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The performance of planar geometry Ge-on-Si single

photon avalanche diode (SPAD) detectors of 26 µm di-

ameter are presented. Record low dark count rates are

observed, remaining less than 100 k counts per second

at 6.6% excess bias and 125 K. Single-photon detection

efficiencies are found to be up to 29.4%, and are shown

to be temperature insensitive. These performance char-

acteristics lead to a significantly reduced noise equiva-

lent power (NEP) of 7.7 × 10−17 W Hz−
1
2 compared to

prior planar devices, and represent a 2 orders of magni-

tude reduction in NEP compared to previous Ge-on-Si

mesa devices of a comparable diameter. Low jitter val-

ues of 134 ± 10 ps are demonstrated.
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Single-photon detectors are essential for a range of quantum
technology applications such as quantum communications [1],
quantum optics [2] and photonic quantum information process-
ing [3] applications. They can also provide significant bene-
fit compared to conventional p-i-n and linear avalanche pho-
todetectors (APDs) for a range of applications including range-
finding, Light Detection And Ranging (LiDAR) [4], facial recog-
nition and covert imaging applications. CMOS single-photon
avalanche diode (SPAD) detectors [5] have been available for
a number of years but are limited to operation below ∼1 µm
wavelength, due to the absorption properties of Si. There are
many significant advantages for specific applications in the
short wave infrared (SWIR), which cannot be achieved using
existing CMOS technology. Long distance fiber-based quantum
communication systems operate predominantly at wavelengths
(λ) = 1550 nm to minimize loss and require high performance
SWIR single-photon detectors [1].

Furthermore, there are significant advantages in the SWIR
for LiDAR and rangefinding applications. The eye-safe laser
power levels increase at longer wavelengths as the photon en-

ergy decreases. For example, moving from λ = 850 nm to 1550
nm results in the ability to increase the source power by a fac-
tor of at least 20 whilst remaining inside IEC-60825-1 eye safe
limits. These applications also benefit from reduced solar back-
ground at SWIR wavelengths and improved atmospheric trans-
parency due to reduced optical scattering from water, snow,
smoke, fog and dust [6]. Imaging and range-finding has been
demonstrated with InGaAs/InP single-photon cameras at 1550
nm, 10 km ranges and ≤ 10 mW average laser power levels
[4]. At this wavelength, stand-off detection and 3D imaging
has been demonstrated through high levels of atmospheric ob-
scurants [7]. Video rates depth imaging (50 frames per second)
at 330 m standoff distance has been demonstrated using com-
plex targets [8]. LiDAR has also been demonstrated with planar
geometry Ge-on-Si SPADs [9] at 1450 nm [10].

For SWIR applications, the Si bandgap prevents any effi-
cient detection of photons and therefore alternative, more ex-
pensive materials must be used. Superconducting nanowire
detectors offer high-efficiency single-photon detection perfor-
mance at longer wavelengths, however there is a requirement
for cryogenic cooling [11]. InGaAs/InP SPADs operating on
Peltier coolers at 223 K at the important telecoms 1310 nm and
1550 nm wavelengths typically have single photon detection
efficiencies (SPDE) ranging from 17.5% to 34% [1, 12]. Sin-
gle pixels and small imaging array Geiger mode cameras have
been demonstrated. Whilst Peltier-cooled InGaAs/InP SPADs
are generally lower cost than superconducting detectors, the
technology is still relatively expensive compared to Si-based
single-photon detectors, an especially important consideration
for mass-market applications.

A potential way to produce cheap SWIR single-photon detec-
tors is to use heterostructures on top of Si substrates that absorb
photons at longer wavelengths [13]. Dual temperature growth
techniques [14] have enabled growth of high quality Ge layers
on Si, well above the critical thickness due to strain. Such lay-
ers have small tensile strain from the growth process, therefore
providing absorption at wavelengths up to ∼1.6 µm at room
temperature. Despite the relatively high density of misfit dislo-
cations at the Ge/Si heterointerface and threading dislocation
densities in the Ge of ∼ 107 cm−2, high quality p-i-n and linear
avalanche photodetectors have been demonstrated [14].
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Fig. 1. A self-consistent Poisson-Schrödinger calculation of the
Ge-on-Si SPAD energy bands around the Ge/Si heterointerface
at 125 K and 40 V applied bias (breakdown).

Geiger mode Ge-on-Si APDs were first demonstrated by Lu
et al. [15], where the devices where operated at λ = 1310 nm,
with dark count rate (DCR) levels > 3 × 107 counts per second
(cps) at 180 K. We have previously demonstrated mesa etched
Ge-on-Si SPADs with SPDE of 4% at λ = 1310 nm and DCR of
6 Mcps [16]. These devices also demonstrated the first single-
photon detection at 1550 nm from any Si based device. More
recently we have used a planar process design to improve the
SPDE to 38% at λ = 1310 nm and 125 K for 100 µm diameter
SPAD devices with DCRs of 2 Mcps and 310 ps jitter [9]. Similar
to CMOS based SPADs [17], our previous Ge-on-Si devices [9]
demonstrated lower afterpulsing than commercial InGaAs/InP
SPADs, when operated under identical conditions, highlighting
their potential for high repetition-rate applications. Afterpuls-
ing is the triggering of a device due to charges released from
traps that were filled from a previous avalanche [9]. This can
severely limit the counting rate of the detector, which can partic-
ularly affect those applications that may use high photon count
rates, such as quantum key distribution or LiDAR.

In this work we investigate the performance of planar 26
µm diameter Ge-on-Si SPADs. The observed significant reduc-
tion in DCR, whilst maintaining high detection efficiency, al-
lows SPAD operation with a record low noise equivalent power

(NEP) of 7.7 × 10−17 W Hz−
1
2 at a wavelength of 1310 nm and

an operating temperature of 100 K. The spectral properties are
identical to those presented in [9]. This step-change in perfor-
mance highlights the potential for high efficiency Si foundry
compatible SPAD arrays operating in the SWIR.

The devices were fabricated using 150 mm diameter n++ Si
(001) substrates, with 1.5 µm thickness of nominally undoped Si
grown epitaxially on top using an ASM Epsilon 2000E reduced
pressure chemical vapor deposition (RPCVD) system. The Si
foundry process follows ref. [9] with an improved planariza-
tion process. Photolithography was used to define windows for
the sheet charge layers for each individual SPAD device which
were implanted using B at 10 keV and activated using a 950◦C
anneal for 30 s. This sheet charge layer is required to mediate
the electric field between the Ge absorber and the Si avalanche

region (Fig. 1). The wafers were then cleaned before growing 1
µm of undoped Ge and a 50 nm p++-Ge cap for the top contact.
Photolithography and a fluorine inductively coupled plasma
reactive ion etch (ICP-RIE) [18] were used to etch the p++-Ge
cap to define the top contact area. Photolithography was then
used to define trenches between the SPAD devices and a fluo-
rine ICP-RIE etched through the Ge epilayers to provide lateral
electrical isolation. The device was planarized using hydrogen
silsesquioxane (HSQ) and ICP-plasma enhanced chemical va-
por deposition (PECVD). Si3N4 which was also used as an anti-
reflection coating. Ti/Al was evaporated onto the backside of
the wafers and annealed to form a bottom Ohmic contact to the
n++ Si substrate. Photolithography was then used to form via
holes to the p++ cap before Ti/Al metal was deposited to form
an Ohmic contact to the top of the device.

A self-consistent Poisson-Schrödinger solution of the hetero-
layers was calculated using the lattice parameters, deformation
potentials, energy and Varshni parameters in ref. [19]. Figure 1,
shows the band-structure of a 100 nm region around the Ge/Si
heterointerface, at an avalanche breakdown voltage of 40 V and
125 K. The electric field in the Si avalanche region is 2.7 times
higher than the field in the Ge absorber. The photo-generated
carriers are generated at the Γ-valley, but scatter to the L-valley
within 100 fs [20]. The L-valley electrons in the Ge absorber
are injected into the Si at an energy of 235 meV above the ∆-
valley conduction band edge resulting in temperature indepen-
dent SPDE. This is in contrast to InGaAs/InP SPAD detectors,
where the photo-generated hole has to overcome an energy bar-
rier of 345 meV to be injected into the avalanche region [21].

SPDE, DCR and jitter characterization of all devices were
performed on the SPAD device in a cryostat with optical win-
dows using the time-correlated single-photon counting (TC-
SPC) method as detailed in refs. [9, 16]. After careful power
calibration, a λ = 1310 nm picosecond pulsed laser was attenu-
ated to less than 0.01 photons per pulse, ensuring that the proba-
bility of more than 1 incident photon per pulse was statistically
negligible. The SPAD devices were operated with a fixed dc
voltage just below the avalanche breakdown voltage. A pulsed
electrical source was used to take the device above breakdown
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Fig. 2. The dark current (red) and photocurrent (blue) for λ =
1310 nm illumination at 125 K.
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Fig. 3. The SPDE of 26 µm diameter Ge-on-Si SPADs as a func-
tion of temperature and excess bias at λ = 1310 nm.

for ∼ 50 ns, in synchronization with the incident optical pulse.
This electrical pulse takes the device into Geiger mode by ap-
plying an excess bias above avalanche breakdown. The mea-
surements were undertaken at a low repetition rate of 10 kHz
(the 78 K data at 1 kHz) to provide an extremely low probability
(< 10−3) of any afterpulse effects perturbing the measurements
for ≥ 100 K [9]. The photon counting data acquisition used for
all measurements had a timing bin width of 19.5 ps. The paper
presents results from an individual device but 6 devices tested
demonstrated nominally identical results.

The dark current and photo-current with λ = 1310 nm illu-
mination are presented in Fig. 2 at 125 K. The breakdown is just
over 40 V at 125 K. Punch-through is visible in this measure-
ment at ∼ 15 V. Figure 3 presents the SPDE and Fig. 4 the DCR
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Fig. 4. The DCR of 26 µm diameter Ge-on-Si SPADs as a func-
tion of temperature and excess bias.
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Fig. 5. The jitter of 26 µm diameter Ge-on-Si SPADs as a func-
tion of temperature and excess bias. The insert shows the tim-
ing histogram for the lowest recorded jitter (data in red, Gaus-
sian fit in blue) obtained at 5.5% excess bias and 100 K.

as function of excess bias and temperature. At 125 K, the DCR
remains below 100 kcps at excess biases up to 6.6% where the
SPDE reaches 28.0%. At this temperature, the maximum SPDE
measured was 29.4% at the higher excess bias of 7.5%.

Previously, a 100 µm diameter device operated at 5.5% ex-
cess bias and 125 K, had a DCR of ∼ 2 Mcps resulting in a DCR
per µm2 of 256 cps/µm2. This new 26 µm diameter device ex-
hibits a DCR of ∼ 36.9 kcps at the same excess bias and tem-
perature, resulting in a DCR per µm2 of 69 cps/µm2, realizing
an improvement from the new process of a factor of ∼ 3.7. The
DCR clearly increases with increasing temperature from 100 K
to 175 K as is expected from Fermi-Dirac statistics. This is not
the case for the 78 K results which have higher DCR when com-
pared at the same excess biases to the 100 K and 125 K results.
For the 78 K results, the higher DCR indicates a higher trapping
of carriers at the lowest measured temperature, suggesting that
these DCR measurement may include the effects of afterpulsing
which becomes more evident in such low dark count devices.

As shown in Fig. 3, the SPDE is relatively constant as a func-
tion of temperature for each excess bias due to the band struc-
ture in Fig. 1 and saturates at ∼ 7.5% excess bias. At 175 K, the
DCR becomes too high to accurately measure SPDE at all but
the lowest excess biases. Whilst these results clearly indicate
significantly improved sensitivity in these 26 µm diameter de-
vices, the peak SPDE of 29.4% is less than the 38% maximum
SPDE found in the 100 µm diameter devices reported previ-
ously [9]. There were indications of a non-uniform efficiency
profile across the detector, and since our measurements used a
spot size of ∼ 10 µm diameter, it is possible that we measured
an averaged SPDE which is lower than the peak value.

The jitter was measured from the TCSPC histograms at 1310
nm and is demonstrated in Fig. 5 as a function of excess bias for
temperatures up to 165 K. The lowest jitter (defined as the full
width half maximum of the timing histogram) was 134 ± 10 ps
at 100 K and increases to 204 ± 10 ps at 165 K. The minimum
result at 100 K is over a factor of 2 below the lowest jitter of 310
ps reported for the 100 µm diameter planar devices [9]. In all
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Fig. 6. NEP versus temperature from this work compared to
previous reports at 1310 nm wavelength. The other results are
25 µm diameter mesa devices [16], all Ge SPADs [22], waveg-
uides [23] and 100 µm planar devices [9].

cases, the devices were measured in a large cryostat with asso-
ciated cabling. Improved packaging of these devices is likely to
reduce these reported jitter values.

The NEP is an important figure of merit as it provides a valid
method to compare the sensitivity of different devices at dif-
ferent operating temperatures and excess biases. The NEP has
been calculated using

NEP =
hν

SPDE

√
2DCR (1)

where h is Planck’s constant and ν is the frequency. Fig-
ure 6 demonstrates the NEP as a function of temperature for
the present 26 µm diameter planar devices, 100 µm diameter
planar devices from [9], previous Ge-on-Si mesa devices [16],
waveguide coupled Ge-on-Si SPADs [23] and all Ge SPADs
[22]. The 26 µm diameter SPADs are clearly higher performance
than all previous SPADs using Group IV technology at these
wavelengths but have still not matched the performance of In-

GaAs/InP SPADs which have demonstrated 5× 10−17 W Hz−
1
2

at 230 K and 1550 nm wavelength (Micro Photon Devices Srl.
PDM-IR 25 µm diameter InGaAs/InP SPAD datasheet). Never-
theless, the 26 µm planar devices presented here have a NEP >2
orders of magnitude better than the comparable mesa device
under similar device sizes and measurement conditions [16].

In conclusion, 26 µm diameter Ge-on-Si SPADs have been
demonstrated with improved DCR, NEP and jitter compared to
similar 100 µm diameter devices and all previous Group IV ma-
terial devices operating in the SWIR region. Improved detector
performance was observed, including SPDE of 25% with DCR
of <1 Mcps at temperatures up to 165 K, with the larger DCR at
higher temperatures limiting the device performance. Higher
temperature operation is required for Ge-on-Si SPADs to have
maintained efficiency at λ = 1550 nm from direct bandgap ab-
sorption [24]. Whilst there is a clear reduction in DCR with re-
duced area, further optimisation is required to reduce the DCR
further if Peltier cooler operating temperatures, as required for
most applications, is to be achieved.
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