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Abstract: We demonstrate the feasibility of monolithic integration of
evanescently coupled Uni-Traveling Carrier Photodiodes (UTC-PDs)
having a bandwidth exceeding 100 GHz with Multimode Interference
(MMI) couplers. This platform is suitable for active-passive, butt-joint
monolithic integration with various Multiple Quantum Well (MQW)
devices for narrow linewidth millimeter-wave photomixing sources. The
fabricated devices achieved a high 3-dB bandwidth of up to 110 GHz and a
generated output power of more than 0 dBm (1 mW) at 120 GHz with a flat
frequency response over the microwave F-band (90-140 GHz).
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1. Introduction

Broadband wireless communications have recently seen significant evolution, especially
where data rates over 1 Gbps are required. Several competing technologies have been
proposed [1]. In the 60 GHz band, wireless transmission based on optoelectronic technology
has been demonstrated successfully [2]. However, the demand for even higher data rates will
eventually push the carrier frequencies towards the 120 GHz band [3]. Photomixing in high
speed photodiodes in combination with injection and phase locking techniques is one of the
most promising techniques for the generation of high power, narrow linewidth millimeter-
wave signals [4]. A key component in these systems is the high speed photodiode. Uni-
Traveling Carrier Photodiodes (UTC-PDs) have been the dominant type of photodiodes for
these applications due to their wide bandwidth and high millimeter-wave output power levels
[5-7].

A major drawback of photomixing systems can be the overall power consumption that can
be partially attributed to fibre-to-chip coupling losses. High speed photodiodes are typically
grown with thin absorption layers and coupling light from an optical fiber can become
challenging. The majority of high speed, high responsivity photodiodes are fabricated in a
waveguide configuration where high responsivity and traveling wave operation can be
achieved. Thus, another important loss factor is the polarization dependence of the input
waveguide, requiring careful polarization matching of the input heterodyne signal.
Monolithically integrated photomixing sources can improve the overall power efficiency of
the system and may result in extremely compact and low-cost systems. For this purpose,
integration of Distributed Feedback (DFB) lasers with tunable phase sections, Electro-
Absorption Modulators (EAMs), Semiconductor Optical Amplifiers (SOAs) and Multimode
Interference (MMI) couplers can offer a solution for efficient generation of an optical
heterodyne signal that can be used as an input to a high bandwidth photodiode. Previous work
demonstrated monolithic integration of p-i-n photodetectors and MMI couplers either for
balanced photodetectors [8], [9] or for parallel-fed traveling wave photodiodes [10], [11].
Monolithic integration of Multiple Quantum Well (MQW)-based devices has been
demonstrated using several different techniques. Despite the high quality lasers, amplifiers
and modulators that can be produced, UTC-PDs fabricated using this approach have shown
rather low 3-dB bandwidth [12]. To further improve the functionality of PICs, the technology
of integrating MQW-based devices with high speed photodiodes must be developed.

Here we demonstrate high speed (f3355>100 GHz) UTC-PDs based on epitaxial regrowth in
a Multiple Quantum Well platform with a cap layer of 1 um. The devices achieved a
generated output power of 1 mW at 120 GHz. An average loss of 2.6 dB/mm in the passive
sections was measured and different MMI coupler designs were assessed. We expect this
technology to lead to photomixing PICs for 10 Gb/s wireless transmission at 120 GHz.

2. UTC-PD design challenges

In most common, stand-alone UTC-PDs the p-contact layer, which is also used as a diffusion
blocking layer, has a typical thickness of a few hundred nm. The technology that is used to
integrate active and passive photonic devices requires the regrowth of a thick, highly doped
InP layer on top of the UTC-PD layers that also serves as a diffusion blocking layer. This InP
layer is followed by p-contact layers. To achieve low propagation loss in the passive sections
and avoid excessive losses in p-contact layers, the InP cap layer has to be relatively thick.
However, this will increase the series resistance of the photodiode and will result in a low RC-
limited bandwidth.

The propagation loss in the passive sections for a waveguide with a length of 1 mm as a
function of the cap layer thickness was modeled with RSoft and is plotted in Fig. 1(a),
together with the modeled series resistance R for a 2 x 15 um” and 3 x 15 pum* photodiodes
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and the layer stack for these simulations is given in the inset. When the thickness of the cap
layer is of the order of 0.5 um the propagation loss becomes extremely high. On the other
hand, for very thick cap layers (>1.3 um) the propagation loss does not vary significantly.
However, in this case, the series resistance increases significantly (> 30 Q for the 2 x 15 um2
device) which will limit the photodiode RC-bandwidth. Therefore, a thickness of 1 pm was
chosen as a compromise between propagation losses and high series resistance.
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Fig. 1. (a) Output optical power divided by input optical power after propagation over 1 mm (A
= 1.55 pm), together with simulated series resistance as a function of cap layer thickness. (b)
Quantum Efficiency of waveguide UTC-PDs (A = 1.55 um) versus length of the device for 3
different widths (2, 3 and 4 um).

To find the optimum active area dimensions, the device was modeled using a semi-
analytical model that is described in [5] and [13]. The optical absorption in the device was
modeled using FIMMWAVE. The optical signal is evanescently coupled from the passive
waveguide layer in to the absorber of the UTC-PD. The predicted quantum efficiency as a
function of the device length for various device widths is shown in Fig. 1(b) while the epitaxy
of the UTC-PD with a 1 um cap layer is given in the inset. It can be seen that the device width
does not affect the quantum efficiency significantly. For lengths above 15 pm the quantum
efficiency increases only marginally while the capacitance increases by a factor that is
proportional to the length of the device. This result was used as an input to a semi-analytical
model that predicts the frequency response of the UTC-PD. The model is a combination of a
Transmission Line Model with carrier transport drift-diffusion model that predicts the
extrinsic and the intrinsic response of the device respectively. A constant arbitrary level of
optical power was assumed as an input to the device. The optimization function was set as the
maximum output power at 120 GHz with the length and the width of the device being
variable. The normalized power delivered to a 50 Q load is shown in Fig. 2.

18 o Ty

16
length (um) 14 "3
25 width (pm)

Fig. 2. Normalized generated power at 120 GHz as a function of device length and width.

The combination of dimensions that resulted in the maximum generated power was 3.2
pm x 15 um. When the device is made shorter than 15 um, the generated power is mainly
limited by the lower quantum efficiency and saturation and thermal effects. Devices longer
than 15 pm suffer from a higher capacitance that limits the frequency response. For narrow
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devices saturation will occur at a lower photocurrent level but when the width exceeds 3.2 um
the device becomes RC limited. For practical purposes in the mask design, the optimum
device dimensions were considered as 3 pm x 15 pum. These active area dimensions resulted
in a simulated series resistance of about 20 Q that is an acceptable value for a UTC-PD with a
thick cap layer.

3. Growth and fabrication

The developed UTC-PDs, shown in Fig. 3, are fabricated on a semi-insulating InP substrate
using gas source molecular beam epitaxy. For the fabrication of these devices we
implemented monolithic integration of passive waveguides and optical couplers, and
photodiode active sections. This was done with two epitaxial growth steps. The first epitaxial
step is for the growth of passive waveguide and PD absorber and collector layers. Then,
during the second epitaxial step, an overall regrowth of top p-InP cladding and p-contact
layers is performed. The process flow of our integrated UTC-PDs fabrication is then mainly
based on dry and wet etching for the realization of shallow ridge waveguides, PD mesa, and
PD isolation. Finally, a BCB planarization step is performed, followed by a metallization step
for electrode interconnection. This process flow uses fabrication steps that are compatible
with the integration of MQW active sections and the realization of shallow ridge laser and
SOA waveguides.
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Fig. 3. Images of chips with (a) Single UTC-PDs, (b) Dual angled UTC-PDs with Arc-Type
bends and (c) Dual straight UTC-PDs with S-type bends.

4. Single photodiodes

Single UTC-PDs were fabricated with a p-doped, 1-um cap layer. The optimum active area
dimensions were taken as 3 x 15 pm”. To make a comparison with the modelling results,
devices with all possible combinations of widths (2, 3 and 4 um) and lengths (10, 15 and 20
pum) were also fabricated. The performance of the UTC-PDs was measured on chips with
single devices (Fig. 3(a)). The series resistance for 3 x 15 um2 devices was found to be about
20 Q and the capacitance was found to be 18 fF. The resulting RC-limited bandwidth is about
125 GHz while the modelled transit-time limited bandwidth was 165 GHz, resulting in a total
bandwidth of about 90 GHz. A lensed fiber with a 3 pum spot size was used for all
measurements and a responsivity of 0.35 A/W at 1.55 um was found for UTC-PDs with a
length of 15 pm. It is noteworthy that the tested devices do not have anti-reflection coating.
The frequency response from single UTC-PDs grown and fabricated with the technique
described in the previous section was assessed using two External Cavity Lasers (ECLs),
coplanar waveguide probes and a calibrated power meter that operates up to 110 GHz. The
frequency response for devices with various dimensions is given in Fig. 4(a). A 3-dB
bandwidth between 80 and 110 GHz was measured depending on the device active area
dimensions. All measurements were taken at a photocurrent of 5 mA to ensure that the
frequency response was not affected by power saturation effects.
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Fig. 4. (a) Normalized frequency response up to 110 GHz from UTC-PDs with various active
area dimensions. All measurements were taken at a DC photocurrent level of 5 mA. (b) Power
saturation at 110 GHz for various UTC-PDs with different active area dimensions. The reverse
bias voltage was 3 V.

To investigate saturation effects, the generated millimeter-wave power at the maximum
frequency of operation of the power meter (110 GHz) as a function of the optical input power
was measured and the results are shown in Fig. 4(b). The 3 x 15 pm* UTC-PDs demonstrated
the maximum level of output power with 1 dBm at 110 GHz. The measurements in Fig. 4(b)
are corrected for the insertion loss of the coplanar probe (0.8 dB at 110 GHz). Despite the
small difference in the frequency, a remarkable agreement between theory and experiment
was observed, especially as far as the maximum generated power is concerned. Devices with
a smaller active area than the optimum saturated at a lower photocurrent level, while larger
devices were found to be RC-limited. UTC-PDs are known to have higher saturation power
and we believe that for the devices reported here the introduction of a higher series resistance
is the main cause for lower measured power than previously reported [14].
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Fig. 5. Emitted power from a 3 x 15 um? UTC-PD in the F-Band (90-140 GHz). The DC
photocurrent level was 12 mA.

For power measurements in the F-band (90-140 GHz) a probe with a WR-8 rectangular
waveguide output was used. A 20 dBi-gain horn antenna was connected at the output of the
waveguide and the power of the generated signal was measured using a free space Terahertz
power meter. More details about this experimental arrangement can be found in [13]. The
emitted power in the F-band from a 3 x 15 um* UTC-PD is plotted in Fig. 5. A 0 dBm signal
was measured at 120 GHz with power fluctuations remaining within 3 dB over the entire F-
band. It is noteworthy that the insertion loss of the probe was not taken into account in this
measurement.

5. Dual photodiodes

Chips with dual photodiodes and 1 x 2 MMI couplers were also assessed (Fig. 3(b), 3(c)). The
purpose of these PICs was to assess simultaneously the use of one UTC-PD as a millimeter-
wave source and another one as a LO driving source for a mixer incorporated in a phase
locked loop circuitry. Single photodiodes with the same chip length were included in the mask
in order to evaluate the propagation loss independently from the insertion loss introduced
from the MMI coupler and the Arc-type (Fig. 3(b)) and S-type (Fig. 3(c)) waveguide bends.
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The responsivity at 1.55 um of devices with chip lengths of 770 pm, 970 um, and 1170 pm
was compared to the one found from single devices with a short input waveguide (70 pm).
The photocurrent at the same optical power level (36 mW) for devices with the same active
area dimensions is plotted in Fig. 6(a). By comparing the results at the maximum applied
reverse bias, an average propagation loss of 2.6 dB/mm was found from these measurements.
Three types of dual 3 x 15 pm” photodiode chips were assessed. The first one included Arc-
type bends and angled photodiodes to minimize the chip area and the other two included S-
type bends and angled and straight photodiodes respectively. The total insertion loss (MMI +
bends) was found to be 3.2 dB, 3.6 dB and 4.3 dB respectively -in excess of the 3 dB of the
coupler- by comparing the measured responsivity with that for single devices with the same
chip length. This relatively high insertion loss can be attributed to the relatively thin cap layer
(1 pum) that was used to achieve a compromise between low optical loss in the passive
sections and acceptable series resistance in the PDs.
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Fig. 6. (a) Photocurrent as a function of applied reverse bias for devices with short (70 pm) and
long waveguides (770 pm, 970 um, and 1170 um) at an input optical power level of 36 mW.
The active area of all UTC-PDs was 3 x 15 um® (b) power at 110 GHz for straight (blue,
continuous line) and angled (red, dashed line) UTC-PDs.

In order to investigate the effect of the angled photodiodes and Coplanar Waveguides on
the frequency response of the UTC-PDs, the generated output power at 110 GHz was
measured from straight and angled photodiodes at the same photocurrent level (1 mA). The
results are plotted in Fig. 6(b). An additional average loss of only 0.5 dB at 110 GHz was
measured from the angled photodiodes.

6. Conclusions

We have demonstrated a technology for active-passive monolithic integration of high speed
photodiodes with MQW-based photonic devices. UTC-type photodiodes were designed for
high power generation in the microwave F-band (90-140 GHz) despite the high series
resistance from the re-grown of thick InP cap layer that should be present to reduce
propagation losses in passive MMI and waveguide sections. The fabricated devices achieved
3-dB bandwidth of up to 110 GHz and a generated output power of 0 dBm at 120 GHz. PICs
with dual photodiodes and MMI couplers demonstrated losses of 2.6 dB/mm in passive
sections. The total insertion loss from MMI coupler and waveguide bending were limited to
4.3 dB. We expect this technology not only to lead to photomixing PICs for wireless
communications in the 120 GHz range but also to provide a generic technology platform for
PICs that require photodiodes with a 3-dB bandwidth exceeding 100 GHz.
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