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ABSTRACT

Integration of near-infrared photodetectors in the back-end-of-line requires low temperature growth of Ge (<450 �C). We have fabricated
high performance, vertical incidence Ge-on-Si photodiodes under thermal budget constraints with as-grown diodes achieving an internal
quantum efficiency (IQE) of 38% and a dark current density of Jd¼ 272 lA/cm2 at a reverse bias of Vr¼ 5V and a wavelength of
k¼ 1310 nm. The photodiode design incorporates a remote heterointerface, demonstrating that Ge material quality is sufficiently high for
minority carriers to diffuse to the Ge/Si interface. Post-growth annealing improves device performance, including 500 �C 3h exposure that
improves IQE to 57% and Jd¼ 165lA/cm2. Low-temperature grown Ge-on-Si photodiodes give comparable performance to diodes proc-
essed at high temperatures despite thermal budget constraints.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153651

Photodetection in the near-infrared is widely used in optical
communication, imaging, and spectroscopy. III–V materials perform
well at telecommunication wavelengths (1:3–1:6lm), but CMOS
incompatibility has proven to be a significant hurdle, inspiring
research in alternative solutions. In particular, monolithic integration
of Ge on Si has been researched extensively.1 Optimized SiGe graded
buffer layers were used to achieve low threading dislocation densities
(TDDs),2,3 but the thick buffer layers had integration difficulties. Thin
buffer layers deposited at low temperatures were developed as part of a
two-step growth process in UHVCVD, achieving low TDD that was
further reduced with cyclic annealing.4 High performance photodetec-
tors using this methodology have since been reported,5–7 and Ge pho-
todetectors are currently included in photonic foundry PDKs.8

However, the remaining limitations of Ge optoelectronic integra-
tion with Si CMOS circuits reduce design flexibility and increase
device size. The metal interconnect layers in the back-end-of-line
(BEOL) serve as the ideal placement for these photodetectors, but high
quality Ge growth on an amorphous substrate and a strict thermal
budget of < 450 �C are required.1 The lack of a semiconductor sub-
strate was addressed with single crystalline Ge growth on SiO2 at
450 �C using 2D confinement.9,10 Alternatively, a process may not
need to be integrated in the interlayer dielectric (ILD), but it must be

compatible with existing metal interconnects and satisfy the required
thermal budget. Low temperature deposition methods, such as e-beam
evaporation11–13 and molecular beam epitaxy,12 have also been
attempted, but each technique revealed performance limitations. In
this work, high performing Ge photodiodes were grown on a Si sub-
strate at BEOL-compatible temperatures.

Ge was grown epitaxially via low pressure chemical vapor deposi-
tion (LP-CVD) and ultra-high vacuum chemical vapor deposition
(UHV-CVD) on a p-Si epi (1015–1016 cm�3)/n-Si substrate (2� 1018

cm�3) at nominal 400 �C growth and fabricated into remote heteroin-
terface photodetectors, as shown in Fig. 1. Ge mesas with radii of
250lm–2mmwere defined via chlorine-based RIE-etching. The metal
contacts consisting of Ti (20 nm)/TiN (20nm)/Al (300nm) were
deposited with an E-beam evaporater and patterned using standard
lithography and liftoff methods. Devices were passivated with 20nm
Al2O3 and predominantly showed a dark current dependence with
area as opposed to diode periphery.

Photoresponse measurements were performed using a laser diode
pigtailed with a single-mode optical fiber at k¼ 1310nm. A Keithley
sourcemeter was used in conjunction with an optical chopper and a
bias tee in order to direct the modulated photocurrent to a lock-in
amplifier. Measurements were taken at 1V intervals on separate
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devices with each error bar representing a 68% confidence interval.
Due to the thin Ge absorption layer, internal quantum efficiency
(IQE) was used as a performance metric for device quality.
Responsivity measurements are also reported to aid in comparison
with the literature, despite the lack of adjustment for surface reflection
or absorption for a given Ge thickness.

The photodetector designs in Fig. 1 share some characteristics
with a uni-traveling carrier (UTC) photodiode structure such as an
absorbing p-Ge layer and ballistic electron transport in the depleted
collector (p-Si/n-Si).14 The design selection was motivated by potential
for lower leakage current and evaluation of carrier recombination at
the Ge/Si interface. In addition, the incorporation of graded boron (B)
doping in Fig. 1(b) generates an electric field in Ge, which promotes a
drift current in order to reduce recombination at the Ge surface and
transit time to the Ge/Si interface. Similar examples of this device
structure grown at elevated temperatures have been reported in the
literature.15–17

Figure 2 illustrates the quantum efficiency of uniform and graded
doping devices from Fig. 1. Devices with graded B-doping had higher
IQE at k¼ 1310nm by approximately 4%–5% relative to devices with
uniformGe doping. However, the latter achieved a remarkable respon-
sivity of 0.10A/W and an IQE of 34% at Vr¼ 5V without annealing,
despite the reliance on carrier diffusion to the Ge/Si interface. The
minority carrier lifetime of low-temperature grown Ge was, therefore,
sufficiently high to largely overcome diffusion time in the 0.6lm Ge
absorption layer.

The IQE turn-on at Vr¼ 3–4V in Fig. 2 marks the range over
which the p-Si region approaches full depletion such that the E field

may reach the Ge/Si interface. At zero bias, the device structure inher-
ently includes E fields from both the p-Ge/p-Si interface and the p-Si/
n-Si junction. The E field at the interface results in an energy barrier
that inhibits carrier collection at zero bias, as shown in the energy
band diagram of Fig. 3. The inset plot in Fig. 3 shows that a reverse
bias of Vr¼ 5V is required for the E field from the homojunction in
silicon to extend to the interface and fully lower the barrier. The minor
increase in IQE between Vr¼ 5 and 10V results from slight extension
of the depletion zone into the highly doped p-Ge. The higher E field in
p-Ge also provides faster drift transport through the defective Ge/Si
interface and minimizes carrier recombination.

The voltage required to lower the energy barrier (Vbarrier) is qua-
dratic in p-Si thickness and linear with p-Si doping concentration.

FIG. 1. Schematic of the Ge-on-Si photodiode with (a) uniform doping in the Ge
layer and (b) graded boron doping in the Ge layer. The doping concentrations were
p-Si¼ 1015–1016 cm�3 and n-Si¼ 2� 1018 cm�3.

FIG. 2. Internal quantum efficiency at k¼ 1310 nm of low-temperature, as-grown
Ge-on-Si devices with uniform and graded doping in Ge.

FIG. 3. Simulated energy band diagrams for a Ge-on-Si device with uniform Ge
doping at Vr ¼ 0 V (solid) and Vr ¼ 5 V (dashed). In the band diagrams, the doping
concentration of p-Si¼ 8� 1015 cm�3 and p-Si thickness¼ 1.0lm. The inset plot
shows the reduction in the energy barrier at the p-Ge/p-Si interface with reverse
bias for several p-Si thicknesses.
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This relation may be obtained from Eq. (1), where xpðVÞ represents
the depletion of p-Si at a given voltage for an asymmetric junction.
The final result in Eq. (2) is obtained by approximating that Vr is
much greater than the built-in voltage (/bi) and by recognizing that
Vr¼Vbarrier when xpðVÞ is equivalent to the p-Si thickness (tp�Si).
The expected reduction of Vbarrier with reduced tp�Si is also shown in
the inset plot of Fig. 3. Increasing tp�Si from 0.7 to 1.0lm causes
Vbarrier to roughly increase from 2.5 to 5.0V, which is consistent with
the relation in Eq. (2). Although Si doping parameters directly impact
Vbarrier, device measurements at voltages exceeding Vbarrier result in
responsivity and Jd values that are primarily determined by the Ge
crystal quality,

xpðVÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2eð/bi � VÞ

qNA

s
; (1)

Vbarrier / t2p�SiNA: (2)

The possibility of further improving the device performance with
low temperature anneals (500–550� C) was motivated by Hall effect
results of undoped Ge epitaxy on SOI, grown via UHV-CVD at low
temperatures. The conductivity of Ge was initially p-type, and heat

treatments at 450 �C converted the Ge to n-type conductivity. The p
to-n-type conversion followed first-order kinetics with 1.7 eV activa-
tion energy and was associated with acceptor-like point defect
removal.18 Annealing of the Ge epilayer in photodiodes was projected
to improve the device performance by the same mechanism, and the
level of IQE improvement could be correlated with the reduction in
the point defect density for a given annealing time and temperature.

The Ge-on-Si photodiode with the highest collection efficiency was
annealed at 500 �C for 3h with Jd and IQE shown in Fig. 4. As expected
from device design, Jd was suppressed at low voltages and increased to
near its final value of 165lA/cm2 at Vr¼ 5V. Responsivity improved
with annealing from 0.11A/W at Vr¼ 5V as-grown to 0.17A/W after
500 �C 3h. Although the theoretical responsivity limit at k¼ 1310nm is
1.06A/W, the 0.6lm Ge layer only absorbs 45% of the incident light,
reducing the responsivity limit to 0.48A/W. The surface reflection due to
lack of anti-reflection (AR) coating further reduces the maximum possi-
ble responsivity to 0.30A/W. In our design, a perfect AR coating would
increase responsivity of as-grown and 500 �C 3h annealed devices to
0.18 and 0.27A/W, and complete absorption in the 600nm Ge epi
would further increase responsivity values to 0.40 and 0.60A/W,
respectively.

The impact of 500–550 �C annealing on IQE for Ge-on-Si photo-
diodes with graded B-doping is shown in Table I. Annealing reduced
Jd by �100–150lA/cm2 for graded B-doped devices, and photodiodes
with uniform doping exhibited a similar trend. The annealing condi-
tions of 500 �C 3h and 550 �C 1h increased IQE by �19% and were
not statistically different from one another. This similarity in IQE
improvement is supported by the defect kinetics model, as relatively
small acceptor-like point defect fractions under 5% were expected for

FIG. 4. Dark current density Jd (solid) and IQE (dotted–dashed) at k¼ 1310 nm of
a Ge-on-Si photodiode with graded B-doping, annealed at 500 �C for 3 h.

TABLE I. Impact of annealing conditions on IQE and Jd at k¼ 1310 nm of Ge-on-Si
photodiodes with graded B-doping. Jd is reported at Vr¼ 5 V, and IQE is reported at
Vr¼ 10 V. IQE measurements took into account surface reflection and Ge layer
absorption, while responsivity values were calculated only using incident light.

As-grown 500 �C 3 h 550 �C 1 h

IQE (%) 41.86 0.2 63.86 6.3 58.6 6 4.3
Responsivity (A/W) 0.126 0.00 0.196 0.02 0.17 6 0.01
Jd (lA/cm

2) 2726 4 1656 40 110 6 4

TABLE II. Comparison of device performance and process parameters for normal-incidence Ge-on-Si photodiodes. The wavelength, presence of AR coating, and Ge thickness
are included for each device to aid in interpretation of the responsivity, but design and measurement variations prevent direct comparison. The responsivity and Jd of a given ref-
erence are reported at the same reverse bias, Vr.

Responsivity
(A/W) k (nm)

AR
coating Ge (lm) Jd (lA/cm

2) Vr (V)
Max process

temperature (�C) Design

This work 0.17 1310 N 0.6 165 5 500 p-Ge/p-Si/n-Si
0.11 1310 N 0.6 272 5 450 p-Ge/p-Si/n-Si

State-of-the-art Piels and Bowers (2012)15 0.29 1310 Y 0.8 35,000 1 < 800 p-Ge/i-Si/n-Si
Osmond et al. (2009)19 0.4 1550 Y 1.0 63 3 780 p-Ge/i-Ge/n-Si

Lin et al. (2021)20 0.29 1550 N 1.1 780 1 750 (300 �C
wafer bonded)

p-Ge/i-Ge/n-Ge

Sorianello et al. (2012)11 0.1 1550 N 1.3 200,000 1 580 p-Ge/n-Si
Colace et al. (2007)13 0.002 1310 N … 700 1 < 300 poly-Ge/n-Si
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both annealing conditions relative to as-grown material. Although the
500–550 �C anneals were beyond BEOL-compatibility, the observed
device improvements with annealing reinforced some of the findings
in prior work, in particular, the conductivity type conversion with
annealing.18

A comparison with previous work on Ge-on-Si photodiodes proc-
essed in a wide temperature range demonstrates competitive responsiv-
ity and dark current density in our low-temperature grown
photodiodes. Low-energy plasma-enhanced chemical vapor deposition
growths are performed at 450–500 �C followed by 780 �C cyclic anneal-
ing resulted in Jd¼ 41 lA/cm2 and 0.4A/W at k¼ 1.55lm,19 while
UHV-CVD growths on 10lm thick, optimized relaxed buffers yielded
Jd¼ 150 lA/cm2 and 0.13A/W at k¼ 1.3lm.3 In a different approach,
a BEOL-compatible process designed for low-temperature bonding and
layer transfer at 300 �C has deposited Ge epitaxy via metal organic
chemical vapor deposition and included a furnace anneal in O2 at
750 �C, yielding a responsivity of 0.29A/W and Jd¼ 780 lA/cm2 at
k¼ 1.55lm.20 Table II provides a performance summary of compara-
ble device structures with process parameters included.

High performance was demonstrated in this work for low-
temperature grown Ge-on-Si photodiodes with and without post-
growth annealing. Responsivity and dark current density comparable
to devices processed at high temperatures were achieved at thermal
budget conditions of< 450 �C. As-grown diodes showed a responsiv-
ity of 0.11A/W and Jd¼ 272 lA/cm2 at Vr¼ 5V, and annealing con-
ditions of 500 �C 3h improved such performance to 0.17A/W and
Jd¼ 165 lA/cm2. Relating the observed improvements in IQE with
point defect annihilation highlighted the importance of point defects
in the Ge material quality and addressed that the threading dislocation
density is not the only significant factor in characterization of defects
for Ge epitaxy.
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