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High Performance Ge-on-Si Photodetector With
Optimized Light Field Distribution by Dual-Injection

Jishi Cui , Hongmin Chen, Jianping Zhou, and Tiantian Li

Abstract—This paper proposed a photodetector with a dual-
injection structure. Input power is splitted into two beams by a
3 dB beam splitter at the incident end and then coupled into the
photodetector, which can make the light field distribution in the
germanium absorption layer more uniform. With the same active
area structure, the responsivity of the dual-injection structure can
be increased by 45.73% at 108.33 mW, the saturated optical power
could be induced by 44.76%, and the bandwidth can be improved
by 6.74 GHz at 20 mW comparing with the single-injection struc-
ture. The dual-injection structure improves the performance of the
device without increasing the complexity.

Index Terms—Silicon photonics, Ge-on-Si photodetector, dual-
injection structure.

I. INTRODUCTION

S ILICON photonics has attracted extensive research interest
because of the compatibility with CMOS (Complemen-

tary Metal-Oxide-Semiconductor) process, easy integration, low
cost, compact size, and low power consumption [1]–[5]. It has
shown great application value in data center, communication,
sensing, high-performance computing and artificial intelligence
area [6], [7]. As the key component of the receiver, silicon-based
photodetector has significant influence on the performance of the
entire transceiver system. Since the absorption limit wavelength
of silicon is 1100 nm, the germanium which has similar lattice
structure with silicon, compatible with CMOS technology and
has a longer absorption wavelength range is mainly used as
an absorption material in silicon photonics circuits. In recent
years, many works about Ge-on-Si photodetectors have been
reported [8]–[13]. For integrated optical systems, high-power
and high-speed devices were needed in some fields, such as
microwave photonics, receivers in optical communications and
optical sensing system [14], [15].

In the traditional single-injection structure, the light field is
only distributed in a part of the germanium absorption layer,
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and only occupies a small part of the whole germanium layer.
The distribution of the light field depends on the transmission
characteristics of light in the Si/Ge heterojunction. On one hand,
the uneven distribution causes the light field too strong in some
areas, which will suffer from the saturation effect more easily.
On the other hand, the uneven light field will lead to uneven
distribution of photo-generated carriers, which will produce
carrier-screening effect [16] and reduce the mean free path of
carriers [17].

Here, we proposed a novel photodetector structure with a
dual-injection input waveguide.. Benefitted from the more uni-
form light field distribution, this novel structure can overcome
some defects in the traditional single-injection one and shows
improved performance.

II. STUCTURE

Fig. 1 shows the schematic diagram of the designed Ge-on-Si
photodetector with single- and dual-injection. All the width of
the silicon waveguides is 600 nm, and the width of the silicon
substrate for epitaxial germanium as active area is 1.6 µm. The
silicon substrate and the silicon waveguide in active area are
coupled by the taper structure. Distinguished from the single-
injection structure, the waveguide of the dual-injection structure
photodetector divides the power of the incident light into two
parts by a 3 dB beam splitter before coupling into the active
area as indicated in Fig. 1(a). Fig. 1(b) is the three-dimensional
view of a dual-injection photodetector. The blue area is silicon,
the green one is germanium and the gray one is the aluminum
electrode. The thickness of the silicon waveguide and germa-
nium absorption layer are 220 nm and 500 nm respectively. The
thickness of the silicon slab area between the silicon waveguide
and the electrode is 60 nm with the length of 1.5 µm. The slab
area below the electrode region is heavily doped with p-type
with a concentration of 1 × 1020 cm−3, and the top layer of
germanium is heavily doped with a n-type with a concentration
of 1 × 1020 cm−3. The heavy doping is for good ohmic contact.
The refractive indices of silicon and germanium are 3.48 and
4.28 respectively, and the absorption coefficient of germanium
is 5.67 × 10−3 in our calculation. The incident wavelength t is
1550 nm for modelling.

III. LIGHT FIELD

The distribution of optical field power (top view) in the ger-
manium absorption layer of the single- and dual-incidence pho-
todetectors calculated by finite difference time domain method
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Fig. 1. (a) is the waveguide structure of single- and dual-injection devices, and (b) is the three-dimensional schematic of the Ge-on-Si positive-intrinsic-negative
(PIN) photodetectors of dual-injection devices. The thickness of the silicon waveguide, germanium absorption and silicon slab layer are 220 nm, 500 nm and 60 nm
respectively, the length of the slab is 1.5 µm. All of the heavily concentration are 1 × 1020 cm−3.

Fig. 2. Field distribution in the Ge absorption layer of single-injection
photodetector @1550 nm (a), dual-injection photodetector @1550 nm (b),
single-injection photodetector @1310 nm (c) and dual-injection photodetector
@1310 nm (d) simulated by FDTD.

(FDTD) is shown in Fig. 2. FDTD uses the central difference
quotient to replace the first-order partial derivative of the field
quantity with respect to time and space. Through recurrence
in the time domain, the wave propagation process is simulated
to obtain the field distribution. Under the same incident op-
tical power, the optical field distribution of the dual-injection
structure is more extensive and uniform, the maximum optical
field power of the dual-injection structure (∼7.2 × 10−4 w/m2)
is much smaller than single-injection structure (∼8.7 × 10−3

w/m2) (as indicated by the scale in the simulation diagram),
so its optical power distribution is more uniform. Because the
dual-injection structure has two incident points, the light field
distribution would be more dispersed. The light field gradually
weakens from the center of the maximum to the surroundings.
Since the dual-injection structure has more maximum points,

its light field distribution is more uniform. In addition, the
interference and superposition of the two beams of light leads to
a more uniform light field distribution. The 3 dB beam splitter in
the dual-injection structure increases the light leakage, but the
additional insertion loss is negligible.

In order to study the wavelength independent characteristic
of the dual-injection structure, we also simulated the light field
distribution with a input wavelength of 1310 nm, as shown
in Fig. 2(c) and (d). The maximum value of the light field of
the single-injection structure is about 9 × 10−4 w/m2, and the
maximum value of the light field of the dual-injection structure
is about 4.2 × 10−4 w/m2. The dual-injection structure also
shows the extensive light field distribution comparing with
the single-injection structure. Therefore, the purposed dual-
injection structure photodetector can still make the light field
intensity of the absorption region more uniform at the input
wavelength of 1310 nm, thereby reducing the saturation effect
and improving the performance of the device. At the 1310 nm
wavelength, the light field is mainly distributed at the front
end of the absorption zone since the absorption coefficient of
germanium is higher at this wavelength (7.8 × 10−2 w/m2), so
most of the light field will be absorbed in a short absorption
zone. The wavelength independency of the optimization effect
benefited fromthe dual-injection structure is demonstrated in
theoretically.

IV. PHOTOCURRENT

We simulated the photocurrent of the single- and dual-
injection Ge-on-Si waveguide photodetectors as the rising inci-
dent light power at 1550 nm, the results are shown in Fig. 3. The
curves of the photocurrent with the increasing incident optical
power can be divided into three stages: linear region, nonlinear
region and saturation region. In the first stage, the photocurrent
increases linearly with the optical power, before the optical
power incident to the single-injection photodetector reaches one.
In the linear region stage, the responsivity of the photodetector
is a constant value, which is the slope of the photocurrent
curve. The responsivity of the single-injection photodetector
is 1.291 A/W and 1.289 A/W for the dual-injection structure.
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Fig. 3. The theoretically calculated photocurrent as a function of the input op-
tical power at 1550 nm for both single- (a) and dual-injection (b) photodetectors.

When the incident light power increases to a certain value, the
photogenerated carriers in the germanium absorption layer begin
to be saturation, and this is the turning point of the photocurrent
curve from linear to nonlinear. The second stage is the non-linear
region. In this stage, the photocurrent still increases with the
increasing optical power [18], but the saturation begins, the
ascent rate gradually decreases. The third stage is the saturation
stage, the photocurrent gets saturation (constant) and will not
continue increasing anymore. These values of optical power
refer to the total incident power from the optical waveguide.

In the first stage, single- and dual-incidence photodetectors
have almost the same responsivity. There are mainly two reasons
here. One is that more light leaks out of the optical waveguide in
the dual-injection photodetector, which reduces its responsivity.
On the other hand, the single-injection structure reduces the
carrier collection efficiency due to the uneven carrier generation,
which also reduces the responsivity. According to the unnotice-
able difference in the responsivity of these two photodetectors
at low optical power, the influence of the above two factors on
the responsivity are small. After entering the second stage, the
photo-generated carriers in some areas have reached saturation,
and the saturation area increases as the incident light power in-
creases. When the incident light power increases, the number of
carriers generated in the saturated region will no longer increase
and only the number of carriers generated in the unsaturated
region can continue to contribute to photocurrent. Since the
unsaturated region reduces gradually as the incident light power
increases, the rising rate of its photocurrent slow down gradually
as the incident optical power increases. In the third region, the
photocurrent is a constant value. For the single-injection pho-
todetector, the photocurrent reaches saturation (11.34 mA) when
the incident light power is 72.23 mW. For the dual-injection
one, the photocurrent reaches saturation (16.48 mA) when the
incident light power is 108.33 mW. This is because the number
of carriers generated in the entire optical field distribution area
is saturated at this stage, and it will on longer increase with the
optical power.

In the low incident power stage, the single- and dual-
injection structure have almost the same responsivity, which is
∼1.29 A/W. When the incident light power exceeds 3.27 mW,

Fig. 4. Theoretical calculation of the bandwidth curve of the single- and dual-
injection photodetectors under different optical powers (50 µW and 20 mW).

the difference of the responsivity between the single- and the
dual-injection structure gradually increases. Under the high
input optical power, the dual-injection photodetector shows ob-
vious superiority, which is profited from the optical uniformity.
Particularly, the saturated photocurrent of the dual-injection
photodetector is 45.33% higher than that of the single-injection
structure. When the incident light power reaches 108.33 mW, the
responsivity of the dual-injection photodetector is higher than
that of single-injection photodetector by 45.73%.

V. BANDWITH

Fig. 4 shows the theoretically calculated bandwidth charac-
teristic curves of the single- and dual-injection photodetector.
At low incident optical power (50 µW), the bandwidth of the
dual-injection photodetector is 1.22 GHz larger than that of
the single-injection structure. This is mainly caused by carrier-
screening effect and diffusion effect. The applied electric field
causes the photo-generated carriers (electron-hole pairs) moving
directionally, in which electrons move to the cathode and holes
move to the anode. The distribution of electrons and holes
generates a built-in electric field, which weakens the applied
electric field, thereby reducing the drift velocity of carriers.
The higher light power produces more electron-hole pairs which
lead to a more obvious carrier-screening effect. Since the light
field distribution of the dual-injection structure is uniform, the
local carrier concentration is smaller than that of the single-
injection structure and could weaken the carrier-screening effect.
In addition, the uneven distribution of photogenerated carriers
in the single-injection structure also leads to the enhancement of
the diffusion movement and weakens the directional movement
[19]. When the incident light power is 20 mW, all of the band-
width of these two structures decreases, but the single-injection
configuration decreases faster. Under the incident power of
20 mW, the bandwidth of the dual-injection photodetector is
6.74 GHz larger than that of the single-injection photodetector.
It is obvious that a uniform light field distribution can reduce
the transit time of carriers, thereby effectively increase the
bandwidth of the photodetector.
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VI. CONCLUSION

We proposed a Ge-on-Si photodetector with a novel wave-
guide structure, the dual-injection structure. The photodetector
with dual-injection waveguide structure can make the light field
distribution in the germanium absorption layer of the photode-
tector more uniform, thereby effectively improving its perfor-
mance. Compared with the traditional single-injection photode-
tector, the dual-injection photodetector has a larger saturated op-
tical power and a larger bandwidth. The performance advantages
are more obvious under a large incident optical power. Because
of the larger light field area distribution, the saturated optical
power of the dual-injection photodetector is 44.76% higher than
that of the single-injection structure. Since the uniform light
field can effectively weaken the carrier-screening effect, the
dual-injection structure has a larger bandwidth. At low incident
optical power (50 µW), the bandwidth of the dual-injection
photodetector is 1.22 GHz larger than that of the single-injection.
When the incident optical power is 20 mW, the bandwidth of the
dual-injection photodetector is 6.74 GHz larger than that of the
single-injection. The dark current of the photodetector mainly
depends on the configuration of the active area [20], under
the same active area configuration, our dual-injection photode-
tectors have the comparable dark current with single-injection
devices in theory. The dual-injection structure improves the per-
formance of the photodetector without increasing the complexity
of the process or reducing the performance of other aspects of
the device.
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