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We report a novel mushroom-typed modified near-ballistic uni-traveling-carrier photodetector
(modified NBUTC-PD) based on a drift-diffusion model which achieves high responsivity at the
sub-THz regime. By well-designed active and depleted regions to form a “mushroom” type, with
the optimal cliff and charge layers to make electrons transport at a “near-ballistic” speed, of order
107 cm/s, as well as the rational hybrid-doping absorber, the modified NBUTC-PD successfully
achieves the decoupling between the bandwidth and responsivity characteristics. For the modified
NBUTC-PD with an active area of 12.56 um?, the simulation shows that the 3-dB bandwidth is
up to 107 GHz, with a responsivity up to 0.38 A/W, at a reverse bias voltage of 1 V. The decrease
in 3-dB bandwidth of the modified NBUTC-PD is analysed in detail under high-light injection con-
ditions, which results from the energy band shift and electric field collapse.

Keywords: uni-traveling-carrier photodetector, mushroom-typed photodetector, near-ballistic trans-
port, high responsivity, high-speed operation.

1. Introduction

As optical fiber communications technology continues to advance and the demand for
greater transmission capacity grows, wireless and bandwidth are becoming two of the
most important trends in modern communication systems [1-3]. Due to the limitation
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of bandwidth, it is not easy to achieve high-speed and high efficiency media services.
The core components of optical fiber communication systems include optical trans-
mitters, repeaters, and optical receivers, etc. [4]. The photodetector, as one component
of the optical receivers, is often used to perform the conversion between the optical
and electrical signals. Meanwhile, photodetectors with high bandwidth, high quantum
efficiency, high saturation, and high output power usually meet the system require-
ments. However, the traditional PIN photodetector also has three serious drawbacks:
trade-off between the bandwidth and responsivity, transit time and RC time constant
limited bandwidths, and hole drift speed constraints on device response [5,6]. There-
fore, it is necessary to design a novel photodetector to overcome the drawbacks of
PIN photodetectors.

To tackle the above-mentioned problems of the conventional photodetectors,
IsHIBASHI et al. proposed a uni-traveling-carrier photodetectors (UTC-PDs), which
only allows electrons to be transported as the active carriers, effectively improving the
bandwidth and saturation current of the device [7,8]. Since then, UTC-PDs have be-
come a hot spot in photodetector research due to their excellent performance. In 2006,
WU et al. proposed a near-ballistic uni-traveling-carrier photodetectors (NBUTC-PD),
which improves the performance of the device by adding a lightly doped charge layer
at the back-end of the collector, resulting in a high saturation current-bandwidth prod-
uct of 1280 mA-GHz and a responsivity of 1.14 A/W [9]. In 2008, the group also pro-
posed an NBUTC-PD with a collector thickness of 410 nm and an active area of 64 pm?,
achieving a transit time-limited bandwidth of 400 GHz and a saturation current-band-
width product of 2952 mA-GHz [10]. In 2010, L1 et al. proposed two back-illuminated
high-power uni-traveling-carrier photodetector with a cliff layer structure (MUTC-PD),
in which a higher doping concentration of the cliff layer and a thinner absorber were
taken in the device, achieving 3-dB bandwidths of 24 GHz at diameters of 34 um [11].
In 2021, Xiong’s group proposed a novel uni-traveling-carrier photodetector with
a double drift layer, which achieved a bandwidth of 105 GHz and a responsivity of
0.17 A/W [12]. In 2023, Huang’s group proposed a cascaded array structure for the
UTC-PD, which can effectively reduce the overall capacitance of the device and achieve
an increase of the 3-dB bandwidth from 203 to 255 GHz [13]. In 2024, HUANG et al.
proposed an undercut collector structure to alleviate the mutual constraints between
UTC-PD responsivity and saturation power, and finally achieved a 3-dB bandwidth of
220 GHz with a 3 um wide undercut collector profile [14].

In this paper, a mushroom-typed modified near-ballistic uni-traveling carrier photo-
detector (modified NBUTC-PD) with high speed and high responsivity is designed
with drift-diffusion model and simulated by ATLAS of Silvaco TCAD. The design of
mushroom-mesa structure [15-23] can effectively calibrate the junction capacitance of
the device and reduce the influence of RC time constant limited bandwidth to improve
the bandwidth. In our design, the layer structure of conventional UTC-PD [24] is op-
timized as well as employing Gaussian-graded doping and unintentionally doped ab-
sorbers [25], which can make it possible to obtain a high bandwidth along with a high
responsivity (i.e. quantum efficiency). Note that the layer structure in our design follows
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a vertical configuration, while most of the parameters are taken from [24]. The opti-
mized cliff layer and the charge layer enable carriers to transport in velocity overshoot,
which can effectively enhance the electric field of the depletion layer and weaken the
space charge effect. Simulation results show that the bandwidth and responsivity of the
modified device can reach 107 GHz and 0.18 A/W (up to 0.38 A/W with optical power
exceeding 20 mW) at a reverse bias voltage of 1 V for an active area of 12.56 um?.
Finally, the physical mechanisms of bandwidth reduction and current saturation at high
power were deeply explored from the perspectives of energy band and electric field,
and it was found that high-power energy band offset and electric field collapse for in-
trinsic reasons. This type of modified NBUTC-PD with high bandwidth and high re-
sponsivity could have potential applications in THz electric [26,27], photonic [28] or
hybrid electronic—photonic [29] transmitter and receiver [30] systems.

2. Device structure design and optimization
2.1. Optimization of absorbers

The modified NBUTC-PD layer structure is shown in Table 1.

In terms of doping for absorber, the traditional highly doped mechanism is replaced
with a partially depleted doping. Moreover, the middle two layers of the partially de-
pleted layer are doped using a Gaussian gradient doping profile [31,32]. This creates
a larger potential and electric field in the absorber and improves the bandwidth of the
device. In addition, the introduction of unintentionally doped absorbers can also im-
prove the quantum efficiency of UTC-PDs [33-35].

Considering the thickness of absorber, the variation curves of bandwidth and respon-
sivity of conventional UTC-PD are also investigated, as shown in Fig. 1(a). The specific
simulation method is to gradually change the thickness of the middle two absorbers while
keeping their thickness values the same. It can be seen that with increasing thickness
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Fig. 1. (a) Variation curves of bandwidth and responsivity with thickness of the absorber (i.e. absorption
layer). (b) The thickness of absorber versus BEP.
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of the absorber the device bandwidth gradually decreases while its responsivity grad-
ually increases. This behavior is also consistent with the theoretical analysis [36,37].
The variation curve of bandwidth efficiency product (BEP = bandwidth x quantum
efficiency) with the thickness of the absorber is shown in Fig. 1(b). To balance the
trade-off between the high-speed response and high saturation [38], an absorber thick-
ness of 260 nm is selected, as it corresponds to the maximum BEP.

2.2. Optimization of the cliff layer

The cliff layer is generally found between the InGaAs absorber and the InP collector,
which is used to enhance the electric field at the heterojunction interface, allowing for
faster carrier transport and increased device bandwidth [39]. In our design, we keep
the cliff thickness as a constant, while only calibrate the doping concentration and ob-
serve the variations of the 3-dB bandwidth. The doping of the cliff layer versus the
bandwidth is given in Fig. 2. It can be seen that the 3-dB bandwidth of the device in-
creases with the increase of the doping concentration of cliff layer until the doping
concentration is up to 5 x 10'® cm™. Meanwhile, the 3-dB bandwidth of the device starts
to decrease with increasing doping concentration when the doping concentration is
greater than 5x 10'® cm™. The maximum 3-dB bandwidth of the device occurs at the
doping concentration of the cliff layer 5x 10'® cm™, leading to a value of 108.66 GHz.
However, it also can be seen that the lower and the higher doping concentrations of
the cliff layer have little effect on the 3-dB bandwidth of the device, and the impact

is biggest when the doping concentration level is 5x10'® cm™.
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Fig. 2. The doping distribution of cliff layer versus the 3-dB bandwidth.

2.3. Structural parameters of the mushroom-type
modified NBUTC-PD

Based on the above-mentioned considerations and optimizations, the best layer struc-
ture parameters of the modified NBUTC-PD is shown in Fig. 3. The corresponding
doping concentration and layer thickness parameters are shown in Table 1. Note that
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Fig. 3. Cross-section of the proposed “mushroom” typed modified NBUTC-PD.

the light can be incident either the top or bottom [11]. In this case, it was incident from
the top, as illustrated in Fig. 3.

The topmost layer of the device is a p-type heavily doped In 53Ga, 47 As contact lay-
er, which is used here to connect to the anode and act as a good ohmic contact. Two layers
of 10 nm p-doped InGaAsP are used to reduce the barrier between heterojunctions and
to accelerate carrier transport [40,41]. Four graded doped absorbers are set up, and the
middle two partially depleted absorbers are Gaussian doped to form a relatively large
potential and electric field, so that the carriers can accelerate the movement under
the action of the built-in electric field to improve the response speed of the device.
The heavily doped n-type InP cliff layer is able to form a higher electric field, sup-
pressing the charge accumulation at the heterojunction interface and obtaining a higher
saturation current. The material used for the collector and the subsequent charge layer
is InP, but the difference lies in the doping concentration, with the collector lightly
doped with N-type and the charge layer heavily doped with N-type, which can be used
to provide a high electric field in the depletion region and to maintain the peak over-
shoot velocity of electrons [42-44].
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3. Simulation results and analysis
3.1. Responsivity and quantum efficiency

The responsivity and quantum efficiency are the most important output performance
parameters in UTC-PDs. At a certain determined wavelength, the responsivity is the
ratio of the output photocurrent of the photodetector to the incident optical power, and
the quantum efficiency is the ratio of the number of photogenerated electron-hole pairs
generated per unit time to the number of incident light quanta. Since the process of
light quanta being absorbed and generating electron-hole pairs mainly occurs in the
absorber, the main factors affecting the device responsivity and quantum efficiency are
the thickness of the absorber and the doping concentration.

The photocurrent curves of the two photodetectors ata —1 V bias voltage are shown
in Fig. 4. At low light intensity (i.e. optical power below 20 mW), the responsivity of
both devices is measured to be 0.18 A/W. However, at higher light intensity (i.e. op-
tical power exceeding 20 mW), the responsivities of the modified NBUTC-PD and
UTC-PD are calculated to be 0.38 and 0.15 A/W, respectively. The corresponding
quantum efficiencies are 30% for the modified NBUTC-PD and 12% for the UTC-PD.
This demonstrates that the modified NBUTC-PD has a better capability for handling
higher light intensity compared to the UTC-PD. Meanwhile, the responsivity of this type
of modified NBUTC-PD can be enhanced by employing bottom-reflecting mirrors [45],
dual-absorber structures [46], microstructures [38,47,48] high-contrast grating reflec-
tors [49-51] or Fabry—Pérot cavity structures [52,53]. In addition, the high-speed re-
sponse and responsivity also could be increased by the well-designed incident optical
field distribution [54], incidence direction and contact electrode shapes [55,56].
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Fig. 4. The photocurrent curves of the modified NBUTC-PD and UTC-PD under a —1 V bias voltage.

3.2. High-speed response simulation

The response speed of the photodetector is an important performance parameter to
measure the photoelectric conversion rate, in which the response speed can be ex-
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Fig. 5. Frequency response of the modified NBUTC-PD and UTC-PD under a —1 V bias voltage.

pressed in terms of 3-dB bandwidth. The larger the 3-dB bandwidth is, the larger the
response speed of the photodetector is. The main factors affecting the bandwidth of
the UTC-PD are: the transit time of electrons in the collector, the diffusion time of the
absorber and the RC time constant.

Figure 5 shows the frequency response of the modified NBUTC-PD and UTC-PD
under —1 V bias voltage. It can be seen that the 3-dB bandwidth of the modified
NBUTC-PD is 107 GHz, whereas the 3-dB bandwidth of the UTC-PD is only 77 GHz.
Therefore, the modified NBUTC-PD exhibits a significant increase of the 3-dB band-
width, providing superior high-speed performance compared to non-mushroom-mesa
photodetectors.

As shown in Fig. 6, we compare the junction capacitance of conventional UTC-PD,
modified NBUTC-PD, and modified NBUTC-PD with undercut collector diameters
of 0.8, 1.4, and 2.4 um. From Fig. 6, it can be seen that the capacitance of modified
NBUTC-PD decreases gradually with the decrease of the undercut collector diameter,
and it progressively approaches the curve of the conventional UTC-PD with further
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Fig. 6. Capacitance comparisons of UTC-PD and modified NBUTC-PD.
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reduction in the collector diameter. Note that the key difference between UTC-PD and
the modified NBUTC-PD lies in the collector thickness. The collector of the modified
NBUTC-PD is thinner than that of the UTC-PD, which results in a larger junction ca-
pacitance. However, the bandwidth performance of the modified NBUTC-PD is im-
proved due to the charge layer and the electric field suffered layer, which together
enhance the electron overshoot velocity.

Near-ballistic behavior in our modified NBUCT-PDs would occur when the elec-
trons are moving through the device with only limited scattering or energy loss. In this
case, the electrons would be able to travel a significant distance through the material
with almost no significant deflection or energy dissipation. This is often the result of
the electrons being accelerated by a strong electric field, allowing them to travel with
high velocity, like an overshot velocity, of order 107 cm/s. As shown in Fig. 7, the elec-
tric field distribution is obtained under a —1 V bias voltage and 500 W/cm? light in-
tensity. We can find that modified NBUCT-PD generates a relatively high electric field
intensity at the electric field suffered layer, which can make the carriers near-ballistic-
transport with overshooting speed in the collector. Figure 8 illustrates the electron
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. 7. Electric field of modified NBUTC-PD and UTC-PD under a —1 V bias voltage.
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Fig. 8. Electron velocity of modified NBUTC-PD under a —1 V bias voltage.
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velocity of the modified NBUTC-PD under a —1 V bias voltage. From Fig. 8, it can
be obtained that the electron overshoot velocity is about 4x 107 cm/s.

Figure 7 highlights two key differences between the modified NBUTC-PD and the
UTC-PD. First, in the absorber of the modified NBUTC-PD, a strong electric field is
observed at the junction between the second and third layers in absorber, likely due to
the Gaussian doping in the absorber that induces this electric field. In contrast, the elec-
tric field strength in the UTC-PD is significantly weaker. Second, the average electric
field in the collector of the modified NBUTC-PD is higher than that of the UTC-PD.
With a reduced thickness of the collector and the presence of a high electric field, the
modified NBUTC-PD achieves enhanced bandwidth and faster response speed.

3.3. The effect of optical intensity to bandwidth

Figure 9 gives the optical intensity versus the bandwidth. It can be found that the band-
width increases and then decreases with the increase of incident light intensity in the
range of 0to 1x 10° W/cm?. The device bandwidth reaches a maximum value of 117 GHz
when the incident light intensity is equal to 7x 10* W/cm?. The bandwidth increases
because of the self-induced electric field in the absorber, which increases the drift com-
ponent and accelerates the drift of electrons in the absorber. The decrease in bandwidth
is due to the decrease in electric field strength due to space charge effects [57,58]. In
addition, the sub-THz operational bandwidth across all optical intensity region high-
lights the high-response capability of our modified NBUTC-PD. This broad bandwidth
indicates its potential for further applications in the THz frequency range.
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Fig. 9. Optical intensity of modified NBUTC-PD versus the bandwidth under a —1 V bias voltage.

The variation curves of the energy of the conduction band with different light in-
tensities under —1 V bias voltage are shown in Fig. 10. In the absorber, the energy of
the conduction band shifts down slowly with the gradual increase of the incident light
intensity, which is related to the self-induced electric field generated in the absorber.
Atthe same time, the conduction band in the absorber becomes flatter and flatter, which
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Fig. 10. Conduction band of the modified NBUTC-PD versus the incident light intensities under a -1 V
bias voltage.

indicates that increasing the incident light intensity leads to the gradual decrease of
the electric field strength in the absorber. In the collector, increasing the incident light
intensity results in a change of the conduction band from concave to convex, which is
because more photons are absorbed to produce more electron-hole pairs. Meanwhile,
the concentration of photogenerated electrons exceeds the doping concentration of the
semiconductor itself, causing the accumulation of electrons and the generation of
space-charge effects.

The variation curves of the electric field strength of the modified NBUTC-PD with
different light intensities under —1 V bias voltage are shown in Fig. 11. It can be seen
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Fig. 11. Electric field of modified NBUTC-PD versus the optical intensity under a —1 V bias voltage.
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that the effect of different light intensities on the electric field intensity of the absorber
is most obvious. As the incident light intensity gradually increases from 1x10° to
5% 10° W/ecm?, the slope of the corresponding curve in the absorber gradually decreases,
while the peak electric field intensity gradually decreases and shifts towards the col-
lector. Note that the electric field intensity in the absorber is approximately zero when
the incident light intensity is 5x 10° W/cm? [59]. It indicates that the higher incident
light intensity easily causes the electric field strength of the absorber to decrease/re-
duce until it collapses. This reduction slows down the drift of electrons, results in the
accumulation of the space charge, and ultimately leads to a decrease in both the device
response and bandwidth.

4. Conclusion

In this paper, the diffusion-drift model is used to design a novel mushroom-type mod-
ified NBUTC-PD with both high speed and high quantum efficiency as well as the
physical mechanism in depth. The high-speed and high-responsivity performance is
achieved for the novel mushroom-type structure by optimized absorbers and introduc-
ing a cliff layer and a charge layer that enables the carriers to transport at a “near-bal-
listic” speed. Simulation results show that the 3-dB bandwidth of the device can reach
107 GHz while the responsivity is enhanced up to 0.38 A/W at a reverse bias voltage
of 1V for an active area of 12.56 um?. Moreover, the intrinsic mechanisms of band-
width reduction is analysed from the viewpoints of between the incident light intensity
versus the bandwidth, the conduction band, and the electric field distribution. This re-
search lays the groundwork for addressing the “trade-off” between high response and
high quantum efficiency in near-ballistic uni-traveling carrier photodetectors, poten-
tially paving the way for advancements in sub-THz applications.
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