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ABSTRACT

This paper present a rigorous field theory analysis of
the distributed microwave effects in high speed semicon-
ductor lasers by using a combination of a self-consistent
complex finite difference method with the frequency-
domain TLM method (FDTLM). The semiconductor laser
is treated as a 10SSYmultilayer slow-wave rnicrostrip trans-
mission line. The conductivity profile in the active layer is
obtained by a self-consistent solution of the nonlinear
semiconductor device equations. The attenuation factor,
phase velocity and characteristics impedance of the semi-
conductor laser is presented for the unbiased and forward-
biased case and compaml with experimental results. On
the basis of this analysis we present the interconnection
effects between passive microwave transmission lines and
laser diodes using airbridge or flip-chip transitions.

INTRODUCTION

High-capacity fiber optic links require semiconductor
laser chips that can be modulated over a wide frequency
range. Up to now 300pm long laser structures have been
reported that operate at frequencies above 25GHz[ 1].
However, modulation frequencies far beyond 30GHz are
required to accommodate 40Gbh/s transmission rates. The
problem at such high modulation frequencies is that the
wavelengths becomes compatible with the laser dimen-
sions and may cause microwave dkm-ibuted effects which
can not be neglected. This was found experimentally in a
recent paper by Tauber et.al. [1]. The authors reported that
the laser diode investigated exhibhed a slow-wave effect,
was very lossy and dkpersive. Unfortunately, the equiva-
lent network model described in [1] to analyze the micro-
wave effect in semiconductor lasers is only of limited
value. A more accurate characterization of the distributed
microwave effects in laser diodes is very important for
integration and interconnection with passive microwave
feed networks. Therefore, in this paper we present a field-
theoretical analysis of a class of separate confinement het-

erostructure (SCH) semiconductor laser diodes and their
distributed microwave effects. The results are compared
with experimental data from [1]. Furthermore, we investi-
gate the electrical performance of the airbridge and the
flip-chip interconnect between a passive microwave trans-
mission line and the laser structure (Fig. 1). ‘lMs is the first
time that such an analysis is reported.

Mlcrostrip Line

Fig.1 (a) The airbridge and (b) fllp-chip assembly approach Connection
between semiconductor laser chip and microwave transmission
line.

THEORY

Fig. 2 shows the semiconductor laser configuration
with a oe.pamte confinement heterostructure (SCH). An
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optical slab waveguide is formed by the active region
sandwiched between two cladding layers. From a micro-
wave perspective this SCH laser diode represents a 10SSY
and dispersive slow-wave transmission line, because of
the high doping in the p- and n- cladding layers and the
high injected electron-hole pair density in the active
region. When biased, the injection current spreads from
the contact and the p-cladding into the active layer. The
resulting potential distribution in the passive cladding
layer is described by Laplace’s equation [2]:

V2V= o (1)

From the potential distribution, the current density
injected into the active region can be determined. This
injected current acts as the source of the carrier distribu-
tion in the active region in which the continuity of the
quasi-Fermi potential and charge neutrality may be
assumed. Along the device lateral direction the injected
carrier density in the active region is described by the car-
rier rate equation, which may be written as follows [3]:

DeffV2 n - Bn2 – ~gSOY + ~ = O (2)

where we assume dn/i3t = O (steady-state condition).
De. is the effective diffusion constant, n the local carrier
density, B the carrier recombination constant, c the speed
of light in free space, no the background refractive index
of the active region. g the gain profile across the active
region, q the electronic charge, tthe active layer thickness,
J the local injected current density, SOthe average photon
density in the optical cavity, and V the normalized optical
intensity. Equation (2) assumes that the active layer thick-
ness t is small compared to the carrier diffusion length.
This means that no recombination occurs outside the
active region. Equation (l)-(2) can be solved self-consis-
tently by using the complex finite difference method
(CFDM) [2,3].

After the electron-hole pair concentration n is
obtained the conductivity in the active region is readily
found [4]:

a= = q(pfi+pP)n (3)

where Un and pp are the mobility of electrons and holes,

respectively.

The conductivity profile given in (3) is then used to
represent the active layer as a lateral inhomogeneous sub-
strate layer when we analyze the laser diode as a micro-
wave structure employing the frequency-domain TLM
(FDTLM) method. The FDTLM method is a rigorous full
wave technique which can be used for 2D and 3D disconti-

nuity problems. A detailed description of the FDTLM
method has been given in [5] and will not be repeated for
brevity.

Fig.2 (a) Typical high speed semiconductor laser diode with separate
confinement heterostructure (SCH). (b) A three layers Iossy
microstrip transmission line model for semiconductor lasers.

NUMERICAL RESULTS

The transition of the semiconductor laser to either a
microstrip or coplanar transmission line, as shown in Fig.
1, presents a truly three dimensional circuit discontinuity.
The modulation signal and the DC biasing current are fed
into the laser chip by either an airbridge or a flip-chip
interconnect. Besides its wideband performance, the flip-
chip transition is of significant interest, because it may
also alleviate the mechanical alignment problems in focus-
sing the laser beam into a single mode fiber. In view of the
electrical performance, however, the low input impedance
of the laser diode may be difficult to match, because the
line dimensions may be impossible to realize in either
CPW or microstrip and thus abrupt discontinuities
between both transmission lines may lead to significant
reflections. Before we investigate this problem in more
detail we will first present results for the laser diode as an
active transmission lines.

1. Pro~a~ation Parameters and Characteristics Imuedance

Because the current flows through several layers of
substrate with different properties, it is certainly highly
dispersive, very lossy and must exhibit a slow-wave
behaviour. The attenuation and phase velocity for the laser
structure considered here is obtained from the FDTLM
analysis. Results for the microwave attenuation of the
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structure are shown in Fig.3(a). In comparison to the mea-
sured results for the unbiased and forward biased case, the
difference to the theoretical results are relatively small.
The same can be said about the phase velocity in Fig.3(b).
The curves for the biased and unbiased case are very close,
which also confirmed by the measurements. Also the ten-
dency over the frequency is the same. Comparing both fig-
ures it is evident that the attenuation is much more affected
by the bias current than the propagation constant. A possi-
ble explanation for this is that at forward bias, the conduc-
tivity in the undoped active layer increases significantly
due to the high electron-hole pair injection, which is
approximately 2- 3X1018cm-3. This will result in a signif-
icant increase in the attenuation. However, its effect on the
phase constant must be small because this highly conduc-
tive layer is very thin compared to the cladding layers.
With respect to the results of Fig.3, it should be noted that
we do not know the exact cross-section of the structure
measured in[ 1], Our theoretical model (Fig.2a) may be too
simple. However, we believe that although the absolute
value for the attenuation and phase constant may change
depending on the layers and their characteristics, the gen-
eral tendency of the results will remain the same. The
algorithm developed here can take into account more com-
plex structures then the one shown in Fig.2a.

Measurement results for the characteristic impedance
are not available. The theoretical results are, however,
according to our expectations and shown in Fig.4 for the
real and imaginary part. The increase in the characteristic
impedance values with frequency is probably due to the
skin effect in the various layers of the structure. The influ-
ence of the bias current on the characteristic impedance is
not significant. The real part seems to be more affected
because in forward bias more carriers are injected into the
active layer which increases its conductivity. This equiva-
lently short-circuits the lower n-doped layer in the sub-
strate, reducing the real part of the characteristic
impedance.

~
~

Interconnecting the laser chip with a microstrip trans-
mission line by an airbridge is simulated in Fig.5. The
operating frequency is assumed to be 25GHz and the laser
chip emits light at 980nm. For a constant airbridge length
and varying strip length of the laser we first see a rela-
tively high return loss. On one hand this due to the air-
bridge length, which is quite inductive at that lkquency.
On the other hand we have assumed a 50Q microstrip
transmission line which represents quite a mismatch to the
low-impedance laser chip. By varying the laser length the
return loss can be influenced somewhat, but not very

much. The main reason for this is that the impedance mis-
match and inductive effect of the airbridge is so strong that
what ever standing wave effect can build up on the lossy
laser electrode is buried in the return loss.

A more visible effect can be observed when we
increase the gap between the laser chip and the mother-
board, which in turn increases the length of the airbridge.
This is shown in Fig.5(b). There appears to be an optimum
gap of 5pm between both transmission lines, or a total
length of the airbridge of 14pm.

The performance of the S1l of the airbridge and the
flip-chip interconnection assembly over the frequency
range of O to 40 GHz is presented in Fig.6. The flip-chip
result presents the interconnection between the laser diode
and a CPW transmission line. From Fig.6 it is evident that
the flip-chip interconnection assembly is more suitable for
high frequencies applications.

CONCLUSIONS

We have presented a rigorous field theory analysis of
the distributed microwave effects in high speed semicon-
ductor lasers by using a unique combination of a self-con-
sistent complex finite difference method with the
frequency-domain TLM method (FDTLM). The semicon-
ductor lasers is treated as a highly lossy and slow-wave
microstrip transmission line with multilayer inhomoge-
neous substrate. The conductivity profile in the laser active
layer is obtained from a self-consistent solution to the nonl-
inear semiconductor device equations and then used as
the input parameter in the FDTLM analysis. The attenua-
tion factor, phase velocity and characteristics impedance
of the semiconductor lasers are calculated and compared
with measured data. It is found that the calculated results
confirm our theoretical prediction. The effects of the
length of the laser cavity and the airbridge to interconnect
the laser chip with a microwave motherboard has been,
investigated. It was found that at 25GHz the impedancfi
mismatch between motherboard and laser chip as well as
the inductive effect of the airbridge introduces prohibi-
tively large reflections. The flip-chip interconnection alle-
viates this problem to some extend,

[1]

[2]

[3]

REFERENCES

D. Tauber, R. Spickermamr, R. Nagrrrajarr,T.EReynolds, A.I,.
Holmes, Jr. and J.E. Bowers: ‘Distributed microwave effects in
high speed semiconductor lasers’, 1994 IEEE Int. Microwaw:
Symp. Dig., pp. 49-51, 1994.

T. Kmnar, R.F. Ormondroyd and T.E. Ro.zzi: ‘A self-consistent
model of the lateraf behavior of a twin-stripe injection laser’ lEEE
J. Quantum Electron., vol. 22, (10), pp. 1975-1985, 1986.
S.M. Lee, S.L. Chrrsng, R.P.Brysn, C.A. Zmudzinski rmdJ.J. Cole-
man: ‘A self-consistent model of a nonphrmu quantum-well pen-

863



[4]

[5]

odlc laser array’, IEEE J. Quantum Electron., vol. 27, (7), pp. 1886-
1899, 1991.

S.M. Sze, Physics of SemiconductorDevices, Second Edition, John
Wiley & Sons, 1981.

H. Jin and R. Vahldieck, ‘The frequency-domain transmission line
matrix method -- A new concept’, IEEE Trans. Microwave Theory
Tech., vol. MTT-40, Dec., 1992, pp. 2207-2218.

12GU ~,. .
-.-. -’

10CQ-
...-’-’...-,/..-

...-
...-

.,,-
g ‘w ...’.,’
s
g Wm

,/.’
,,.’

s ,/’
z ./

4!N -’

.,.’
— & x: Unbiased lasers

,/‘O
2c0,’ –- & o: Forward biased Lasers

t’
00 10 20 30 40

I
70 80 so lCO

Wque;c; (Gl+$

(a)

0.18

O,le1 — & x: Unbiased lasers
-- & o: Forward biased lasers I

io~
10 20 30 40

freque%y (QH$
70 80 90 100

(b)

Fig.3 (a) Microwave attenuation per unit length vs. frequency. (b) Phase
velocity, normalized to speed of light in frm space, vs. frequency.
The lines represent numerical results using FDTLM and the points
represent measured values basec on measurements from [1].

Fig.6 The S-parameters of the (a) airbridge and (b) flip-chip intercon-
nect assembly as a function of the frequency.

15

10 -

g

z

5 -

/ -- : Fotward biased lasers,,,

I I
00 30 20 30 40 70 80 90 100

fr.qu.n5: (QH$

12

,0

8 -

~

,,.

4 -
,/

/

--- : Fonvard biased lasers

,~
0 >0 20 30 40 70 80 90 100

frequen5$ (GHzT

(a)

Fig.4 (a) Real part of the characteristics impedance of the laser diode vs.
frequency. (b) Imaginary part of the chmacteristics impedance vs.
frequency. The lines represent the numerical resu!ts using the
FDTLM analysis.
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Fig.5The S-parameters of the airbridge interconnect assembly
(d1=d2=3~m,h,=2Wm,h,=100~rn, EF12.9). (a) S1l as a function
of the length LCof the laser chip. (b) S1~as a function of the gap d
between the mother board and the laser chip (LC=200pm).


