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Abstract:  This study introduces a method to approximate temperature distribution in
steady-state photodetectors under optical excitation. Findings underscore the influence of
temperature on key attributes, revealing overestimation with constant temperature assump-
tions. Insights aid in optimizing photodetector performance. © 2024 The Author(s)

1. Introduction

Photodetectors (PDs), essential in microwave photonics [1-5], face challenges in realizing elevated RF output
power due to saturation effects from the space-charge effect [1, 5] and heat-induced failure risks [6, 7]. Uni-
traveling carrier (UTC) PDs address the space-charge effect, exhibiting enhanced high-power performance com-
pared to traditional p-i-n PDs [8]. Modified uni-traveling carrier (MUTC) PDs, with a unique cliff layer controlling
electric field strength, improve space-charge tolerance [2—4]. In [2], researchers noted increased responsivity in
UTC and MUTC PDs due to elevated photoabsorption coefficient at higher temperatures. Despite progress, ther-
mal challenges hinder achieving higher RF output power. This study explores thermal characteristics of backside-
illuminated MUTC PDs, focusing on the MUTC?2 variant [3], known for remarkable results, including a quantum
efficiency of 0.55 and a bandwidth of 24 GHz [3]. A simple numerical model estimates temperature distribution,
offering insights into temperature-dependent performance.

2. Numerical Model and Results

We solve drift-diffusion equations to study PDs [9, 10]. The heat transport equation, which describes the spa-
tiotemporal dynamics of the temperature distribution in the photodetector, can be expressed as:

CHal—V~GTVT:H (D)
Jt

where T is the temperature, cy represents the volumetric heat capacity, or denotes the thermal conductivity,
and H signifies the heat generation rate. If one aims to obtain an approximate temperature distribution for a
photodetector in steady-state, Eq. (1) can be simplified into —V - orVT = J - E, assuming that Joule heating is
the primary heat source, where E and J represent the local electric field and current, respectively. When utilizing
many thin layers, each with a thickness of &z to describe a layer of a semiconductor device (where 6z < 1),
this simplified expression indicates that the local temperature change in that thin layer can be approximated as
VT ~ —(J-E)déz/or.

To validate our methodology, we performed a numerical investigation on the MUTC2. Initially assuming a
constant 300 K temperature, we calculated local electric fields and currents at a —5 V reverse bias. We assumed
a load resistance of 50 Q. We used a non-uniform mesh [9] with a maximum grid spacing of 1 nm. Cumulatively
summing these VT values, as shown in Fig. 1 (a), yielded an overall temperature change from the p-side to the
n-side. Subsequently, we iteratively refined the temperature profile, stabilizing after the third iteration (AT; < 10~3
°C). Electric field distributions (Fig. 1 (b)) revealed intense fields within the InGaAs absorber layers, leading to
a significant temperature shift due to InGaAs’s low thermal conductivity. Further analysis involved calculating
temperature for varied optical excitations. The resultant temperature at the n-contact exhibited good agreement
with measurement results (red circles) [4], validating our model, the blue curve in Fig. 1 (c).

Next, we investigated the impact of the approximate temperature distribution on the performance of the pho-
todetector while it produces the same photocurrent as we allow the reverse bias to vary. The results are plotted
in Fig. 2. The electric fields increasing with bias voltage accelerate the charge carriers, reducing their transit time
through the photodetector. A reduced transit time spread leads to lower phase noise, as depicted in Fig. 2 (a). At
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Fig. 1. (a) Temperature and (b) electric field distributions over the photodetector at the end of the
first three iterations. (c) Temperature of the n-contact as a function of dissipated power.

power levels, where the incident power is close to 1 W, the photodetector is close to a point where it becomes

saturated, and additional incident photons do not result in a proportional increase in the generated electron-hole

pairs

, and hence the quantum efficiency saturates. The competing effects (narrowing bandgap and increasing car-

rier recombination) cause first an increase and then a decrease in the bandwidth with voltage, see Fig. 2 (c).
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Fig. 2. (a) Phase noise, (b) quantum efficiency, and (c) bandwidth as a function of reverse bias
voltage while the PD’s output photocurrent is fixed at 40 mA.

3. Conclusions

This
tors.

study introduces a simple yet effective method for approximating temperature distribution in photodetec-
Results highlight the importance of considering temperature variations in performance analysis, providing

insights for optimization. The model, validated against experimental data, contributes to understanding thermal
management in advanced photodetectors for high-power applications.
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