intensity of EM waves
are presented in Fig. 3, right parts. The used sizes of DW are: the thickness of the core isb = 0.2
cm, the thickness of the isolator layer is h = 0.05 cm, the width is 2l = 1 cm. To get the good
modulation is the whole millimeter wave range f = 30 - 300 GHz; it is sufficient to use the
moderate values of the injection current density jo <50 A/cm?, see Fig. 3. The values of j, should
be higher: jo > 200 A/cm? for the modulation in THz range. It is possible to obtain the good
modulation properties in DWSs with Si structures up till the frequencies f <7 - 8 THz. Namely, in
the regime with the injection of the carriers the EM wave transmission coefficients T are smaller
than 0.25. The wider operation frequency range has been achieved here when compared with the
quasi-optical modulator in the oversize metallic waveguide. The problem of the heating of the
structure is not so serious, as compared with quasi-optical modulators because there is a good
mechanical contact.

A principal problem in THz range is the generation and the transmission of short monopulses,
i.e., the EM pulses that possess extremely wide frequency band and have the durations of about 1
- 10 ps. Because it is possible to obtain the wide operation frequency range both in the regime
without injection and with injection, the propagation of short monopulses through the DW has
been considered too. In Fig. 4 the dependencies of Ex component of the monopulse on the time t
are given. The distances of DW along OZ-axis are 0.1 - 0.5 cm.
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c) d)

Fig.4 Transmission of the monopulse through DW with p-i-n-structure. The doping levels are Ng = N, = 10 cm™.
Solid line is the initial pulse, dash line in the transmitted pulse at the distance L, = 0.2 cm from p-i-n-structure,
dot line is one at L, = 0.3 cm, dash-dot line is the pulse at L, = 0.4 cm. Part a) is without injection, part b) is at
jo = 100 A/cm?, part c) is at jo = 200 A/cm?, part d) is at jo = 500 Alcm?,

One can see that there is a possibility to transfer the pulses of picosecond durations through the
DWs without essential distortion up till the distances of 0.3 cm and to modulate them. The
waveguide dispersion leads to distortion of monopulses at longer distances.

6. Conclusion

The simulation of the modulation properties of integrated silicon p-i-n-structures in the
dielectric waveguides of THz range has demonstrated a possibility to use these structures up to
the frequencies ~ 8 THz.

The deep p**-i and n™*-i injecting junctions with high doping demonstrate a good injection
and are useful for the obtaining of higher concentrations of injected carriers within the i-region.
The propagation and the modulation of vertically polarized fundamental LP”;; electromagnetic
mode of the dielectric waveguides has been considered. Because the value of the horizontal
electric field component E, of the fundamental mode is small, this mode passes through the
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structure without reflection in the regime without injection. The silicon integrated p-i-n-structures
with deep p**, n*" regions can be used as effective modulators in THz range. There is no
necessity to use any matching layers in the dielectric waveguides, and the operation frequency
range can be wide. Dielectric waveguides also can be used for the transmission and the
modulation of electromagnetic monopulses of picosecond durations.
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