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Microwave Propagation in
p-i-n Transmission Lines

Z. Zhu and A. Vander VorstFellow, IEEE

Abstract—n this paper the layered structure of p-i-n photode- Il. REPRESENTATION OFELECTROMAGNETIC
tectors is modeled for the first time as a transmission line. The FIELDS IN p-i-n WAVEGUIDE
method of lines, as a two-dimensional (2-D) full-wave approach, is . . . L L
used to calculate the propagation constant. The numerical results ~ The cross-sectional view of the p-i-n transmission line is
agree well with measurements made on experimental devicesshown in Fig. 1. For the ridge structure where the permittivity
over a frequency range of 1-30 GHz. An important new result has an abrupt transition in thedimension, the longitudinal-
is that the analysis of the current distribution in the bottom section electric (LSE) modH, and longitudinal-section mag-

shielding layer shows that the finite conductivity of the high- . . o
doped semiconductor material in the layer results in a significant netic (LSM) modell, are convenient for describing the

edge effect. This effect is properly taken into account in our 2-D €lectromagnetic field in the waveguide [8]. They propagate

model. along the z-direction with only one component in the-
Index Terms—Photodetectors, p-i-n, planar transmission lines. direction, as expressed by

Il = ¢ec"*k; a, (1a)

I. INTRODUCTION 0, = ¢pe "k 2a, (1b)

-I-N photodetectors are primary devices for optical carrigjheref, = ( VlioEas a; is the unit vector in the: direction

~Mmicrowave communications systems. Microwave propanq - the propagation constant. The fields result from these
gation in the p-i-n-layered structure must be evaluated fg{yqes according to

modeling p-i-n photodetectors operating at high frequencies
[1]. Propagation constants of semiconductor-layered structures E = 1 V x V x L. — jk,V x I, (2a)
have been obtained by many authors [2]-[4] by using the trans- €
verse resonance method. This one-dimen;ional (1-D) method, H = jk, \/§V x 11, + \/§V XV x I, (2b)
however, fails to yield the correct propagation constant for the Ho Ho
p-i-n transmission line even when the width of the transmissi -
line is much larger than its layer thickness. This is why wqéhe scalar potentialg;, and ¢.
used the method of lines, a two-dimensional (2-D) full-wave
solution, to calculate the microwave propagation parameters 3o | Pon
in the p-i-n-layered structure. Furthermore, a set of p-i-n Ox? Oy?
transmission lines was especially designed and measured to g 1 9. 9%
validate our simulation from 1 to 30 GHz. According to oufr(%) 7 |:51‘(-T) or } 32
analysis, the current in the bottom shielding layer distributes ] N
itself far beyond the strip range, due to the finite conductivij) Order to determine the boundary conditions for and
of the high-doped semiconductor material. This significaffe: (2) shows thatE, is proportional to¢. while E, .
edge current is neglected by the 1-D approximation, whi@f€ determined by botk, and d¢./d,. Similarly, H.. is
hence is no longer suitable for the p-i-n transmission line. TH¥OPortional taj;, while H,, . depend on botk. andd¢. /dx.
is important, since many microwave photonic devices, such gg@nséquently, the lateral boundary conditions shoulg/pe-
photodetectors and laser diodes, have a bottom shielding Iage?”d I¢e/9z = 0 for metallic walls and¢. = 0 and
made of high-doped semiconductor material. ¢n/0z = 0 for magnetic walls. The symmetry of the p-i-n
Previously, we applied the general variational method [5] §jructure requires thak, of the dominant mode be zero in
calculate the propagation parameters in the p-i-n transmissiBf middle of the strip, which corresponds to a magnetic
line. The results agree well with the measured ones [6]. In tH&ll locating at the middle of the strip. For mathematical
letter, we use the method of lines developed by Preglal. convenience, an electric wall far away (5@@n) from the

[7], which is more efficient and accurate for the ridge structuflP 1S assumed. Therefore. satisfies Neumann condition
of the p-i-n transmission lines. and Dirichlet condition on the left and right side (N-D),

respectively, whilep;, obeys D—N boundary conditions.
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by the program Poles of Interuniversitary Attraction, Belgium State, Federdj, are discretized by a two-line system so that they satisfy

must fulfill the Helmholtz
quation and the Sturm—Liouville equation, respectively [8],

+ [57‘($)k2 + 72](7)h =0 (33)

o + e (2)k2 ++7]¢. = 0. (3b)
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Fig. 1. P-I-N transmission lines: (a) layer structure and (b) discretization in 1}
half cross-sectional top view.
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The field matching in they-dimension is made to obtain an
eigenvalue equations set from which the propagation constgla'g

. o . ) 2. Comparison of results from 1-D model, 2-D model, and measure-
and field distribution are obtained.

ments.

Ill. DESIGN OF p-i-n TRANSMISSION LINE

.. . ie measurements. The current distribution in the bottom
The layers are grown from a semi-insulation InP substr

; . i ﬁielding layer is represented in Fig. 3, where it can be seen
by organometallic vapor phase epitaxy (OMVPE) technlquﬁ1at the current distributes itself (solid curve) far beyond the

which ensures.agood crystgl quality and an acgurate thickn%ﬁath of the strip. When the bottom shielding layer+(n
control.t_T hetxwd];hl olitlhe str_lp:js 275”_‘t- 'I('jhe bt%nd:)ng}[tpadsr:prlmp layer) is replaced by a gold layer, the current (dotted
connecting the N I 1ayer 1S deposited on the bottom Shie %oint) concentrates near the metal strip. As a consequence, the

layer. The thin buffer layerp InGaAs is for lattice matching edge effect of the p-i-n transmission line cannot be neglected

(this is neglected in the simulations). The doping level of tl‘\?nless the bottom shielding layer is made of perfect conductor.

N InP and g InP layers is as high as possible so that thﬁgis is why the 2-D approach is necessary. We have also

transmission lines ha\{e a low a}ttenuatlon; the dpplng level 8 veloped a rapid complex root locating technique to solve
the m InGaAs absorbing layer is as low as possible to have

. ; A > 0 Naveg, eigenvalue equations. Calculating the propagation constant
_small dgple_ztlo_n voltage and aun_|form glectncﬁeld d|fs_tr_|but|o t one frequency needs about 1 min for 2-D simulation and
in the intrinsic layer. In the simulation, the mobilities o

. . t half nd for 1-D simulation. The memor
nt InP and g InP materials are assigned to be 4200 al ?i)ou alf a second fo simulatio © memory space

150 cn?/V-s, respectively. Two p-i-n transmission lines witqhguir_%j ;?;]Slgi;mmauon Is about 50 times larger than for
different lengths are designed for the line—line (LL) calibration ’

and the measurements [9]. They are identical except for a V. CONCLUSIONS

uniform sectionAL, which is chosen so that the phase delay 1o 5. full-wave solution with the method of lines was
introduced by this section is between 20-16@er the whole
frequency range. This is to ensure accurate measurementsz

. . L .. the measured results while the 2-D results agree well with
The designed p-i-n transmission lines are shown in Fig.

erformed to obtain the propagation constant of p-i-n transmis-
ion lines. The simulated results agree well with the measured
ones in a frequency range 1-30 GHz. It is shown that the 1-D
approach is not valid for the p-i-n transmission line, because

Fig. 2 presents the simulated and measured results. The 1hB current spreads over an area much larger than the width
results are obtained with the transverse resonance methafdthe strip. This is an important new result. The effect is due
Both the phase delay and attenuation significantly differ froto the finite conductivity of the bottom shielding layer.

IV. EXPERIMENTAL VALIDATION
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r T T INTEC group (University of Ghent, Belgium), which man-
1.2} f=15GHz : ufactured the integrated circuit.
** Au layer
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