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Correction Technique for On-Chip Modulation
Response Measurements of Optoelectronic Devices

Peter Debie and Luc Martens, Member, IEEE

Abstract—A new and accurate error correction technique for
on-chip intensity modulation response measurements of high-
frequency optoelectronic devices is presented. Mathematical ex-
pressions for the different sources of errors that exist in the
measurement system are derived. The new correction technique
applied to the modulation response measurement of a strained
quantum well laser diode shows excellent agreement with the
theoretically expected result. Simulation results for a small-signal
circuit model of the laser diode show excellent agreement with
the measured input reflection coefficient (.S;; and the modulation
response S2;. With the corrected modulation response measure-
ment, more accurate parameters for this model are extracted.

I. INTRODUCTION

OR the design and development of high-speed/high-

frequency optoelectronic systems, efficient and accurate
models of optoelectronic devices such as laser diodes,
photodiodes, and light-emitting diodes are required. These
models have to be implemented in conventional electrical
microwave circuit simulators like SPICE, Microwave Design
System (MDS), or Touchstone, so the electrical and optical
behavior of the optoelectronic device can be analyzed in
the same environment. If we are also able to implement
models for optical components, like for instance, optical fibers,
optical modulators, optical amplifiers, and attenuators, we can
even analyze complete lightwave/microwave systems with
this conventional electrical microwave simulator [1]. Several
types of models for optoelectronic devices have already been
described [2]-{10]. Up to now it has been neglected that
the accuracy of these models is dependent on the accuracy
of the measured device characteristics and the extracted
model parameters, although this is common knowledge for
the modeling of electronic devices [11], [12].

A first step in the development of the models is the measure-
ment of the characteristics of the optoelectronic device, such as
PI (light-current) characteristics, VI (voltage-current) charac-
teristics, high-frequency reflection coefficient, high-frequency
intensity modulation characteristic, and high-speed step re-
sponse. It is obvious that the accuracy of optoelectronic device
circuit models strongly depends upon the accuracy of these
measured characteristics. It is therefore desirable to perform
the device measurements with as little parasitic influences
as possible, so measurements that can be performed directly
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on the unpackaged device (on-chip) have a great advantage
where the measurement accuracy is considered. A second,
and equally important step, is the development of extraction
algorithms to determine the necessary model parameters with
sufficient accuracy out of this device characterization. Again,
the imperfection of these algorithms impose an error on the
extracted model parameters.

In this paper we present an accurate error correction
technique for the on-chip modulation response measurement
of high-frequency optoelectronic devices. This method takes
more errors into account in order to improve the accuracy
of previously reported methods [13]-[15]. We will start
with a theoretical discussion of the different errors that
exist in the measurement setup, and we derive mathematical
expressions for them. We also present experimental results
for a strained quantum well laser diode, although the same
concept is also valid for other optoelectronic devices. These
results show better correspondence between the measured
modulation response and the theoretically expected result.
Out of the corrected modulation response measurement and
the measured input reflection coefficient (S11), we extract
parameters for a small-signal circuit model of the laser. These
parameters are compared with the parameters extracted from
the modulation response measurement corrected with the
conventional response calibration.

II. MEASUREMENT SETUP

The measurement system that we use is depicted in Fig. 1
for the case of a laser diode as device under test. It consists
of a conventional vector network analyzer (HP8510C) that
is extended with a lightwave test set (HP83420A) [15]. This
means that this analyzer system has two electrical and two
optical ports, so it allows us to characterize electrical devices
as well as optical and optoelectronic two-port devices. In
the lightwave test set, a calibrated laser diode and photodi-
ode are used for the electrical-optical and optical-electrical
conversions. To measure the modulation response of a laser
diode, respectively photodiode, the measured response of the
combined laser diode/photodiode system is divided by the
response data of the calibrated photodetector, respectively
calibrated laser diode. In this way, the magnitude and the
phase can be measured, so the system in Fig. 1 has vector
network analyzer capabilities for electrical, as well as for
optoelectronic and optical devices. Contact with the coplanar
electrical port of the optoelectronic device is established with
a ground-signal-ground (GSG) microwave wafer probe.
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Fig. 1. Schematic of the lightwave component analyzer system.

Due to the nature of the optoelectronic devices, the light-
wave test set supports only a simple response calibration. This
means that the microwave probe cannot be included in the
calibration because a thru connection between the coplanar tip
of the wafer probe and the coaxial output of the photodetector
cannot be realized. The response calibration provides only a
signal path frequency response error correction. This may be
adequate for measurements of well matched, low loss devices,
but this is normally not the case for optoelectronic devices. We
use, therefore, an error mode! that is based on a conventional
12-term error model [16], [17] for the correction of electrical
two-port measurements.

III. ERROR CORRECTION MODEL

The flow graph of the conventional response error model,
in the case of a laser diode as device under test, is presented
in Fig. 2. The reference planes after this response calibra-
tion are located before the coplanar probe and behind the
photodetector. Also, input and output errors are neglected
or simplified in this model. This means that the mismatch
between the microwave probe, network analyzer source, laser
diode, photodiode, and network analyzer receiver is neglected.
Optoelectronic devices, however, are usually not well matched,
so this can give significant measurement errors. Fpp, and
Fryr, are the correction coefficients for the signal path fre-
quency response error.

The flow graph of the new error correction model we
developed is presented in Fig. 3. This model provides di-
rectivity (Epr), isolation (Exr), source match (Fgp), load
match (Frr), and frequency response (Erpp and Egp) error
correction. The isolation term is usually very small and will
not be included further in this discussion. Due to the nature
of the devices, the Sgp coefficient of the combined laser
diode/photodiode system can be neglected. This means that
we do not take into account optical effects, like for instance,
the optical reflections on the calibrated photodetector and laser
diode under test. For the type of devices that we consider here,
these effects are extremely low, and therefore negligible. This
implies that the modulation response of the combined laser

diode/photodiode system (S517) is defined as the product of
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the individual responses of the laser diode and photodiode
Sé‘{l’ - Sgiser B Sgilotodiode. (1

The reference planes in Fig. 3 are located just before the laser
input and just after the photodiode. By comparing the two error
models of Figs. 2 and 3, it is easy to see that the conventional
response error correction does not take into account the
following five errors: attenuation of the microwave wafer
probe, mismatch of laser input and probe output, mismatch
of probe input and source output, mismatch of photodetector
output and receiver input, and the error on the transmission
coefficient of the response calibration. This means that the
laser modulation response measured with the conventional
response calibration (S57°°°"°°) has to be corrected in order

to obtain a more accurate modulation response measurement
( Slaser)
21

S%eiser -T. S;t:e[sponse. (2)
I' is a correction factor given by
U= % Yiyp  Vpts - Vphtra - Vo (3)

From the error model of Fig. 3, straightforward calculations
result in the following expressions for the different error
correction coefficients:

1
Yo = ——ngobe “)
for the probe attenuation
ey = 1= SE - iy ®

for the laser input and probe output mismatch

S{’erbe _ Sﬁser X det[sprobe]

Yp+s = 1 — Esp - [ gEore . gher ©)
for the probe input and the source output mismatch
diod
Vohtra = 1 = S50 Eyp ™

for the photodiode output and receiver input mismatch, and

1
" 1—Esp-Evr

for the transmission coefficient of the response calibration.
The error coefficients in (7) and (8) are second order
effects because the photodiode output, receiver input, and
source output are well matched. The contribution of these
two factors is much smaller than the other error correction
factors, and therefore, they are not further included in this
discussion. Measurement results also showed that these two
error coefficients were negligible compared to the other three
errors. In order to calculate the error coefficients (4)—(6), the
scattering parameters of the microwave probe (Sflr(’be, Sg;obe
and SPE°e . §P°P€)  the reflection coefficient of the laser
(8117), and the reflection coefficient of the network analyzer
source (FEgp) are needed. The reflection coefficient of the
source has been measured with a conventional coaxial full
one-port calibration. The input reflection of the laser has been

Yr ®
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Fig. 3. Flow graph of the presented error correction model.

measured with a full one-port on-wafer calibration at the probe
tip.

For the determination of the S-parameters of the microwave
probe, first a full one-port calibration was performed at the
coaxial input of the probe. Afterwards, three known impedance
standards (short, open, and load) have been measured on-wafer
using this coaxial full one-port calibration. With these three
calibration measurements, the probe parameters necessary for
(4)—(6) have been determined [13], [14].

IV. APPLICATION OF THE ERROR CORRECTION TECHNIQUE

Strained quantum well lasers are the latest generation of
semiconductor lasers. Especially strained InGaAs-AlGaAs
quantum well laser diodes are well suited for the pumping
of Erbium-doped fiber amplifiers because of their high output
power and short wavelength (900-1100 nm). High power
applications are, however, not the only field of interest for the
development of strained InGaAs-AlGaAs laser diodes. Due to
the low threshold current density of the InGaAs-AlGaAs
quantum well material and the relatively high intensity
modulation bandwidth, which already has been reported up to
a maximum of 28 GHz [18], this type of laser diode becomes
also well suited for applications like optical computing and
short optical interconnections [19], [20]. Although quantum
well lasers are based on a relatively new technology, it seems
likely that they will eventually replace most of the existing

faser + photodiode  output correction

faser types [10]. If we can develop models for this type of
devices for use in conventional microwave circuit simulators,
we can reduce the product cost and design time of such
optical communication systems.

Fig. 4 shows a detailed photograph of the laser diode under
test. It is a ridge waveguide InGaAs-AlGaAs strained quantum
well laser with an optical wavelength of 0.98 pm. Because
the p-contact of the laser is located on top of the device and
the n-contact at the bottom, the laser diode is mounted on
an alumina substrate. The p-contact is connected to a short
coplanar line with a bond wire, so we must use a GSG
microwave wafer probe to make electrical contact with the
device. The right hand side of Fig. 4 shows the monomode
fiber that is used to capture the laser light. The fiber is mounted
on a micropositioner, so it can be moved as close as possible
to the device. In this way, sufficient laser light can be captured
to measure the modulation response.

Fig. 5 shows the significance of the three dominant error
correction coefficients for the laser diode. It can be seen that
the probe attenuation is the most drastic error, but the other
two factors are not so small that they can be neglected. Fig. 5
also shows the total error correction coefficient I'. When these
errors are taken into account, the measurement uncertainty is
reduced with £3 dB. Fig. 6 shows the final result for the
modulation response of the laser diode with a bias current
of 100 mA. The graph shows the characteristic with and
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Fig. 4. Detailed photograph of the strained quantum well laser diode under
test.
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Fig. 5. Three significant error coefficients as a function of frequency for a
strained quantum well laser diode.

without the improved error correction method. It can be clearly
seen from this picture that the corrected curve shows better
overall correspondence with the theoretically expected result.
The measurement with the conventional response calibration
shows a typical input mismatch ripple, and the resonance peak
is not visible. This resonance peak can be distinguished in the
corrected measurement and also the ripple has disappeared.
Making accurate measurements is very important when
parameters have to be extracted for modeling the device under
test. For the laser diode, several models have already been
proposed [2]-[10]. A typical small-signal circuit model of the
laser diode, that can be used in all conventional microwave
circuit simulators, is shown in Fig. 7. In this model, ¢, and
v; are the small-signal components of the input current and
the junction voltage, respectively, and v, is proportional to
the small-signal light output intensity. The model includes
the electrical parasitics such as the bond-wire inductance
(L,) and resistance (R,), and a shunt capacitance (Cj) to
ground. The most dominant electrical parasitics associated
with the device itself are also included, such as the total series
resistance (R,), the shunt capacitance (C,) associated with
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Fig. 6. Modulation response with and without the presented error correc-
tion method for a strained quantum-well laser diode (Ipias = 100 mA,
A =1 pm).
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Fig. 7. Small-signal circuit model of a sirained quantum-well laser diode.

the different layers of the device, and the substrate resistance
(Rsub)- Charge storage in the active layer is modeled by
the capacitance Cy, and the small-signal photon storage is
modeled by the inductance L,. The relaxation oscillation is
a resonance between the capacitance Cy and the inductance
L,, representing an exchange of energy between carriers and
photons, respectively. Damping of this resonance is modeled
by the three resistances R, ;1, and Rgs.

The values of the parasitic circuit elements can be easily
obtained from microwave reflection coefficient measurements
[8], [21]. The parameters of the active region were initially
estimated using process parameters of the device, like the
optical gain, photon lifetime, volume of the active region,
etc. These parameters were adjusted to get an optimum match
between the modeled and measured modulation response and
between the modeled and measured reflection coefficient. The
result of this approach for the strained quantum well laser
diode with a bias current of 100 mA is shown in Fig. 8 for the
reflection coefficient and in Fig. 9 for the modulation response.
Table I lists the extracted model parameters for this device.
The model parameters extracted from two modulation response
measurements, one corrected with the presented technique and
one corrected with the conventional technique, are compared.
Some of the extracted parameter values change more than 50%
when the inaccurate measurement technique is used, proving
that accurate device characterization is necessary for extracting
accurate optoelectronic device model parameters.
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TABLE 1
EXTRACTED MODEL PARAMETERS FOR A STRAINED QUANTUM-WELL LASER DIODE

Values Extracted

Values Extracted

Parameter Symbols using the using the Deviation
and Units Presented Conventional [%]
Technique Techmque
Bond wire inductance Lp (mH) 0.868 0.868 0.0
Bond wire resistance Rp (©2) 0.832 1.011 215
Shunt capacitance Cp (fF) 60.41 6041 0.0
Laser diode series resistance  Rg () 1.130 0951 15.8
Laser diode shunt capacitance Cg (pF) 11.18 18.06 615
Substrate resistance Rgub () 1.050 0416 60.4
Charge storage capacitance Cq (nF) 16.64 16.70 04
Photon storage capacitance L (fH) 22.55 21.67 39
Resonance damping resistor ~ Rj (€2) 0.018 0.035 94 4
Resonance damping resistor Ry (m€2) 0.630 0.620 1.6
Resonance damping resistor  Rgp (162) 8932 9.015 0.9

Fig. 8. Measured ([0) and simulated (

) input reflection coefficient S11
for a strained quantum-well laser diode (Ipias = 100 mA).
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Fig. 9. Measured ([J) and simulated (———) modulation response S2; for a
strained quantum-well laser diode ([1,,,s = 100 mA).

V. CONCLUSION

A new and accurate correction technique for on-chip in-
tensity modulation response measurements of high-frequency

optoelectronic devices has been presented. Mathematical ex-
pressions for the different error sources that exist in the char-
acterization system have been derived. Measurement results of
a strained quantum well laser diode show excellent agreement
between the measured modulation response and the theoret-
ically expected result. Extraction results for a small-signal
circuit model of the laser diode show that the parameter values
are very sensitive to changes in the modulation response,
proving that it is necessary to make accurate modulation
response measurements to extract accurate model parameters
for optoelectronic device circuit models. The simulated input
reflection coefficient and modulation response of this model
show very good agreement with measured data. The technique
is very straightforward, and it can be easily implemented for
future modulation response measurements.
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