A ER-INC)

Chinese Optics B

Design of high-speed MUTC-PD with electric field regulation layer
XU JIan-bo, LIU KAI, DONG Xiao-wen, DUAN Xiao-feng, HUANG Yong-qing, WANG Qi, REN Xiao-min

Citation:

XU JIan-bo, LIU KAI, DONG Xiao-wen, DUAN Xiao-feng, HUANG Yong-qing, WANG Qi, REN Xiao-min. Design of high—
speed MUTC-PD with electric field regulation layer[J]. Chinese Optics, In press. doi: 10.37188/C0O.EN-2024-0030

TR, XUHL, BT, Beibiid, UK, T3, AR BA IR B EEMUTC-PDHT]. HEDE Y, ek 3. doi:
10.37188/C0O.EN-2024-0030

View online: https://doi.org/10.37188/CO.EN-2024-0030

Articles you may be interested in

Research progress of high—speed vertical—cavity surface—emitting laser in CIOMP
RACHLUIT e s T A SO L ARt o vt g
Chinese Optics. 2022, 15(5): 946  https://doi.org/10.37188/C0.2022-0136

Principle and application of metasurface optical field modulation of atomic layer thickness
Jiy J2 V5 R R T 7 s S LR o
Chinese Optics. 2021, 14(4): 851 https://doi.org/10.37188/C0.2021-0069

A study on the epitaxial structure and characteristics of high—efficiency blue silicon photodetectors
AR EREDC IR A8 S ME S5 8 SRS
Chinese Optics. 2022, 15(3): 568 https://doi.org/10.37188/C0.2021-0188

Design of a 20 m underwater wireless optical communication system based on blue LED
20 m/K R L JELEDE F RGN
Chinese Optics. 2021, 14(6): 1451 https://doi.org/10.37188/C0.2020-0190

Integrated Nitride optoelectronic chip for motion detection and visible light communication
1B BRI L ol WO 5 — AL /AL o 78
Chinese Optics. 2023, 16(5): 1257 https://doi.org/10.37188/C0.2023-0028

Analysis of photoelectric characteristics of a light—damaged schottky perovskite detector
AT R B AT I 4 B G FL R BT
Chinese Optics. 2022, 15(4): 668 https://doi.org/10.37188/C0.2021-0196


http://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.EN-2024-0030
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0136
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0069
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0188
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2020-0190
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2023-0028
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0196

FxH FxW EP%%(EP%Y) Vol.x No. x
xxxx 4F x A Chinese OptiCS XXX. XXXX

NEHS  2097-1842(xxxx)x-0001-08

Design of high-speed MUTC-PD with electric field regulation layer
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Abstract: This paper proposes a novel modified uni-traveling-carrier photodiode (MUTC-PD) featuring an
electric field regulation layer: a p-type doped thin layer inserted behind the PD’s n-doped cliff layer. This
electric field regulation layer enhances the PD’s performance by not only reducing and smoothing the elec-
tric field intensity in the collector layer, allowing photo-generated electrons to transit at peak drift velocity,
but also improving the electric field intensity in the depleted absorber layer and optimizing the photo-gener-
ated carriers’ saturated transit performance. Additionally, the proposed design improves the PD’s parasitic ca-
pacitance effect by incorporating a long collector layer designed to reduce the PD’s junction capacitance. The
electron’s peak drift velocity compensates for the lost transit time. Thus optimizing the 3 dB bandwidth of the
PD’s photo response. The final performance optimization obtains a MUTC-PD with a 3 dB bandwidth of 68

GHz at a responsivity of 0.502 A/W, making it suitable for 100 Gbit/s optical receivers.
Key words: peak electron drift velocity; transit performance; MUTC-PD; optical fiber communication; optic-
al interconnect
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1 Introduction

To meet the exponentially growing demand for
data traffic capacity in data centers, photodetectors
must quickly respond to 100 Gbps signals with high
sensitivity. Nowadays, a port transmission rate of
400 Gb/s is being scaled up in data centers. Trans-
ceiver modules with 800 Gb/s port rate are now un-
dergoing small-scale trials, and those with 1.6 Tb/s
port rate have entered the prototype stage. Corres-
ponding port rate standards include 8x%200 Gb/s,
8x100 Gb/s, etc., with different modulation sche-
mes. This necessitates the development of high-
speed photodetectors capable of supporting these
standards, with their photo-response bandwidth ex-
ceeding 57 GHz and responsivity over 0.5 A/W, for
applications in single-wavelength 100 Gb/s optical
channels!"!. To accomplish the required PD perform-
ance, many attempts have been conducted, such as
mushroom-type photodetectors®?, dual-absorption-
layer photodetectors®, PIN photodetectors', PDA-
PDsP, and uni-traveling-carrier photodiode (UTC-
PD), etc. The UTC-PD, first proposed in 1997, ef-
fectively mitigates the space-charge effect in PIN
PD by using electrons as a single transit carrier to
promote its high-speed performance®. MUTC-PD
optimizes the UTC-PD’s absorber layer by dividing
it into a p-doped region and a depleted region to ob-
tain high speed and high responsivity performance
simultaneously”®. However, MUTC-PD typically
features thin absorber layers for enhanced high-
speed performance, resulting in lower responsivity.
Increasing the thickness of the absorber layer al-
lows a greater responsivity, but it increases the car-
rier’s transit time and decreases the PD’s bandwidth.
One possible method to reduce the PD’s response

bandwidth degradation caused by the thick absorp-

doi: 10.37188/C0O.EN-2024-0030

CSTR:32171.14.CO.EN-2024-0030

tion layer is to increase the mean electron transit ve-
locity®'",

This paper proposes optimizing performance
through a novel MUTC-PD structure with an elec-
tric field regulation layer inserted between its cliff
and collector layers. By optimizing the doping con-
centration of the electric field regulation layer and
the thickness of the collector layer, the electric field
intensity inside the MUTC-PD’s collector layer can
be tuned to a certain level to make the photo-gener-
ated electrons transit at their peak drift velocities
constantly. At the same time, the electric field in-
tensity in the PD’s absorber could be optimized to
ensure that the photo-generated hole would transit at
its saturated drift velocity in its depleted region, and
the photo-generated electron’s diffusion enhance-
ment factor could be maximized in its p-doped re-
gion. Moreover, as in the proposed novel MUTC-
PD, the electrons transit at their peak drift velocity
in the PD’s collector layer, enabling further optimiz-
ation of the PD’s parasitic capacitance. This and the
overall impact on the PD’s high-speed photo-re-
sponse were analyzed. In the analysis, for better
coupling of the incident light, the diameter of the
PD was set to 16 um. The following sections of this
paper will refer to the proposed MUTC-PD as the
swift-responding modified uni-traveling-carrier pho-
todiode (SMUTC-PD) to distinguish it from the
MUTC-PD.

2 SMUTC-PD DESIGN

Fig. 1 outlines the epitaxial structure of the
SMUTC-PD. A 500 nm thick InP buffer layer, with
an n-doping level of 5x10'™ cm™, was deposited
above the SI-InP substrate. On top of this, an un-in-
tentionally doped InP collector layer with a thick-

ness of x nm was added to enable further optimiza-
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tion. A 20 nm thick InP electric field regulation lay-
er with a p-doping level of 1x10' cm™ was placed
above the collector layer. This regulation layer was
designed to regulate the electric field intensity distri-
bution in the collector layer. Next, an 80 nm thick
InP cliff layer with a n-doping level of 7.2x
10" cm™, a 40 nm thick InGaAsP layer (Q1.24)
with a p-doping level of 5x10" ¢m™, and a 40 nm
thick InGaAsP layer (Q1.46) with a p-doping level
of 510" cm™ were added one by one consecut-
ively. Ql.24and Q1.46 represent the

wavelengths of the corresponding InGaAsP materi-

cut-off

als. Then, a 100 nm thick, un-intentionally doped
InGaAs layer and a 350 nm thick p-doped InGaAs
layer with a doping level of 3.5x10' cm™ were
grown as absorption regions of the PD. Above it, a
50 nm thick InGaAsP electron block layer with a p-
doping level of 1x10" c¢cm™ was grown. The top-
most cap layer was a 50 nm thick p-doped InGaAs

layer with a doping level of 1x10" cm.

p-InGaAs 1x10" cm™ 50 nm
p-InGaAsP 1x10" cm™ 50 nm (Q1.12)
p-InGaAs 3.5x10' cm™ 350 nm
p-InGaAs 1x10" cm™ 100 nm
p-InGaAsP 5x10' cm™ 40 nm (Q1.46)
p-InGaAsP 5x10" cm™ 40 nm (Q1.24)
n-InP 7.2x10'" cm™ 80 nm
p-InP 1x10'° cm™ 20 nm

n-InP 1x10" ¢m™ x nm

n-InP 5x10" ¢cm™ 500 nm

n-InP Substrate 500 nm

Fig. 1 Epitaxial layer scheme

SMUTC-PD’s performance simulations were
conducted with Silvaco Atlas. An extra 15 Q series
resistance was added to the ideal 50 Q load resist-
ance to analyze its parasitic performance. Also, an
additional parallel parasitic capacitance of 5 fF was
added to simulate the capacitance introduced by the
metal contact pad. The negative differential mobil-
ity model was used to analyze the electron’s peak
drift velocity performance in InP. The bias voltage

in the simulation was set to 3 V. The material para-

meters of InP, InGaAsP, and InGaAs were obtained
from Ref. [12-15]. Table 1 gives the optical and
electrical parameters of the materials used in the

simulation (InP and InGaAs).

Tab.1 Material parameters of the simulation

Parameter InP InGaAs

Electron mobility, p, 5400 cm?Vs 12000 cm?/Vs

Hole mobility, p, 200 cm?*Vs 300 cm*/Vs

Conduction band density of states, Nc  1.1x10” cm™  7.7x10" cm™®

Valence band density of states, Nv.  5.7x107 cm™  2.1x10" cm™

Electron Saturation velocity 2.6x10" cm/s  2.5x107 cm/s
Hole saturation velocity 5%10°¢ cm/s 5x10° cm/s
Electron and Hole lifetime 2x107°s 1x107s

Electron Auger coefficient 3.7x107" cm®s 3.2x107* cm®/s

Hole Auger coefficient 8.7x107" em®s 3.2x107% cm®s

Real refractive index 32 3.51

Imaginary refractive index 0 0.106

As stated above, the SMUTC-PD introduces an
electric field regulation layer (EFRL) to optimize
the transit performance of the photo-generated elec-
trons and holes. The transit bandwidth of SMUTC-
PD was determined by the electron’s transit time in
the collector layer, the p-doped absorption layer,
and the hole’s transit time in the depleted absorp-
tion layer. The doping level of the EFRL was used
to optimize the above parameters by adjusting the
electric field intensity distribution in the three lay-
ers mentioned above. The simulation results are
shown in Fig. 2. Electron and hole transit velocity
distributions in the SMUTC-PD with different dop-
ing-level in EFRL are shown in Fig. 3 and Fig. 4. In
the above analysis, the thickness of the collector
layer was set to 900 nm. Fig. 2 shows that the intro-
duction of the EFRL made the electric field intens-
ity distribution in the collector layer consistent.
Thus, the electrons can transit with uniform velo-
city throughout the collector layer. Moreover, the
optimization of the electric field intensity distribu-

tion in the collector layer and the depleted absorp-
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tion region was achieved by adjusting the doping of
the EFRL, which was set to D,. Reducing the value
of D, lowered the electric intensity in the collector
layer (as shown in Fig. 2). The adjustment allowed
the intensity to approach a level that enabled the
electrons to transit through it at peak electron drift
velocity, as shown in Fig. 3. At the same time, the
electric intensity in the depleted absorption layer in-
creased (as shown in Fig. 2), which enabled the
holes’ transit velocity to approach maximum level
(the saturated hole drift velocity), as shown in
Fig. 4.

ERE
s _' 71e15lcm’3_
S¥IP| | pmmmooo oo i—lel6ecm™

- i—3el6 cm™
T4x105F —5el6 cm™
§ - 7el6 em’
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Fig.2 SMUTC-PD’s electric field intensity distribution at

different doping concentrations in the electric field

regulation layer
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Fig.3 SMUTC-PD’s electron velocity distributions at different doping concentrations in the electric field regulation layer
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Fig.4 SMUTC-PD’s hole velocity distributions at different doping concentrations in the electric field regulation layer

As shown in Fig. 2, the electric field intensity
in the collector layer rises from 13 kV/cm to
30 kV/em when D, goes from 3x10' ¢m™ to 5x
10" em™. Specifically, the electric field intensity in
the collector layer is approximated at 11 kV/cm
when D, is 1x10" cm™ and 1x10' cm™. In this
range, the electrons can transit in InP at its peak
drift velocity of 4x107 cm/s. This was verified by

the simulation analysis of the electron’s transit
velocity distribution in the SMUTC-PD, shown in
Fig. 3. Furthermore, when D, goes from 3x10' cm™
to 5x10' em™, the mean velocity of electrons in the
collector layer decreases from 3.8x107 cm/s to
2.8x107 cm/s.

As Fig. 2 shows, when Dy is 1x10" ¢cm™ and

1x10" cm™, in the depleted absorption region,
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the electric field intensity is approximated to be
86 kV/cm, and the velocity of holes is 4.3x10° cm/s
as Fig. 4 shows, approaching its saturated drift velo-
city. From Fig. 2 and 4, one can see that the elec-
tric field intensity decreases from 85 kV/cm to
47 kV/cm when D, goes from 3x10' ¢m™ to 5x
10" em™, and the maximum velocity of holes de-
creases from 4.2x10° cm/s to 3.7x10° cm/s. Simul-
taneously, the electrons consistently transit at their
saturation drift velocity of 2.5x107 cm/s.

In the p-doped absorption region, the hole re-
laxes. When D, is 1x10" ¢cm™ and 1x10' ¢cm™, the
minimum velocity of electrons is 1.0x10” cm/s and
9.3x10° cm/s, according to Fig. 3. When D, goes
from 3x10'" cm™ to 5x10"7 ¢cm™, the minimum velo-
city of electrons decreases from 7.9x10° cm/s to
2.2x10° cm/s.

In summary, in the above three layers, when D,
is 1x10" cm™ and 1x10' ¢m™, the transit perform-
ance of electrons and holes can be optimized. Ulti-
mately, the doping concentration of 1x10' cm® was
chosen for the EFRL layer, as in the above three
layers. The collector layer is longer and has a great-

er impact on the PD’s high-speed characteristics.

3 SMUTC-PD
ANALYSIS

PERFORMANCE

When optimizing the SMUTC-PD’s dynamic
photo-response performance, its collector layer’s
thickness is a major influencing factor. It determ-
ines most of the photo-generated electrons’ transit
time and the PD’s junction capacitance. Therefore,
the thickness of the PD’s collector layer and its in-
ternal electric field intensity distribution need to be
carefully designed. To improve the PD’s dynamic
performance, its collector’s thickness can be in-
creased to reduce its parasitic capacitance. At the
same time, by optimizing the electric field intensity
distribution in the PD’s collector, as stated in sec-
tion II, the photo-generated electrons can transit

through the PD’s collector at peak drift velocity.

Then, the electron’s transit time increase in the col-
lector can be compensated for.

In the SMUTC-PD optimization, the PD col-
lector’s thickness x changed from 0.1 um to 1.3 pm.
And the PD’s photo-response bandwidth was calcu-
lated correspondingly. Fig. 5-7 denotes the simu-
lated PD’s carrier transit time determined photo-re-
sponse bandwidth as “Tt” and a solid blue line with
square marks. At the same time, Fig. 5-7 denotes the
parasitic capacitance simulated from SMUTC-PD
structure as “capacitance” and a solid red line with
triangle marks. Fig. 5-7 denotes the total PD’s
photo-response bandwidth that resulted from the
carriers’ transit time and the PD’s parasitic effect in
the simulation as “3 dB” and a solid green line with
circle marks. As shown in Fig. 5, at the 3V reverse
bias voltage, in the collector’s thickness x changing
range, the transit time determined bandwidth of
the PD decreases continuously from 109 GHz to
77 GHz, but the total bandwidth rises to a peak of
68 GHz at x=0.9 um, then decreases. Therefore, the
collector layer thickness was optimized at 900 nm.
As stated in Section 2, the doping concentration of
the EFRL affects the electric field intensity distribu-
tion in the collector layer and determines its mean
electron transit velocity. In the simulations shown in
Fig. 5, the mean electron transit velocity is optim-

ized to its peak drift velocity.

. . . . — — 45
110 — ,
——3dB 42
100 —— Capacitance 139
136 &
= 90t Z
S 3 =
= 80 130 8
2 70r 124
53 =
m 121 &
60 | 11z &
e}
50 F 115
112
40

0 02 04 06 08 1.0 12 14
Xx/um
Fig. 5 SMUTC-PD’s frequency response and parasitic ca-

pacitance with different collector layer thicknesses

In order to investigate the effect of the doping
concentration and thickness of the p-doped absorp-
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tion region on the SMUTC-PD’s photo-response
bandwidth, its doping concentration was set to
change from 3x10" ¢m™ to 7x10'" ¢m™ for short
enough hole relaxation time. Its thickness is de-
noted as m pum. Then, the thickness of the depleted
absorption region was set to (0.45-m) pm. The
SMUTC-PD’s frequency photo-response perform-
ance was simulated to determine the optimal doping
concentration in the p-doped absorption region™®.
Fig. 6 shows the simulation results for the p-doped
absorption region across various doping levels,
while Fig. 7 shows the results for different m values.
The optimal doping level for the p-doped absorp-
tion region was determined to be 3.5%10' c¢m™,
while its optimal thickness was determined to be
0.35 pm.

95 e 18.0
90 ——3dB
—— Capacitance | 17.5 o
E 851 §
S sof 17.0 5
-= Q
275t 116.5 %
[}
g 700 {160 &
= 65 -8
/\‘ 1155 3}
60
55 : : : —15.0

1.50x10'¢ 3.00%10' 4.50x10'¢ 6.00%10' 7.50x10'°
Doping concentration/cm™
Fig. 6 SMUTC-PD’s photo-response bandwidth and para-
sitic capacitance with different doping concentra-

tions in the p-doped absorption region

100 T T T T T 28
127
90 26
g
80t 125 §
= 124 2.
S 70t 123 &
= o
= 122 &
< L
N 122
E S0t — Tt 120 &
40 —— Capacitance 118 =
117
30
116
20 15

0.1 0.2 0.3 0.4 0.5
m/pum

Fig. 7 SMUTC-PD’s photo-response bandwidth and para-

sitic capacitance with different thicknesses of the p-

doped absorption region

Next, the effect of electron transit in SMUTC-

PD’s collector layer on the PD’s parasitic capacit-
ance was analyzed. According to Ref. [17-18], this
electron’s transit velocity determined capacitance
can be expressed by the following equation:

@_ dr dv

= =yP——
v lav - "VaE

QY

where dQ is the change in electric charge for a giv-
en change in voltage, dV. It was concluded that this
capacitance depends on the differentiation of the
electron transit velocity with respect to the electric
field intensity determining it, i.e., the curve slope of
the electron transit velocity versus the electric field
intensity. It can further reduce the SMUTC-PD’s
parasitic capacitance while the electron transits
around its peak drift velocity. Finally, Fig. 8 depicts
the frequency response of the optimized SMUTC-
PD and of a MUTC-PD with the same structure ex-
cept for the EFRL. The results show that the
SMUTC-PD obtains a 3-dB bandwidth of 68 GHz,
which is far greater than the MUTC-PD’s 54 GHz
3-dB bandwidth, while the incident optical power is
set to 1 mW only. According to Ref. [17], for a
standard MUTC-PD, large incident optical power is
needed to regulate the electric field intensity in the
collector layer to obtain its electron’s peak drift ve-
locity. Thus, the proposed SMUTC-PD overcomes

such limitations.

Frequency response/(dB)

10} — 54 GHz@MUTC-PD
| — 68 GHz@SMUTC-PD

0 20 40 60 80 100 120
Frequency/GHz

Fig. 8 SMUTC-PD’s frequency response

According to [19], the reflectivity of the top
electrode is set at 0.6. As shown in Fig. 9, the re-
sponsivity of SMUTC-PD is 0.502 A/W, while the
thickness of the absorption layer is set at 0.45 pm.
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50} —— Slope=0.502 A/W enhancing the device's overall performance.
w0l Moreover, the device exhibits robust performance

é under low-power conditions, independent of incid-
= 30+ . . . .
2 ent optical power fluctuations. Ultimately, an optim-
=
fg’ 207 al 3-dB bandwidth of 68 GHz with a responsivity of
=10t 0.502 A/W was attained, marking a significant
ol 25.9% bandwidth enhancement compared to the ori-
5 20 20 50 %0 100 ginal MUTC-PD's 54 GHz bandwidth. These find-
Power/mW ings demonstrate that the SMUTC-PD, featuring an

4 Conclusion

Fig.9 SMUTC-PD’s responsivity electric field regulation layer, can effectively en-
hance the photodetector's high-speed performance,
offering a promising solution for improving device

bandwidth.

In conclusion, this paper proposes a novel
SMUTC-PD for 100 Gbit/s optical receivers. The
electric field intensity in the collector layer is optim-
ized by introducing an electric field regulation layer
after the cliff layer, ensuring that electrons consist-
ently operate at peak velocity to offset the increased
electron transit time caused by the extended collect-
or layer while also achieving reduced capacitance.
Additionally, this layer can redistribute the voltage

between the absorption and collector layers, further
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