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Toward a Simulation of an Optically Controlled
Microwave Microstrip Line at 10 GHz

Jean-Daniel Arnould, Anne Vilcot, and Gérard Meunier

Abstract—This paper deals with a microwave microstrip line hy
thatis terminated by a laser illumination, which alters the behavior
of this microwave device. The first result is the numerical simula-
tion of the microstrip line ended by a photoinduced load with the
finite element method (FEM) and with hexahedral edge elements.
The main difficulties of this kind of simulation remains in the fact
that we deal with an open structure and that the photoinduced load
is complex and inhomogeneous.

Index Terms—Anisotropic and inhomogeneous complex
medium, finite element method, optical control, photoinduced
load. P.

I. INTRODUCTION P

ECENTLY, there has been an increasing interest in appl
cations of lightwave technology for control, generation 4, um
and measurement of microwaves [1]. Stripline configuration

are especially important for the integration of electro-optic an Ground plane
microwave components [2]-[4]. This technique offers attractiv
advantages such as high isolation between the controlling ¢, 15 mm

tical beam and the controlled microwave signal, fast respon
and high-power handling capability.

The optically controlled microwave device is made of high- 0
resistivity silicon ¢,. = 11.7, p & 5000 €2 - cm). We illuminate
the end of the microstrip line with a laser diode whose maximum g

power is about 100 mW and whose wavelength is 850 nm. Wes ~10 |

Eleg'. 1. Physical characteristics of the microstrip line(50

observe the variation of the reflection r&tg, | or the transmis- §
sion rate|.So; | at high frequencies according to the intensity of -z -15 4
the laser. E
. . . . & _—20 | Power of the laser beam

There are two ways to make numerical simulations of this E 0 mW
structure; the first one is to simulate the illumination with an 225 ] 30mW e
inhomogeneous zone under the microstrip line, and the secon igomww """"
one is to program the diffusion equations in the semiconductor. -3¢ -
The purpose of this paper is then to describe how to simulate 61 2 3 4 5 6 7 8 % 10 1
with the FEM this kind of structure with the first method after Frequency [GHz]
a brief explanation of the experimentation and of the physmlglllg 2. Transmission rat..| of the microstrip fine.

phenomenon.

study the effect of the optical power on the transmission rate
Il. OPTICALLY CONTROLLED MICROSTRIPLINE |S21 | between 500 MHz and 10 GHz, as shown in Fig. 2, where
For the experiment, we use a microstrip line with a stub di¥211> = |FPout/Pinl- o _ _
silicon substrate whose geometrical characteristics are showNVe can say that the stub is like a resonant line terminated by
in Fig. 1. We apply an optical signal at the end of the stub. Weload whose complex impedance varies with the optical power;
the silicon conductivity is locally modified by the laser beam
_ _ _ [5]. When the laser illuminates the silicon at the end of the line,
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I1l. EXPLANATION OF THE PHYSICAL PHENOMENON TABLE |
. . . . . . INITIAL VALUES
This section consists of a brief explanation of the physical

phenomenon and a presentation of the interaction between mi- oo eI 5810 T 26107
crowave and optical signals. no,py_[em=9)
Three basic equations govern the semiconductor device, the Z°";11[tc{nz —-— 1350 480
Poisson’s equation (1), the transport equations (2), and the con- Diffusion constant | 349 124
duction and diffusion current equations (3). i:nDziE:ﬁs_ll S
In our case, the Poisson equation can be expressed by a0, 70 [PS] ’ )
e(An — Ap
V-E= —% (1) statistic are checked [6]. We can solve with (2) and (3) the am-
v bipolar diffusion equation in thg way:
wherekE is the electric fieldg, = epe,..(x, v, 2, £) is the per- 92 An I(E An) 9An
mittivity of the plasma, and\n = n —ng andAp = p — po are D, 92 + U o —To=—F— (5)
. . 1y dy ot
the excess density of carriers.
The transport equations can be expressed by with
+n)D,D -n An
on 1 gy g DaI_(pD ) 5 o = L= tintty - A
It ¢ n T 9n n ) pDy +nly, Php + npin T
ap and

1
T Vdp +gp —7p o =90 eXp—(y/yo)
wherei = n, p design the density of carriers (respectively, eleavhereyy is the penetration depth, is the generation rate at the
trons or holes),J; is the current density of carrierg; is the surface, and is the lifetime.
generation rate of carriers, amglis the recombination rate of Neglecting the term il and under constant illumination, we
carriers. can resolve this equation in steady state as

Finally, the sum of the conduction curreky; and the diffu-

_ —(4/La v/La ()
sion currentl4; equations is for each carriee= n, p: An = Aexp™ ) +Bexpt/te) +Cexp=@/m) (6)

where A, B, and C are constants to be determined by the
boundary conditions (surface recombination speed [7]), and

{Jn =Jen +Jan = nep,E +eD,Vn
L, = v/ Dg7 is the ambipolar diffusion length.

Jp=Jep +Jap = pep,E—eD,Vp (3)

whereD); is the diffusion constant of carriers, apglis the mo-
bility of carriers.

When a semiconductor is submitted at a high frequency wave Because of the uncertainty on the value of certain parameters,
we cannot neglect the drift current densly,;s = jweE com- We set them to their usual values and we observe the effect of

B. Parameters Used in the Simulation

pared with the conduction current denslty = J.., + Jop = their modification of the other parameters. We can show the
oE and the diffusion current densifiy = Jan,+J4p. The total  initial values of the parameters on Table .
current density proportional tB is thenJ, = Jo + Japise = We can distinguish two zones in the semiconductor.
Jeoepr E and with the plasma theory [2], we have At the surface of the semiconductor, we have the strong in-
jection mode An = Ap > pg, no).
B wgﬁ wg T 4 Then,r = 27,0 = 27,0, pte = 0, andD, = 2D, D, /(D) +
v e Yo Tree @ oDy,

In the depth of the semiconductor near the ground plane, we
wheree, = 11.7 is the initial permittivity, is the mean time haye the low injection modeXn < pp), and the conductive
between two collisions,, is the plasma frequency, ands the - cyrrent is due to electron move (which is the lower carrier).
microwave frequency. Then,” = 7o, i = fin, andD, = D,,.

We have to make some assumptions to solve those comyye study the strong injection mode. The ternis dominant
plex equations because we have three unknown vecti{ge) fory e [0; 350 pm:

(E(z, y, 2, t), Jalz, v, 2, t), Jp(z, ¥, 2, t)) and two un-
known scalarsi(x, v, z, t), p(x, v, z, t)). n(y) —no = ply) — po = n, exp” ¥/ Fa) (7)

wheren, = p, = 4 10> cm3 is the carrier concentration at

. ] ] the surface of the semiconductor (dependingion, = 12.8
The problem consists of calculating the photo-induced loggh.cm—2 and \pum = 850 nm) [6].

placed at the end of the transmission line through the relativegqyation (4) can be simplified in the way of the electric po-
plasma permittivityc,,., which is a function of the carrier con-|ayization and forf = w/2r < 12 GHz:
centrations. We assume that the carriers are photogenerated in

pairs and that the ambipolar diffusion model (which is equiv- _ py)e® | nly)e
alent to the electric neutrality) and the Shockley—Read—Hall prly) = e = < com; w o U) '

A. Assumptions

®)
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Fig. 4. Electric field propagation at the plape= 200 pm.

Ground plane The electric current density sourde is calculated in two
-y dimensions to impose the correct mode in the structure with the
classic formulatiorv - (eVV') = 0[9].
To calculate the S parameter, which is the ratio between

the reflected or the transmitted power, we have two different
For a mean time- = 27,0, we can evaluate the ambipolarmethods,when the access are matched.

diffusion lengthL, = 285 xm. We can see, with these param- The difficulty is to separate the incident wave from the re-
eters, the resulting cross section of excess carrier on Fig. 3. flected wave or the transmitted wave since we obtain the sum of
them.
IV. NUMERICAL SIMULATION The first solution is to use the method of the perfectly matched

We begin the simulation of this structure with a microstrif?ye" (PML), which can be considered to be a matched load
line without illumination. The physical dimensions are the santg0]- Inthis way, there is no reflected wave. Equation (11) shows
as shown in Fig. 1. For this, we use the FEM with hexahthat the PML is like a special material with complex anisotropic
dral edge elements and electric walls far enough from the pREMIttvity ¢ and permeability.*.
crostrip in order not to disturb the electromagnetic field. The

Fig. 3. Concentration cross section of the excess carrier.

weak problem can be written with the classic electric formula- g,(,l)apml 0 0
tion [8] as € —¢, 0 £ Gpral 0
(FindE € H(curl) = {A € L%(Q); Vx A € L%(Q)} 0 0 e Japm
/Q pr (VX E)(V x W) dQ — k2 /Q e EW dQ O a%ml afml 8 a
= jwpg / Je. W dS 0 0 1/apm
YW e H(cu:)e wherea,, = /¢4 is an arbitrary complex constant that

(9) fixesthe strength of the attenuation in the PML medi&hzom-
whereW is a test functionk is the electric fieldk, is the pared with the mediund), which is here either air or silicon

wave numberJe is the electric current density soureg,. = [11]. _
ep(7, ) is the relative plasma permittivity given by (8), and We can notice that PML has been used at the end of the stub
L2(Q2) = {(A): @ — C3; fﬂ |A|2dQ < oo}. to simulate a infinite line; the wave is absorbed at the end of the

The edge elements are well suitable to simulate high-frétructure with a matched load, as shown in Fig. 4.
quency problems because the continuity of the electric field Two PML areas are necessary: the first one to attenuate the
between the dielectrics is intrinsic, and the parasite modesvve propagation at the end of the air area and the second one
higher order are eliminated [8]. First-order complete hexaht§-attenuate the wave propagation in the silicon area.
dral elements are used to conform to the global geometry of theThe second method uses a linear combination of elementary
simulated structure. solutions from (9). This method requires a number of resolutions

In three dimensions, we must consider the radius positiorequal with the number of accesses [12].
of carriers
An(r, ) = An(y) exp—"/R) (10) V. NUMERICAL RESULTS

Without illumination at the end of the stub, the value of the

whereAn(y) is given by (7),Ro = 20 upm, which is the radius silicon relative permittivity is simple and homogeneous in three
of the spot laser at the surface of the silicon. dimensionst,. = 11.7 — 7(4.504 108/ f) according to (8).
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Fig. 5. Reflection phasg.: of the microstrip line with the stub.
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open microstrip line terminated with an inhomogeneous com-
plex medium given by (10), as shown in Fig. 6.

Without illumination, the reflection rate iS;; = 0 dB, and
with an illumination corresponding to the parameters given by
(8) and by (10), the reflection rate #5; = —2 dB, which is a
good value according to the experiment.

VI. CONCLUSION

We have presented in this paper the complex open problem of
the simulation of a microwave microstrip line that is enlightened
with a laser beam. The tools are developed to simulate the open
structure at high frequencies (about 10 GHz) with electric and
magnetic walls and inhomogeneous complex load. The simula-
tions with hexahedral edge elements are encouraging, with the
microstrip line and the PML. We have to do many more simu-
lations with different frequencies and optical power to compare
with measurements that will refine the model of the complex

photoinduced load.

hv
Microstrip line
|
10 mm

£ An(r,y)
= [2
: —

R,=20 pm (3]

E—

Ground plane

[4]

-y
(5]

Fig. 6. Physical parameters with illumination.

To test the validity of the formulation (9), we begin to simu- (6]
late the microstrip line with the stub, as shown in Fig. 5 without [7]
illumination. ]

First-order complete hexahedral elements are used to con-
form to the global geometry of the simulated structure.

We have checked that electric walls used to limit the domain[g]
of simulation according tg = 2 mm,z = 2 mm, andx = —4
mm have no influence on the calculation of the electromagnetic
field near the microstrip line. [10]

After 15 GHz, the meshing of the open structure could not b, ;
fine enough and explains the difference between our simulation
and theory. 2]

To test if the developed tool is able to take the photocon-
ductivity losses into consideration, we simulate at 10 GHz an
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