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Abstract: High-performance germanium (Ge) waveguide photodetectors are designed and fabricated utilizing the inductive-
gain-peaking technique. With the appropriate integrated inductors, the 3-dB bandwidth of photodetectors is significantly im-
proved owing to the inductive-gain-peaking effect without any compromises to the dark current and optical responsivity. Meas-
ured 3-dB bandwidth up to 75 GHz is realized and clear open eye diagrams at 64 Gbps are observed. In this work, the relation-
ship between the frequency response and large signal transmission characteristics on the integrated inductors of Ge wave-
guide photodetectors is investigated, which indicates the high-speed performance of photodetectors using the inductive-gain-
peaking technique.
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1. Introduction

To meet the needs of future interconnected systems and
fast-growing data communications exceeding 400 Gbps, low-
cost, low-power, and high-speed optical components must
be developed. Silicon (Si) photonics is a promising applica-
tion technology to realize these needsl'-3l. Si-based Ge pho-
todetectors are key devices in Si photonics, due to their com-
patibility with the typical complementary metal oxide semi-
conductor (CMOS) process and relatively high absorption
coefficient in the near-infrared®. Among the many different
kinds of Ge photodetector structurest®-9), the waveguide coup-
ling structure is the most widely adopted, and can be di-
vided into vertical and lateral p-i-n junction structures. Al-
though the bandwidth of lateral p-i-n Ge photodetectors
has achieved 67 GHz['%, the fabricating process was complex,
requiring Si corrosion and Ge chemical mechanical polish!'-141,
Conversely, the vertical p-i-n Ge photodetector is popular
because of its simple fabricating process. However, low
bandwidth due to the high parasitic parameters was obser-
vedl7: 15171, Therefore, many efforts were made to overcome
these drawbacks. Two main methods have been used to im-
prove the bandwidth of vertical p-i-n Ge photodetectors.
The first reduced the parasitic parameter and carrier transit
time by reducing the size of the intrinsic regionl”. 12,
However, this method depends on the advanced fabrication
technology, while also degrading other performance paramet-
ersl’], such as optical responsivity. Alternatively, the induct-
ive-gain-peaking technique was proposed to extend the band-
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width of photodetectors by integrating different inductors(8l,
For example, a 60 GHz bandwidth had been demonstrated
by introducing an on-chip spiral inductor into the
electrodel'. However, the relationship between the device
bandwidth and integrated inductor is not explained clearly.
The large signal transmission characteristics that are crucial
for data communications have not yet been investigated.

In this work, high-speed Ge waveguide photodetectors
with various integrated inductors are fabricated utilizing the in-
ductive-gain-peaking technique. Simultaneously, to verify the
parameters of integrated inductors, similar standalone induct-
ors are also fabricated and the parameters of inductors are
measured using a vector network analyzer. The frequency re-
sponse characteristics and eye diagrams of these photodetect-
ors with the inductive-gain-peaking effect are studied and dis-
cussed in detail. The 3-dB bandwidth curves along with the
eye diagrams of these photodetectors are strongly depend-
ent on the parameters of integrated inductors. For the Ge
waveguide photodetector (5 x 8 um2) with an integrated in-
ductor of 280 pH, the dark current and 1550 nm optical re-
sponsivity are 35 nA and 0.81 A/W respectively at -1 V.
Moreover, the measured 3-dB bandwidth of 75 GHz is
achieved and a clear opened eye diagram at 64 Gbps is ob-
tained.

2. Principles of the inductive-gain-peaking
technique

The basic principle is to introduce inductors into the pho-
todetector. When the photodetector works at a high fre-
quency, some capacitance effects of the photodetector can
be offset by the introduced inductance. This leads to an in-
crease in the frequency response curves at high frequencies,
thereby increasing the bandwidth. The equivalent RC circuit
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Fig. 1. (Color online) Equivalent circuit of Ge waveguide photodetector (a) without and (b) with integrated inductor.
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Fig. 2. (Color online) (a) Cross section of the Ge waveguide photodetector. (b) Microscopic image of the device. (c) Microscopic image of the stan-

dalone inductors (L, Ly, L3, Ly, and Ls).

of the Ge waveguide photodetector is replaced by the equival-
ent RLC circuits of the photodetector with integrated induct-
or. An equivalent RC circuit and RLC circuit of Ge waveguide
photodetector are shown in Figs. 1(a) and 1(b), respectively.

3. Device fabrication and inductive characteristics

The Ge waveguide photodetectors were fabricated on a sil-
icon on insulator (SOI) substrate with a 220 nm-thick Si layer
and a 2 um-thick buried oxide layer (BOX). As shown in
Fig. 2(a), the 220 nm-thick Si layer was etched to define the
photodetector and Si waveguide. A 500 nm-thick Ge layer
was selectively grown on p-type Si layer that was implanted
with boron to form p-type Si contact layer. The Ge absorp-
tion area of photodetector was 5 um in width and 8 um in
length. The top of Ge layer was implanted with phosphorous
to form n-type Ge contact layer.

The first via and metal to n-type Ge/p-type Si were fabric-
ated, followed by the second via and metal to form pads and
various integrated inductors (L,, Ly, L3, L4, and Ls). The induct-
ors were formed by a two-loop square spiral with 10 um
width traces. The inner loops of inductors were 20, 30, 40, 50,
and 60 um in side lengths, while the outer loops were 70, 80,
90, 100, and 110 um in side lengths, respectively. Finally, the
pad contact holes were fabricated to connect test probes.
Fig. 2(b) shows the microscopic image of the device with integ-
rated inductor and pads.

Simultaneously, to determine the specific parameter val-
ues of integrated inductors, standalone spiral inductors with
separate pads were also fabricated. Fig. 2(c) shows the micro-

scopic image of standalone inductors (L;, Ly, L3, L4 and Ls).
The structures of standalone inductors (L;, L, L3, Ls, and Ls)
are similar to those of integrated inductors. The S-paramet-
ers of standalone inductors were measured using a vector net-
work analyzer and a radio-frequency ground-signal (GS)
probe. The upper frequency of GS probe is 40 GHz, and the
test range is from 10 MHz to 10 GHz, which can represent the
characteristics of standalone inductors. The parameters of in-
ductors are extracted based on the equivalent circuit, as
shown in Fig. 3(a). Figs. 3(b)-3(f) show the fitting S-paramet-
er curves of standalone inductors (L, L, L3, Ly, and Ls), respect-
ively. The blue curves represent measured data while the red
curves represent fitting results. The extracted inductance
(Ling) of standalone inductors (L;, Ly, Ls, Ly, and Ls) are 240,
290, 350, 410, and 450 pH, with the resistances (R,,q) \ capacit-
ances (G,g) values of 2.5\7, 3.2\7, 4.0\8, 4.8\8, and 5.0\9 Q\fF,
respectively.

4. Results and discussion

The current-voltage (/I-V) characteristics of Ge wave-
guide photodetectors with and without incident light are
measured using an Agilent B1500A semiconductor paramet-
er analyzer, a probe station and a Santec tunable semiconduct-
or laser TSL-550 (1500-1630 nm) at room temperature. The in-
cident light is introduced into the Si waveguide of photode-
tectors by a single-mode tapered fiber. The coupling loss
between the tapered lensed fiber and Si waveguide is about
-5.72 dB at an incident light wavelength of 1550 nm. The optic-
al power output from the tapered lensed fiber is measured to
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Fig. 3. (Color online) (a) Equivalent circuit of the extracted parameters of inductors. (b-f) Fitting curves of the standalone inductors (L;, L, L3, Ly,

and Ls).
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Fig. 4. (Color online) (a) Typical current-voltage characteristics of the Ge waveguide photodetector with and without incident light. (b) Dark cur-
rent characteristics of Ge waveguide photodetectors without and with integrated inductors. Inset shows the dark current and responsivity of

these photodetectors.

be 0 dBm by a calibrated commercial reference detector. Ac-
cordingly, the incident optical power of photodetectors is
about -5.72 dBm. Fig. 4(a) shows the /-V characteristics of
the Ge waveguide photodetector in dark and with 1550 nm in-
cident light. Fig. 4(b) shows dark currents of Ge waveguide
photodetectors without and with integrated inductors (L,, L,,
Ls, Ly, and Ls) at a bias voltage from 1 to -3 V. Dark currents
of these photodetectors are similar, revealing the consist-
ency among photodetectors with various integrated induct-
ors. As shown in the inset of Fig. 4(b), at -1 V bias voltage,
the dark currents and 1550 nm optical responsivities of these
photodetectors are approximately 35 nA and 0.81 A/W, re-
spectively, showing little difference between photodetectors
without and with different inductances. These results show
that the inductor gain peaking technique does not substan-
tially change the basic performance of Ge waveguide photode-
tector, including dark current and optical response characterist-
ics.

High-frequency characteristics of Ge waveguide photode-
tectors are measured using an Agilent 67 GHz lightwave com-
ponent analyzer (LCA) N4373D in test ranges from 10 MHz to
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Fig. 5. (Color online) Frequency responses of Ge waveguide photode-
tectors with and without integrated inductors.

67 GHz, and a radio-frequency ground-signal-ground (GSG)
probe of 65 GHz with 50 Q load resistances. The modulated
output light at 1550 nm from the integrated Agilent LCA sys-
tem is transmitted through optical fibers, and an optical polar-
izer is used to maximize the incident light power in photode-
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Table 1. Parameters of the inductors (L;, Ly, L3, Ly and Ls).

Parameter Roq (Q) G (fF) Ricad (Q) G, (fF) Ling (pH) Ring () Ging (fF) f348 (GH2)
PD without N/A N/A N/A 28
PD with L, 240 2.5 7 >75
PD with L, 290 3.2 7 75
. 110 15.25 50 17
PD with L; 350 4.0 8 68
PD with L, 410 4.8 8 62
PD with L 450 5.0 9 58
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Fig. 6. (Color online) (a) Simulated frequency response of the photodetector without and with integrated inductors. (b) Simulated 3-dB band-

width and peak values.

tectors. The bias voltage from Keithley 2611A system source
meter is applied to photodetectors through the integrated Agi-
lent LCA system via GSG probe. The frequency responses
between 50-75 GHz are measured using the optical hetero-
dyne beat frequency system with a 75 GHz RF power meter.
The photocurrent of devices is approximately 200 uA. The
normalized frequency responses of these photodetectors at
1550 nm are shown in Fig. 5. The dotted lines represent meas-
ured normalized frequency responses of Ge waveguide photo-
detectors with and without integrated inductors, while the sol-
id lines represent fitted results between 0-67 GHz and the
measured frequency responses between 67-75 GHz. An evid-
ent inductive-gain-peaking effect can be observed here. The
normalized output RF power of photodetectors with integ-
rated inductors is improved at high frequency. The band-
widths gradually decrease as inductances of integrated induct-
ors increase from L, to Ls. At a bias voltage of -3 V, band-
widths of photodetectors without and with integrated induct-
ors (L;, Ly, L3, Ly, and Ls) are 28, >75, 75, 68, 62, and 58 GHz, re-
spectively. The 3-dB bandwidth up to 75 GHz is achieved at
-3V, which is one of the highest bandwidth values reported
among inductive-gain-peaking photodetectors!'8-22],

Additionally, bandwidth of the photodetector with integ-
rated inductor strongly depends on the peak values of normal-
ized output RF power. As shown in Fig. 5, the peak positions
of normalized frequency responses of the photodetectors
with integrated inductors (L;, Ly, L3, Ly, and Ls) are 67, 60, 54,
48, and 43 GHz, respectively. The peak values increase with
the increase in inductance. This is attributed to the inductive-
gain-peaking effectl's],

To investigate the relationship between bandwidth with
parameters of integrated inductors, the frequency responses
of photodetectors without and with integrated inductors are
simulated based on equivalent RC/RLC circuits. Parameters of
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the equivalent RC/RLC circuits used in simulation are dis-
played in Table 1. The series resistance (R,q) extracted from for-
ward /-V characteristics is about 110 Q[23], The junction capacit-
ance is written as G = egWL/d, where € and g are the relat-
ive and vacuum permittivity, respectively; W and L are the
width and length of the photodetectors, respectively, and d
is the thickness of intrinsic layer. The junction capacitance G
is about 15.25 fF for a detector with d = 400 nm, W =5 um,
and L = 8 um. The load resistance Rjy,q is 50 Q and load capa-
citance C, is 17 fF. The inductance (L;,g), resistance (Ri,q), and
capacitance (G,q) of integrated inductors (L;, Ly, L3, Ly and
L;) are extracted from the S-parameters of inductors in Fig. 3.
Fig. 6(a) shows the simulated frequency response of photode-
tectors without and with integrated inductors. The simulated
3-dB bandwidths of photodetectors without and with integ-
rated inductors (L, Ly, L3, Ly, and Ls) are 29, 80, 75, 67, 61,
and 58 GHz, respectively.

The simulated 3-dB bandwidths are extracted based on
multiple sets of parameters of inductors. Fig. 6(b) shows the
3-dB bandwidths and peak values of normalized RF power of
photodetectors with integrated inductors. The blue and red
lines represent the simulated bandwidths and peak values of
the normalized RF power, respectively. The solid green dots
represent experimental results. The simulated bandwidths of
photodetectors with integrated inductors (L,, L,, Ls, L4, and
Ls) are in agreement with the values achieved via experiment-
al results. The 3-dB bandwidths of photodetectors initially in-
crease and subsequently decrease as the inductance (L;,g) of in-
ductors increases. When Lj,q is about 170 pH, the 3-dB band-
width is maximum. When L;,q > 170 pH, the bandwidth gradu-
ally decreases. When Lj,q < 260 pH, there is no RF power
peak in the frequency response curve. When Lj,q > 260 pH,
the peak RF power gradually increases as the inductance
(Ling) increases. Therefore, to ensure a larger bandwidth and a

......
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Fig. 7. (Color online) Eye diagrams of Ge waveguide photodetectors with and without integrated inductors at 50, 55, 60, and 64 Gbps.
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Fig. 8. (Color online) Measured signal-to-noise ratio (SNR) and eye amp-
litude of the eye diagram at 50 and 64 Gbps.

high peak value, the integrated inductor can be neither too
large nor too small. A suitably large inductance is required to
ensure that the frequency response curve does not decrease
to -3 dB before the inductive gain peak, and to ensure the oc-
currence of the inductive gain peak in the frequency re-
sponse curve. Simultaneously, a slightly smaller inductance is
required to extend to a larger bandwidth.

To investigate the data transmission characteristics of Ge
waveguide photodetectors with integrated inductors in high-
speed communication systems, eye diagrams of these photo-
detectors are measured on wafer. A (23'-1) long optical nonre-
turn-to-zero (NRZ) pseudorandom bit sequence data pattern
with various Gbps data rates generated by a commercial
LiNbO; electro-optical Mach-Zehnder intensity modulator is de-
livered to the waveguide of these photodetectors. The upper
limit of the LiNbO; modulator is 65 Gbps. The eye diagrams
of photodetectors without and with integrated inductors at
50, 55, 60, and 64 Gbps data rates are presented in Fig. 7. The
photocurrent of the devices is approximately 300 yA. The in-
tegration time of eye diagram is approximately 40 s. At 50,
55, 60, and 64 Gbps data transfer rates, all eye diagrams open
clearly. These results prove that Ge waveguide photodetect-
ors with integrated inductors exhibit good data transmission
characteristics. Additionally, as the inductance of integrated in-
ductors increases from 240 pH (L,) to 450 pH (Ls), the eye dia-
gram becomes clearer. This phenomenon could be attrib-
uted to the increased output RF power with the increasing in-
ductance at 20-40 GHz, which covers the fundamental fre-
quencies of the signals at 50-64 Gbps.

Fig. 8 shows the measured signal-to-noise ratios (SNR)

Table 2. Performance summary of high-speed silicon-based Ge photo-
detectors with integrated inductances.

Type Dark current  Responsivity Bandwidth Year
(nA) (A/W) (GH2)

Vertical 3000 0.75 60 2013091
Vertical 600 0.85 60 2015(221
Vertical 46 0.80 62 202120
Vertical 10 0.75 36 2021024
Vertical 64 0.89 80* 202121
Vertical 35 0.81 >75 This work

* The bandwidth of 80 GHz in the reference is the derived value of
fit, not the measured value.

and the eye amplitude of the eye diagrams. At 50 and 64 Gbps
data rates, the overall value of the SNR increases as the induct-
ance of integrated inductors rises from L; to Ls. The SNR of
the eye diagram has been established to be related to noise
and photocurrent intensity[23]. The SNR of some data points is
low because its photocurrent is slightly lower during the meas-
urement, which can be obtained from the eye amplitude.
This also shows that the data receiving capability of the integ-
rated inductive photodetectors with the largest bandwidth
which is not necessarily the best. When the inductive-gain-
peaking technique is used in actual device production, the rela-
tionship between the frequency response and data pro-
cessing capability should be weighed, to select the optimal in-
tegrated inductor to improve the speed of a typical Ge wave-
guide photodetector. Table 2 shows the performance sum-
mary of high-speed silicon-based Ge photodetectors with in-
tegrated inductances. As can be seen in Table 2, our fabric-
ated photodetector with inductance has a high measured
bandwidth, which is one of the highest bandwidth values
among inductive-gain-peaking photodetectors.

5. Conclusion

To summarize, high speed Ge waveguide photodetect-
ors with integrated inductors (L;, L, Ls, Ls, and Ls) are de-
signed and fabricated using the inductive-gain-peaking tech-
nique. The inductive-gain-peaking technique does not substan-
tially change the dark current and responsivity characteristics.
At -1 V bias voltage, dark currents and 1550 nm optical re-
sponsivities of these photodetectors are approximately 35 nA
and 0.81 A/W, respectively. The inductance of integrated in-
ductors affects the peak value of the normalized output RF
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power and determines the 3-dB bandwidth. The peak value
of the normalized output RF power gradually increases when
the inductance of the integrated inductor increases from 240
pH (L) to 450 pH (Ls). The 3-dB bandwidths of the photode-
tectors with integrated inductors (L;, L, Ls, Ly and Ls) are
>75,75, 66,60 and 58 GHz, respectively. The corresponding in-
ductance of the integrated inductors (L;, L,, L3, Ly, and Ls) are
242, 280, 360, 415, and 460 pH, respectively. Within a certain
range, the smaller the inductance of the integrated inductor,
the larger the 3-dB bandwidth obtained. However, the appro-
priate inductance should be selected to ensure a high out-
put RF power. The eye diagrams open more clearly from the in-
tegrated inductors (L,) to the integrated inductors (Ls) due to
the increased output RF power with the increasing induct-
ance at 20-40 GHz, which covers the fundamental frequen-
cies of the signals at 50-64 Gbps. When the inductive-gain-
peaking technique is used to improve the speed of a typical
photodetector, the relationship between the frequency re-
sponse and data processing capability should be weighed to
select an optimal integrated inductor.
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