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Abstract: Back-illuminated modified uni-traveling carrier photodiodes with improved saturation
performance at ultra-high frequencies are developed. The 4-um-diameter PD exhibits a 3-dB
bandwidth of 190 GHz with a saturation power of —1.21 dBm@190 GHz. © 2022 The Author(s)

1. Introduction

Photonic-based technologies have become increasingly essential for millimeter-wave signal generation due to the
advantages of broad bandwidth, high output power and compact size, which have been widely employed in radar
technology, sub-THz wireless communications, and mm-wave/THz high-resolution imaging [1-3]. Photodiodes
(PDs) serve as a key component in such applications. Uni-traveling carrier photodiodes (UTC-PDs) are particularly
attractive, as they exhibit both wide bandwidth and high output power. For instance, 2x10 pm? waveguide UTC-PDs
demonstrate a 3-dB bandwidth of 170 GHz, and an output power about -9 dBm at 200 GHz [4]. Flip-chip bonded 4-
um-diameter modified UTC-PDs exhibit a 3-dB bandwidth up to 120 GHz as well as an unsaturated RF output
power of —8.5 dBm at 160 GHz [5]. In our previous work, 4.5-pm-diameter photodiodes with a 3-dB bandwidth of
156 GHz and a saturation RF power of —0.53 dBm at 170 GHz are demonstrated [6]. However, PDs with both ultra-
wide bandwidth over 200 GHz and high output power remain a challenge.

In this work, we extend the RC-limited bandwidth of the PD by increasing the depletion region thickness to
reduce device capacitance, while reducing the contact resistance of the device with reduced active area. Meanwhile,
a gradient doped thin absorption layer and a cliff layer with optimized doping level are adopted to improve
saturation performance at ultra-high frequencies. The fabricated 4-um-diameter modified uni-traveling carrier
photodiode (MUTC-PD) exhibits an extremely high bandwidth of 190 GHz, together with a high saturation output
power of —1.21 dBm at 190 GHz.

2. Design of Device Structure

The bandwidth of a 4.5-pm-diameter MUTC-PD reported in our previous work [6] is RC limited, in which the InP
depletion layer is only 120 nm. According to Fig. 2(a), as the InP depletion region thickness increases, the RC-
limited bandwidth also increases due to the reduced junction capacitance, while the transit-time limited bandwidth
decreases as a result of increased transit time for electrons. The maximum 3-dB bandwidth of 213 GHz is obtained
with an InP depletion layer thickness of 200 nm. To further improve the 3-dB bandwidth, the active area of the PD is
scaled down to reduce device capacitance. As shown in Fig. 1(b), the RC-limited and the transit-time limited
bandwidths are similar for a 4-pm-diameter PD, and a 3-dB bandwidth of 230 GHz is expected. However,
bandwidth improvement by scaling down the active area of the PD assumes constant contact resistance. In practice,
active area reduction leads to increased ohmic contact resistance, which reduces the RC-limited bandwidth of the 4-
pm-diameter PD from 307 GHz to 289 GHz. To reduce the contact resistance of PDs, we optimized the Pt interlayer
thickness in the Ti/Pt/Au electrode on the p*-InGaAs contact layer and the annealing temperature to minimize the
contact resistivity. A low contact resistivity is achieved with Ti(20nm)/Pt(60nm)/Au(200nm) p-electrode annealed at
350°C for 1 min.
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Fig. 1. Variation of the PD bandwidth with (a) the InP depletion region thickness and (b) the device diameter.

The doping profiles of both the absorption layer and the cliff layer are also carefully investigated. By adopting a
gradient doped thin absorption layer and a cliff layer with optimized well-chosen doping concentration, the electric
field in the depleted InGaAs absorption layer is enhanced, thus making the PD less susceptible to the space charge
effect. Meanwhile, the electric field in the depleted InP layer is reduced to the range for electron velocity overshoot
[7], thus avoiding electron accumulation. As a result, the PD exhibit improved saturation performance. Figures 2(a)
and 2(b) show the simulated electric field distribution in 4-pm-diameter MUTC-PDs with n-doped cliff layer of
110 cm=3and 3x10Y7 cm3, respectively. As shown in Fig. 2(a), for the PD with a cliff layer doping level of
1>10'7 cm=3, the same as in our previous work [6], the electric field becomes screened in the depleted absorption
region, as indicated by the yellow shade. When the photocurrent increases to 7.5 mA, the electric field is reduced to
almost zero in the absorption region, which slows down the electron drift process and limits the maximum output
power. On the other hand, as shown in Fig. 2(b), for the PD with a cliff layer doping level of 3x<10*" cm3, the
electric field in absorption region is strengthened, and screening occurs only at the junction between the depleted
absorption region and the InP depletion layer, as indicated by the green shade. As a result, saturation current is
increased to 9.5 mA. As the photocurrent increases, the collection layer becomes non-depleted, and the junction
capacitance increases. According to Fig. 2(c), the simulated peak RF output power of the designed epitaxy structure
is about 0.3 dBm, corresponding to a saturation photocurrent of 9.3 mA.
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Fig. 2. Electric field distributions in depletion region of 4-um-diameter PDs with different cliff layer doping concentrations: (a) 1x10* cm= and
(b) 1x10% cm=2, (c) Simulated RF power and capacitance versus photocurrent.

3. Experiment Results

The 1-V characteristics of the fabricated MUTC-PDs are shown in Fig. 3(a). The dark current for the 4-um diameter
PD is only 4.13 nA at 2 V reverse bias, and the measured series resistance is 17 Q, which is reduced from 20 Q. An
optical heterodyne system is used to measure its frequency response. Three different MMW power sensor heads are
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employed to cover the frequency range from dc to 50 GHz, V-band (50-75 GHz) and W-band (75-110 GHz),
respectively, and the insertion losses of the coaxial cables and the waveguide probes are carefully calibrated out. As
for frequencies above 110 GHz, a VVDI-Erickson power meter (PM5B) is used to record the RF power. The loss of
the GGB probe, a WR10-WR8 waveguide taper, and a WR10-WR5.1 waveguide taper are calibrated out. The
frequency response tested under 5 mA and 6.5 mA with a fixed reverse bias of 2 V are plotted in Fig. 3(b). The PDs
exhibits an ultrafast performance with 3-dB bandwidth of 190 GHz at 6.5 mA. The output RF power versus
photocurrent of the 4-um-diameter MUTC-PD at 190 GHz with 2 V reverse bias is plotted in Fig. 3(c). The
photocurrent at 1-dB compression is 9 mA, corresponding to a high output power of —1.21 dBm at 190 GHz, which
is in good agreement with the simulation.
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Fig. 3. (a) I-V characteristics of the fabricated PD. (b) Measured frequency responses of a 4-um diameter PD (c) RF power versus photocurrent at
190 GHz.

5. Conclusion

In this work, we propose thick depletion region to alleviate RC charging time, Meanwhile, scaled down active area
with low contact resistivity is demonstrated to further improve the RC-limited bandwidth. A gradient doped thin
absorption and an optimized cliff layer are adopted to improve the saturation performance of the MUTC-PD at ultra-
high frequencies. The fabricated 4-pm-diameter PD exhibits a 3-dB bandwidth of 190 GHz and a saturation output
power of —1.21 dBm at 190 GHz.
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