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Abstract—The Ge/Si system is useful to realize avalanche pho-
todetectors (APDs) operating at 1310~1550 nm because of the in-
trinsic advantages of complementary metal-oxide—semiconductor
(CMOS) compatibility, high light-absorption of Ge, low ionization
rate ratio of silicon, and high thermal conductivities of Si and Ge.
With the Ge/Si system, it is convenient to realize photodetectors
with decoupled structures including resonant Ge/Si APDs as well
as uni-traveling carrier (UTC) photodiodes. The resonant Ge/Si
APD with a separated absorption-charge-multiplication (SACM)
structure, which decouples the light absorption and avalanche pro-
cess, has high speed, high gain, and high gain-bandwidth product.
The UTC photodiode, which decouples the light absorption and the
carrier collection, is useful for high-power applications. This paper
first reviews the structure and model of decoupled Ge/Si (A)PDs,
particularly, the equivalent circuit models for explaining the peak
enhancement of the frequency response in resonant SACM APDs.
This model is also applied to UTC Ge/Si PDs developed recently
for the high-power applications.

Index Terms—Avalanche, photodetector, peak enhancement,
uni-traveling carrier (UTC), Si, Ge.

1. INTRODUCTION

and has attracted extensive attention for cost-effective
and high-performance optical interconnects (particularly, pho-
tonic network-on-chip) [1]. Many silicon photonic integrated
devices have been demonstrated successfully, particularly, ultra-
compact passive devices. However, the intrinsic properties of
silicon make it challenging to realize active photonic integrated
devices, like lasers and modulators, as well as photodetectors. A
general solution for this issue is developing a hybrid-integration
platform combining another appropriate active material on sili-
con. For example, hybrid silicon lasers have been developed suc-
cessfully by bonding [2] or epitaxially growing a III-V layer on
silicon [3]. For photodetectors, since silicon is transparent in the

q S it is well known, silicon photonics is very promising
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wavelength range of 1.3—1.55 pm used for optical fiber commu-
nications, a material with a smaller bandgap is needed to achieve
an efficient light absorption for generating photo-carriers
[4]-[7]. Among various small-bandgap materials, germanium
is one of the most attractive candidates because of the strong
linear absorption up to 1.55 pum, as well as CMOS compatibil-
ity. The measured absorption coefficient is about 10 000 cm™!
at 1.31 gm and 5,000 cm~! at 1.55 pm [8]. The Ge absorp-
tion range can be extended up to 1.6 um by utilizing bandgap
shrinkage related to tensile strain [9], [10].

Note that there is a large lattice mismatch between Ge and
Si (~4.2%), which results in a high concentration of disloca-
tions and makes it difficult to realize the epitaxial growth of
high-quality thick germanium layers on silicon. Fortunately,
great progress has been made on the growth of germanium on
silicon in recent years [10]-[13]. Many approaches have been
demonstrated. One approach to minimize the misfit dislocation
density is with a two-step Ge epitaxial deposition [9], [14]: 1)
a thin Ge buffer layer (30-50 nm) is grown at low temperature
(400 °C) to localize misfit dislocations while still keeping a
smooth surface; 2) a thick Ge film growth at higher temperature
(730 °C) [14]. Continuous or cyclic thermal treatment has also
been demonstrated as an effective way to further reduce defect
density inside Ge epilayers [15], [16]. The threading disloca-
tion density can be significantly reduced to ~5 x 10%/cm? [4],
as compared to the pre-annealing concentration (>10%/cm?).
With the techniques of high-quality Ge growth on silicon,
many Ge-on-Si photodetectors have been demonstrated, includ-
ing metal-semiconductor-metal (MSM) [17] and PIN devices
[18].

In general, there are two ways of illuminating a photodetec-
tor [19], [20]. One is surface illumination to realize normal-
incidence photodetectors for free-space or fiber-optic coupling
[4], and the other is edge coupling to realize waveguide-type
photodetectors for on-chip integration [21], [22]. It is well
known that there is a trade-off between quantum efficiency,
bandwidth, and dark current for normal-incidence photodetec-
tors [19]. This can be overcome in a waveguide-type Ge/Si
photodetector because the carrier collection is implemented in
a direction perpendicular to the light propagation (absorption)
direction [6]. In this way, the light absorption length is decou-
pled from the carrier collection path, and consequently, one can
realize high-speed waveguide-type photodetectors with almost
100% quantum efficiency.
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As mentioned earlier, Ge has efficient light absorption in the
wavelength range of 1.3—1.55 ym. Meanwhile, silicon has a low
k < 0.1 (defined as the ratio of the ionization rate of one carrier
type to the other), which makes it an ideal multiplication material
[23]. Therefore, the Ge-on-Si platform is very attractive for
realizing avalanche photodiodes (APDs). Compared to receivers
with p-i-n photodiodes, APDs achieve 5-10 dB better sensitivity
due to their internal multiplication gain, and they have been
utilized for a wide range of commercial, military, and research
applications [24]. The operation principle of an APD is based on
photo-carrier generation in the absorption layer and the impact
ionization process for carrier multiplication. It is well known that
a separated absorption-charge-multiplication (SACM) structure
is one of the most attractive designs for APDs because the
thickness of the multiplication region is decoupled from the
charge density constraint in separate-absorption-multiplication
APDs. The SACM structure and low k-value of silicon lead
to low excess noise and high gain-bandwidth product (GBP)
APDs [4]. In silicon, the multiplication process is dominated
by electrons. Hawkins et al. reported bonded InGaAs/Si SACM
APDs with GBP of 320 GHz. The first CMOS-compatible Ge/Si
SACM APD was demonstrated by Kang et al. with a GBP as
high as 340 GHz [4]. Later Duan et al. also demonstrated a
Ge/Si SACM APDs with a GBP of ~310 GHz [5]. Currently,
Ge/Si APDs have been very competitive in high-speed optical
communication systems with higher GBPs and better sensitivity
compared to traditional group III-V APDs [6]. Recently, Ge/Si
APDs have been applied to other fields, such as single-photon
detection [25].

In addition, the Ge/Si system is an appealing candidate to real-
ize high-efficiency fast photodiodes with large saturated output
power for high-power applications, such as microwave photon-
ics, because of the high thermal conductivities of Si and Ge, the
durability, and low cost of the substrate material [26]-[29]. In
order to have good efficiency as well as large bandwidth, a uni-
traveling carrier (UTC) design is usually used in photodiodes to
decouple the photo-carrier generation region and the depletion
region. Similar to the case with APDs, this decoupling of ab-
sorption and depletion region thickness allows for independent
optimization of efficiency, bandwidth, and power-handling. In
recent years, Ge/Si UTC photodiodes have been realized with
high performance [30], [31].

In this paper, recent progress on Ge/Si APDs and UTC photo-
diodes is reviewed. First, we focus on the peak enhancement of
the frequency response observed in Ge/Si APDs, which is a key
to achieve an ultra-high GBP (840 GHz) [32]. The origin of the
peak enhancement in Ge/Si APDs is discussed through small
signal models. Second, high-power Ge/Si UTC photodiodes are
discussed, including their design and characterization.

II. RESONANT GE/S1 APDs

A. Structure of Ge/Si APDs

Ge/Si photodiodes are usually based on MSM [17] or PIN
diode structures [18]. For the PIN type, there is an intrinsic Ge
layer for the absorption region and a p-type heavily doped silicon
layer at the bottom as the p-electrode [see Fig. 1(a)] [33]-[36].
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Fig. 1. Cross section of a Ge/Si PD (a), and a Ge/Si APD (b).
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Fig.2. (a) Schematic configuration of the Ge/Si SACM APD:; (b) Microscope
picture for the top view of a Ge/Si SACM APD.

When a reverse bias is applied to the PIN diode, there is a
nearly uniform electric field in the intrinsic Ge region, as shown
in Fig. 1(a). The thickness of the intrinsic Ge layer should be
optimized to maximize the 3 dB bandwidth by considering the
transit time constant as well as the resistance—capacitance (RC)
time constant of the PIN diode. The highest bandwidth reported
to date for free-space coupled Ge/Si p-i-n photodiodes is 49 GHz
at —2 V reverse bias [37].

A Ge/Si APD has a more complicated layer structure than a
Ge/Si photodiode. Fig. 1(b) shows the schematic configuration
of an SACM Ge/Si APD [4], which consists of a Ge absorption
layer, a Si charge layer, and a Si multiplication layer. The charge
layer is usually thin (~0.1 ;zm) and the doping is moderate, e.g.,
1.5 x 10"7cm—3, which is optimized to achieve an appropriately
high electric field in the Si multiplication layer to generate im-
pact ionization processes. Meanwhile, the electric field in the
Ge absorption layer should be low enough to avoid undesired
multiplication in Ge.

For Ge/Si APDs, there are usually two methods of illumina-
tion: the normal-incidence type, which is usually used for free-
space or fiber-coupling applications, as well as the waveguide-
type, which is preferred for on-chip integration.

1). Normal-Incidence Ge/Si APDs [4]: Fig. 2(a) shows the
cross section of a normal-incidence SACM Ge/Si APD, which
has the layer structure given in Fig. 1(b). With the SACM de-
sign, one can optimize the thicknesses for the Ge absorption
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Fig. 3. (a) Microscope picture for the top view of a waveguide-type
Ge/Si SACM APD; (b) Schematic configuration of an evanescently-coupled
waveguide-type Ge/Si APD; (c) Schematic configuration of a butt-coupled
waveguide-type Ge/Si APD.

layer and the Si multiplication layer separately to improve the
quantum efficiency and the multiplication gain. A silicon-nitride
film is deposited on the top surface of the photodiode to serve as
an anti-reflection coating for further improvement of the quan-
tum efficiency. When light enters the Ge absorption region,
photo-carriers are generated and the electrons drift to the Si
multiplication region due the electric field. The photo-generated
electrons undergo a series of impact ionization processes in the
silicon multiplication region due to the high electric field there.
As a result, the photocurrent is amplified and the sensitivity is
improved.

2). Waveguide-Type Ge/Si APDs. [38]: Fig. 3(a) shows
waveguide-type Ge/Si APDs, which have been developed
rapidly in recent years because they decouple the light absorp-
tion length from the carrier collection path so that one can obtain
a high-speed and a high-responsivity photodetector, simultane-
ously. For waveguide-type Ge/Si APDs, which are useful for
on-chip integration, there are two popular methods of coupling
[18], [39]: evanescent coupling and butt-coupling, as shown
in Fig. 3(b) and (c), respectively. For the evanescently cou-
pled case, light guided in the silicon optical waveguide will be
coupled evanescently to the germanium layer and be absorbed
[38]. The thickness of the Ge absorption layer should be opti-
mized to maximize the evanescent coupling efficiency so that the
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Fig. 5. (a) The measured gain, (b) bandwidth, and (c) GBP versus the bias
voltage for a normal-incidence SACM Ge/Si APD under P;,, = —20 dBm,
—26 dBm, and —30 dBm at > = 1310 nm [32].

photodetector length can be minimized, which is helpful to re-
duce the junction capacitance as well as the dark current [31].
On the other hand, it is evident that butt-coupling is more effi-
cient than evanescent coupling because light directly enters the
Ge absorption layer, which helps shorten the photodiode length
to achieve higher bandwidth without compromising the respon-
sivity [40]. However, the fabrication of the butt-coupled APD is
complicated.

B. Gain and Bandwidth of Ge/Si APDs

Fig. 4(a) and (b) shows the calculated and measured total
currents of a normal-incidence SACM Ge/Si APD (as an exam-
ple) for the dark case and the case with an optical illumination
of P = —20 dBm, respectively. From Fig. 4(a), one sees the
break through voltage is around —26.4 V, which agrees with the
measured value [see Fig. 4(b)]. Fig. 5(a) shows the measured
gain of a normal-incidence Ge/Si APD with a diameter D =
30 pum at different optical powers as the bias is varied [32].
The gain is determined by normalizing the APD responsivity to
the primary responsivity (~0.55 A/W at 1310 nm) of a p-i-i-n
device fabricated on the same wafer. From Fig. 5(a), it can be
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seen that there is a maximum of the gain around Vj,;,s = —26V,
which is similar to those results reported for APDs based on
other material systems [41]-[43]. Fig. 5(a) also shows that the
gain becomes lower when the optical power is increased. The
significant dependence of the gain on the optical input power
is because the electric field in the multiplication region is re-
distributed due to the large amount of photo-carriers generated
[32].

Fig. 5(b) shows the measured 3 dB-bandwidth of the normal-
incidence Ge/Si APD. It can be seen that the 3 dB-bandwidth
is also strongly dependent on the bias voltage. The 3 dB-
bandwidth decreases as the bias varies from —23 to —26 V
and an enhancement is observed when increasing the bias fur-
ther to —26~—28 V. This 3 dB-bandwidth enhancement helps
obtain an ultrahigh GBP, as given in Fig. 5(c), which shows
the extracted GBP of the APD with different input powers. It
can be seen that the highest GBP measured is 868 GHz at P,
= —30 dBm, corresponding to a gain of 65.3 and a bandwidth
of 13.3 GHz. When the gain is low (at low bias), the APD
works like a PIN-photodiode whose 3 dB-bandwidth is almost
constant, and consequently, the APD’s GBP increases propor-
tionally to the gain. As the gain increases, the bandwidth drops
due to the multiplication build-up time, and thus, the GBP be-
comes saturated (~300 GHz), which is similar to those reported
[4]. However, beyond the gain peak, the GBP starts to increase
again dramatically because of the 3 dB-bandwidth enhance-
ment observed in Fig. 5(b). This 3 dB-bandwidth enhancement
is due to a strong enhancement of response in the high fre-
quency range, which can be seen clearly from the measured
frequency responses given in Fig. 6(a) [44]. Such an enhance-
ment is also observed for APDs with larger diameters (D = 50,
80, and 150 pum) when the reverse bias is high enough, as shown
in Fig. 6(b)—(d). For example, the maximum peak enhancement
for the APD with D = 80 pm is as large as 4 dB when it operates
at Vpjas = —26.6 V.

Fig. 6(e) shows the extracted 3 dB-bandwidth for the Ge/Si
APDs with different diameters D. It can be seen that the band-
widths at low voltages for the cases of D = 30, 50, 80, and
150 pm are about 10.4, 7.1, 4.4, and 1.3 GHz, respectively.
This bandwidth is inversely proportional to the area of the APD
as expected since it is mainly limited by the RC constant. At
high voltages, the bandwidth increases significantly due to the
peak enhancement. For example, for the case of D = 50 um,
the bandwidth is as high as 16 GHz at V = —27.6 V. Similar
phenomena have also been reported for waveguide-type Ge/Si
APDs [38], Si-SiGe-based APDs (at 830 nm) [42], Si APDs
[43], and InGaAs/InAlAs APDs [45].

In order to understand the peak enhancement shown in
Fig. 6(a)—(d), one can examine the APD impedance by measur-
ing the microwave reflection parameter Sy, as the bias voltage
varies. In Fig. 7(a)—(c), the measured results for D = 150, 80,
and 50 pm are shown for the frequency range from 45 MHz to
30 GHz, respectively. It can be seen that the measured Ss- for all
three devices changes similarly. For example, for the APD with
D = 80 pm, the entire curve is below the line I'; = 0 when the
bias voltage is low (e.g., V= —24.6 V). This is very similar to the
behavior of a PIN photodiode (whose equivalent circuit consists
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Fig. 6. Measured frequency responses at different bias voltages for normal-

incidence SACM Ge/Si APDs with diameters (a) D = 30 pum, (b) D = 50 pm,
(c) D =80 pum, and (d) D = 150 pum; (e) The bandwidths for the SACM Ge/Si
APDs with different diameters.

of a resistor and capacitor in parallel, representing the diode ca-
pacitance and diode resistance), as expected. When operating at
a higher bias voltage, the parameter I'; becomes positive in the
frequency range from 0 to a certain value f;. This phenomenon
becomes stronger when the bias voltage increases further.

Fig. 8(a) and (b), respectively, shows the real part Z, and
the imaginary part Z; of the measured impedance Z for the
APD with D = 80 um. At relatively high voltage (e.g., V >
25.4 V), the real part Z, has a peak at a certain frequency
fr, while the imaginary part Z; has a transition from a posi-
tive value to a negative value around f,.. This is similar to the
impedance of an LC resonator. Therefore, this kind of APD is
called a “resonant APD” whose equivalent circuit might have
an LC-resonator [44]. In order to explain the origin of the peak
enhancement (resonance), modeling with small-signal analysis
has been presented and the corresponding equivalent circuit in-
cluding LC-elements has been derived [46], [47], which will be
reviewed in the following section.

C. Modeling and Equivalent Circuits for Ge/Si APDs

Since the electric field distribution in an SACM Ge/Si APD
is similar to that in an impact ionization avalanche transit-time
(IMPATT) diode structure, one can make an analysis similar
to that shown in Ref. [48]. In the avalanche region, the impact
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Fig. 7. Measured So5 at different bias voltages for SACM Ge/Si APDs with
(a) D =150 pm, (b) D = 80 um (b), and (c) D = 50 pm. [44].
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Fig. 8. Measured impedance Z at different bias voltages for an SACM Ge/Si
APD with D = 80 pm: (a) the real part Z, ; (b) the imaginary part Z;. [44].

ionization process introduces a delay between the ac current and
the electric field (i.e., the ac voltage), which is equivalent to an
inductance [44], [46]. This has been verified recently for APDs
by simulation with a self-consistent Monte Carlo simulation
tool based on physics-level description of carrier transport [49].
Therefore, an equivalent circuit model with an LC-circuit for
the avalanche region can be applied to Ge/Si APDs [44].

In Ref. [46], the impedance of the Ge/Si APD as well as the
corresponding equivalent circuit with an inductance is derived
according to a small-signal model based on the Poisson Equation
and the semiconductor transport equations. The small-signal
model is also useful for calculating the frequency response of
APDs directly [46]. For this model, the electric field (and hence
the ionization rate) is assumed to be uniform in the avalanche
region for simplicity [50], [51]. For an APD with an arbitrary
layer structure and absorption/ionization coefficients, in Ref.
[47], a simple matrix method is presented and the impedance as
well as the equivalent circuit are derived.

In following section, we give a review of the model and
analysis for the impedance of the Ge/Si APD as well as the
corresponding equivalent circuit to explain the origin of the peak
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enhancement of frequency response observed. Here, normal-
incidence SACM Ge/Si APDs are considered as an example,
while the equivalent circuit is also applicable to waveguide-type
SACM Ge/Si APDs [38].

1). Small-Signal Model and Analysis: Fig. 9 shows the con-
figuration of a generic SACM APD. Here, the drift region is the
light absorption region. There is thin charge layer between the
avalanche layer and the drift layer. The doping level of the charge
layer is optimized to achieve sufficient high electric field in the
avalanche region (see Fig. 9). Since the charge layer is usually
very thin (100 nm in Ref. [4]), the APD structure is simplified
to include an avalanche layer and an absorption layer only, with
uniform electric fields in each [46]. Finally, the avalanche region
and the drift region can be modeled separately.

A similar small-signal model has been developed for IMPATT
oscillators, usually with the assumption that the electrons and
the holes have equal ionization rates and velocities [S0]. In [51],
Manasse et al. considered the differences in hole and electron
velocities and ionization rates and gave an improved dispersion
relationship of a P-N junction avalanche diode, however, for the
case with a single uniform depletion layer.

In Ref. [46], a general case that the electrons and the holes
have different ionization coefficients and different velocities is
considered, and a small-signal model is obtained from the basic
equations for carrier transport in the avalanche region, as well as
in the drift region. The model is able to calculate the impedance
characteristic and the frequency response of an SACM APD
that has different parameters for the absorption layer and the
multiplication layer.

With the small-signal model, a simplified equivalent circuit
for the APD impedance is also derived as shown in Fig. 10
[46]. This equivalent circuit for the avalanche region includes
an inductance L,, a resistance R, and a capacitance C,. The
expressions (L, R,, and C,) for these elements are given in
[46]. It shows that the inductance L, and the series resistance
R, are inversely proportional to the direct current .J.S (S is the
APD area) and the derivative o = da/dE (« is the ionization
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rate of electrons). The inductance L, and the series resistance
R, are explained as follows. When an ac voltage is applied to the
avalanche region, both the ionization coefficient and the carrier
density are modulated. The time variation of the electron density
0n/0t (as well as Op/0t) is not only related to the ac electric field
but also the carrier density itself. The interaction between the ac
electric field and the ac carrier density introduces an inductance
with a series resistance. Particularly, the inductance is due to
the phase delay between the ac-current and the electric field
(i.e., the ac voltage). In the drift region, there is no avalanche
process, and consequently, no inductance effect. The impedance
Z., is the part corresponding to the conduction current. Usually
the inductance ranges from sub-nH to several nH and the series
resistance R, ranges from hundreds of Ohm to several Ohm,
which depends on the value to the direct current .J.S and the
derivative o’

This simplified equivalent circuit is helpful for understanding
the behavior of the APD impedance and frequency response. In
order to achieve greater accuracy, one can also directly use the
impedance Z of an SACM APD in the equivalent circuit includ-
ing the parasitic effects of series resistance ([?,), transmission
line inductance (L, ), and pad capacitance (C)), as shown in
Fig. 11. From this figure, the current flowing through the load
resistance Ry, is given by I, = I, where the coefficient x can
be obtained easily according to the equivalent circuit in Fig. 11.

The real part Z, and the imaginary part Z; of the calculated
impedance Z are shown in Fig. 12(a). When the electric field
is relatively weak (e.g., E = 385 kV/cm), the real part Z, is
positive and decreases monotonically with frequency, while the
imaginary part Z; is negative and has a minimal value at a cer-
tain frequency. This behavior is essentially like a PIN detector,
which is equivalent to a parallel connected RC circuit. When the
electric field is stronger, the impedance Z becomes very differ-
ent [see the curves of E > 400 kV/cm in Fig. 12(a)]. The real
part Z, of the impedance Z has a peak at a certain frequency
fr and the imaginary part Z; of the impedance has a transition
from a positive to a negative value at almost the same position
fr. This indicates that there is a LC resonator in the equivalent
circuit. When f < f,, the imaginary part Z; is positive since
the inductance plays a dominant role. When f > f., the capac-
itance plays a dominant role, and consequently, the imaginary
part Z; becomes negative. Fig. 12(b) and (c) shows the calcu-
lated impedance with the parasitic effects of the probe pads,
and the measured impedance for the APD with D = 80 um,
respectively. For the calculation, the elements representing the
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APD without parasitic effects; (b) the APD with parasitic effects (R, C), and
Ly); (c) the measured impedance of the APD. [46].
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Fig. 13. (a) Calculated microwave reflection coefficient plotted on the Smith
chart (the frequency ranges from 45MHz to 30GHz); (b) Measured reflection
coefficient.

parasitic effects are L, = 82 pH, C,, = 0.193 pF, and R, =
6.65 2, which are estimated from the experimental measure-
ments. It can be seen that the calculated results are very close
to the measurement results. The calculated and the measured
Smith charts given in Fig. 13(a) and (b) also show excellent
agreement.

On basis of the equivalent circuit given in Fig. 11, the fre-
quency responses of the Ge/Si APDs under operation with dif-
ferent electric field strength can be easily calculated, as shown in
Fig. 14(a). As the electric field strength increases, the dc gain in-
creases because of more impact ionization [as can be seen in the
responses in the low-frequency range shown in Fig. 14(a)]. As
the electric field strength in the multiplication region increases
(e.g., E > 402 KV/cm here), the response at low frequency
decreases, while there is a peak enhancement in the high fre-
quency range, which is very similar to the measured results [see
Fig. 14(b)].

The origin of the peak enhancement can be seen more clearly
from Fig. 14(c), which shows the calculated frequency response
for the case £ = 405 kV/cm as an example. In Fig. 14(c),
the top curve is for the short-circuit frequency response of
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APD, which is given by 20log;(/s./P.y). The bottom curve
is the response for s, which is given by Eq. (19) in Ref. [46],
and consequently, the parasitic effects are included. The dot-
ted curve is the frequency response of the current flowing
through the load resistance, which is given by 20logy ({1, / P)
= 20log;(k; Is./Py). From this figure, one sees the peak-
enhancement of the response 20logy( (I, /Py,) corresponds to
the peak of the coefficient x. Furthermore, the peak of the coef-
ficient s coincides with the m aximal value of the impedance Z
without the parasitic effects (see Fig. 12).

2). A Simple Matrix Method for Small-Signal Analysis: The
reported analytical small-signal modeling was achieved with the
following assumptions: 1) the electrons and holes have equal
ionization rates and velocities [50]; 2) the electric field (and
hence, the ionization rate) is uniform in the avalanche region
[50], [51]; 3) the absorption is uniform in the absorber and
zero in the drift region [49], [52]. With these assumptions, one
could obtain some simple analytical expressions for APDs, and
consequently, these models are helpful to achieve some physical
explanation of device behavior.

However, these assumptions may not be true for APDs where
the ionization rate and the absorption are position-dependent.
Therefore, it is desirable to have a simple and complete model.
In Ref. [47], small-signal modeling based on a simple matrix
method is presented to calculate the impedance characteristic
and the frequency response of an APD with an arbitrary layer
structure and absorption/ionization coefficients. For this matrix
method model, the depletion region of the APD is divided into
many thin sub-layers (as shown in Fig. 15). In each sub-layer,
the ionization rates (« and (3) and the carrier-generation rate g
are assumed to be uniform (as shown below) so that analytical
expressions for the distributions of the ac current density and the
ac electrical field in each sub-layer can be obtained. The matrix
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Fig. 17. Calculated impedance Z for the whole depletion region at various

reverse bias voltages V},;,s when the optical input power is —20 dBm, (a) the
real part Z,.; (b) the imaginary part Zi, . [47].

formulas for the whole depletion region are then obtained by
using the boundary conditions between two adjacent sub-layers
[47].

According to the formula and analysis in Ref. [47], the Si
layer (including the avalanche region and the charge layer) and
the Ge layer (i.e., the absorption region) in a Ge/Si APD is
equivalent to a complex impedance (Z; or Z») in parallel with
a capacitance (C or Cy). Consequently, one has the equivalent
circuit for the depletion region of the Ge/Si SACM APD as show
in Fig. 16.

With this matrix method, one can simulate resonant Ge/Si
SACM APDs [4]. Fig. 17(a) and (b), respectively, show the real
part and the imaginary part of the calculated impedance Z (see
Eq. (12) in Ref. [47]) for the whole depletion region (including
the Si region and the Ge region) as an example.

In order to determine the equivalent circuit for the SACM
APD, one can calculate the impedances Z> and Z; for the Ge
layer (the absorption region) and the Si layer (i.e., the avalanche
region and the charge layer) separately. Usually the impedance
and the equivalent circuit for the avalanche region is the focus
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TABLE I
THE FITTING PARAMETERS OF THE EQUIVALENT CIRCUIT FOR THE SI LAYER
(INCLUDING THE AVALANCHE REGION AND THE CHARGE LAYER)

Vow(V) 268 27 272 274 276 278 28 282
I(mA) 3.53 11.77 21.32 31.12 41.01 50.97 60.96  70.98
Ri(Q) 23 6.6 3.66 2.56 2 1.56 1.36 1.19
Ry(Q) -4400 -1450 -835 -580 -430 -365 -305 -265
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Fig. 19. Fitinductance L in Table I as the current I varies. [47].

because of the resonance (which, contributes to the peak en-
hancement of the frequency response).

Fig. 18(a) and (b), respectively, show the real part Z;,, and
imaginary part Z;, for the calculated impedance Z; for the
Si layer (including the avalanche region and the charge layer)
at various bias voltages (ranging from —26.6 to —28.2 V).
Fig. 18(b) shows that the imaginary part Z;, increases al-
most linearly with the frequency, which indicates that the
impedance behaves like an inductance (whose impedance is
proportional to the frequency). According to Fig. 18(a) and (b),
the impedance Z; for the avalanche region can be fitted by an
equivalent circuit including a negative resistance Ry, and an
inductance I,; with a series resistance I?; connected in paral-
lel. The fitting parameters are given in Table I . Particularly,
the inductance L; (see Table I) is plotted in Fig. 19 as the
dc current I, varies. It can be seen that there is an almost
linear relationship between the inductance L; and the recip-
rocal (1/I) of the current. The inductances calculated using the
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following analytical formulas: L = (d, /v )/(2a’Iy) [49], and
L =[d,/(ve +w)]/a’ I) [46] are also shown. It can be seen
that the formula L = [d,/(ve + vi)]/a’Iy) given in Ref. [46]
gives a better estimation for the inductance because the slight
difference between the saturation velocities of electrons and
holes has been taken into account.

Fig. 20 shows the equivalent circuit for the whole APD in-
cluding the parasitic elements (C,, L,,, and R,,) [47]. The real
part Ziot, . and the imaginary part Zio, o, 0f the calculated APD
impedance are shown in Fig. 21(a) and (b). It can be seen that the
calculated APD impedance is quite similar to the measured total
impedance Z of the fabricated APD [see Fig. 22(a) and (b)]. For
such a LCR-circuit in the avalanche region shown in Fig. 20,
an LC resonance is expected and the resonance frequency is
estimated by

Fres= (L1 C1) ™2 (2m) = [(veton )/ Jo /] 2/ (2m), (1)

where Jy (= I/5) is the dc current density.
At low bias voltage, both the inductance L; and the series
resistance R, are large (see Table I), and thus, the resonance
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is weak. In this case, the frequency response is mainly deter-
mined by the roll-off due to the RC constant. Therefore, the peak
enhancement cannot be observed in the frequency response.
When the bias voltage increases, the series resistance becomes
very small (see Table I), and thus, the LC-resonance becomes
enhanced. If the series resistance is reduced to zero, one can
have the strongest resonance. Meanwhile, since the inductance
becomes smaller due to the larger current density at a higher
bias voltage, the resonance frequency increases and a peak en-
hancement can be observed at the high frequency range. This
is beneficial to enhance the 3 dB bandwidth as observed in the
experimental measurement.

With the equivalent circuit given in Fig. 20, the frequency
responses R can be calculated conveniently, i.e., R = 20log
(I, /P.y), where I, is the total ac current (in the unit of am-
pere) through the load resistance and P, is the incident optical
power (in the unit of watt). From the calculated frequency re-
sponses given in Fig. 23(a), one sees that the Ge/Si APD has a
frequency response similar to a PIN photodiode when the bias
voltage is relatively low. This is because very little impact ion-
ization occurs. When the bias voltage increases, more impact
ionization occurs and the dc gain increases [see the responses
at low frequency shown in Fig. 23(a)]. Consequently, the build-
up time of the avalanche process reduces the bandwidth, as
shown in Fig. 23(b) and (c), which show the calculated and
measured bandwidths. When the bias voltage increases further
(e.g., |Vhias|>26.2V), the response at low frequency decreases
due to the space charge effect, while a peak enhancement ap-
pears at high frequency [which is observed from the measured
responses shown in Fig. 6(a)—(d)] [44]. The calculated and mea-
sured 3 dB bandwidths also agree with each other very well, as
shown in Fig. 23(b) and(c).

D. Temperature Dependence of Ge/Si APDs

APDs are temperature dependent, and it is important to un-
derstand how the photodiodes behave when the temperature
changes. In Ref. [53], the temperature dependence of normal-
incidence Ge/Si SACM APDs with a diameter of 50 um was
characterized in the temperature range from 78 to 400 K.
Fig. 24(a) shows the measured dark currents at different temper-
atures. The inset shows the enlarged view for the range around
the breakdown voltage. When the temperature decreases, the
dark current is depressed significantly as expected and the break-
down voltage V4,4 becomes smaller. Fig. 24(b) shows the voltage
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Fig. 24.  Measured dark currents of a Ge/Si APD at various temperatures
ranging from78to 330 K. [53].

Vba as the temperature decreases until the liquid nitrogen tem-
perature (78 K). The breakdown voltage V},q is defined as the
voltage, where the dark current is 100 pA [4]. One sees that
the voltage V},q increases as the temperature increases for the
Ge/Si APD, which is similar to APDs based on other mate-
rials [54]. The reason for such a temperature dependence of
the voltage V4,4 can be explained as follows [55]. As the tem-
perature increases, the phonon population increases due to the
decreased electron—phonon mean path. Thus, higher bias volt-
age (i.e., higher electric field) is required to overcome the in-
creased carrier cooling caused by phonon scattering, and con-
sequently, to reach breakdown. When using a linear function
Voa(T)| = [Vha(To)| + n(T — Tp) to fit the curve |Viq| ~ T,
one has n = 0.01V/°C for the Ge/Si APD. This is six times
lower than InP APDs [53].

Since the dark current becomes very low at low tempera-
tures, it will be helpful to measure low-power optical signals.
Fig. 25(a) and (b) shows the measured total current and the
photo-current as the incident light power decreases from —20 to
—60 dBm (1 nW). From these two figures, it can be seen that this
Ge/Si APD enables the detection of an optical signal as weak as
1 nW (—60 dBm). Fig. 26 shows the photon current when the
input optical power P = —20 dBm as the temperature varies.
Due to the temperature dependence of the breakdown voltage,
the photo-current increases dramatically at different voltages.
At low temperature, a peak photo-current is observed at higher
bias voltages, which is due to the space charge effect (similar to
those observed at room temperature) [32].
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III. HIGH POWER GE/S1 UTC PHOTODIODES
A. Structure of Ge/Si UTCs

There are numerous design trade-offs between speed, effi-
ciency, and output power. Designing for high bandwidth favors
small devices for low capacitance, but designing for high output
power favors large devices (with dilute absorption profiles for
waveguide structures). In a Si/Ge UTC, the absorption profile
and transit-time are controlled primarily by the absorber thick-
ness, while the power-handling and capacitance are controlled
primarily by the silicon collector thickness. This decoupling al-
lows optimization of the absorption profile independently from
the RC-limited frequency response and compression current and
ultimately enables larger bandwidths.

Fig. 27(a) and (b) shows the band diagram and doping profile
of a Si/Ge UTC. As with the SACM APD, the electric field
in the undoped silicon is much larger than in the germanium
absorber. In contrast to the APD, the absorber is fully p-doped
and un-depleted under normal operating conditions. A doping
grade, rather than the bias voltage, is used to induce an electric
field in the absorber such that the electrons move toward the
n-side of the diode. Furthermore, no p-type charge layer in the
silicon is necessary. Despite these differences, the structures are
sufficiently similar that the same model described in Section II-C
accurately predicts Si/Ge UTC performance.

High-speed high-power surface-normal [30] and waveguide-
type [31] Ge/Si UTC photodiodes have been demonstrated.
Layer structures for both devices are shown in Fig. 28(a) and
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Fig.27. (a) Band diagram, and (b) doping profile of a Ge/Si UTC photodiode.
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Fig. 28. (a) Layer structure for the surface-normal Si/Ge UTC (b) Layer
structure for the waveguide Si/Ge UTC.

(b). The surface-normal device had a bandwidth of 20 GHz, a
large-signal 1 dB saturation photocurrent of 20 mA, and a re-
sponsivity of 0.3 A/W. The waveguide device was evanescently
coupled to improve power handling (relative to a butt-coupled
device). It had a bandwidth of 40 GHz and a responsivity in
excess of 0.5 A/W, with a slightly lower 1 dB-compression cur-
rent than the surface-normal device (1.5 mA). Both devices had
dark currents densities at 1 V bias below 50 mA/cm?, which is
typical for Si/Ge devices [6].

B. Bandwidth of Ge/Si UTCs

The bandwidth of a surface-normal 14 pm diameter device is
shown in Fig. 29(a). The 3 dB bandwidth at 2 V and larger biases
is 20 GHz. The bandwidth is limited by both the RC charging
time and the transit time. Fig. 29(a) also shows two theoretical
curves. The theoretical curves have two parts: a transit-time and
an RC contribution. For the transit-time contribution, we used
the expression for the short-circuit current Iy in [46], neglecting
the effect of impact ionization. In this case, the expression in
[46] simplifies to the expression found in [57]. We found that in
order to accurately fit the data, we needed to modify the bound-
ary condition at the p-contact to account for backwards diffusion
of electrons. The two theoretical curves shown in the plot corre-
spond to transit time contribution calculated using [46] and [57]
directly and to the modified equation. For the RC charging time,
we fit the microwave reflection (.S52) data to find the impedance
Z, series resistance R, and probe parasitic parameters. This fit
is shown in Fig. 29(b). The measured impedance is then used
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in conjunction with the equation I, = I .k to generate the the-
oretical curves shown on the graph.

Fig. 30 shows the frequency response of a 3 pm x 90 um
waveguide photodiode at —5 V bias. The 3 dB electrical band-
width is 33 GHz, and 40 GHz Si/Ge UTCs with the same cross-
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sectional design have been demonstrated as well [31]. The the-
oretical frequency response of the 3 ym x 90 pm detector was
calculated using the method described earlier and is also shown.
As with the surface-normal detectors, the theoretical curve fits
well with the data.

As our experimental results indicate, the expression for the
frequency response of an SACM APD derived in [46] can be
used to accurately model the bandwidth of a UTC photodiode. It
is then interesting to compare the performance of the UTC to the
performance of comparable PIN photodiodes. Fig. 31 shows the
simulated bandwidth of a 4 um x 15 pm photodiode as a func-
tion of germanium thickness for both PIN and UTC structures.
Parasitic effects (e.g., pad capacitance and contact resistance)
were ignored in the simulation, and the diode impedance Z
was taken from the analytical expressions in [46]. The collector
thickness for the UTC was chosen to optimize bandwidth. As the
figure shows, for thick absorbers, a PIN structure is preferable.
This is because these structures are transit-time limited, and
adding a depleted silicon layer only serves to increase the tran-
sit time. For thin absorbers, such as the 175 nm thick absorber
used in [31], the UTC structure yields higher bandwidth. This is
because the silicon collector can be adjusted to decrease the ca-
pacitance. Furthermore, the structure with the highest bandwidth
is a UTC rather than a PIN. This indicates that for applications
requiring very high bandwidth, a UTC rather than a PIN should
be used. For devices with larger dimensions than the 60 m?
device considered here, the qualitative conclusions are the same,
but the absorber thickness at which a UTC becomes preferable
to a PIN is larger.

C. Output Power of Ge/Si UTCs

For both avalanche photodetectors and photodiodes operat-
ing in the large-signal regime, it is important to include the
effect of the external circuit in order for a model to be accurate.
For avalanche photodetectors, this is necessary in order to cap-
ture the time delay between the ac current and terminal voltage
(due to the avalanche build-up effect) that causes the inductive
peaking, as discussed earlier. For high-power photodiodes, it is
necessary because the saturation current, or the current at which
the photodiode output will appear clipped, depends on the ter-
minal voltage [58]. Under large-signal operation, the position-
dependence of the electric field becomes important [58], and
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an accurate model must include this as well. The matrix-based
model developed in [47] incorporates both of these effects and
can be applied to Si/Ge UTCs to predict their power-handling
performance.

Fig. 32(a) and (b) shows the measured and simulated power-
handling characteristics of the surface-normal Si/Ge UTC. An
80% modulation depth tone fixed at 20 GHz was generated us-
ing the standard heterodyne technique with two free-running
lasers at 1537 nm, and the output power was measured on
an RF spectrum analyzer. Both data and theory are shown in
Fig. 32(b). Because the device was backside-illuminated, the
photocurrent was approximately uniform, and the 1-D model
developed in [47] accurately describes device performance. For
waveguide photodiodes, where the current distribution is highly
non-uniform [56], finite-element methods can be used in con-
junction with the 1-D model [59].

It should be noted that if it is assumed that the electron ve-
locity in the collector is either zero or its saturated value, then
the position-dependent value of the electric field in the collector
can be found analytically, and the matrix method is not neces-
sary [60]. This was the approach used to generate the theoretical
curves shown in the figure. Using the matrix method in conjunc-
tion with a continuous velocity-field relation instead is expected
to yield more accurate results.

IV. CONCLUSION

In this paper, we have given a review for the resonant APDs
and UTC-PDs operating at 1310~1550 nm with the Ge/Si ma-
terial system. This material system has proven convenient for
realizing high-performance monolithic photodetectors by uti-
lizing some specific decoupled structures, including resonant
APDs and UTC photodiodes.

In particular, high-speed and high gain resonant APDs can
be realized by using an SACM structure with a Ge absorption
region as well as a Si avalanche region (for multiplication),
which decouples the carrier generation and the avalanche ion-
ization spatially so that the Ge and Si layers can be optimized
separately to achieve excellent performances (high quantum ef-
ficiency, GBP and sensitivity). According to the small signal
models and the derived equivalent circuits for such a Ge/Si
SACM APD, it has been shown that there is an LC resonance
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when the APD is operating at a high bias, which is the origin of
the peak enhancement in the frequency response of the resonant
Ge/SiSACM APDs. By utilizing this kind of peak enhancement,
a large 3 dB-bandwidth can be achieved for an APD, which is
helpful to obtain an extremely high gain-bandwidth. The impor-
tance of an LC resonance has been realized for the bandwidth
enhancement of PDs, and it is even possible to introduce an
external inductor to increase the bandwidth of PDs [61], [62].
Therefore, the derived new equivalent circuit of Ge/Si SACM
APDs will be helpful when one tries to introduce an optimal ex-
ternal inductor to increase the bandwidth, and thus, the GBP. The
Ge/Si UTC photodiode, which includes a Ge absorption region
and an intrinsic silicon layer to decouple the light absorption
from carrier collection, has also been realized. The high band-
width, high saturation current, and low thermal impedance of
the device is promising for use in high-power applications.

In a summary, the Ge/Si material system has many intrinsic
advantages, such as CMOS compatibility, high light-absorption
of Ge, low k-value of silicon, and high thermal conductivities of
Si and Ge. This makes Ge/Si a very promising platform to real-
ize monolithic photodetectors as the key components for various
applications of silicon photonics. Furthermore, the silicon sub-
strate makes it possible to have electronic circuits integrated
together with photodetectors. For example, it is promising to
develop high-speed receivers by integrating Ge/Si (A)PDs with
other elements (like wavelength-division-multiplexing devices)
monolithically. A Ge/Si (A)PD array even enables multi-channel
receivers as well as on-chip micro-spectrometers. On the other
hand, the dark current density in Ge photodiodes is still around
two orders higher than III-V photodetectors due to thermionic
emission limits and dislocation densities. It is desired to im-
prove the Ge-growth process as well as the Ge/Si (A)PD design
to lower the dark current so that it is attractive to expand the
application of Ge/Si APDs to more fields, such as single-photon
detection.
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