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ABSTRACT

Dark current characteristics of germanium (Ge) vertical p-i-n photodetectors were studied. Ge photodetectors were demonstrated on the
germanium-on-insulator (GOI) platforms realized via direct wafer bonding and layer transfer. GOI platforms with two different threading
dislocation densities (TDDs) of 3.2 × 106 cm−2 (low TDD) and 5.2 × 108 cm−2 (high TDD) were varied via furnace annealing in oxygen
ambient. An ultra-low dark current density of 1.12 mA/cm2 for epi-Ge photodetectors was obtained for a low TDD Ge photodetector. This
is reduced by a factor of 53 in comparison with a high TDD Ge photodetector. A dominant leakage contribution component shifts from
bulk leakage to surface leakage as TDD decreases to 3.2 × 106 cm−2, suggesting that advanced surface passivation is required to further
reduce the leakage current. Through an activation energy study, it is revealed that a primary bulk leakage mechanism shifts from Shockley–
Read–Hall (SRH) leakage to diffusion leakage in a temperature range of 323–353 K. The surface leakage performed with plasma enhanced
chemical vapor deposition-deposited SiO2 is governed by SRH and trap-assisted tunneling leakage processes. Two orders of magnitude
enhancement in the effective carrier lifetime is observed with the reduction in TDD. This work suggests that bulk leakage current density
and effective lifetime analysis provide a better understanding of TDD-dependent dark leakage current study.
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I. INTRODUCTION

A germanium (Ge) photodetector (PD) is one of the key build-
ing blocks for Si-based integrated photonics. The main research
focus has been for high speed, wide bandwidth, and high responsiv-
ity, taking advantage of complementary metal-oxide-semiconductor
(CMOS)-compatibility and the considerable absorption coefficient at
the near-infrared (near-IR) range.1–3 However, Ge photodetectors
suffer from high dark leakage current, which has been reported
orders of magnitude higher than that of InGaAs photodetectors. Ge
p-i-n diodes have been revealed to display ∼10mA/cm2 of dark
current density, in contrast to ∼0.5 μA/cm2 for InGaAs p-i-n photo-
detectors.4,5 This critical drawback of Ge photodetectors brings per-
formance degradation in terms of detectivity, noise equivalent power
(NEP), and responsivity.

The leakage current on Ge photodetectors has been reported
to mainly originate from misfit dislocations and threading disloca-
tions formed in epitaxial Ge layers.5,6 These dislocations, generated

due to about 4% lattice mismatch between Ge and Si, act as electrical
tunneling and generation trap centers. The generation of minority
carriers through dislocated-trap centers in Ge, called as a Shockley–
Read–Hall (SRH) process, has been proposed as the dominant
leakage current mechanism for Ge photodetectors.6–8 In addition,
the electrical tunneling of minority carriers through dislocated-trap
centers, called as a trap-assisted tunneling (TAT) process, further
enhances leakage current in high reverse bias.6,7 These two leakage
current mechanisms, SRH and TAT leakages, not only block sup-
pression on leakage current, but also restrict huge current variation
under different operating temperatures. Therefore, the study on
leakage current dependence on dislocations in epitaxial Ge layers is
important to improve Ge photodetector performance.

The leakage current has been widely associated with the amount
of threading dislocation density (TDD) for Ge photodetectors and
for shallow Ge pn junctions.6–10 Tremendous efforts have been made
to decrease dark currents of Ge p-i-n diodes and p+/n junctions by
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reducing TDDs of Ge layers. The dark current density for Ge p+/n
junctions with the TDD of 4.2 × 108 cm−2 was reduced by roughly
10× compared to the one with the TDD of 1.6 × 1010 cm−2.5 The
dark current of Ge p-i-n photodiodes with the TDD of
∼5 × 107 cm−2 was reduced by 45× from the one with the TDD of
∼3 × 108 cm−2.8 Ge p+/n junctions with the TDD of ∼1–2 × 107 cm−2

show the dark current of roughly 5× and 25× lower than the one
with the TDD of ∼4 × 108 and ∼2 × 1010 cm−2, respectively.11

Furthermore, a germanium-on-insulator (GOI) substrate has been
demonstrated with TDD as low as ∼106 cm−2 via direct wafer
bonding (DWB) and layer transfer followed by the oxygen (O2)
annealing process, taking advantages of wafer-scale fabrication and
back-end-of-line (BEOL) integration.12,13 However, the dark current
study on such low TDD Ge photodetectors is still lacking.

In this paper, the dark current of vertical p-i-n Ge photodetec-
tors (PDs) with two different TDDs of 3.2 × 106 cm−2 (low TDD)
and 5.2 × 108 cm−2 (high TDD), is analyzed and compared. GOI
platforms are introduced for device demonstrations via DWB and
layer transfer techniques. To vary the TDD in epitaxial Ge layers,
the additional O2 annealing process is conducted. The leakage
current of Ge PDs is reduced by 53× as TDD decreases by two
orders of magnitude accordingly. The dominant leakage current
contribution shifts from bulk leakage to surface leakage by reducing
the TDD in the GOIs. The extracted surface leakage current consti-
tutes 96% of the total leakage current for low TDD Ge PDs, indi-
cating that advanced surface passivation would further reduce the
leakage current. Through an activation energy (Ea) study, it is con-
firmed that the key bulk leakage mechanism of Ge PDs shifts from
SRH leakage to the diffusion leakage process as the TDD decreases
in the temperature range of 323–353 K. Besides, the effective carrier
lifetime (τeff ) for low TDD Ge PDs shows two orders of magnitude
higher value than that for high TDD Ge PDs. It is confirmed that
bulk leakage and τeff are significantly affected by reduction in TDD.
This dark current analysis through various characteristic analysis
methods expends the interpretation of Ge photodetector character-
istics and their dependence on TDD.

II. VERTICAL GE p-i-n PHOTODETECTORS DARK
CURRENT ANALYSIS

A. Demonstration of vertical p-i-n photodetectors on
GOI platforms

200 mm GOIs were realized via direct wafer bonding and layer
transfer techniques, as described in Ref. 12. The silicon dioxide
(SiO2) and silicon nitride (SiN) layers were inserted as the interme-
diate layers to form GOI. The GOI substrate was subjected to the
O2 annealing process at 850 °C for 4 h to reduce the TDD in epi-
taxial Ge layers.12 The etched-pit density (EPD) was extracted to
estimate the defect density in GOI. As shown in Fig. 1(a), EPD of
the O2-annealed Ge layer was 3.2 × 106 cm−2, indicating that the
TDD of the O2-annealed Ge layer was dramatically reduced com-
pared to that of the unannealed Ge layer, 5.2 × 108 cm−2, as the pre-
vious study was reported.12 It is worth noting that two orders of
magnitude TDD reduction in Ge was achieved through direct wafer
bonding and layer transfer techniques followed by O2 anneal.

12 In
addition, thickness of Ge films is reduced by ∼300 nm during O2

annealing and HF solution etching processes.

With boron (B) ion implantation on epitaxial Ge layers on Si
before bonding, and with arsenic (As) ion implantation after the
formation of GOI, a vertical p-i-n diode was formed. Figure 1(b)
displays a secondary ion mass spectroscopy (SIMS) image of the As
and B doping concentration profiles for the low TDD Ge p-i-n
structure. Heavily p+- and n+-doped regions of both As and B
doping concentration were achieved in shallow doping depth.
Heavily doped regions on top and bottom in Ge were introduced
for ohmic contact formation. The vertical Ge photodetectors were
then demonstrated on GOI platforms with two different TDDs, i.e.,
3.2 × 106 and 5.2 × 108 cm−2, respectively, referring to the process
flow in Ref. 14. The p+- and n+-mesas were formed by Cl2-based
reactive ion etching (RIE). Ge photodetector mesas with diameters
of 60, 80, 150, and 250 μm were designed and fabricated. Surface
passivation was performed with a deposition of a 400-nm SiO2

layer by plasma enhanced chemical vapor deposition (PECVD).
Metal contact holes were exposed via the combination of
CF4-based RIE and buffered oxide etching (BOE). Ti/TiN/Al layers
were deposited by sputtering, followed by a rapid thermal annealing
(RTA) process for 1 min at 400 °C to enhance the ohmic contact. A
planar-view SEM image of the photodetector with a 250 μm diame-
ter is shown in Fig. 1(c). The top-center electrode is connected
with the n+-mesa on the top of Ge, and both side electrodes are
connected with the p+-mesa in the bottom Ge. A 3D schematic
image of the completed vertical p-i-n photodetector is shown in
Fig. 1(d). The thicknesses of low and high TDD Ge PDs are 1.1
and 1.4 μm, respectively.

B. Vertical p-i-n Ge photodetector performance

Dark current density–voltage (Jdark–V) curves of vertical p-i-n
photodetectors on low and high TDD GOI substrates are summa-
rized in Fig. 2(a) with varying Ge mesa diameters ranging from 60
to 250 μm. Jdark for high TDD Ge PDs with a 250 μm diameter was
measured as 59.49 mA/cm2 at −1 V. Jdark for low TDD Ge PDs was
measured as 1.12 mA/cm2 and increased to 3.96 mA/cm2 by
decreasing the PD diameters from 250 to 60 μm. It should be noted
that Jdark is reduced by 53× as TDD is reduced from 5.2 × 108 to
3.2 × 106 cm−2. Diode ideality factors were extracted from forward
Jdark–V characteristics as 1.70 and 1.23 for high and low Ge PDs,
respectively. The diode ideality factor is reduced by 0.47 for low
TDD Ge PDs, indicating the reduced carriers trapping effects due
to fewer defect states in low TDD Ge PDs.

Temperature-dependent dark current–voltage (Idark–V) curves
for low and high TDD Ge PDs with a 250 μm diameter were
measured in the temperature range from 293 to 353 K in Fig. 2(b).
Idark for a high TDD Ge PD was measured as 29.2 μA at 293 K
under −1 V and increased by 10.9× at 353 K. For a low TDD Ge
PD, Idark was measured as 548 nA at 293 K and increased by 12.4×
at 353 K. The elevating leakage current in the temperature variation
is enhanced for low TDD Ge PD. This is because of the alleviation
of dislocations in Ge. Idark for the low TDD Ge photodetector with
a 60 μm diameter was measured as 122 nA at 293 K and increased
by 10.7× at 353 K under −1 V (not shown). The elevating leakage
current in the temperature variation is reduced as the size of low
TDD Ge PDs decreases.
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The inset in Fig. 2(c) shows photocurrent response for low
and high TDD Ge photodetectors at 1550 nm. Responsivity for low
and high TDD Ge photodetectors was revealed to be 0.24 and
0.41 A/W at −1 V, respectively. The responsivity is reduced for the
low TDD Ge PD, originating from Ge thickness reduction during
O2 annealing and HF solution etching. Photo-response perfor-
mance can be normalized with responsivity per unit of depletion
thickness, as shown in Fig. 2(b). The decrease in responsivity with
increasing reverse bias is observed due to the strong Franz–Keldysh
effect. Photo-response performance is enhanced for the reverse bias
of <1.3 V, whereas it is degraded for the reverse bias of >1.3 V com-
pared to the high TDD Ge photodetector due to a relatively strong
electric field applied in a depletion region for a low TDD Ge
photodetector.

C. Dark current analysis

In order to further investigate the leakage current, it is impor-
tant to attribute it to two leakage current components, i.e., a surface

leakage current (Isurf) and a bulk leakage current (Ibulk).
15 Isurf is the

leakage current originated from minority carrier generation and
flows on the Ge layer sidewall due to poor surface passivation. The
unstable bonds such as dangling bonds generate surface defect states
at the interfaces. In this work, since the PECVD-deposited SiO2 pas-
sivation layer is not the perfect surface layer to eliminate surface/
interface states, the leakage current is generated and flows through
the surface defect states formed on the sidewall of Ge PDs. Thus, the
sidewall in intrinsic Ge layers is only considered for Isurf, since
heavily doped regions are formed by As and B ion implantation on
the top and bottom GOI, respectively. Ibulk is the leakage current
originated from minority carrier generation and flows in the neutral
and depletion regions. Several reports on Ge p-i-n PDs have dis-
cussed the role of dislocations in the epi-Ge layer that serve as inter-
mediate states, referred to as Shockley Read centers.6–8 These defects
states enhance the generation of minority carriers through trap
states, which is the dominant leakage current mechanism in Ge PDs
with high TDD.16 Besides, the leakage current can be enhanced by
the TAT leakage process.16

FIG. 1. (a) A SEM image of low TDD GOI via the O2 annealing process. EPD is estimated to be 3.2 × 106 cm−2. (b) Doping concentration profiles of the vertical p-i-n low
TDD GOI structure via SIMS analysis. The Ge layer is formed with a ∼1.1 μm thickness. (c) Planar-view SEM and (d) 3D schematic images of a vertical p-i-n Ge
photodetector.
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The surface and bulk leakage current densities can be
expressed by the following equation:

Jdark ¼ Jbulk þ Jsurf � 4
D
, (1)

where Jbulk and Jsurf are the bulk and surface leakage current densi-
ties, respectively, and D is the diameter of a Ge PD.17 Both Jsurf and
Jbulk can be extracted from the linear relationship between Jdark and
1/D. Figure 2(d) displays Jdark for low and high TDD Ge PDs with
diameters of 60, 80, 150, and 250 μm at −1 V as a function of 1/D.
Jbulk is extracted as 0.16 and 59.92 mA/cm2 for low and high TDD
Ge PDs, respectively. The Jsurf for low TDD Ge PDs was extracted
to be 5.67 μA/cm. The Jsurf for high TDD Ge PDs is considered as
negligible because Jsurf is extremely low compared to Jbulk.

14 Such
extremely suppressed Jbulk for low TDD Ge PDs can be explained
with two reasons. First of all, TDD reduction in the Ge layer from

5.2 × 108 to 3.2 × 106 cm−2 provides fewer trap centers in the deple-
tion region of Ge p-i-n diodes. Thus, much smaller trap density in
low TDD Ge reduces SRH and TAT leakage currents accordingly.
Second of all, as the consequence of O2 anneal and HF solution
etching, the relatively thin 1.1 μm thickness of the low TDD Ge
layer provides a short distance for minority carriers to pass through
the depletion region compared to the 1.4 μm thick high TDD Ge
layer. The depletion width is the important parameter to determine
the influence of SRH and TAT processes on the leakage current
because either SRH or TAT leakage currents are proportional to
depletion width.7 Thus, the thin depletion region in low TDD Ge
suppresses the SRH and TAT processes.

The inset in Fig. 2(d) displays a leakage current contribution of
bulk and surface leakage for low TDD Ge PDs at −1 V as a function
of photodetector diameters. The current contribution for high TDD
Ge PDs is not shown since the bulk leakage current contribution is
∼100% regardless of device size. The bulk leakage contribution of

FIG. 2. (a) The dark current density–voltage (Jdark–V) characteristics for low and high TDD Ge photodetectors with varying Ge mesas. (b) Temperature-dependent dark
current (Idark) for the low TDD Ge photodetector in comparison with the one for high TDD PD with a 250 μm diameter as a function of voltage. The arrows represent the
temperature increasing from 293 to 353 K. (c) The thickness-normalized responsivity performance for low and high TDD Ge photodetectors at 1550 nm wavelength. The
inset displays the photocurrent–voltage (Iphoto–V) curve for low and high TDD Ge photodetectors. (d) Jdark–1/D characteristics for the low and high TDD Ge photodetectors
at −1 V at 293 K. Inset displays current contribution of the bulk and surface leakage for low TDD Ge photodetectors with varying Ge mesas.
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only 4% was obtained for the low TDD Ge PD with a 60 μm diame-
ter, whereas the leakage current of 96% is contributed by surface
leakage, indicating that a surface leakage mechanism has to be con-
sidered as the primary leakage current component for Ge with such
low TDD of 3.2 × 106 cm−2. It should be noted that Ge PDs with the
TDD of ∼108 cm−2 show the bulk leakage current dominance.
However, as TDD reaches ∼106 cm−2, the key leakage current contri-
bution shifts to surface leakage. It has been reported that Ge PDs
with the TDD of ∼5 × 107 cm−2 was contributed mainly by surface
leakage for 10 × 10 μm2 size.8 The surface leakage current contribu-
tion increases with decreasing the diameter of PDs since the smaller
device has a greater perimeter to area ratio than that of larger ones.
The surface current contribution of a low TDD Ge photodetector
increases from 85% to 96% as the diameter decreases from 250 to
60 μm. This result points out the necessity of advanced surface
passivation for low-TDD Ge PDs, especially for the devices with
diameters of a few tens of micrometers. As advanced surface pas-
sivation, GeOx surface passivation is attractive to suppress surface
leakage, taking advantage of the high-k dielectric property and
low intermediate surface defect states.18 Thin GeOx layer has been
introduced with thermal annealing, Oxygen (O2) plasma, and
Ozone (O3) oxidization.

19,20

D. Activation energy analysis

Temperature-dependent surface leakage (Isurf ) and total
leakage current current–voltage (Idark) for a low TDD Ge PD with
a 60 μm diameter are displayed in the temperature range from 293
to 353 K as a function of reverse bias from 0 to −3 V in Fig. 3(a).
It is obvious that the extracted Isurf is close to Idark, emphasizing
again that the surface leakage current is the dominant leakage
current component in such low TDD of 3.2 × 106 cm−2. Jdark at
−1 V was measured to be 3.96 mA/cm2 at 293 K and increased by
3.1× at 323 K. Then, it reached 47 mA/cm2 at 353 K, increasing
3.8× compared with the one at 323 K. Jsurf at −1 V was extracted as
5.67 μA/cm at 293 K and increased by 3.1× at 323 K. Then, it

reached 41.34 μA/cm at 353 K, increasing 2.4× compared with the
one at 323 K. Jbulk was calculated by obtaining the subtraction of
Jdark by Jsurf. Jbulk was 0.16 mA/cm2 at 293 K and increased by 2.2×
at 323 K. Then, it reached 3.58 mA/cm2 at 353 K, increasing 10.2×
compared with the one at 323 K. It should be noted that a surface
leakage variation is larger than that of a bulk leakage variation as
the temperature is varied in a low-temperature region (293–323 K).
On the other hand, in a high-temperature region (323–353 K), the
bulk leakage variation in different operating temperatures is higher
than that of the surface leakage variation.

In order to further investigate the leakage current mecha-
nisms, it is necessary to study various leakage current mechanisms
through the activation energy (Ea). Ea study is widely used to
understand the leakage generation mechanisms in photodetectors.
Leakage current generation mechanisms can be described by con-
sidering: (i) the diffusion leakage of carriers from neutral regions,
(ii) the SRH leakage process, (iii) the TAT leakage process, and (iv)
the tunneling of minority carriers through band-to-band tunneling
(BTBT).21 The diffusion leakage current has Ea of a material
bandgap, ∼0.66 eV in the case of Ge. The SRH leakage current has
Ea of half bandgap, ∼0.33 eV for Ge. The TAT leakage and BTBT
leakage mechanisms have small Ea of <∼0.33 eV, below the half of
Ge bandgap.

The SRH current density (JSRH) and TAT current density
(JTAT) can be expressed by the following equations:

JSRH þ JTAT ¼ JSRH(1þ Γ), (2)

¼ qniWd

τeff
¼ qniWd

τ
(1þ Γ), (3)

where Γ is the TAT enhancement factor and q, ni, τeff, τ, and Wd

are the electron charge, the intrinsic carrier concentration in Ge,
the effective carrier lifetime, the SRH carrier lifetime, and the
depletion width of Ge p-i-n diodes, respectively.7 Γ has been

FIG. 3. (a) Temperature-dependent Idark and Isurf for the low TDD Ge photodetector with 60 μm of a diameter in the temperature range of 293 to 353 K. The arrow repre-
sents the temperature increasing from 293 to 353 K. (b) Simulated electric field distribution for the low TDD Ge photodetector in the voltage range from −1 to −3 V.
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introduced by Hurkx et al.22 to describe the TAT process. Γ is
affected by three parameters, i.e., tunneling effective mass, trap
state energy, and the electric field in the depletion region. The
decrease in temperature enhances the influence of Γ on the TAT
process. In addition, a strong electric field and a small effective
mass enhance Γ. Therefore, unlike other leakage current mecha-
nisms, such as diffusion and SRH leakages that increase with tem-
perature, TAT leakage can be enhanced by decreasing temperature,
resulting from the increase in Γ.10 This results in lower Ea than that
of the SRH leakage process. The BTBT leakage current is strongly
dependent on the electric field in the depletion region. The electric
field distribution in a vertical p-i-n photodetector on a low TDD
GOI substrate was simulated through Lumerical DEVICE simula-
tion under various reverse bias, as shown in Fig. 3(b). The
maximum electric field of ∼3 × 106 V/m is applied at −1 V and
reaches ∼6 × 106 V/m at −3 V. The depletion region is formed near
a n+-mesa region and increases with the reverse bias. Based on the

BTBT current equation described in Ref. 21, the BTBT current
density at ∼6 × 106 V/m at −3 V is extremely low compared to the
measured Jdark. It has been also reported that the BTBT leakage is
dominant in a strong electric field of >5 × 108 V/m in Ge junctions.9

Therefore, BTBT leakage current contribution is negligible in this
analysis.

Figure 4(a) displays the Arrhenius plot for low and high TDD
Ge PDs as a function of 1/kT at −3 V under the temperature range
of 293 to 353 K, where k is the Boltzmann constant. A non-linear
relationship is observed in the Arrhenius plot for the low TDD Ge
photodetector, while a linear relationship is observed for the high
TDD Ge photodetector. The inset in Fig. 4(a) displays the
Arrhenius plot for the extracted Jsurf and Jbulk for low TDD Ge
PDs. The corresponding Ea was extracted from the Arrhenius plot
and is shown in Figs. 4(b)–4(d).

Figure 4(b) displays Ea for the high TDD Ge PD with a
250 μm diameter as a function of the operating voltage from −0.1

FIG. 4. (a) The Arrhenius plot for the low and high TDD photodetectors at −3 V. The inset displays the Arrhenius plot for bulk and surface leakage currents of the low
TDD Ge photodetectors. Activation energy for (b) the high TDD Ge photodetector and (c) the low TDD Ge photodetector as a function of voltage of −0.1 to −3.0 V in the
temperature range from 298 to 348 K. The arrows represent the temperature increasing from 298 to 348 K. Arrhenius plot of low TDD Ge photodetectors in various reverse
applied voltage. (d) Activation energy for bulk and surface leakages for low TDD Ge photodetectors as a function of voltage from −0.1 to −3.0 V in high (293–323 K) and
low (323–353 K) temperature.
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to −3.0 V. As can be seen in Fig. 4(b), Ea at −0.1 V is ∼0.39 eV in
the overall temperature range, representing that the leakage current
is governed by the SRH process in low reverse bias. As the operat-
ing voltage increases to −3 V, Ea decreases to 0.21 at 298 K. This is
because that the SRH process is enhanced by the TAT process in
relatively high reverse bias. The Ea variation from 293 to 353 K at
the reverse bias of −3 V is 0.08 eV, which originates from the
temperature-dependent TAT leakage mechanism.10

Figure 4(c) displays Ea for the low TDD Ge photodetector
with a 250 μm diameter as a function of an operating voltage of
−0.1 to −3.0 V in the temperature range of 293–353 K. At a reverse
voltage of −0.1 V, Ea of the low TDD Ge PD increases from 298 to
348 K. This can be explained that the SRH leakage mechanism
with the TAT process is dominant at low temperature. As tempera-
ture increases, the dominant leakage mechanism of the low TDD
Ge PD is converted to a diffusion leakage mechanism, which is dif-
ferent from that of the high TDD Ge PD. As TDD is reduced from
5.2 × 108 to 3.2 × 106 cm−2, strong trap-dependent leakage mecha-
nisms, such as SRH and TAT processes, are suppressed. Accordingly,
the diffusion leakage, the non-trap-dependent leakage mechanism,
appears as a favorable process. As reverse bias increases, Ea decreases
and reaches 0.06 at 298 K at −3 V, supported by the fact that the
TAT process is enhanced in a relatively high electric field. The Ea var-
iations in different temperatures originate from strong temperature-
dependent diffusion and TAT leakage mechanisms. Ea for the
low TDD PD is widely spread in the overall temperature range
(293–353 K) compared to that of high TDD Ge PDs. This is due
to the alleviation of the SRH process, fundamentally originating
from reduction in TDD. For the high TDD Ge PD, the leakage
current is mainly contributed by SRH and TAT processes.
However, since the SRH leakage mechanism is alleviated with the
reduced TDD of 3.2 × 106 cm−2, diffusion leakage should be favor-
ably considered to interpret the leakage current mechanisms of
the low TDD Ge PDs. Therefore, the diffusion and TAT process,
which are temperature- and electric field-dependent, provide wide
Ea variation for the low TDD Ge photodetectors.

In order to estimate the effectivity of the passivation layer of
PECVD-deposited SiO2, the Ea of the surface and bulk leakage cur-
rents of the low TDD Ge PDs are extracted separately in Fig. 4(d).
Ea of the surface leakage current is 0.26 eV at a reverse voltage of
−1 V in the low temperature (293–323 K). The Ea of surface
current decreases to 0.2 eV as the reverse voltage increases to −3 V.
This result indicates that the surface leakage current is dominated
by SRH and TAT processes, which are related to surface states. In
the high-temperature range, the Ea of bulk leakage current is as
high as 0.61 eV at −1 V, implying diffusion leakage is dominant.
The Ea of bulk leakage current decreases with the increase in
reverse bias, indicating the TAT leakage process is considered as
the primary mechanism in high reverse bias.

E. Effective lifetime analysis

In order to further understand the influence of TDD on Ge
PDs, it is important to study the SRH and TAT leakage current
mechanisms, which are widely reported as the primary leakage
current processes. With the assumption that the diffusion length is
longer than the depletion region, the information on the SRH and

TAT leakages can be extracted by differentiating Idark by Wd, as
shown in the following equation:9

dIdark
dWd

� dIdiff
dWd

þ dISRH þ dITAT
dWd

� qni
τeff

, (4)

where Idiff is the diffusion leakage current. τeff provides the
information on TDD-dependent lifetime of photodetectors. Since
thicknesses of two different TDD Ge layers are different due to O2

annealing and HF solution etching, τeff analysis could normalize the
influence of TDD on SRH and TAT leakage processes. Wd for the
low and high TDD Ge PDs was extracted through the capacitance–
voltage (C–V) measurement in Fig. 5(a). The parasitic and the device
capacitance can be extracted from the linear fitting of the capacitance
as a function of photodetector mesa areas.14 Wd for low TDD Ge
PDs is thinner than that for high TDD Ge PDs, resulting from
reduction in the Ge thickness by ∼300 nm during O2 annealing and
HF solution etching steps.

In order to extract τeff, ni was referenced from Ref. 23, assuming
that Wd is constant with temperature. Figure 5(b) displays τeff for the
bulk leakage of low and high TDD Ge PDs as a function of reverse
bias at 343 K. In the low reverse bias of −0.5 V, τeff for low and high
TDD Ge PDs was extracted to be 5.7 × 10−7 and 2.9 × 10−9 s, respec-
tively. τeff for low TDD Ge PDs is two orders of magnitude higher
than τeff for the high TDD Ge PDs under overall reverse bias range
of −0.2 to −3 V. We emphasize that the two orders of magnitude
enhancement on the extracted τeff is corresponding to the two orders
of magnitude reduction in TDD, confirming that τeff is significantly
related to TDD.24,25 τeff decreases with increasing reverse bias in
Fig. 5(b). τeff reaches 4.8 × 10−8 and 2.2 × 10−10 s at −3.0 V for the
low and high TDD Ge PDs, respectively. This is because that the
strong electric field in the depletion region enhances Γ, resulting in
the enhancement on the TAT leakage process.10

Temperature-dependent τeff of bulk leakage for low and high
TDD Ge PDs at −1 V is displayed in Fig. 5(c). τeff for low TDD Ge
PDs was extracted to be 1.9 × 10−7 s at −1 V at 293 K and increases
to 4.9 × 10−7 s at 323 K. The τeff for the high TDD PD was extracted
to be 5.0 × 10−10 s at −1 V at 293 K and increases to 1.4 × 10−9 s at
353 K. The increase in τeff with temperature originates from the
suppressed TAT process. The TAT leakage process is alleviated by
increasing temperature due to Γ, which is consistent with the Ea
analysis. τeff for the bulk leakage of the low TDD PD is displayed as
a function of temperature in the temperature range of 293–353 K in
Fig. 5(d). The τeff is reduced from 1.9 × 10−7 to 7.5 × 10−9 s for −1
and −3 V, respectively, at 293 K. This is because that the TAT
leakage process is enhanced in the relatively high electric field. The
τeff at 353 K is reduced from 2.9 × 10−7 to 4.6 × 10−8 s for −1 and
−3 V, respectively, as expected. At the same temperature, the τeff
variation between −1 and −3 V decreases with increasing tempera-
ture, signifying that the TAT leakage is reduced by increasing
temperature.10

Figure 6 represents a benchmarking of the reported SRH life-
time (τ) along with τeff for the low and high TDD Ge PDs. The
modeling τ is calculated from Ref. 25. τeff reasonably matches
well with modeling τ. Low TDD Ge τeff is enhanced by a factor of
185 compared with high TDD Ge τeff. It is worth noting that the
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185× enhancement in τeff is obviously consistent with 162× reduc-
tion in TDD, supporting the fact that τeff is reversely proportional
to TDD.24,25 In comparison with the Jbulk analysis, which provides
the 374× reduction as TDD decreases, τeff analysis provides a better
and direct interpretation of TDD in Ge films. Unlike τeff analysis
that normalizes the effect of Wd, Jbulk is more sensitive to Wd.

III. CONCLUSION

A systematic dark current analysis of vertical p-i-n Ge photode-
tectors with two different TDDs, i.e., 3.2 × 106 and 5.2 × 108 cm−2,
respectively, was performed. Jdark for low TDD Ge photodetectors
was achieved as 1.12mA/cm2, representing reduction by a factor of
53 from that of high TDD Ge photodetectors. The main leakage
current contribution shifts from bulk leakage to surface leakage as
TDD is reduced to 3.2 × 106 cm−2. The surface leakage current con-
tribution of 96% for the low TDD Ge photodetector shows that the
advanced surface passivation is required to further reduce the dark
leakage current. Through Ea analysis, it was confirmed that the bulk
leakage for low TDD Ge photodetectors was governed by diffusion

FIG. 5. (a) The depletion width for low and high TDD Ge photodetectors as a function of reverse bias. (b) The effective carrier lifetime for bulk leakage of low and high
TDD Ge photodetectors as a function of reverse bias at 343 K. (c) The effective carrier lifetime for the bulk leakage of low and high TDD Ge photodetectors as a function
of temperature. (d) The effective carrier lifetime for the bulk leakage of low TDD Ge photodetectors as a function of temperature under various operating voltages.

FIG. 6. Benchmarking of the SRH carrier lifetime for Ge p+/n junctions and the
effective carrier lifetime for the bulk leakage of low and high TDD Ge
photodetectors.
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leakage in the high-temperature region (323–353 K) at −1 V in
contrast to full SRH leakage process dominance for high TDD Ge
photodetectors. The surface leakage generated at the interface of
PECVD-deposited SiO2/Ge is governed by SRH and TAT leakage
mechanisms in the temperature range of 293–353 K. τeff analysis was
used to study the TDD-dependent carrier lifetime of photodetectors.
τeff for the bulk leakage of low TDD Ge photodetectors was extracted
to be 1.3 × 10−6 s, which is two orders of magnitude higher than τeff
for high TDD Ge photodetectors. In this work, it was demonstrated
that the bulk leakage density and τeff were significantly affected by
the change in TDD.
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