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Abstract

Even since fibers are proposed to replace conventional coaxial cables to transmit
microwave signals, the applications for analog optical link have been rapidly increasing
such as phased array antennas, radio over fiber, photonic analog-to-digital converters, etc.
Power handling capability is an essential figure of merit for photodiodes that are utilized
in analog optical links in order to minimize the loss of the analog optical link. In this
dissertation the saturation mechanisms in uni-traveling-carrier (UTC) photodiodes and
modified uni-traveling-carrier (MUTC) photodiodes are investigated, and some guide-

-lines for the design of high-power UTC and MUTC photodiodes are presented.

Photodiodes are frequently the limiting factor for the linearity performance of an
analog optical link. Third-order output intercept point (OIP3), the figure of merit for the
linearity of photodiode, needs to be maximized especially at high frequencies. In this
dissertation the nonlinear phenomena in Charge-Compensated MUTC (CC-MUTC)
photodiodes are quantitatively measured, and the physical origins of those nonlinear
phenomena are explained. An equivalent circuit model is develop that provides excellent
fits to the measured OIP3 of CC-MUTC photodiodes. The equivalent circuit model is
used to optimize the operating-wavelength for the highest OIP3 of CC-MUTC photodi-
odes, and a high OIP3 of 57.5 dBm is achieved for CC-MUTC at 152 MHz. An
InGaAs/InP partially depleted absorber photodiode with highly doped absorbers (HD-
PDA) and a modified uni-traveling-carrier photodiode with highly doped absorber (HD-

MUTC) are designed to improve the OIP3 at high frequencies. For HD-MUTC the OIP3



v

starts at a high value of 55 dBm at low frequency and remains as high as 47.5 dBm at 20
GHz.

Radio-over-fiber systems operating at millimeter-wave frequencies have great po-
tential in providing future V-band (50-75 Ghz) wireless networks with larger channel
capacity. Photodiodes can be used as V-band optoelectronic mixers, but photodiodes
must be able to deliver high up-converted RF power. In this dissertation a high-power
MUTC photodiode is presented to work as a V-band optoelectronic mixer. By optimizing
the operation condition of the MUTC photodiode, a record high up-converted RF power

of -4.7 dBm was achieved at 60 GHz when the photocurrent was 70 mA.
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Chapter 1 Introduction

Ever since Heinrich Hertz discovered radio waves in 1886, applications for radio
frequency (from 3 kHz to 300 GHz) waves have expanded rapidly: from civilian applica-
tions such as radio communication to military applications such as radar. With the ever
increasing demand for high bandwidth, the carrier frequency for telecommunication has
already moved into the microwave frequency range (from 300 MHz to 300 GHz) and it is
still rapidly increasing. Coaxial cables have been the primary media to transmit radio
frequency signals since their invention in 1880. However, the loss of coaxial cables
increases rapidly with the frequency of the microwave signals. Compared with coaxial
cables, optical fibers have significant advantages. Fiber has smaller size, lighter weight,
better immunity to electromagnetic interference, and lower propagation loss [1]. For
example, a typical commercial coaxial cable exhibits loss of 56 dB/km at 2.4 GHz. In
contrast, the transmission loss in typical optical fibers is less than 0.2 dB/km at 1.55 um
wavelength [1] and this loss is independent of the frequency of the microwave signals
being transmitted. Thus, fibers have been used to replace conventional coaxial cables to
transmit microwave signals in many applications such as phased array antennas [2], radio
over fiber [3], photonic analog-to-digital converters [4], and photonic signal processing

of microwave signals [5].
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1.1 Analog Optical Links and High-Power Photodiodes

To transmit microwave signals through fibers, an analog optical link is required to
convert the microwave signals into an optical format, transmit it through the fiber, and
convert the optical signal back into the microwave domain in the receiver. A typical
analog optical link consists of an optical source, a modulator that imposes the radio
frequency (RF) signals onto the optical carrier, an optical fiber cable as the transmission
medium, and a photodiode to convert the optical signal back into the RF signal. A
schematic of a typical analog optical link is shown in Figure 1.

Loss is one of the most important figures of merit for analog optical links. The
loss of coaxial cables is linearly proportional to the length of the cables. However, the
loss of the analog optical link is almost independent of the length of the fiber (for trans-
mission distances of a few 10’s of km) due to the low fiber loss. The link loss is primarily
dependent on the RF/optical conversion efficiencies of the modulators and photodiodes.
The loss can be very large when the optical power delivered to the photodiode is small.
This is due to the fact that the input RF power required for 100% modulation is only

dependent on the efficiency of the optical modulator but the higher the optical power

RF to Optical
RF Input E53H Optical t RF HESS RF Quput

PD: nonlinear
transfer fanction
Stope ¥ Responsivity (AMV)

Modulator: nonlinear
transfer function

Wide band RF signal

Input Oplicat Power (mW)

Figure 1 =~ Schematic of a typical analog optical link
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received by the photodiode, the higher the RF output power at the receiver. Assuming
that the modulator has a half-wave voltage of V= 5 V, using 100% modulation, the
input RF signal has a peak-to-peak voltage of V,, =5 V, which is equivalent to 24 dBm
of RF power on a 50 Q load. If an optical power level of 1 mW is fed into a photodiode
with a responsivity of 1A/W, the output RF power would be —16 dBm. Thus this analog
optical link has a loss of (24 + 16) = 40 dB! The advantage of the low loss nature of the
fiber is greatly diminished if the loss due to the RF/optical conversion is so high.
However, the loss of the analog optical link can be improved by increasing the
optical power from the source. If the optical power is increased from 1 mW to 100 mW,
using the same assumptions, the link loss would be 0 dB. The link loss is plotted in

versus the output photocurrent with different modulator half-wave voltage, V,, as shown

50
——Vpi=5V
40\ ------- Vpi =3 VH
'«.,.1\\\\\ —Vpi=7V
om N
° ' ‘\ ~ e
& 20 ~-
S
10+
0.
-10 e
10" 10’ 10°

Photocurrent (mA)

Figure 2  Loss of the analog optical link versus photocurrent with different have-wave
voltage of the modulator
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in Figure 2. It is clear that with low V,and high photocurrent, RF signals transmitted
through the analog optical link can have gain instead of loss. In this case, a photodiode
that can handle very high photocurrent is required. Thus a high-power photodiode is an
essential component for low loss analog optical links. In addition to reducing the link loss,
higher photocurrent levels can also enable higher dynamic range and reduce the link

noise figure [6].

1.2 High-Power High-Linearity Photodiodes

The spur-free dynamic range is defined as the ratio of the power of the carrier fre-
quency to the power of the next largest harmonic or intermodulation distortions above
noise floor. It is» an essential figure of merit for analog optical links in applications such
as phased array antennas and photonic analog-to-digital converters. There are two major
nonlinear photonic components in the analog optical links, namely the optical modulators
and the photodiodes. In order to improve the spur-free dynamic range of the entire link,
the nonlinearities caused by both the modulators and the photodiodes should be reduced.
When properly biased at the quadrature point, the harmonics and intermodulations
produced by the modulators can be effectively minimized [7]. However, unlike modula-
tors, there is not an explicit expression for the transfer function of photodiodes and the
nonlinearity of photodiodes is a complicated function of reverse bias, photocurrent, and
temperature [8]. Usually the linearity of photodiodes is the limiting factor for the spur-
free dynamic range in high performance analog optical links, especially when the optical
power is high [6]. Furthermore, a microwave signal can also be generated by heterodyn-

ing two laser sources, although it is challenging to minimize the phase noise associated
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with heterodyning; the advantage of this approach is that it is almost free of nonlinear
distortions [9]. In this case photodiodes become the only nonlinear source in the link,

which makes it even more critical to minimize their nonlinearities.

1.3 High-P‘ower Photodiodes as Optoelectronic Mixers

Radio-over-fiber systems operating at millimeter-wave frequencies have the po-
tential to provide future V-band (50-75 Ghz) wireless networks with greater channel
capacity than current systems. Since the carrier frequency for the V-band wireless
network is very high, it is desirable to transmit this high frequency signal through an
optical fiber rather than via coaxial cables. Conventionally, the optical subcarrier-
modulated signals are converted to electrical signals with a linear-detection photodiode
and then up-converted by electrical frequency mixing. However, when operated in low
bias conditions, photodiodes can exhibit very nonlinear behavior, and thus can be used as
optoelectronic mixers to directly up-convert intermediate frequency (IF) signals with a
high frequency optical oscillator (LO) signal [10]. When photodiodes are used as opto-
electronic mixers, the necessity of using electrical mixers is eliminated. This simplifies
the design of the base station for the V-band wireless network. However, in order to offer
performance comparable to a conventional linear photodiode in combination with an
electronic mixer, the photodiodes operated in nonlinear mode as optoelectronic mixers
have to provide high power eiﬁd high conversion efficiency. These requirements chal-

lenge the power handling capability and the strength of nonlinearity of photodiodes.
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1.4 Thesis Organization

The primary focus of my work has been investigation of nonlinear mechanisms in
high power photodiodes and optimization of the photodiode structures to achieve both
high power and high linearity. However, I have also shown that high-power photodiodes,
when properly designed and operated, can be used as efficient high-power optoelectronic
mixers. Chapter 2 reviews several structures that were designed to improve the power
handling capability of photodiodes. It also presents important guidelines for the design of
high-power photodiodes. Chapter 3 describes the experimental setups and the measure-
ment techniques that I employed to characterize the linearity performance of photodiodes.
In Chapter 4 I discuss measurements of several nonlinear phenomena in photodiodes and
devélop an equivalent circuit model to associate the measured nonlinear phenomena with
the measured intermodulation distortions from the photodiodes. Chapter 5 demonstrates
two novel photodiodes structures that show improved linearity performance. Chapter 6
demonstrates a novel high-power photodiode structure that can be used as an efficient
high-power optoelectronic mixer. Finally, this dissertation is summarized with future

research plans in Chapter 7.
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Chapter 2 High Power Photodiodes

2.1 Introduction

As discussed in Chapter 1, power handling capability is an essential figure of
merit for photodiodes that are utilized in analog optical links. In this chapter, the draw-
backs for conventional PIN photodiodes are discussed and several high power photodiode
structures are reviewed. This is followed by a description of the saturation mechanisms in
uni-traveling-carrier (UTC) photodiodes and modified uni-traveling-carrier (MUTC)
photodiodes. Finally the role of a cliff layer, a thin lightly n-doped InP layer between the
intrinsic InGaAs absorber and intrinsic InP layer, is analyzed and some guidelines for the

design of high-power UTC and MUTC photodiodes are presented.

2.2 Brief Review on High-Power Photodiode Structures

Photodiodes with a PIN structure are widely used for optical communication be-
cause they have simple structures and relatively high responsivify. However, PIN
photodiodes cannot sustain high photocurrent levels for two major reasons. First, PIN
photodiodes are very susceptible to thermal failure because the electric field in the
intrinsic InGaAs absorber need; to be high enough to ensure that the electrons and holes
drift at the saturation velocity. On the other hand, the electric field in the intrinsic InGaAs
absorber is responsible for most of the heat generation in PIN photodiode. Since InGaAs
is a narrow-bandgap semiconductor, its critical temperature for thermal runaway is

relatively low. This results in thermal failure at relatively small photocurrent levels.
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Second, PIN photodiodes are particularly susceptible to space-charge induced cur-
rent saturation. As shown in Figure 2.1(a), in PIN photodiodes the electron velocity is
higher than that of holes. This causes an imbalance in the spatial profile of the photo-
generated carriers with more holes than electrons in the depleted intrinsic absorber. As
the optical power increases and the photo-generated carriers accumulate, the electric field
in this depleted region is screened by this charge and due to the unbalanced carrier
density distribution, the electric field collapses near the n side. When the field drops to
the point that carriers no longer maintain saturation velocity, the bandwidth decreases and

the RF output power saturates. This is referred to as the space charge effect.

(a) (b) InGaAsCap layer
alily
, 4
— SUINP
| ——
p:InP P 2 ,ﬁé PP Graded p-
(I_IIC:IAS TuGaas
“ap layer DEY 4
P uCaas PDA

Partially Depleted Absorber (PDA)

— e

‘ ==

E E

Figure 2.1 Schematic, carrier distribution and electric field distribution of (a) PIN
photodiodes and (b) PDA photodiodes
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Several photodiode structures have been developed to mitigate the space charge
effect. Partially depleted absorber (PDA) photodiodes have both undepleted and depleted
absorber regions to balance the photo-generated carriers in the depleted drift region [11].
When properly designed, thé electric field collapses in the middle of the depleted drift
region, as shown in Figure 2.1(b). Besides charge balancing, the space charge effect is
reduced in the PDA structure relative to PINs because the depleted absorber is thinner.
The drawback of PDA photodiode is that a narrow band absorber is used as the drift

region, which is the same as a PIN photodiode, which renders it susceptible to thermal

(@ . (b)

-5 £ e € Sh:InP £ L .8 .
< lt‘illlP oo SI:InP
‘ & §
N\ u‘:‘ml‘f
4 .
b Sy et T St R} TP
p-IuP Graded p- Pl Graded p \l
InGaAs [nGass  / InGads InGass
Cap layer [Hiy Cap layer

UTC

|\e
|

L

Figure 2.2 Schematic, carrier distribution and electric field distribution of (a) UTC
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failure and space charge degradation, although to a lesser extent than the PIN structure.

In contrast, the uni-traveling-carrier (UTC) photodiode utilizes an undepleted p-
type layer to absorb light and inject electrons into a wide-bandgap depleted drift region,
as shown in Figure 2.2(a). This type of photodiode structure was first introduced by C.R.
Davis et. al. to reduce the dark current of photodiodes in 1996 [12]. T. Ishibashi et al. [3]
first demonstrated the potential of this structure, which they referred to as a uni-traveling
carrier (UTC) photodiode, to achieve high operating current (high RF output power) at
high bandwidths. The UTC structure has three advantages. First, only electrons transit the
depleted drift region, which significantly suppresses the space charge effect. Second,
there is a bandwidth enhancement because only electrons transit the depletion region and
electrons have higher saturation velocity in InP than in InGaAs. Third, a wide band
absorber is used as the drift region, which lowers the dark current and makes the photodi-
ode less susceptible to thermal failure. In the original design of the UTC, some space
charge remains owing to single carrier injection. This causes the electric field to collapse
at the edge of the depleted region at high optical power levels, which limits the RF output
power. One issue for the UTC is the performance tradeoff associated with the thickness
of the absorber, which is entirely undepleted. If the layer is thick, a high fraction of the
incident light can be absorbed, which will yield high responsivity. However, the time
required for the photogenerated electrons to diffuse to the wide-bandgap collector can
significantly limit the bandwici;h if the undepleted absorber is thick. In order to circum-
vent this problem, variations of original UTC photodiode have been developed. the
charge-compensated UTC (CC-UTC) photodiode utilizes an InP electron drift layer that

is slightly n-doped so as to compensate the space charge effect caused by the photo-
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generated electron [13], i.e., the electric field is “pre-distorted” so that a flat field profile
can be achieved at high photocurrent levels. Another structure, the modified UTC
(MUTC), combines the advantages of the PDA and UTC structures [5]. The MUTC
narrow-bandgap absorber has an undepleted p-type region and a depleted layer and a
wide-bandgap depleted drift region [14], as shown in Figure 2.2(b). In this structure,
space charge in the intrinsic InGaAs layer is relatively small owing to the fact that it is
thin. The depleted wide-bandgap (usually InP) collector has the advantages of reducing
the capacitance and high electron saturation velocity. The thickness of the undepleted
absorber, depleted absorber and the electron drift layer can be adjusted separately besting
order to achieve high bandwidth, high responsivity and high RF output power. This
dissertation will focus on UTC-type photodiodes owing to their combination of high

bandwidth and excellent power handling capability.

2.3 Saturation Mechanisms in Uni-Traveling-Carrier Photodi-

odes

If heat dissipation is not an issue, the power handling capability of photodiodes is
mainly limited by the space-charge saturation effect. As described in Section 2.2, satura-
tion in PIN and PDA photodiodes occurs because the electric field in the depleted
absorber collapses below the level required to sustain the electron and hole saturation
velocities as the optical powerj increases. Although this space charge effect also exists in
UTC type of photodiodes, the saturation mechanism of UTC type of photodiodes is
slightly different from PIN or PDA photodiodes. In PIN and PDA photodiodes the InP

layers are heavily doped; there is no charge accumulation at the InGaAs/InP heterojunc-
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tions. However, in UTC-type photodiodes, the InP electron drift layer is undoped. It
follows that if the field at the interface between the InGaAs absorber and the InP drift
layer is to low, electrons can be trapped by the heterojunction barriers in the conduction
band. This will lead to degradation of the bandwidth because the trapped carriers escape
| by thermionic emission, a slow process, and reduced responsivity if the carriers recom-
bine through interface defect levels before they enter the drift layer.

In order to further study the saturation mechanisms in UTC type of photodiodes,
measurements and simulations are carefully carried out on the charge compensated
MUTC (CC-MUTC) photodiode reported in [15]. The device structure was grown on
semi-insulating double-side-polished InP substrates by metal organic chemical vapor
deposition (MOCVD). As is shown in Figure 2.3, the depletion region consists of a 605

nm InP depletion layer, two 15 nm undoped InGaAsP “bandgap smooth” layers, and a

InGaAs, Zn, 2x10!8, 100nm
InGaAs, Zn, 1x10'8, 150nm

InGaAs, Zn, 5x10'7, 200nm
InGaAs, Zn, 2.5x10'7, 200nm
InGaAs, Si, 1.0x10'6, 200nm

InGaAsP,Q1.4, undoped, 15nm
InGaAsP,Q1.1, undoped, 15nm

InP, Si, 1.0x10%6, 605nm

InP, semi-insulating substrate,
Double side polished

Figure 2.3 Schematic of InGaAs/InP CC-MUTC photodiode
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200 nm depleted InGaAs absorbing layer. The depleted region was slightly n-doped to
compensate the space charge. To help carrier transport in the doped absorbing layer, the
doping levels of the p-doped Ings3Gag47As absorbing region was graded in four steps
(2.5x10"7 cm?, 5x10"7 cm?, 1x10"® cm?, and 2x10"® cm™) to create a quasielectric field.
Back-illuminated mesa structures were fabricated on the wafer and microwave contact
pads were fabricated for high-speed measurements. A 220 nm SiO, layer was deposited
on the back of the wafer as anti-reflection coating. This photodiode has a responsivity of
0.75 A/W at 1.55 pm wavelength.

Since photodiodes saturate at low current for low bias voltage, the RF power and
responsivity were measured for a 34-pm-diameter photodiode at zero bias from low-level

to high-level optical injection. The measured RF power peaks at about 8 mW of incident
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Figure 2.4 Measured and simulated (a) RF output power versus optical power and (b)
responsivity versus optical power at zero bias.
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optical power and then decreases with input optical power. The measured responsivity
remains constant at 0.75 A/W when the optical power is small and begins to decrease
near 18 mW as shown in Figure 2.4. This phenomenon is replicated by our commercial
device simulator APSYS based on the drift-diffusion model. A 50 Q load resistor and a
series resistance of 5.6 Q were used in the simulation. Thermal effects are also consid-
ered following the experiment data [16]. In general, the simulated results agree well with
the measured values.

In order to study the origin of responsivity degradation, the electrical field profiles
in the photodiode were simulated at zero bias for different optical injection levels. Figure
2.5(a) shows that as the optical power increases, the electric field in the depleted InGaAs
absorption layer decreases due to the screening caused by the photo-generated electrons
and holes, i.e., the space-charge effect described above. As a consequence, the band
discontinuity in the conduction band at the step graded interface between the InGaAs
layer and the InP layer become more pronounced and behaves as a barrier to impede
electron transport from the absorption region, as shown in Figure 2.5(b); this results in
reduced responsivity. A similar effect has been reported for UTC photodiodes [17]. This
explains the falloff in the responsivity of the CC-MUTC devices at ~18 mW and the

falloff in the RF power at 8 mW.
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Since both RF power saturation and decrease in responsivity are caused by the
space charge effect, the photocurrent at which the responsivity begins to degrade is an
indicator of the power handling capability of the photodiode. As a result of the self-
induced field, the responsivity frequently increases slightly with photocurrent at low
optical injection levels for UTC-type of photodiodes and then decreases when the space
charge effect becomes pronounced. In the following sections we refer to the photocurrent
at which the responsivity reaches its peak as the “critical current”. Since the saturation
current is more difficult to simulate, in the next section we will evaluate the “degradation

current” to estimate the ability of a photodiode to sustain high optical injection.

2.4 The Role of Cliff Layer
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Figure 2.5 Simulated (a) electric field and (b) bandgap diagram at various optical
injection levels.
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A cliff layer” is a thin, moderately-doped n-type InP layer between the semi-
intrinsic InGaAs layer and the charge-compensated InP layer in UTC type of photodiodes.
The cliff layer was introduced into the UTC structure soon after its invention [18].
However, the importance of cliff layer was not clearly defined and there have been few
studies related to its optimization. This section presents simulations that show how the
cliff layer helps to reduce the saturation effect. In all the simulations, we have assumed
that the photodiodes have diameter of 34 um, a reverse bias of 5 V, and that the tempera-
ture of the photodiodes is fixed at 300 K. First, an InP cliff layer is added to the CC-

MUTC photodiode shown previously in Figure 2.3. The InP cliff layer is 5 nm thick and
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Figure 2.6 (a) Schematic of InGaAs/InP CC-MUTC photodiode with a cliff layer; (b)
The responsivity versus photocurrent curve for CC-MUTC photodiodes with
and without cliff layer
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doped to 5-10'” em™, as shown in Figure 2.6(a). The current-dependent responsivities of
the CC-MUTC photodiodes with and without the cliff layer are shown in Figure 2.6(b).
The responsivity of the original structure begins to decrease at a photocurrent of 100 mA
whereas that with the cliff layers is constant up to 200mA, a significant improvement.
Although the degradation current is calculated under isothermal condition, these results
provide useful insights to the importance of the cliff layer in improving the power han-
dling capability of UTC-type of photodiodes.

Further simulations were carried out to understand the reasons why the cliff layer
can reduce the saturation.. When the optical power is 235 mW, the electric field in the
intrinsic InGaAs layer of the original CC-MUTC photodiode has almost completely
collapsed, as can be seen in Figure 2.7(a). However, when the cliff layer is added, the
electric field profile in modified such that the electric field in the depleted InGaAs layer
is significantly enhanced. In other words, the cliff layer increases the electric field in the
depleted InGaAs layer and decrease that in the intrinsic InP layer. This effect can be also
be seen clearly in the energy diagram. When the optical power is 235 mW, the energy
band of the device without a cliff layer has already flattened out and the barrier at the
heterojunction interface blocks many of the electrons from getting into the InP collector.
However, after the cliff layer is added, electron transport is enhanced due to higher

electric field in the intrinsic InGaAs layer, as shown in Figure 2.7(b).
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The electric field in the depleted InGaAs absorption layer is increased by the cliff
layer. In this sense, the higher the charge in the cliff layer, whether by increased thickness
or doping level, the less susceptible the photodiode is to the space charge effect. However,
it should be noted that this is accompanied by a decrease in the electric field in the
depleted InP layer and when the electric field in this region is very low, the frequency
response will be impaired. The electric field distribution in CC-MUTC photodiode has
also been simulated for different cliff layer thicknesses and doping levels. The results are
shown in Figure 2.8. When the doping level of this cliff layer is fixed to 5x107cm?, the
semi-intrinsic InP layer is fully depleted for a thicknes of Snm, but full depletion cannot
be maintained as the thickness increases to 10nm. We find that for the CC-MUTC, the
thickness of the cliff layer should be no more than 10 nm if the doping level is 5x10"cm™
3, or the total charge in the cliff layer Should be no more than 5x10°cm™ in order to
achieve the maximum power handling capability while maintaining the bandwidth of the

photodiode. For UTC-type of photodiodes in general, the design rule for the cliff layer is
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that the total charge in the cliff layer should be as high as possible until the InP electron

drift layer cannot maintain full depletion.

2.5 Conclusion

In this chapter several photodiode structures for high power applications have
been reviewed. The saturation mechanisms in UTC-type of photodiodes are investigated
through both simulations and measurements on a CC-MUTC photodiode. It was found
that the primary reason for saturation is that the bandgap discontinuity impedes electron
transport into the InP drift layer when the electric field in the intrinsic InGaAs absorber
collapses due to the space charge effect. A cliff layer is found to be helpful to reduce the
saturation effect in UTC-type photodiodes by enhancing the electric field in the depleted
InGaAs layer and reducing that in the InP electron drift layer. The general design rule for

the cliff layer is that the total charge in the cliff layer should be as high as possible until
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the InP electron drift layer cannot maintain full depletion so that the power handling
capability of the photodiode can be maximized while the bandwidth of the photodiode

can still be maintained.
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Chapter 3 Characterization of Photodiode Linearity

3.1 Introduction

The spur-free dynamic range (SFDR) is a uniquely important figure of merit for
analog optical links because, unlike other performance parameters such as loss or noise
figure, SFDR can not be improved by adding pre- or post-amplification [19]. The SFDR
is usually characterized using a two-tone method. Assume that the input of the link
consists of two equal-power fundamental frequencies. The two-tone SFDR is defined as
the signal-to-noise ratio at the link output when the power of the intermodulation distor-
tion products equal the noise. Among all the intermodulation products and harmonics, the
third order intermodulation products (IMD3) at 2f;-f, and 2f,-f; are important, because
they are close to the fundamental frequencies f; and f, and thus difficult to be filtered, as
shown in Figure 3.1(a). The third-out output intercept point (OIP3) is a key figure of

merit to evaluate the linearity of an analog optical link; it is defined as the extrapolated
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intercept point of the power of fundamental frequency and IMD3, assuming that the
fundamental power has a perfect slope of 1 and the power of IMD3 has a perfect slope of
3, as shown in Figure 3.1(b). Based on its definition, OIP3 can be calculated from the

measured fundamental power and the power of IMD3 with this simple equation [8]:
1
OIP3 =P, +5(Pf —P,ps) (0.1)

where P, is the power of the fundamental frequency and F,,,, is the power of the IMD3.

As discussed in Chapter 1, the photodiode is frequently the limiting factor for the linear-
ity performance of an analog optical link. Thus in this thesis I have focused on

characterization and behavior of OIP3 of photodiodes.

3.2 Conventional Two-Tone Setup
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Figure 3.2 Schematic of conventional two-tone measurement setup
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The two-tone setup is a widely used apparatus to measure the dynamic range of an
analog optical link [20]. To measure IMD3 we employed a two-tone setup operating near
1.55 pm wavelength, as shown in Figure 3.2. The optical source was two distributed
feedback lasers that were externally modulated at frequencies f; and f, by Mach-Zehnder
modulators. To minimize the influence of second-order harmonic effects originating in
the modulators the modulation depths were maintained at low values (approximately
24%). The two optical signals were combined, amplified by an erbium-doped fiber
amplifier (EDFA) and launched into the chip utilizing a lensed fiber. By increasing
slightly the distance between fiber and chip the spot size was expanded to overfill the
active area, which results in more uniform illumination. A reverse voltage, V,, was
applied to the photodiode through a bias-tee in the RF path. The output signals Py at the
fundamental frequencies f; and f; and the IMD3 Ppyps at (2f,-f)) and (2f;-f;) were de-
tected with a spectrum analyzer. The Agilent E4440A RF spectrum analyzer that was

used for this study has an OIP3 = 18 dBm up to 6 GHz. Using a total RF attenuation of
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50 dB (40 dB internal RF attenuation in the spectrum analyzer and 10 dB external RF
attenuator), the setup can measure OIP3 up to 68 dBm. The measured data were cali-
brated taking the losses of the components in the RF path into account.

Using the two-tone measurement setup described above, we measured the OIP3 of
the CC-MUTC photodiodes shown in Figure 2.3. Figure 3.3 shows that when increasing
the modulator input power and thus the modulation depth of the optical signal, the
fundamental power follows the slope of 1 and the IMD3 follows the slope of 3, which
indicates that the measured OIP3 is independent of the modulation depth. OIP3 has slight
dependence on photocurrent, and it increases from 47 dBm at 20 mA to 52 dBm at 50

mA. Both measurements are carried out under a reverse bias of 7 V.

3.3 Problems with Two-Tone Setup

The nonlinearities of the optical modulators can influence the measurement of pho-
todiode nonlinearities because the second-order harmonics from the modulators, 2f; and
2f,, will mix in the photodiode with the fundamental signals f; and f; and contribute to the
IMD3 at (2f,-f;) and (2f)-f). Detailed calculations are carried out to verify the influence

of the modulators. The transfer function of a Mach-Zehnder modulator is

1 . o :
Do = 5(1 +cos (”VAJJ assuming no insertion loss, where ¥ is the half-wave voltage

n

for the Mach-Zehnder modulator and V., 1s the voltage applied to the modulator. Expand-

ing this transfer function near Vy=Vmp using Taylor’s expansion yields:
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We focus on the second harmonics from the modulators, because they contribute to

the IMD3 in the output of the two-tone measurement. Therefore only the first two terms

. . . . 1
in the Taylor’s expansion are used. From the equation we can see that if V,,, = (k +§)V” ,

where k is an integer, the transfer function becomes p,, , =%(1 —Vl(VM - VMO)j , which

is a linear function. Thus V,,, = (k +?12—)V,, is called the quadrature point and a modulator

will have zero second-order harmonic when biased at this quadrature point.

However, in reality, the modulator can not be biased exactly at the quadrature point
due to the finite accuracy of the voltage source. Therefore, the second harmonic produced
by the modulator is not zero. The following illustrates how the harmonics produced by
the modulators due to the deviation of the bias from the quadrature point can influence

the two-tone measurement results. We assume that the optical signal after modulated by

Ly vavav, @

the modulator is P(?) :—;- l4+cos| 7 - , where AV is the deviation of

4

bias voltage from ideal quadrature point, and V() =V, [sin(27 f¢) +sin(27 f,t)] is the
input RF signal applied to the modulator, which is comprised of two sinusoidal signals

with different frequencies. Assume that the photodiode has an arbitrary nonlinear transfer

function of I(f)=R[P(t)+aP*({)+a,P’(¢)] with R=1A/W, a,=0.8, and a,=0.2. The
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photocurrent dependence of the power of the fundamental tone and the IMD3 can be
calculated from the Fourier transform of I°(¢) and the results are shown in Figure 3.4.

The modulator contributes to the IMD3 in the way that the second order harmonic of
the first tone, 21}, mixes with the fundament of the second tone, f3, in the photodiode. The
result is a contribution to the IMD3 at the frequency of 2fi-f,. On the other hand, the
photodiode contributes to the IMD3 because the two fundamental frequencies f; and f,
directly mix in the photodiode to create a signal at 2f;-f, Thus when the output RF power
from the photodiode increases, the IMD3 contributed by modulator increases at a slope of

4 with logarithmic photocurrent, while the IMD3 contributed by the photodiode exhibits
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Figure 3.4 Fundamental and IMD3 produced by the modulator and the photodiode with
different deviations from quadrature point.
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a slope of 6. Thus if the IMD3 increases with a slope of 4 logarithmically with phdtocur-
rent, the modulator is the source of the IMD3 in the analog optical link; if the IMD3
increases with a slope of 6 the IMD3 originates in the photodiode. When AV =0, which
means that the modulator is perfectly biased at the quadrature point, the IMD3 is pro-
duced only by the nonlinearity of the transfer function of the photodiode. In Fig. 3.4, we
see that when the fundament power is -18 dBm, the power of IMD3 is -170 dBm, which
corresponds to an OIP3 of [-18+0.5-(-18+170)] = 58 dBm. The fundamental power
increases at a perfect slope of 2 with logarithmic photocurrent and the power of IMD3
increases at a perfect slope of 6. The larger the voltage deviation from the ideal quadra-
ture point, the larger is IMD3 contributed by the modulator, as shown in Figure 3.4.
However, since the IMD3 contributed by the modulator increases with a slope of 4,
which is slower than the IMD3 contributed by the photodiode, as the photocurrent
approaches 70 mA the IMD3 contributed by the photodiode becomes the dominant
limiting factor for all three cases shown in Figure 3.4.

From the discussion above, we can see that the second harmonics produced by
modulators can influence the measurement results in a conventional two-tone setup. Two
measures can be taken to minimize the influence of the second harmonics from the
modulators. One is to bias the modulators as accurately at the quadrature point as possi-

ble and the other is to operate the photodiode at high photocurrent.

3.4 Three-Tone Setup
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It has been suggested that a three-tone technique is more accurate for photodiode
nonlinearity measurements because the three-tone approach is free of the influence of
second harmonics produced by the modulators [21]. A disadvantage, however, is the
requirem§nt for an additional laser, signal generator and modulator. Figure 3.5 shows a
block diagram of the three-tone measurement apparatus. Compared to the two-tone setup
shown in Figure 3.2, a laser source and external modulation at frequency f; are added to
the setup. The three optical signals are combined with a four-way optical combiner and
amplified by an erbium-doped fiber amplifier (EDFA), which is followed by an optical
attenuator. The signal is launched into the chip with a lensed fiber. If the third laser
source is turned off, this three-tone measurement setup is the same as the two-tone setup.
For two-tone measurements, the output RF power Py at the fundamental frequencies fi, f;
and the power of IMD3, Pyyps, at (2f;-f1) and (2f;-f) are measured. The two-tone OIP3 is
defined as OIP3 = P¢+(P¢Ppvp3)/2 dBm. For the three-tone measurement, the output RF
power Pr at the fundamental frequencies fj, 5, f3 and the power of IMD3, Pyvps, at (fi+£>-

fy), (K+f3-11), (f3+1fi-f;) are measured. The three-tone IMD3 is 6dB larger than the ideally
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Figure 3.5 Experimental setup for three-tone measurements.
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measured two-tone IMD3 [22]. This difference in IMD3 can be understood from the fact
that the coefficient of COS(-Iit"'_Ijt-_lkt) (1,j,k=1,2,3 i##k) is 2 times as large as that of
COS(Z-lit‘-ljt) (1,j=1,2,3 i#j) after expanding the expression [cos(_|it)+cos(-|jt)+cos(~|kt)]3
(1,j,k=1,2,3 i#j#k). If the three-tone OIP3 is defined analogously to the two-tone OIP3,
then, following the approach in [22], a factor of 3dB should be added to the measured
three-tone OIP3 in ordef to compare with the two-tone measurements.

Using these measurement conditions, the OIP3 of the CC-UTC photodiode re-
ported in [23] was measured at 310 MHz with both the two-tone setup and the three-tone
setup. For the two-tone setup the two lasers were modulated at f;=320.7 MHz and
£:=311.1 MHz. The biases of the modulators are carefully tuned to minimize the second
harmonics from the modulators. Figure 3.6 shows the bias dependence of the OIP3. The

measurement was then repeated with the three-tone setup. The total output optical power
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Figure 3.6 Voltage-dependence of OIP3 measured by two-tone and three-tone setups.
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from the EDFA was kept constant so that the photocurrent was fixed at 60 mA for both
two-tone and three-tone measurements. The modulation frequency and modulation depth
of the third laser were £5=300.7 MHz and 24%, respectively. As shown in Figure 3.6, the
two-tone and the three-tone techniques yield consistent results. The values of the inter-
modulation terms exhibit a fluctuation of approximately +1 dB, as indicated by the error
bars in Figure 3.6, which originate from fluctuations in the IMD3 power and the differ-
ences in the calculated values that result from measuring at different fundamental and
IMD3 frequencies. The OIP3 values measured by the three-tone method are, on average,
slightly higher than those measured by the two-tone method, which suggests that the two-
tone measurement may still exhibit residual effects from modulator nonlinearities when

the OIP3 of photodiodes reaches above 55 dBm.

3.5 Bias Modulation Setup

In two-tone or three-tone measurements, the measured intermodulation distortions
are produced by numerous types of nonlinearities in the photodiode. Broadly these can be
categorized as voltage-dependent and photocurrent-dependent nonlinearities. It is diffi-
cult to identify the contribution to the intermodulation distortions from each nonlinear
phenomenon separately. In order to study only the effect of voltage-dependent nonlinear-
ity of the MUTC photodiodgs, a modulated bias measurement setup that we have

developed will be described in this section.
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The output of a distributed feedback laser is externally modulated at a frequency
f; by a Mach-Zehnder modulator. The modulated optical signal is amplified by an EDFA
and launched into the photodiode chip utilizing a lensed fiber. Similar to two-tone and
three-tone measurements, the distance between fiber and chip is increased slightly to
ensure uniform illumination. An alternating sinusoidal reverse voltage, Vs, at frequency
f, is produced by a low-frequency signal generator. For this work, f; is 20 kHz. This
signal is applied to the photodiode through a bias-tee with a low frequency cut-off of 45
MHz. After 10 dB attenuation, the RF output signals are detected with a spectrum ana-
lyzer, which displays the fundamental frequency, fi, and the second intermodulation
distortion (IMD2) at frequencies f; £, Pivp,, and the third intermodulation distortion
(IMD3) at the frequency f; +2f,, Pivps. The power at frequency f; is as low as -91 dBm in
all measurements since the bias-tee effectively blocks this low-frequency modulated bias
voltage signal from the spectrum analyzer. The measured data were calibrated taking the

losses of the components in the RF path into account.
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Figure 3.7 Experimental setup bias modulation measurements.
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Bias modulation measurements were carried out on the CC-MUTC photodiode
shown in Figure 2.3. The reverse voltage Vs was composed of an average voltage, Vi,
and an AC peak-to-peak voltage of 2V. The average photocurrent was set to 10 mA to
ensure an unsaturated output at the fundamental frequency. The measured intermodula-
tion products for the fundamental frequency f;=3.5 GHz are plotted versus the
fundamental power in Figure 3.8. The measured data points of Ppypy and Prvps can be
well fit by straight lines with slopes of 1, which indicates that the intermodulation distor-
tions are independent of the applied modulation depth. It is not surprising that both Ppvps
and Pivps increase linearly with the fundamental power instead of the power law ob-
served for the two-tone measurement, since the power of the second tone at the frequency
f, does not change with the fundamental optical power Pg. Since the IMD2 and IMD3 in
this bias modulation setup are only produced by the modulated bias signal, the nonlinear

process only involves the voltage-dependent nonlinearities; all the other nonlinear
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Figure 3.8 IMD2 and IMD3 vs. fundamental power for CC-MUTC at 10 mA average
photocurrent and 6 V average reverse bias Ve.
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mechanisms such as photocurrent-dependent nonlinearities are excluded. Also the
nonlinearities from the modulator have no influence on the measured IMD2 and IMD3.
In the following chapters I will present more detailed discussions on how bias modulation
measurements can help quantitatively identify the influence of voltage-dependent nonlin-

earities on the OIP3 of photodiodes.

3.6 Conclusion

In this chapter we discussed three important measurement setups to measure pho-
todiode nonlinearities, namely two-tone, three-tone, and the bias modulation
measurement techniques. The two-tone setup is relatively simple compared to the three-
tone setup and it can measure the OIP3 of photodiodes with good accuracy if the modula-
tor can be accurately biased at the quadrature point and the photocurrent is sufficiently
large. The three-tone setup can accurately measure the OIP3 without the influence of
modulator nonlinearities. However, an additional laser source, signal generator and
modulator are required. The bias modulation setup is also free of the influence of modu-
lator nonlinearities. While it does not directly measure the OIP3 of photodiodes, it does

provide valuable insight into voltage-dependent nonlinearities
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Chapter 4 Nonlinear Phenomena in Photodiodes and

the Equivalent Circuit Model

4.1 Introduction

In Chapter 3, the intermodulation products have been studied with different meas-
urement techniques. However, the measurement results only reflect the nonlinearity of
the photodiodes; they do not explain the origin of the nonlinearities. In Section 4.2 we
will quantitatively measure the nonlinear phenomena in CC-MUTC photodiodes. In
Section 4.3 the physical origins of those nonlinear phenomena will be explained. In
Section 2.3 we will develop an equivalent circuit model that provides excellent fits to the
measured OIP3 of CC-MUTC photodiodes. In Section 4.5, the equivalent circuit model is
used to optimize the operating wavelength for the highest OIP3 of CC-MUTC photodi-
odes. In Section 4.6, the equivalent circuit model is used to link the nonlinear phenomena
with the bias modulation measurement results on CC-MUTC photodiodes. Finally,

Section 4.7 summarizes conclusions on the significance of each nonlinear mechanism.

4.2 Nonlinear Phenomena in Photodiodes
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In order to explain the measured intermodulation products of the photodiodes we
address four of the principal nonlinear phenomena, namely the voltage-dependent re-
sponsivity R(V), voltage-dependent capacitance C(V), photocurrent-dependent
responsivity R(I) and photocurrent-dependent capacitance C(I). Quantitative measure-
ments have been carried out on the CC-MUTC photodiode in Figure 2.3. The
photocurrent-dependent change in capacitance C(I) of a 34 um-diameter CC-MUTC
photodiode is investigated via 1-port S-parameter measurements under illumination. In
this measurement we employed only one un-modulated light source with the photodiode
ac-coupled to a 50 GHz network analyzer. Figure 4.1 shows the capacitance extracted

from the measured S11 data at 1 GHz. By increasing the photocurrent to 60 mA we
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Figure 4.1 Normalized imaginary part of the photodiode impedance (symbols) at f=1
GHz vs. photocurrent with self-consistent simulation (solid line) at reverse
bias Vy=-8 V. Inset: Measured responsivity normalized to the responsivity at
low photocurrent and Vy=-7 V.
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observe a slight decrease in the capacitance of less than —0.2 fF/mA. Although we only
show a 34 pum-diameter device here, we observe similar behavior for devices having
different diameters under the condition of uniform illumination. This behavior is contrary
to previous results from p-i-n photodiodes [24]. Our simulation of this effect, however, is
consistent with our own measurements; a more detailed discussion will be presented in
Section 4.3.

The second photocurrent-dependent nonlinear effect is related to the variation of
responsivity with photocurrent [25]. We have employed a pulsed laser source at 1545 nm
wavelength with a duty cycle of only 1 % to avoid slow ohmic heating effects, which can

cause a large increase in responsivity with photocurrent [26]. Responsivity is determined
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Figure 4.2 Measured photodiode capacitance (symbols) and self-consistent simula-
tion (solid line). Inset: Relative responsivity at —7dBm (filled circles) and —
22 dBm (open circles) average optical power with quadratic polynomial fit
function (solid line).
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from the ratio of the average photocurrent to optical input power. Up to an average
photocurrent of 1 mA, which corresponds to a peak photocurrent of 100 mA, we ob-
served only small fluctuations in responsivity and found no significant correlation
between photocurrent and responsivity as shown in the inset of Figure 4.1. Thus we
neglect the effect of photocurrent-dependent responsivity in the following analysis.
Further effects to be considered are related to the voltage-dependence of the pho-
todiode capacitance C(V). When operating a reverse biased photodiode under optical
illumination, the photocurrent induces a voltage drop across the series and load resis-
tances, which is referred to as the voltage swing effect. As a consequence, the bias
voltage across the photodiode junction is reduced and modulated at the signal frequency,
which may cause variations in not only the device capacitance, but also in the responsiv-
ity. The photodiode capacitance versus voltage was measured with an LCR-meter at
1 MHz. From the results in Figure 4.2 we inferred a differential capacitance of roughly
—4 fF/V at high reverse voltages. Simulation of the C(V) curve will be discussed in
Section 4.3. Similar to the aforementioned effect, a transient voltage drop across the
series and load resistors may also result in a change of responsivity. The inset in Figure
4.2 shows the measured normalized responsivity versus applied reverse bias using the
pulsed laser source described above. We observe an increase in responsivity of 0.5 %
between 2 and 7 V. A second measurement at a higher optical average power of -22 dBm

confirmed the data within the érror bars.

4.3 Physical Mechanisms of Nonlinear Phenomena
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Nonlinear responsivity and nonlinear capacitance are caused by different physical
phenomena. There are two major mechanisms that contribute to the R(V) effect. Modu-
lation of the junction voltage leads directly to variation in the electric field strength
within the depleted absorbing material, and a change in optical absorption through the
Franz-Keldysh effect [27]. Especially at high bias, R(V) may additionally arise through
the mechanism of impact ionization. A rough calculation will demonstrate the signifi-
cance of impact ionization in the InGaAs region. At 8V reverse bias, the average electric
field in the depleted InGaAs region with a thickness of w = 200 nm is approximately 130
kV/cm considering the weak doping in the semi-intrinsic InGaAs and InP layer. Accord-
ing to [28], the impact ionization coefficient for electrons and holes are approximately o=

420 cm™ and p= 0.2 cm™', respectively. Adopting the theory of McIntyre [14], assuming a
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Figure 4.3 Doping profile of Zn and Si from a SIMS measurement
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weak field, and performing the appropriate spatial average, the increase in responsivity
due to impact ionization is (a+p)w/2 = 0.4%, which is very close to our measurement as
shown in the inset of Figure 4.1.

In order to study the mechanisms of voltage- and photocurrent-dependent capaci-
tance, a theoretical model has been developed that takes into account charge transport in
the form of the continuity equations for both electrons and holes, Poisson’s equation for
the electrostatic potential, and coupling between the photodiode and its surrounding
circuit in a lumped element model. Relevant equations are solved simultaneously as
functions of applied bias and optical illumination. In order to precisely calculate the
capacitance, an accurate doping profile is required. Secondary ion mass spectroscopy
(SIMS) has been carried out to determine the doping profiles in the CC-MUTC device.
The results are shown in Figure 4.3. Dopant profiles derived from the SIMS measurement
were incorporated into our simulations, with relatively minor adjustments to achieve
better agreement with the measured static C(V) curve of Figure 4.2. As is shown in
Figure 4.3, as a result of the diffusion of Zn, the doping concentration in the p-type
InGaAs region is even lower than the intended value shown in Figure 2.3, which results
in a relatively large dependence of capacitance on voltage. The simulated C(V) curve is
superimposed on the measured data in Figure 4.2, and a good agreement with measure-
ment has been achieved. The voltage swing causes the device capacitance to be

modulated when AC photocurfent flows through the 50 Q load resistor, and thus causes

distortion of the output signal. This will be discussed in more detail in Section 2.3.
Photocurrent-dependent capacitance arises from screening of the space charge field

by photo-generated carriers within the depletion region, and often results in a negative
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differential capacitance with increasing photocurrent. Electrons and holes that are photo-
generated or injected into the depletion region propagate to the n- and p-side depletion
region boundaries, respectively. Under conditions of high optical illumination, the total
volumetric charge density within the depletion region may be reduced, as the free elec-
tron density preferentially screens the ionized donor charge and the free hole density
preferentially screens the ionized acceptor charge. In the absence of feedback from the
external circuit, the total junction potential remains constant, which results in deeper
penetration of the depletion region into quasi-neutral material in order to satisfy Poisson’s
equation. The simulated C(I) curve is superimposed with the measured data in Figure 4.1,
which shows good agreement with the measurement.

When considering the photocurrent-dependent capacitance, the photocurrent may
also reduce the junction voltage through the series resistance, resulting in a voltage-
controlled capacitance which increases with DC photocurrent. It is therefore possible to
observe positive differential capacitance as a function of photocurrent when the series
resistance is large enough to cause significant voltage drop. However, for the CC-MUTC
photodiodes studied in this work, the series resistance is very small (< 5 Q). Therefore,
the space charge screening effect dominates, which results in decreasing capacitance with
photocurrent. It should be noted, that for the C(I) measurement the 50 Q load resistance
of the network analyzer was AC-coupled by a blocking capacitor and thus did not create
a DC photocurrent induced vi;itage drop. This may explain the qualitatively different

observations reported here compared to those of [24].
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4.4 The Equivalent Circuit Model in Two-Tone Setup

In order to evaluate the OIP3 theoretically, considering the nonlinear phenomena
described in Section 4.2, we developed a numerical equivalent circuit model based on the
analytical equivalent circuit model described in [24]. We have shown that this numerical
equivalent circuit model provides excellent fits to the measured OIP3. The equivalent
circuit is shown in Figure 4.4, According to this model the voltage across the photodiode

V() can be calculated from the following differential equation:

diC-V@Ol V@), VO _dC, dV@®) V@)

I(t)=
dt R, R+R, dt dt Z

4.0

where C is the device capacitance and Rp, Rg and Ry, are the parallel, series and load
resistances, respectively. Z is the equivalent resistance of all the resistors. According to
the two-tone setup shown in Figure 3.2 in Chapter 3, the expressions for the variables in
equation (4.1) are as follows. Neglecting the transit-time effects of the carriers, the AC
photocurrent I(t) is given as the product of the responsivity R and the optical input power
modulated at frequencies f] and f,, with an average power P and modulation depth m.
Hence I(t)=R -P-m-(sin(2xnf;-t)+sin(2nf,t)). In the actual simulation, the time varying
photocurrent I(t) and voltage V(t) are calculated in a finite time duration T and time, t, is
discretized with a sampling period Ts. The differential equation (4.1) is solved with an

iterative algorithm. At the first time point #=¢,, the voltage is calculated using the

AOWRLD

=I(t,). Then for k>0, the differential equation (4.1) is trans-
R, R;+R,

equation

formed into a discrete-time difference equation, i.e.,

I(fk) - C(tk) - C(tk—l) Vk«l + C(fk) tdli(;k) + V(g—l) . (42)

T kT k1
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We calculate dV(z,) from equation (4.2), and calculate the voltage in the next time
interval with equation ¥ (z,) =V (z,_)+dV(z,), until the voltage in all the time intervals are

solved. Finally, after temporal stabilization, we compute the spectral response using a fast
Fourier transform. In order to take the voltage- and photocurrent-dependent device
capacitance into account, junction capacitance is generally defined as C = C(Vy, I) =
C(Vu)+AC(VL)+AC(D) with the static capacitance C(Vy) and variable capacitances AC(Vy)
and AC(I). Vy is the static reverse bias provided by the voltage source and Vi is the
transient voltage drop on the photodiode. Similarly the voltage-dependent responsivity is
defined as R=Ry+AR(Vy) with Ry = 0.75 A/W. To compute the OIP3 based on the
experimental data, we derived AR(Vy), AC(VL) and AC(I) from numerically fitting the
data shown in Figure 4.1 and Figure 4.2. Furthermore, we used Rg=5 Q, Rp=1 MQ and

R1=50 Q, which are all obtained from measurements.

Ry

V)| 1) 4} C% R, R,

Figure 4.4 Equivalent circuit for the photodiode
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The frequency dependence of OIP3 of the CC-MUTC photodiode was calculated
using the equivalent circuit model and compared to the measured data. The AR(VL),
AC(Vy) and AC(I) were obtained using the quadratic fit, exponential fit and quadratic fit
to the corresponding measurement data shown in Figure 4.1 and Figure 4.2 in order to
obtain the best fit [From this it is not clear what data was fit by quadratic fit and what
used an exponential fit.]. The dotted and dashed lines in Figure 4.5 show the calculated
characteristics of the OIP3 exclusively due to the voltage-dependent responsivity R(VLy)
and capacitive effects C(Vy, I), respectively. Since R(V) is a static nonlinear mechanism,
the OIP3 limited by R(V) is constant with frequency, while C(V) and C(I) are dynamic
nonlinear mechanisms and thus the OIP3 limited by both C(V) and C(I) decreases with
frequency. At low frequencies, the R(V) limited OIP3 agrees well with the measurement

while at high frequencies, the C(V) and C(I) limited OIP3 become dominant and shows
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Figure 4.5 Measured OIP3 (circles) at 50 mA and reverse bias Vi, =-7 V, and calculated
OIP3 based on the voltage-dependent responsivity (dotted line), capacitive
effects (dashed line) and all effects (solid line)
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good agreement with the measured data. Only when these effects are considered together
(solid line in Figure 4.5) do we find a good agreement with the experimental data over

the entire frequency range.

4.5 Optimization of Photodiode Linearity Using the Equivalent

Circuit Model

The equivalent circuit model can provide theoretical guidance to optimize the
linearity of photodiodes. In this section, the equivalent circuit model is first used to help
find the optimal wavelength for the highest OIP3 of the CC-MUTC photodiodes. The
wavelength dependence of the R(V) curve was measured with a tunable external cavity
laser covering the C-band, L-band, and O-band. For each wavelength the optical input
power was set to a constant value providing a photocurrent of 50 pA at -2 V. Hence, the
photocurrent-voltage characteristics can be directly translated into an R(V) curve. For a

better comparison the data was normalized to the responsivity at -2 V. Each data point
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Figure 4.6  Relative responsivity measured at 50 pA photocurrent. The wavelength
was changed from 1540 nm to 1650 nm in 10 nm steps.
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was normalized separately by measuring the reference photocurrent at -2 V immediately
after each data point was determined. Thus, potential slow drifts (>1 s) of the fiber-chip
coupling which also may lead to a change in the photocurrent during the measurement
were effectively eliminated.

Figure 4.6 shows the measured normalized responsivity versus applied reverse
voltage. At 1540 nm an increase in responsivity of 0.6 % can be observed between -2 V
and -9 V. This value is in good agreement with our previous result, which was obtained
using a pulsed laser source, as shown in the inset of Figure 4.1. Tuning the input signal to
longer wavelengths leads increasingly to a reduction in relative responsivity at higher
voltages. We recorded the strongest voltage-dependence at 1650 nm, where the relative
responsivity was 96.5% at -9 V. However, near 1590 nm, the characteristics are almost
flat as evidenced by a maximum change of only 0.2 %. Figure 4.7 shows the normalized

responsivity versus bias at wavelengths between 1250 nm and 1350 nm. In this range, we
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Figure 4.7 Relative responsivity measured at SOpA photocurrent. The wavelength was
changed from 1250 nm to 1350 nm in 20 nm-steps.
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find a relative increase in responsivity of 0.3 % which is independent of the incident
wavelength.

The above behavior can be explained as follows. Since a change of the bias volt-
~ age leads directly to a variation in the electric field strength within the depleted absorbing
material, the optical absorption coefficient a is also changed through the Franz-Keldysh
effect. According to [29], a larger change in o, and thus in the measured photocurrent,
can be expected at wavelengths close to the InGaAs band gap, which corresponds to a
wavelength ~ 1650 nm, which is in good agreement with our measurements. In contrast,
for wa\?elengths far below the band gap, the Franz-Keldysh effect is less pronounced. We
believe that especially at high bias, a second voltage-dependent effect may additionally
arise through the mechanism of impact ionization. A rough calculation will demonstrate
the significance of impact ionization in the InGaAs region. At 8V reverse bias, the
average electric field in the n” InGaAs region with a thickness of w =200 nm is approxi-
mately 130 kV/cm considering the weak doping in the InGaAs and InP layer. According

to [28], the impact ionization coefficient for electrons and holes are approximately a =
420 em™ and B = 0.2 cm™, respectively. Adopting McIntyre’s local field model, [30]

taking the weak field limit ,and performing the appropriate spatial average, the increase
in responsivity due to impact ionization would be (a+B)w/2 = 0.4%, which is very close

to our measurement at shorter wavelengths around 1300 nm.
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Bias voltage

OIP3 at 1270 nm

OIP3 at 1591.5 nm

OIP3 at 1610 nm

45V

55 dBm

61 dBm

48 dBm

-1V

50 dBm

46 dBm

45 dBm

Table 4-1

calculated OIP3 limited by R(V).

Based on these results we estimated the OIP3 caused by the R(V) at different in-

put wavelengths using the equivalent circuit model together with the exponential fit

functions shown in Figure 4.8. The change of bias voltage is calculated from the photo-

current-induced transient voltage drop at the series and load resistors. The results in Table

4-1 indicate that smaller relative changes in responsivity generally lead to higher OIP3.

We calculated the highest OIP3 of 61 dBm at a wavelength of 1591.5 nm and -4.5 V

since those conditions yield relatively flat R(V) characteristics. Compared to the OIP3 at
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1610 nm this value is 13 dB higher.

The OIP3 of a 40-um-diameter CC-MUTC photodiode were measured at 152
MHz and 50 mA for various reverse biases and wavelengths, and the results are shown in
Figure 4.9. The reason the measurements were carried out at such a low frequency of 152
MHz was due to the fact that the simulated OIP3 only considered R(V), which is domi-
nant only at low frequencies where C(V) and C(I) are insignificant. As shown in Figure
4.9, the peak of OIP3 appears at the wavelength of 1595 nm and reverse bias of 5.5 V.
This agrees reasonably well considering the accuracy of the measured R(V) curves and

the accuracy of the exponential fit.

4.6 The Equivalent Circuit Model in Bias Modulation Setup
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Figure 4.9 Measured OIP3 of a 40-um-diameter CC-MUTC photodiode at 152 MHz
and 50 mA on for different wavelengths



As discussed in Section 4.4 voltage-dependent or photocurrent-dependent phe-

nomena can give rise to IMD3. In two-tone or three tone measurements, the measured
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intermodulation distortions are produced by both the voltage-dependent and photocur-
rent-dependent nonlinear mechanisms. In this case it is difficult to identify the individual
contributions to the intermodulation distortions. As described in Chapter 3, bias modula-
tion measurement is an effective way to study the effect of voltage-dependent
nonlinearity without the influence of photocurrent-dependent nonlinearity. In the bias
modulation setup, the same differential equation (4.1) is applicable:

The bias modulation setup is shown again together with the equivalent circuit
model in Figure 4.10. Neglecting the transit-time effects of the carriers, the AC photocur-
rent I(t) is given as the product of the responsivity R and the optical input power
modulated at the frequency f; with an average power P and modulation depth m. There-
fore, I(t)=R -P-m-sin(2xfit). The AC voltage signal V,(t) is provided by the signal
generator so that V,(t) = Vy-sin(2nft), where the frequency £,=20 kHz is fixed for all the
bias modulation measurements. In order to take the voltage-dependent capacitance C(V)
into account, the junction capacitance C is generally defined as C(V)=C(V4+AV), where
V. 1s the static reverse bias provided by the voltage source and AV=V,(t)-R-P-Rs—V(t)
is the difference between the transient voltage on the photodiode and the average voltage
V. Similarly the voltage-dependent responsivity is defined as R(V)=Ro(V4:+AV). To
compute the intermodulation products more accurately based on the experimental data
C(V) and R(V) are expressed by the fit functions shown in Figure 4.1. For the C(V) curve
we employed an exponential fit, and for the R(V) curve we employed a quadratic fit.
Defining compression as the ratio of fundamental power to intermodulation product
power measured in dBc, the compression of IMD?2 at fi+f, and the compression of IMD3

at f;+2f, can be expressed as:
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Comp,,,,, =10log,, [i],COmpm =10log,, ( In ) (4.3)
131MD2 PIMD3

The IMD2 compressions and IMD3 compressions are plotted versus the funda-
mental frequency f for a 56 pm-diameter CC-MUTC photodiode at 10 mA photocurrent
and DC reverse bias of V4, = 6 V. The results are summarized in Figure 4.11. The IMD2
compression is relatively constant in the low frequency range and decays with frequency
in the higher frequency range. This behavior can be explained by the combined effects of
R(V) and C(V). In the low frequency range, where the frequency independent term of
nonlinear responsivity dominates, the IMD2 compression shows relatively flat frequency
response. At higher frequencies the nonlinear capacitance begins to dominate and the
IMD2 compression rolls off with frequency. The compressions of IMD2 and IMD3 have
been calculated with the equivalent circuit model using the approach described in Section
4.4, The equation was solved by an iterative algorithm and after temporal stabilization,
the spectral response was computed using a fast Fourier transform. In Figure 4.11 the
solid and dashed lines show the IMD2 compression and IMD3 compression calculated
from the R(V) and C(V) curve. We found good agreement between the simulation and
the experimental data over the entire frequency range. Based on the experimental and
simulation results, we conclude that the voltage-dependent nonlinearities, namely R(V)

and C(V), are important nonlinear mechanisms that contribute to the intermodulations of

photodiodes, and thus must be ‘minimized in order to improve the photodiode linearity.

4.7 Conclusion

In this chapter the nonlinear phenomena in CC-MUTC photodiodes are quantita-

tively investigated. The responsivity exhibits a voltage dependence, but no significant
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dependence on photocurrent. The junction capacitance of CC-MUTC photodiodes
decreases with both reverse bias and photocurrent. Based on experimental data a numeri-
cal equivalent circuit model has been developed. It has shown that the frequency
characteristics of the OIP3 can be attributed to the change of both the responsivity and
device capacitance induced by the photocurrent and the transient voltage drop across the
load and series resistors. Further investigation of the nonlinear phenomena suggests that
the Franz-Keldysh effect and impact ionization are the primary reasons for the voltage-
dependent responsivity R(V), while low doping concentration in the p-type InGaAs
absorber and space charge screening are responsible for the voltage-dependent capaci-
tance and photocurrent-dependent capacitance C(I), respectively. An equivalent circuit
model was used to find the wavelength that yielded the highest OIP3 at low frequencies.
The CC-MUTC achieved an OIP3 of 57.5 dBm at 152 MHz with an operating wave-
length of 1595 nm. Bias modulation measurements were also carried out to verify the
relative importance of the voltage-dependent nonlinear mechanisms. Based on experi-
mental results, the equivalent circuit analysis shows that the frequency characteristics of
the intermodulation distortions can be attributed to the change of both the responsivity
and device capacitance induced by the modulated bias. All the measurement results and
analysis prove that voltage-dependent responsivity R(V), voltage-dependent capacitance
C(V) and photocurrent-dependent capacitance C(I) are the major nonlinear mechanisms

in CC-MUTC photodiodes and need to be minimized to improve the photodiode linearity.
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Chapter 5 Novel Designs for High Linearity Photodi-
odes

5.1 Introduction

In Chapter 4 nonlinear mechanisms in CC-MUTC photodiodes are quantitatively
studied. Voltage-dependent responsivity R(V) has been found to be the dominant nonlin-
ear mechanism at low frequencies, while voltage-dependent capacitance C(V) and
photocurrent-dependent capacitance C(I) are the dominant nonlinear mechanisms in high
frequencies. By tuning the operating conditions such as wavelength, reverse bias and
photocurrent, R(V) can be minimized and OIP3 as high as 57.5 dBm has been achieved at
a low frequency of 152 MHz for CC-MUTC. Other types of photodiodes also achieved
good OIP3 at low frequencies. A dual depletion region (DDR) photodiode has been
reported to have a third-order harmonic output intercept point (HOIP3) of 54 dBm at 829
MHz [31] and a partially depleted absorber (PDA) photodiode has achieved an HOIP3 of
51 dBm at 3 GHz [32], which is equivalent to third-order output intercept points (OIP3)
of 49.2 dBm and 46.2 dBm, respectively, as estimated from the cubic dependence of the
third-order nonlinearity terms [8]. However, the OIP3 of previously reported photodiodes
exhibited significant roll-off with frequency and thus high OIP3 is difficult to obtain at
high frequencies [24]. The CC-MUTC photodiode studied in Chapter 4 reached an OIP3
of 36 dBm at 20 GHz. An OIP3 value of 35 dBm at 20 GHz was reported for a uni-
traveling-carrier (UTC) photodiode [33]. s

In this chapter, first an InGaAs/InP partially depleted absorber (PDA) photodiode
using high doping levels for both p-type and n-type absorbers is introduced. This type of

photodiode will be referred to as an HD-PDA in this dissertation. The absorbers of the
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HD-PDA are highly doped in order to minimize the dependence of capacitance on
reverse bias and photocurrent, and thus to improve the OIP3 at high frequencies. Meas-
urement results show that the OIP3 of the HD-PDA does not roll off with frequency. The
OIP3 of the HD-PDA is 36 dBm at low frequencies and remains as high as 39 dBm up to
20 GHz.

HD-PDA photodiodes have low OIP3 at low frequencies since they have a thick
depleted InGaAs absorber, which leads to stronger dependence of responsivity on reverse
bias. In order to achieve high OIP3 in the entire frequency range, a modified uni-
traveling-carrier photodiode with highly doped p-type absorber, which will be referred to
as an HD-MUTC in this chapter, is introduced. Its OIP3 is 55 dBm at low frequency and

remains as high as 47.5 dBm at 20 GHz.

5.2 Partially Depleted Absorber Photodiodes with Highly

Doped Absorber

5.2.1 Device Design

InGads, u.i.d., <2.0x1015, 800nm

InP, semidnsulating substrate,
Double side polished

Figure 5.1 Schematic layer structures of HD-PDA photodiode. All doping concentra-
tions in cm®
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Figure 5.2 Doping profile of the HD-PDA photodiode measured with SIMS

The vertical layer design corresponds to an HD-PDA photodiode with both highly-
doped undepleted absorber and low-background-doping depleted absorber as shown in
Figure 5.1. The device under test was a back-illuminated InGaAs/InP mesa photodiode.
The InGaAs absorbing region with a thickness of 930 nm is comprised of a 100 nm p"
absorbing layer, an 800 nm unintentionally-doped absorber layer, and a 30 nm n" absorb-
ing layer. The doping profile of the PDA-PD was measured with Secondary ion mass
spectroscopy (SIMS). As shown in Figure 5.2, the doping levels in the n-type and p-type
absorbing layers are as high as"3x10" cm™. Since carbon was used as the p-type dopant
instead of Zn, the doping préﬁle is very abrupt. The background doping level in the

depleted absorbing layer was < 2:10'° cm™. The high doping levels in the n-type and p-
g lay p

typed absorbing layers and their abrupt doping profiles were designed to improve the
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OIP3 by reducing the voltage dependence of the capacitance. The studied photodiode

with an active diameter of 28 um exhibited a 3 dB bandwidth of 23 GHz at-8 V.

5.2.2 Nonlinear Phenomena And Equivalent Circuit Analysis

It has been shown in Chapter 4 that the voltage dependent responsivity R(V) is the
limiting nonlinear factor for the OIP3 of photodiodes at low frequencies (< 1 GHz), while
the voltage and photocurrent dependent capacitance is the limiting nonlinear factor at
high frequencies. In order to improve the linearity of photodiodes in the high frequency
range and reduce the frequency dependence of the OIP3, the HD-PDA photodiode with
highly doped undepleted absorbers described above was designed to reduce the capaci-

tance variation with bias voltage. The voltage-dependent capacitance C(V) and voltage
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Figure 5.3 Measured photodiode capacitance (symbols) and exponential fit (lines) for
CC-MUTC photodiode and HD-PDA photodiode. Inset: Relative responsiv-
ity (dots) with quadratic polynomial fit (lines) for MUTC-PD and PDA-PD.
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dependent responsivity R(V) of the HD-PDA photodiode were measured as described in
Chapter 4 and compared with the CC-MUTC photodiode, as shown in Figure 5.3 and
Figure 5.4. Both the HD-PDA and the CC-MUTC have active diameters of 28 um. The
HD-PDA photodiode has a differential capacitance of only -0.2 fF/V as a result of its
highly-doped undepleted absorbers compared with -4 fF/V for the CC-MUTC photodiode.
The responsivity of the PDA-PD shows a much stronger dependence on voltage (ap-
proximately 11% increase over a bias range of 8 V) compared to that of the MUTC-PD
(approximately 0.5% increase over 8 V) owing to its four-times thicker depleted InGaAs
layers, which exhibit impact ionization and the Franz-Keldysh effect

The frequency dependence of the OIP3 of the HD-PDA photodiode was measured
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Figure 5.4 Relative responsivity (dots) with quadratic polynomial fit (lines) for CC-
MUTC photodiode and HD-PDA photodiode.
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using the two-tone setup described in Chapter 3 and compared to that of the CC-MUTC
photodiode, as shown in Figure 5.5. The OIP3 of CC-MUTC rolls off as much as 16 dB
as the frequency increases from 300 MHz to 21 GHz. In contrast, the OIP3 of the HD-
PDA increases slightly with frequency up to 20 GHz, and a high OIP3 of 39 dBm is
achieved at 20 GHz.

The OIP3 due to the voltage-dependent responsivity R(V) of the HD-PDA (solid line
in Figure 5.5) is calculated based on the equivalent circuit model described in Chapter 4.
The results agree well with the frequency behavior of the OIP3 of the HD-PDA. The
OIP3 due to voltage dependent capacitance C(V) of the PDA-PD is also shown as the
dotted line in Figure 5.5, which is as high as 52 dBm at 20 GHz. This indicates that C(V)
is no longer a limiting factor for the OIP3 of this HD-PDA photodiode in the frequency

range up to 20 GHz. The OIP3 of the HD-PDA photodiode is expected to exceed that of
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Figure 5.5 Measured OIP3 of CC-MUTC photodiode at 50 mA and V,=-7 V and that
of HD-PDA photodiode at 21 mA and V,=-8 V.
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the CC-MUTC even more significantly at higher frequencies. However, our measurement

capability is limited to 20 GHz by the bandwidth of our Mach-Zehnder modulators.

5.3 Modified Uni-Traveling-Carrier Photodiodes with Highly

Doped Absorber

5.3.1 . Device Design

As discussed in Section 4.2, the HD-PDA photodiode shows reduced frequency de-
pendence of OIP3 due to its highly doped absorbers. However, since a thick depleted
InGaAs layer is used, its responsivity shows relatively large dependence on reverse bias
and thus the OIP3 is not high in the low frequency range. In order to improve the OIP3 in
the entire frequency range, an InGaAs/InP MUTC photodiode with a highly doped p-type
absorber is presented in this section. It will be referred to in the following as an HD-

MUTC photodiode. The vertical layer structure of the HD-MUTC photodiode is shown in

InGaAs, C, 8x10'°- 5x10'5, 650 nm

InGaAs, n.i.d, <5.0x1015%, 300nm

InGaAs/InAlAs chirped Superlattice,
n.i.d, <5.0x1015, 24nm

InP, semi-insulating substrate,
Double side polished

Figure 5.6 Schematic cross section of InGaAs-InP HD-MUTC photodiode.
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Figure 5.6. The epitaxial layers were grown on a semi-insulating InP substrate by mo-
lecular beam epitaxy. The InGaAs absorbing region with a thickness of 950 nm is
comprised of a 650 nm p” absorbing region and a 300 nm unintentionally-doped absorber
layer. Previously p-type InGaAs absorbing layers doped with Zn exhibited strong diffu-
sion of the Zn dopant, which results in a non-abrupt junction doping profile, as the case in
CC-MUTC. This non-abrupt doping profile causes the junction capacitance of the photo-
diode to have a strong dependence on bias voltage, which has been shown to be
responsible for the decrease of OIP3 with frequency. In order to form an abrupt junction
doping profile, C was used instead of Zn as the dopant in the 650 nm p" absorbing layer.
The p-type doping level was graded in 10 steps from 8-10"to0 5-10'® cm™ so as to assist
electron transport in the doped absorber. A 24 nm-thick InGaAs/InAlAs chirped superlat-
tice and a 5 nm moderately n-type doped InP cliff layer were incorporated between the
InGaAs and InP to reduce carrier pile up at the heterojunction interface. The 24 nm-thick
InGaAs/InAlAs chirped superlattice is used to smooth the bandgap discontinuity between
the InGaAs layer and the InP layer [34], while the 5 nm moderately n-type doped InP
cliff layer is used to enhance the electric field in the intrinsic InGaAs layer to help
electrons inject into the intrinsic InP layer and reduce the space charge effect in the
intrinsic InGaAs layer, as discussed in Chapter 2. The background doping level in the
unintentionally-doped absorbiqg layer was below 5:10"° cm™. Back-illuminated mesa
structures were fabricated by iﬁductive coupled plasma reactive ion etching. Microwave
contact pads and an air-bridge connection to the top p-contact layer were fabricated for
high-speed measurements. Finally a 220 nm SiO, anti-reflection layer was deposited on

the back of the wafer. The devices were mounted on an Al heat sink for testing. Photodi-
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odes with an active diameter of 40 um exhibited a 3 dB bandwidth of 13 GHz at -6 V and

responsivity of 0.49 A/W at 1550 nm.

Compared with a CC-MUTC photodiode that has similar thickness of InGaAs ab-

sorber, the responsivity of the HD-MUTC is not as high. This is due to the fact that the p-

type InGaAs absorber is so highly doped that the electron lifetime in the p-type InGaAs

absorber of the HD-MUTC is much shorter than that of the CC-MUTC and thus a frac-

tion of the photo-generated electrons recombine in the highly doped p-type InGaAs

absorber of the HD-MUTC before they diffuse into the intrinsic InGaAs layer.

5.3.2 Measurement of Nonlinear Phenomena

The R(V) and C(V) of the HD-MUTC photodiodes were measured and are com-

Figure 5.7
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pared with those of the CC-MUTC photodiode and the HD-PDA in Figure 5.7. R(V) is
normalized relative to the responsivity at 2 V reverse bias and C(V) is expressed in terms
of the capacitance density, which is independent of the photodiode diameter. As a result
of the high carbon doping level in the undepleted absorbers, the capacitance density of
the HD-MUTC photodiodes has a significantly weaker voltage dependence than the CC-
MUTC photodiodes when the bias is > 4V. However, it is similar to that of the HD-PDA
photodiodes. Also the capacitance of the CC-MUTC photodiode was reported to decrease
with photocurrent. However, no dependence on photocurrent has been observed for the
HD-MUTC photodiode, which is similar to that of HD-PDA due to the highly doped
absorbers. The responsivity of the HD-MUTC photodiodes shows a stronger dependence
on voltage (~ 6% increase over 8 V) than that of the CC-MUTC photodiodes (~ 0.5%
increase over 8 V), but a weaker dependence than the HD-PDA photodiodes (~10%
increase over 8 V). This is due to the fact that impact ionization and the Franz-Keldysh
effect are significant in the depleted InGaAs layers. The thicker the depleted InGaAs
layer, the greater is the influence of these effects. The depleted InGaAs layer in the HD-
MUTC photodiodes (300 nm) is thicker than that in the CC-MUTC photodiodes (de-
signed to be 200 nm but actually ~ 100 nm due to Zn diffusion), but thinner than that in

the HD-PDA photodiodes (800 nm).

5.3.3 Measurement of OIP3
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As discussed previously, R(V) is the primary limiting factor of the OIP3 at frequen-
cies < 3 GHz. Based on the equivalent circuit model described in Chapter 4 and using a
quadratic fit to the measured voltage-dependent responsivity R(V) of the HD-MUTC
photodiodes, the calculated low-frequency OIP3 is 38.3 dBm. The dashed line in Figure
5.8 is the calculated OIP3 under the assumption that R(V) is independent of the photocur-
rent. Figure 5.8 shows the measured OIP3 of the HD-MUTC versus photocurrent at 320
MHz using the three-tone measurement setup discussed in Chapter 3. The wavelengths of
the lasers in the three-tone setup were 1544 nm, 1545 nm and 1546 nm and the lasers
were modulated at 300.7 MHz, 311.1 MHz and 320.7 MHz, respectively. The OIP3
exhibits a current-dependent component and reaches peaks at slightly different photocur-
rents for different biases. To verify the highest measured OIP3 of 55 dBm, at 33 mA

photocurrent and 10 V reverse bias, the drive power of the optical modulator is varied in

60 T 1 T

(a)

OIP3 (dBm)

Photocurrent (mA)

Figure 5.8 OIP3 of the HD-MUTC photodiode versus photocurrent at 7 V, 9 V and 10
V reverse bias.
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order to determine the dependence of Pivps on Pr. As shown in Figure 5.9, Pr and Pivps
are well characterized by a slopes of 1 and 3, respectively. The measured OIP3 value of
55 dBm is the extrapolated intercept of the Pr and Ppvps plots.

The photocurrent dependence of OIP3 suggests that R(V) is influenced by the photo-
current level. Since both impact ionization and the Franz-Keldysh effect are temperature
dependent [35, 36], the shape of the R(V) curve may change as the photocurrent increases
due to the increase of the device temperature. The R(V) curves shown in the inset of
Figure 5.7 were measured at very low photocurrent levels (< 200 pA). Although, in
theory, the R(V) curves at high photocurrent levels can be measured in the same way, in
practice we found that the responsivity shows much stronger dependence on reverse bias

compared with those measured at low photocurrent levels. As a result, low OIP3 would
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Figure 5.9 The power of IMD3 versus fundamental power shows a good slope of 3 and
an extracted OIP3 of 55 dBm at 33 mA and 10 V
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be expected from the high photocurrent R(V), which is inconsistent with the OIP3 peaks
observed in Figure 5.8. The DC measurements of the R(V) curve at high photocurrents
involves not only the dependence of responsivity on reverse bias but also the dependence
of responsivity on temperature. The temperature change due to ohmic heating is a slow
process. For the HD-MUTC photodiode studied in this paper we observed that the
stabilization time for the DC photocurrent increases monotonically with photocurrent and
when the photocurrent is larger than 20 mA the stabilization time could be up to several
seconds. This likely due to some slow feed back process in which the increasing tempera-
ture changes the absorping coefficient of the InGaAs by influencing the temperature-
dependent Franz-Keldysh effect and impact ionization, and thus changes the photocurrent,
which in return changes the temperature. However the measurements of OIP3 are carried
out at high frequencies and thus the transient current change will not induce a significant
temperature effect. It follows that, only the dependence of responsivity on reverse bias is
significant. For these reasons DC measurements of £{V) curves at high photocurrents can
not accurately predict the OIP3. We have used an alternative OIP3 measurement tech-
nique, bias modulation, to determine the impact of high operating current on V). More

details will be discussed in Section 5.3.4.
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The frequency dependence of the OIP3 of the HD-MUTC photodiode was measured
using the three-tone technique at different photocurrent levels; the results are shown in
Figure 5.10. At 33 mA and 10 V reverse bias, where the OIP3 of the HD-MUTC photo-
diode exhibits a peak at low frequencies, the OIP3 is 55 dBm and decreases only slightly
with increasing frequency. At 20 GHz it remains as high at 47.5 dBm. The solid line in
Figure 5.10 is the calculated frequency dependence of the OIP3 at 10 V reverse bias
based on the measured C(V) curve. As a result of the highly-doped absorbers and the
concomitant reduced dependence of capacitance on reverse bias, the calculated OIP3
limited ‘by C(V) begins to approach the measured OIP3 only when the frequency is higher

than 6 GHz. This indicates that £(V) is the dominant nonlinear mechanism for frequen-
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Figure 5.10 Measured OIP3 of HD-MUTC photodiode at 33 mA and 42 mA. The
reverse bias is 10 V. Solid line: calculated OIP3 of HD-MUTC photodiode
at 10V bias assuming that C(V) is the primary nonlinearity driver.
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cies lower than 6 GHz. In the frequency range from 6 GHz to 20 GHz the OIP3 is deter-
mined by both C(V) and £(V). The drop of OIP3 accelerates as the frequency approaches
20 GHz while the calculated OIP3 limited by C(V) shows the opposite trend at high
frequencies, which indicates that in addition to C(V), other frequency-dependent nonlin-
ear mechanisms such as carrier speed modulation caused by the voltage swing may also
contribute to the decrease of OIP3 at high frequencies [8].

The frequency dependence of the OIP3 was also measured at a photocurrent of 42
mA and 10 V reverse bias, where the OIP3 is 39 dBm at 320 MHz and slightly increases
to 41 dBm at 20 GHz. This indicates that the nonlinearity caused by £(V) is so strong that

the C(V) nonlinearity is by comparison negligible at least up to 20 GHz. This is consis-
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Figure 5.11 Frequency dependence of OIP3 of HD-MUTC at various reverse biases and
their corresponding optimized photocurrents. Solid line: C(V)-limited OIP3
at 10 V; Dashed line: C(V)-limited OIP3 at 7 V.
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tent with the calculation of OIP3 based on C(V).

Figure 5.11 shows the measured frequency dependence of the OIP3 at different
reverse bias and the corresponding optimized photocurrent levels (30.5 mA for 7 V, 32.5
mA for 9 V and 33 mA for 10 V). At 20 GHz the measured OIP3 increases monotoni-
cally with reverse bias. The dashed and solid lines in Figure 5.11 are the calculated C(V)-
limited OIP3 at 10 V and 7 V reverse bias, respectively. Since the derivative of capaci-
tance with respect to bias, i.e. dC(V)/dV, decreases with increasing reverse bias, the

C(V)-limited OIP3 calculated from the equivalent circuit model increases with reverse
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Figure 5.12 Measured OIP3 of (1) CC-MUTC photodiode at 50 mA and Vb =-7 V, (2)
HD-PDA photodiode at 21 mA and Vb =-8 V, and (3) HD-MUTC photodi-
ode at 33 mA and 10 V reverse bias. Solid line: calculated OIP3 of HD-
MUTC photodiode based assuming the dominance of C(V); Dashed line:
calculated OIP3 of CC-MUTC photodiode assuming primary contributions
from C(V) and C(I); Dotted line: calculated OIP3 of HD-MUTC photodiode
assuming that C(V) is the primary nonlinear driver.
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bias. Thus increasing reverse bias is beneficial in improving the OIP3 of the photodiode
especially at high frequencies.

The frequency dependence of the OIP3 of the HD-MUTC photodiodes is compared to
that of the CC-MUTC photodiode and the HD-PDA photodiode, as shown in Figure 5.12.
Since the OIP3 of all the photodiodes show certain dependence on photocurrent and
reverse bias, in order to make fair comparisons each device was measured at the photo-
current and bias conditions that maximized their OIP3. As shown in Figure 5.12,
although the CC-MUTC photodiode shows a high OIP3 at low frequencies, there is a 16
dB roll off as the frequency increases from 320 MHz to 21 GHz. This is caused by
voltage-dependent capacitance C(V) and photocurrent-dependent capacitance C(I) as
explained in Chapter 4. The calculated OIP3 of the CC-MUTC photodiode based on its
C(V) and C(I) characteristic is shown as the dashed line in Figure 5.12, which agrees well
with the measured OIP3 at high frequencies (> 6 GHz). The OIP3 of the HD-PDA
photodiode slightly increases with frequency, which 'is similar to that of the HD-MUTC
photodiode measured at non-optimized conditions (42 mA curve in Fig. 5). This indicates
that the strong nonlinearities caused by the £(V) of the HD-PDA photodiode limit its
OIP3 to values below 40 dBm. The OIP3 limited by the &AV) of the HD-PDA was
calculated and is shown as the dotted line in Figure 5.12; which shows good agreement
with the measurements. The reduced frequency dependence of OIP3 of the HD-MUTC
photodiode is due to the highlsl doped absorber, which significantly reduces the voltage
dependence of capacitance and almost eliminates the photocurrent dependence of the

capacitance.
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5.3.4 Explanation for the Peak of OIP3 at Certain Photocurrent

As discussed in Section 5.3.3, the R(V) curve of HD-MUTC can not be measured at
high photocurrent levels due to the influence of ohmic heating and thus bias modulation
techniques needs to be used to help determine the R(V) curve at high photocurrent levels.
In contrast to the three-tone measurement, which utilizes three optical signals modulated
at different frequencies, the bias modulation method employs only one optically modu-
lated signal at frequency f; and the reverse bias applied to the photodiode has the form
Vhias(t)=VactVosin(2ntat), where V is the DC component and V. is a modulated voltage

at fixed frequency f, and amplitude V,. For the measurements reported here f; = 20 kHz
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Figure 5.13 The compressions of IMD2 and IMD?3 versus photocurrent. The calculated
OIP3 based on the nonlinear parameters extracted from the measured com-

pressions of IMD2 and IMD3 is compared with the OIP3 measured using
three-tone techniques at 320 MHz and 7 V reverse bias.
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and Vo = 1V. The advantage of the bias modulation setup is that the measured intermodu-
lation terms are relatively immune to the nonlinearities of the modulators as well at those
of the signal generators that drive the modulators, as described in Chapter 3 and 4. With
the bias modulation technique, the output photocurrent will exhibit components at the
fundamental frequency f; and at the frequencies fi+f, and fi£2*f,. The compression of
the second order intermodulation terms, IMD?2, are defined as Pg/Pg.p measured in dBc,
similarly the compression of the third order intermodulation products, IMD3, is
P#1/Pris2+p measured in dBc. The compression of the IMD2 and the IMD3 of HD-MUTC
were measured with this bias modulation approach at various photocurrent levels and the
results are shown in Figure 5.13. The wavelength of the laser used in this bias modulation
setup was 1545 nm and the laser was modulated at a fixed frequency of 320 MHz, which
was low enough so that the contribution from the voltage-dependent capacitance C(V)
was negligible compared with that of V). V4 was fixed at 7 V. As shown in Figure
5.13, both compression of IMD2 and IMD3 show some dependence on the photocurrent
and, interestingly, the compression of IMD3 shows a peak at 30.5 mA, which is exactly
the photocurrent that the OIP3 shows a peak when the reverse bias is 7 V.

As stated above, at low frequencies the OIP3 is determined by the relative voltage
dependent responsivity R(V). In order to relate the compression of IMD3 to OIP3, we
first seek a relation between the compression of IMD3 and R(V). According to the
equivalent circuit model, the éransient voltage drop across the load resistor V(t) is the
variable to be solved in equation (4.1). Using Harmonic the Balance Method similar to
[24], V(t) can be expanded as:

V)=V, sinQr fit+¢)+V,sinz f,t+¢,) +

Ay SN2+ S+ 14 Vi S22 (S, — )+ o] ©-1)
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Where ¢1, ¢z, ¢21,...are phase delays resulting from the capacitance of the PD. Inserting
(5.1) into the differential equation (4.1) and using the orthogonality property of sine and
cosine functions, we obtain a set of linear equations for V,,V,,V,,,.... In this way the
power of the IMD2 and the fundamental power can be expressed as functions of the

circuit parameters. Assuming that R(V) has a form of R(V) = 1+a,V+a,V*+..., to second

order the compression of the IMD2 can be expressed as:

P 2
Comp _IMD2 =10log,,(—2—) = -10log,, GG‘V"J (5.2)
htfy

when the frequency is sufﬁcientiy low so that the contribution to the intermodulation
from the voltage-dependent capacitance C(V) is negligible compared with ZV). Simi-

larly we can obtain the following expression for the compression of the IMD3:

P 2
Comp _IMD3=10log,,(—2 )=~1010g10[la2V02j (5.3)
hE2f, 4

Thus the absolute values of the nonlinear parameters a; and a, can be determined from
the measured compression values and equations (5.2) and (5.3). However, additional
information is required to determine the signs of a; and a,. A quadratic fit to the meas-
ured (V) indicates that a, is positive and a, is negative when the photocurrent is low.
The measured compressions of IMD2 indicate that the absolute value of a; never ap-
proaches zero in the range of photocurrent considered in this work. Hence, in the
following a; will be assumeéi to be positive. The measured compressions of IMD3
indicate that the absolute value of a, decreases with photocurrent, approaches zero and
then increases, which implies that a, is negative at low photocurrent levels and becomes

positive at high photocurrent. Thus, we assume that the sign of a, is negative when the
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photocurrent is less than or equal to 30.5 mA and positive when the photocurrent is larger
than 30.5 mA.

In order to verify the effectiveness of the assumptions, the measured R(V) curve at
low photocurrent and the R(V) curves deduced from the bias modulation measurements
are shown in Figure 5.14. The responsivity is normalized relative to the absolute respon-
sivity at 6 V because the DC bias is 7 V in this measurement and the deduced values of a;
and a, are only valid in the vicinity of 7 V. As shown in Figure 5.14, the estimated R(V)
curve at 10 mA agrees reasonably well with the measured R(V) at 50 uA. However, as
the photocurrent starts to increase, the shape of the R(V) begins to change probably due

to thermal effect.
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Figure 5.14 Measured R(V) curve and the R(V) curves determined from the bias modu-
lation measurement



87

With these assumptions for a; and a, the OIP3 limited by the nonlinear R(V) at
various photocurrent levels can be calculated using the equivalent circuit model. If the
R(V) limited OIP3 is close to the OIP3 measured with three-tone technique, it means that
R(V) is the dominant mechanism. Otherwise, other nonlinear mechanisms dominate. The
R(V) limited OIP3 are calculated and the results are compared with the measured OIP3 in
Figure 5.13. The calculated and measured OIP3 using the three-tone methods show good
agreement within an error margin of 2 dB. The fact that the compressions of the IMD3,
the calculated OIP3, and the measured OIP3 reach their peaks at exactly the same photo-
current is a strong indication that R(V) is the dominate mechanism in HD-MUTC at 320
MHz and the dependence of OIP3 on photocurrent is related to a photocurrent induced
change in the R(V) curve: as photocurrent and reverse bias changes, the nonlinear pa-
rameters a; and a; change and at certain photocurrent and reverse bias conditions the
nonlinear parameter a,, become almost zero. In other words, responsivity become a linear
function of reverse bias at those specific conditions, and thus the IMD3 caused by R(V),
which is mainly associated with a,, become very small and results in high OIP3.

The reduction of a, may be caused by competing nonlinear mechanisms. It has
been shown that R(V) of photodiodes is mainly caused by Franz Keldysh effect and
impact ionization in Chapter 4, and these two nonlinear effects can compensate each
other and thus result in high O}P3. It is very likely that the minimization of a, and thus
the peak of OIP3 is due to thé compensation between two nonlinear effects at certain
photocurrent and reverse bias conditions. As shown in Fig. 3, the photocurrent at which
OIP3 shows a peak changes with reverse bias. This is likely due to the fact that both the

Franz Keldysh effect and impact ionization are dependent on electric field and tempera-
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ture, which are influenced by reverse bias and photocurrent. Similar photocurrent de-
pendence of OIP3 is also observed in the CC-MUTC, but the OIP3 is less sensitive to
photocurrent and reverse bias than the HD-MUTC. This is likely due to the fact that the
CC-MUTC has a thinner intrinsic absorber (200 nm) than that of the HD-MUTC (300 nm)
and thus suffers less from the Franz Keldysh effect and impact ionization. In this case
less precise conditions of photocurrent and reverse bias are required for the Franz

Keldysh effect and impact ionization to compensate each other.

5.4 Conclusions

In this chapter two novel photodiode structures, the HD-PDA and the HD-MUTC,
have been developed in order to improve the OIP3 at high frequencies. Both structures
include highly doped absorbers in order to minimize the dependence of capacitance on
reverse bias and photocurrent. The OIP3 of the HD-PDA photodiode has a flat frequency
response that remains as high as 39 dBm at 20 GHz. However, due to its thick depleted
InGaAs absorber, the responsivity has relatively large dependence on reverse bias and
thus the OIP3 is limited by R(V) across the entire frequency range. The HD-MUTC was
desjgned to improve the OIP3 of photodiode in all frequencies. The OIP3 of the HD-
MUTC photodiode is 55 dBm at low frequencies with only slight roll off with frequency;
at 20 GHz the OIP3 reaches 4Z.5 dBm. The excellent frequency behavior is due to the
high doping levels in the und;pleted absorber and the relatively thin depleted InGaAs
absorber. The frequency dependence of OIP3 is well explained by the equivalent circuit

model. The photocurrent dependence of the OIP3 of the HD-MUTC photodiode, as
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determined by the bias modulation method, is primarily attributable to the change of the

R(V).
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Chapter 6 High Power Photodiodes as Optoelectronic

Mixers

6.1 Introduction

Radio-over-fiber systems operating at millimeter-wave frequencies have great po-
tential in providing future V-band (50-75 Ghz) wireless networks with larger channel
capacity. In this architecture the radio signals are generated at a central station and are
distributed to and from the radio base stations as millimeter wave-modulated optical
signals, as shown in Figure 6.1. Due to the small coverage of millimeter-wave frequency

radio signals, a lot of radio base stations are required; therefore, they must be simple,
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Figure 6.1 Schematic of Radio-over-fiber system for V-band wireless communication
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compact, and low cost. Conventionally the optical subcarrier-modulated signals are
converted to electrical signals with a linear-detection pin-photodiode and then up-
converted by electrical frequency mixing. To simplify the frequency conversion scheme,
pin-photodiodes operating in nonlinear detection mode were proposed to up-convert
intermediate-frequency (IF) signals with both the local oscillator (LO) and the IF signals
in optical form [10]. This direct frequency conversion scheme not only eliminated the
necessity of using electrical mixers, but also allows the optical IF signal to be easily
distributed from central stations to base stations through optical fibers. As the key com-
ponent in this direct frequency conversion scheme, the photodiodes used as the
optoelectronic (OE) mixers are required to deliver high up-converted radio-frequency
(RF) signal power. However, pin-photodiodes suffer from severe space charge effect and
the maximum power of the up-converted signal is very low. The highest up-converted
signal power reported using a pin-photodiode as an OE mixer at V-band is only -50 dBm
[10]. Uni-traveling-carrier (UTC) photodiodes as OE mixers have achieved higher up-
converted RF power of -14.6 dBm at 60 GHz [37]. Recently a near-ballistic uni-
traveling-carrier (NB-UTC) photodiode as OE mixer was also reported to have a rela-
tively high up-converted RF power of -29 dBm at 60 GHz [38]. In this chapter, we
demonstrate a modified uni-traveling-carrier (MUTC) photodiode as a high power OE
mixer. The relative optical LO %nd IF signal levels and the reverse bias caﬁ be optimized
for maximum up-converted poi;ver, and experimental results revealed that the optimum IF
percentage Pope1p/(Popt-1rtPopt-L0) 18 approximately 1/3 for all photocutrent levels while
the optimum reverse bias increases linearly with photocurrent. A simple analytical model

based on the space charge effect was developed to explained the optimum IF percentage



92

and the photocurrent dependence of the optimum reverse bias. By optimizing the relative
optical LO and IF signal levels and the reverse bias, a record high up-converted RF
power of -4.7 dBm was achieved at 60 GHz when the photocurrent was 70 mA. Further
studies show that the maximum up-converted RF signal power is only limited by the

saturation effect of the photodiode.

6.2 Device Design and Measurement Setup

The device structure was grown on semi-insulating double-side-polished InP sub-
strates by metal-organic chemical vapor deposition (MOCVD). A schematic cross section
is shown in Figure 6.2. The epitaxial growth begins with a 200 nm-thick n+ InP layer, a

20-nm n+ InGaAs layer, and a 900-nm n+ InP. A 100-nm n-type InP layer with a doping

InGaAsP,Q1.1, Zn,2.0x10%, 15nm

InGaAsP,Q1.4, Zn|2.0x10133 15nm

InGaAs, Zn, 2.0x1015, 100nm
InGaAs, Zn, 1.0x1013, 150nm
InGaAs, Zn; 5.0x10!7, 200nm
InGaAs, Zn, 2.5x107, 200nm
InGaAs, n.Ld, <1.0x10'6, 250nm
InGaAsP,Q1.4, n.1.d,<1.0x10'6, 15nm
InGaAsP,Q1.1, n.1.d,<1,0x10'6, 15nm
InP, 81, 5.0x10'6, 50nm
InP, 5i, n.l.d,<1.0E16, 700

InP, semi-insulating substrate,
Single side polished

Figure 6.2 Schematic of the MUTC photodiode
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concentration of 1x10'® cm"3 is then grown to reduce Si diffusion into the following 700
nm lightly-doped InP drift layer. Following the InP drift layer are two 15-nm lighted-
doped InGaAsP transition layers, and then a 50-nm lightly-doped n- InP cliff layer. The
Ing 53Gag 47As absorbing region consists of a 250-nm unintentionally-doped n-layer that is
depleted when the device is sufficiently reverse biased and four undepleted, step-graded
Ing 53Gag.47As layers. The two top layers are a 100-nm p* InP electron blocking layer and
a 50-nm p" InGaAs contact layer. The two 15-nm InGaAsP quaternary layers are de-
signed to “smooth” the abrupt conduction band barrier at the InGaAs-InP heterojunction
interface. To assist carrier transport in the p-type absorbing layer, the doping was graded
in four steps (2.5x10"7 cm™, 5.0x10"7 em?, 1.0x10"® cm™ and 2.0x10'® cm™) to create a
quasi-electric field. Compared to the CC-MUTC design reported in Chapter 2, the
thickness of the charge-compensated InP collector layer was increased from 605 nm to
700 nm to reduced the capacitance and thus increase the RC-limited bandwidth. The InP
cliff layer, which is a thin moderately doped n-type InP layer, was added between the
depleted InGaAs layer and the depleted InP layer to reduce the space charge effect at
high photocurrent levels. Back-illuminated mesa structures were fabricated by inductive
coupled plasma etching. Microwave contact pads and air-bridge connections to the top p-
contact layer were fabricated for high-speed measurements. Finally, a 230-nm SiO, anti-
reflection layer was deposited on the back of wafer. The MUTC photodiode has a high
responsivity of 0.75 A/W, whiéil compares favorably with the 0.15 A/W responsivity of
the NB-UTC photodiode reported in [38]. The devices were mounted on a thermo-
electric heat sink for testing. The MUTC photodiode studied in this work has a diameter

of 20 pm, which corresponds to an active area of 314 um2 . Compared with the previously
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reported UTC photodiode V-band mixer, which has an active area of 40 um? [37] and the
NB-UTC photodiode, which has an active area of 100 pm® [38], the relatively large
active area of the MUTC photodiode allows larger tolerance in alignment and undercut
during chemical etching of the mesa structure, which significantly eases the fabrication
process. However, this large active area did not harm the high-power performance of the
photodiode in V-band, which will be discussed later.

A block diagram of the measurement setup for optical signal mixing with the
MUTC photodiode is shown in Figure 6.3. Two tunable External Cavity Lasers (ECL)

with a center wavelength near 1545 nm were used to create a 100% modulated LO signal
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Figure 6.3 Measurement setup for optical signal mixing with photodiode
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at 59.5 GHz by heterodyning. The optical IF signal at a center optical wavelength of 1543
nm was generated by modulating a DFB laser with an electro-optic modulator at a fixed
frequency of 0.5 GHz. The modulator was driven at high power so that the IF signal was
also 100% modulated. The optical LO and IF signals were combined through a 4-way
coupler and then amplified by an EDFA. Since the optical LO and IF signals share a
single EDFA, the ratio between the injected optical LO and IF power can be adjusted to
optimize the up-conversion efficiency. The optical signal was then attenuated by an
optical attenuator and coupled into the photodiode with a lensed fiber. The photodiode
was biased with a low loss bias tee through which the signals produced by the photodiode
were coupled into a Rohde & Schwarz FSU67 spectrum analyzer which has a maximum
measurable frequency range of 67 GHz. The LO signal at 59.5 GHz and the up-converted
RF signals at 59 GHz and 60 GHz produced by the photodiode were directly measured

using the 67 GHz spectrum analyzer.

6.3 Measurement Results

The frequency response of the 20-im-diameter MUTC photodiode was measured

by sweeping the frequency of the optical LO signal while keeping the IF signal off. The
results are shown in Fig. 3. The MUTC photodiode exhibited a 3-dB bandwidth of 32
GHz when measured at 50 mA and 5 V reverse bias. At 60 GHz, the relative response
decreased to approximately -8'~dB. The measured junction capacitance was 61 fF and the

series resistance was 5 Q for the 20-#m-diameter MUTC photodiode, which corresponds

to an RC-limited bandwidth of 47 GHz. Assuming that the relative frequency response of
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the photodiode is a combination of the RC effect and the transit time, the bandwidth is
given by the following relation [39]:

1
f Yoqul LY
4w )

where BWgc is the RC limited 3-dB bandwidth and BWrr is the transit-time limited 3-dB

B(f)= (6.1)

bandwidth. From the measured 3-dB bandwidth of 32 GHz and the RC limited bandwidth
of 47 GHz, we can estimate the transit-time limited bandwidth by solving the equation
B(32 GHz) = 0.5. Thus we obtained an estimated transit-time limited bandwidth of

BWmr=53 GHz. Using equation (6.1), we can know that of the -8 dB loss at 60 GHz, -4.3
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Figure 6.4 Relative frequency response of the MUTC photodiode measured at 50 mA
and 5 V reverse bias.
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dB is contributed by the RC effect while only -3.7 dB is contributed by the transit-time
effect. It seems that the relatively large active area of the photodiode, which corresponds
to a small RC-limited bandwidth, contributed to a significant portion to the loss of the RF
power at 60 GHz. However, the maximum photocurrent is linearly proportional to the
active area A, while the bandwidth is inversely proportional to the active area A. Thus the

maximum output power Py o< T,..°o<A’, and power loss at a certain high frequency B (f,)
o<1/A* when f»fus. Thus the maximum power of the photodiode at a certain high
frequency is Puay*B (fo) =constant. Within reasonable limits the output power is inde-

pendent of the size of the photodiode. This can be beneficial since the relatively large
active area of the photodiode eases the fabrication process but does not harm the maxi-
mum power that can be delivered at 60 GHz. The loss caused by the transit-time effect at
60 GHz could be reduced at the cost of using a thinner absorber, which would result in
decreased responsivity or by using a waveguide structure which requires more compli-
cated fabrication and optical alignment.

The optical IF percentage is defined as Pope1r/(PopeirtPopiLo), Where Poyiir is the
optical power of the IF signal and P10 is the optical power of the LO signal. The
optical IF percentage was adjusted to maximize the up-converted RF power at fixed
photocurrent levels. As shown in Figure 6.5, at 30 mA of photocurrent and 1.5 V of
reverse bias, the electrical power of the LO signal produced by the photodiode monotoni-
cally decreases with the optical IF percentage, which is due to the reduction of the optical
LO signal. The up-converted RF power, however, reaches a “plateau” when the optical IF
percentage is between 25% and 40%. Similar measurements have been carried out for

various photocurrent levels and bias conditions and similar dependence of the up-
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converted RF power on optical the IF percentage was observed. The optimum optical IF
percentage centers near 33%. The up-converted RF power shows no significant differ-
ence when the optical IF percentage is between 25% and 40%. Thus all the measurements
described in the following were carried out with the optical IF percentage fixed at 33%.
In order to explain the measured optimum IF percentage a simple analytical
model was developed. It was suggested in Chapters 4 and 5 that both the nonlinear
responsivity (voltage or photocurrent dependent responsivity) and the nonlinear capaci-
tance (voltage or photocurrent dependent capacitance) contribute to the nonlinear
frequency mixing process. We define conversion loss as Pro/Pr (dB), the ratio of the
electrical power of the LO signal to the up-converted RF power measured in dB. In order

to determine the dominant nonlinear mechanism in the MUTC photodiode studied in this
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work and thus simplify the expression for up-converted RF power, conversion loss was
measured versus frequency at photocurrent levels of 30 mA and 70 mA. The reverse bias
condition was optimized for the highest up-converted power; it was 1.4 V for 30 mA and
3.4V for 70 mA.

As shown in Figure 6.6, the conversion loss is almost independent of frequency in
the measured frequency range for both 30 mA and 70 mA. As suggested in Chapters 4
and 5, nonlinear responsivity is the dominant nonlinear mechanism if conversion loss
(referred to as “compression” in Chapters 4 and 5) is independent of frequency while

nonlinear capacitance is the dominant nonlinear mechanism if conversion loss decreases
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Figure 6.6 Conversion loss versus frequency at 30 mA and 70 mA. The LO and up-
converted RF power versus frequency at 30 mA is also shown.



100

with frequency, since nonlinear responsivity leads to amplitude distortion which is
independent of frequency while nonlinear capacitance leads to phase distortion which
increases with frequency. Since the measured conversion loss is independent of fre-
quency, we concluded that the nonlinear responsivity is the dominant nonlinear
mechanism in the MUTC photodiode and the effect of nonlinear capacitance can be

neglected.

6.4 Theoretical Calculations and Maximum Up-converted RF

Power

When the MUTC photodiode is operated in saturation mode, the responsivity of
the photodiode can be modulated by both photocurrent and reverse bias due to the space
charge effect, as discussed in Chapters 3 and 4. When operating a photodiode under
optical illumination the photocurrent induces a voltage drop across the series and load
resistances. As a consequence, the bias voltage across the photodiode junction is modu-
lated by the photocurrent [40], which will be referred to as “voltage swing” in this
chapter. As the reverse bias on the photodiode decreases, the electric field in the photodi-
ode also decreases and thus the responsivity of the photodiode is reduced when the
photodiode is saturated. Thus the responsivity of the photodiode is modulated by the
photocurrent through voltage syving effect. The photocurrent can also directly modulate
the responsivity of the photodiode through space charge effect, since the injected elec-
trons into the depleted region screen the ionized donor charge and thus decreases the
electric field in the depletion region, which is similar to the effect of reducing the reverse

bias of the photodiode. It is shown in [41] that the equivalent voltage drop due to photo-
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current induced space charge effect is linearly proportional to the photocurrent, which
can be written as A V=R XI, where Ry is the space charge resistance. In this way we

consider that the responsivity modulation due to the space charge effect induced by
photocurrent is equivalent to a voltage swing effect with photocurrent flowing through a
load resistor of Ry, and the equivalent voltage swing produced by both photocurrent
induced space charge and a voltage swing together will be referred to as the “total

equivalent voltage swing”, which can be calculated as
where Rp is 55 Q which includes the 50 Q load resistance the 5 Q series resistance of

the photodiode, and B(f) is the frequency response of the photodiode in equation (6.1).

To get the expression for the optimum IF percentage, we also make the following
assumption: the optimum condition for highest up-converted power is the condition when
the amplitude of the total equivalent voltage swing equals the actual static reverse bias
voltage applied on the photodiode. This assumption is based on the fact that if the bias
voltage applied to the photodiode swings to the forward bias region, the output RF power
of the photodiode will significantly degrade due to severe space charge effect [42]. On
the other hand, if the static reverse bias voltage applied on the photodiode is so high that
it can not be forced near near the zero bias region by the photocurrent, the conversion
efficiency will be low since photodiodes have strongest nonlinear effects near zero bias
[43]. For the case of the OE mixing measurement in this work, the optimum condition
can be written as:

Verr = Vs—Lo =V, +¢bi - (ILO + 1 )Rs (6.3)
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where I and I are the DC offsets of the photocurrent of the LO and IF signals, which

are equal to the amplitude of the AC photocurrent of the LO and IF signals in the case of

100% modulation. V,_,. =1, [R, +R,+/B(0.5GHz)]is the total equivalent voltage swing

caused by the IF signal and V, ,, =1,,[R + R,/B(59.5GHz)] is the total equivalent

voltage swing caused by the LO signal. Vy is the reverse bias provided by the voltage

source and ¢ ; is the build-in potential of the photodiode, which is approximately 0.5 V

according to I-V measurements. (Iro + Iir)Rs is the static voltage drop caused by the total

photocurrent. Using the measured optimum optical IF percentage of 33%, which corre-
sponds to I o= 2xIjr, we obtain Ry=31Q by solving equation (6.3). The validity of this

calculated space charge resistance will be verified through a theoretical calculation in this
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chaper. Using equation (6.3) we can also estimate the optimal value of the reverse bias
Vi-opt fOr maximum up-converted power. This enables us to confirm the validity of the
calculated space charge resistance by calculating Vi at different photocurrent levels

and comparing the results with the measured values. Substituting R=31Q and I; o= 2*Ij¢

into equation (6.3), we obtain:

Iy (Rs +R,)= Vb—opt + ¢bi =31,R,. (6.4)

Since the total photocurrent 7,

=1,,+1, =31, we obtain from equation (6.4) that the
optimum reverse bias is 1.3 V, 2.4V, 3.6 V and 4.2 V when the total photocurrent is 30
mA, 50 mA, 70 mA and 80 mA. The bias dependence of the up-converted power at
difference photocurrent levels is shown in Fig. 5. At all measured photocurrent levels the
up-converted power shows peaks at specific reverse bias value. The optimum reverse bias
for maximum up-converted power increases with photocurrent and agrees well with the

calculated values, which proves the effectiveness of the analytical model.

As reported in [41], space charge resistance has an analytical expression:

d2
- 2&,6,vA4

(6.5)

sC

where d is the effective depletion width of the photodiode, A is the active area of the
photodiode, v is a velocity of the electrons and ¢ . is the relative dielectric constant of the

depletion region. Equation (6.5)-appears simple and concise but accurately calculating the
space charge resistance Ry is difficult due uncertainty of some of the parameters. The
depletion width d is not necessarily the total thickness of the depleted layers shown in
Figure 6.1 since we have observed significant Zn diffﬁsion from the p-doped InGaAs

layer into the lightly n-doped InGaAs. In addition the 700 nm lightly n-doped InP layer
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will not be fully depleted under the condition of low reverse bias and high photocurrent
injection, which is necessary for the OE mixing measurement. The electron velocity in
InP will not be the saturation velocity since the field is low. If we take the following set

of parameters to calculate Rg: € (=8.85X 1012 F/m, ¢ =13, v =1.6 X 107 cm/s, d = 600
nm, and A = 314 im’, which is reasonable under the conditions that the measurements
were carried out, we obtain Ry, =319, which is the value we calculated from the meas-

urements described above. The calculation is relatively rough, and in the actual
measurement Ry is not necessarily a constant. However, both the optical IF percentage
and the reverse bias values show an optimum range rather than specific value.s R in the

range 20Q to 40 Q vyields reasonable optimum optical IF percentage and reverse biases

consistent with the measured values.

As shown in Figure 6.7, the maximum up-converted RF power occurs when the
photocurrent is 70 mA and the reverse bias is approximately 3.5 V. As the photocurrent
increases from 70 mA to 80 mA, the maximum up-converted RF powervdecreases with
photocurrent. As reported in [43], the up-converted RF power can be expressed as: Prp=

0 mix*PLo *Pr2, where 0 ix is the conversion efficiency, which is not the same as the

conversion loss defined in this paper. The measured conversion loss near the optimum

bias condition is 711 dB for all photocurrent levels, which are not significantly different

from each other. Thus accordiﬁg to the expression for the up-converted RF power, the
maximum Pgg is primarily determined by the LO power Pro and the IF power Pro. The
powers of the LO signals were also measured at different photocurrent levels and bias
conditions. The results are shown in Figure 6.8. At the optimal bias condition, the largest

LO power occurs at 70 mA. The LO powers at 80 mA are lower than those at 70 mA at
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all measured bias conditions, which is due to the severe saturation effect caused by the
extremely high photocurrent injection levels [15]. The measured IF powers show a
similar trend to that of the LO. These measured results explain the reason that the maxi-
mum up-converted RF power occurs when the photocurrent is 70 mA and reveal the fact
that the maximum up-converted RF power is primarily limited by the saturation charac-
teristics of the photodiode. More advanced device structure designs might be applied to

further improve the power capability of the MUTC photodiode as OE mixers.

6.5 Conclusion

In this chapter, a modified uni-traveling-carrier photodiode-based V-band opto-
electronic mixer is demonstrated. It can up-convert intermediate-frequency (IF) signals

with both the 59.5 GHz local oscillator (LO) and the IF signals in optical form. An
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Figure 6.8 Measured LO power versus reverse bias at different photocurrent levels.

Dashed lines: optimum reverse bias corresponding to those shown in Figure
6.7
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analytical model was developed to explain the optimum IF percentage and the optimum
reverse bias condition which is dependent on the photocurrent. By optimizing the IF
percentage, photocurrent and bias conditions, a high up-converted RF power of -4.7 dBm
was achieved. The maximum up-converted RF power is mainly limited by the saturation

behavior of the photodiode.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

In order to improve the power handling capability of photodiodes, 1 first studied
the saturation mechanisms in UTC-type of photodiodes. It was found that the primary
reason for saturation is that the bandgap discontinuity impedes electron transport into the
InP drift layer when the electric field in the depleted InGaAs absorber collapses due to
the space charge effect. The role of a cliff layer in UTC-type of photodiodes has been
studied and it was found that a cliff layer is beneficial in suppressing the saturation effect
in UTC-type photodiodes by enhancing the electric field in the depleted InGaAs layer
and reducing that in the InP electron drift layer. A general design rule for the cliff layer to
maximize the output power of this type of photodiode was formulated as: the total charge
in the cliff layer should be as high as possible until the InP electron drift layer cannot
maintain full depletion.

For better characterization of photodiode linearity, different measurement setups
have been evaluated. The two-tone technique is a measurement setup that is widely used
to determine the OIP3 of photodiodes. It is relatively easy to implement compared to the
three-tone setup and it yields ai;;:urate values for OIP3 IF the modulator can be accurately
biased at the quadrature point and the photocurrent is sufficiently large. The three-tone
setup can accurately measure OIP3 without the influence of the modulator nonlinearitiess.
However, an additional laser source, signal generator and modulator are required. I have

also developed a new measurement setup that we refer to as “bias modulation”. It is a
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very simple measurement setup and, like the three-tone measurement, it is immune to
modulator nonlinearities. The bias modulation technique does not directly measure the
OIP3 of photodiodes, but it does measure the intermodulation distortions caused by
voltage-dependent nonlinearities separate from the influence of photocurrent-dependent
nonlinearities. This makes the modulation measurement technique beneficial to quantita-
tively assess the significance of the voltage-dependent nonlinear mechanisms.

Detailed investigations were carried out to quantitatively identify the nonlinear
mechanisms in CC-MUTC photodiodes. The responsivity of the CC-MUTC photodiode
exhibits bias dependence, but no significant variation with photocurrent. The junction
capacitance of the CC-MUTC photodiodes decreases with both reverse bias and photo-
current. A numerical equivalent circuit model was developed that confirms that the
frequency characteristics of the OIP3 can be attributed to the changes of both the respon-
sivity and device capacitance induced by the photocurrent and the transient voltage drop
across the load and series resistors. This circuit model provided excellent agreement
between the calculated OIP3 and measurements. Simulations on the OIP3 of CC-MUTC
photodiodes suggest that the Franz-Keldysh effect and impact ionization are the primary
origins of voltage-dependent responsivity R(V), while low doping concentration in the p-
type InGaAs absorber and space charge screening are responsible for the voltage-
dependent capacitance and photocurrent-dependent capacitance C(I), respectively. The
equivalent circuit model was uééd to find the optimal wavelength for highest OIP3 at low
frequencies; a high OIP3 of 57.5 dBm was obtained for the CC-MUTC at a low fre-
quency of 152 MHz at the optimal wavelength of 1595 nm. Bias-modulated

measurements were also carried out to verify the influence of the voltage-dependent
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nonlinear mechanisms on photodiode nonlinearity. Good agreement between measure-
ment results and the equivalent circuit analysis confirmed that the frequency
characteristics of the intermodulation distortions are due to the voltage-dependent respon-
sivity and capacitance. Based on the measurement results and the equivalent circuit
analysis, we conclude that voltage-dependent responsivity R(V), voltage-dependent
capacitance C(V) and photocurrent-dependent capacitance C(I) are the primary nonlinear
mechanisms in CC-MUTC photodiodes and need to be reduced further in order to
improve the photodiode linearity.

In order to improve the OIP3 of photodiodés at high frequencies, two novel pho-
todiode structures were designed, Partially Depleted Absorber Photodiodes with Highly
Doped Absorbers (HD-PDA) and Modified Uni-Traveling-Carrier Photodiode with
Highly Doped Absorbers (HD-MUTC). Both structures include highly doped absorbers
in order to minimize the dependence of capacitance on reverse bias and photocurrent. The
OIP3 of the HD-PDA photodiode exhibited a flat frequency response and at 20 GHz the
OIP3 was as high as 39 dBm. The HD-MUTC was designed to improve the OIP3 of
photodiodes over a broad frequency range (100 MHz to > 20 GHz). The OIP3 of these
photodiodes was 55 dBm at low frequencies with only slight roll off with frequency; at
20 GHz the OIP3 was a record high 47.5 dBm. However, the OIP3 of the HD-MUTC
photodiodes exhibit strong pho?ocurrent dependence and the high OIP3 values can only
be obtained within a narrow ré;xge of photocurrent. The photocurrent dependence of the
OIP3, as determined by the bias modulation method, is primarily attributable to voltage-

dependent variation of the responsivity, R(V). The frequency dependence of the OIP3 of
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both HD-PDA and HD-MUTC photodiodes are well explained by the equivalent circuit
model.

I have also demonstrated that the high power photodiodes studied in this work can
be used as optoelectronic mixers when operated at low bias conditions. A modified uni-
traveling-carrier photodiode-based V-band optoelectronic mixer that can up-convert
intermediate-frequency (IF) signals with both the 59.5 GHz local oscillator (LO) and the
IF signals in optical form was successfully demonstrated. An analytical model was
developed to explain the optimum IF percentage and the optimum reverse bias condition,
which is dependent on the photocurrent. By optimizing the IF percentage, photocurrent,

and bias conditions, a high up-converted RF power of -4.7 dBm was achieved.

7.2 Future Work

With the emergence of more and more applications for analog optical links, there
is increasing demand for higher power handling capability and increased linearity of
photodiodes. Several approaches may be helpful to further increase the maximum power

and linearity of photodiodes.

7.2.1 Improved Device Structures

Although HD-MUTC shows high OIP3 in the entire frequency range, the OIP3
shows strong dependence on pl;)tocurrent and thus the high OIP3 occurs only in a narrow
range of photocurrent. The device structure of the HD-MUTC can be modified to in-
crease the range of photocurfent where the photodiodes show high OIP3. I have designed
a new HD-MUTC structure (HD-MUTC2) to achieve this goal; it is shown in Figure 7.1.

The InGaAs absorbing region primarily consists of a 500 nm-thick p~ absorbing layer. In
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order to enhance the electron transport in the doped absorber, the doping is graded in 10
steps from 5-10" to 5-10'% cm?, Compared with my previous HD-MUTC design, the 24
nm-thick InGaAs/InAlAs chirped superlattice is replaced with a 30 nm-thick three-step
InAlGaAs graded layer in order to avoid electron accumulation at the interface of the
InGaAs/InAlAs chirped superlattice. The doping level and the thickness of the InP cliff
layer are both increased to improve the power handling capability of the photodiode and
to reduce the band discontinuity at the interface. The thickness of the depleted InGaAs
layer is decreased from 300 nm to 150 nm in order to reduce the dependence of respon-
sivity on reverse bias. The thickness of the depleted InP layer is increased from 400 nm
to 900 nm in order to reduce the capacitance and the voltage swing effect. The back-
ground doping level in the unintentionally-doped absorbing layer was below 5-10"° cm™.
The capacitance density of the designed HD-MUTC2 photodiode was simulated using

the same commercial device simulator, APSYS, that was described in the previous

5x101°
l 5x1018

InGaAs, C, 5x10%- 5x10!3, 500 nm

InGaAs, n.i.d, <5.0x1015, 150nm |
InAlGaAs grade, n.i.d, <5.0x1015 Graded, 30 nm

InP, n.i.d, <5.0x101%, 900nm

InP, semi-insulating substrate,
Double side polished

Figure 7.1 Schematic of HD-MUTC2
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section and the results are compared with the measured data of the MUTC and HD-PDA
photodiodes in Figure 7.2. As a result of the high doping level of the undepleted absorb-
ers, the capacitance density of the HD-MUTC photodiodes has a significantly weaker
dependence on reverse bias than that of the MUTC photodiodes when the bias is > 4V,
which is similar to that of the HD-PDA photodiode and CC-MUTC photodiode. Also the
capacitance density of the HD-MUTC2 is lower than that of the HD-PDA and CC-
MUTC photodiodes as a result of its thick depleted layers (1050 nm). Also the C(V)-
limited OIP3 of the HD-UTC photodiode will be higher than that of the HD-PDA and
HD-MUTC photodiode due to its smaller capacitance density.

R(V) exhibits a weak correlation to the thickness of the depleted absorber. The thick-
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Figure 7.2 Measured junction capacitance density for MUTC photodiode, HD-PDA
photodiode, and simulated junction capacitance density of HD-MUTC?2 pho-
todiode. '
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ness of the depleted absorber in the designed HD-MUTC is 150 nm, which is very thin
compared with that of the HD-PDA (800 nm), the CC-MUTC (200 nm), and the HD-
MUTC (300 nm). Further reduction of the thickness of the depleted InGaAs absorber
might further reduce R(V). However, this is also likely to result in smaller absolute
responsivity. In order to avoid reducing the responsivity due to the reduced thickness of
the depleted InGaAs layer, a waveguide structure can be considered although this would
result in more complex fabrication, reduced input coupling tolerance, and higher current

densities.

7.2.2 Wilkinson Power Combiner

As discussed, there are physical limits and performance tradeoffs associated with in-

creasing the output power and achieving higher linearity using a single photodiode. In
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Figure 7.3 (a) mask design and (b) the equivalent circuit model of the photodiode pair
coupled to a Wilkinson power combiner
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order to achieve both improved OIP3 and output RF power, a two-way Wilkinson power
combiner can be designed that incorporates a pair of photodiodes. The mask design and
the equivalent circuit model of the two-way Wilkinson power combiner are shown in
Figure 7.3. For fhis particular design, the center frequency of the Wilkinson combiner is
centered at 20 GHz. In addition, a microwave tuning circuit, which matches the imped-
ance of each photodiode to 50 Q at 20 GHz, is attached to each photodiode. We note
however that the center frequency can be tuned to a wide range of frequencies by chang-
ing the parameters of the combiner such as line width, line length, and thickness of the
strip line metal.

The voltage swing versus frequency has been simulated for the combiner and a dis-
crete photodiode. Figure 7.4 shows the voltage swing versus frequency for photocurrent
of 10 mA in the discrete photodiode and 10 mA in each of the photodiodes in the com-
biner. The voltage swing on the load resistor, Viead, 0f the combiner is 1.4 times larger
than the V.4 discrete photodiode due to the power combiner, which corresponds to a 3
dB improvement of output power of the combiner compared to that of the discrete
photodiode [44]. Due to the isolation nature of the Wilkinson combiner at its designed
center frequency [44], the voltage swing on the photodiode, Vpp, of each photodiode in
the combiner and Vpp of the discrete photodiode are almost the same at 20 GHz, which
means that the IMD3 produced by each photodiode in the combiner is the same as that
produced by that discrete photi;diode. Considering the fundamental characteristics of the
power combiner, the power of IMD3 Ppyps on the load of the combiner is also 3 dB
larger than the Ppyps on the load of the discrete photodiode at 20 GHz. Since OIP3 is

defined as OIP3 =P¢+ (Pr— Pnyps) / 2, and since both Pr and Ppyps on the load of the
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combiner are 3 dB larger than those on the load of the discrete photodiode, it follows that
the OIP3 of the combiner will be 3 dB higher than that of the discrete photodiode at 20
GHz. Further expansion of the scale of the Wilkinson power combiner will lead to further
improvements in power and OIP3. In general, an N element Wilkinson power combiner

will lead to 10log;oN dB improvement in both power and OIP3.
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Figure 7.4 Simulation of the amplitude of voltage swing assuming a photocurrent of 10
mA. Solid line: voltage swing amplitude on the photodiode for the combiner
design; Dashed line: voltage swing amplitude on the load for the combiner
design; Dotted line: voltage swing amplitude on the photodiode for the dis-
crete photodiode with tuning circuits. Dash dot line: voltage swing
amplitude on the load for the discrete photodiode with tuning circuits.
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