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Abstract—In this letter, we investigate afterpulsing in 26 and 

100 µm diameter planar geometry Ge-on-Si single-photon 

avalanche diode (SPAD) detectors, by use of the double detector 

gating method with a gate width of 50 ns. Ge-on-Si SPADs were 

found to exhibit a 1% afterpulsing probability at a delay time of 

200 µs and temperature of 78 K, and 130 µs at a temperature of 

150 K. These delay times were measured with an excess bias of 

3.5% applied, which corresponded to a single-photon detection 

efficiency of 15% at 1.31 µm. We demonstrate that reducing the 

detector diameter can also be an effective way to restrict 

afterpulsing in this material system. 

 
Index Terms— Single-photon avalanche diode, Ge-on-Si, photon 

counting, afterpulsing, time-correlated single-photon counting, 

short-wave infrared. 

I. INTRODUCTION 

Semiconductor based single-photon avalanche diode 

(SPAD) detectors are widely used in a range of applications 

which rely on high-resolution measurement of the arrival time 

of single photons, such as eye-safe light detection and ranging 

(LiDAR), three-dimensional imaging and sensing, quantum 

communication, fluorescence microscopy and many more [1]–

[6]. Such detectors are also commonly known as Geiger-mode 

avalanche photodiodes and they are biased above the 

avalanche breakdown voltage, Vbd. The sensitivity of such 

detectors is typically limited by the dark counts generated via 

band-to-band promotion of excited carriers through thermal 

excitation, trap-assisted tunneling and Shockley-Read-Hall 

effects. The dark count rate (DCR), however, can further 

increase due to the deleterious effects of afterpulsing. Here, 

carriers are trapped during an avalanche event and are 

spontaneously released at some later time, initiating further 
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avalanche events. Afterpulsing becomes particularly 

problematic when a short detector dead time is required, hence 

minimizing this effect can be a critical in applications such as 

single-photon LIDAR and quantum key distribution. 

Recent emerging applications that utilize light in the short-

wave infrared (SWIR: 1 – 3 µm) region of the spectrum have 

been demonstrated using InGaAs/InP-based SPAD technology 

which utilizes an InGaAs absorption layer and InP 

multiplication layer in the separate absorption, charge and 

multiplication (SACM) structure [7]–[13]. There has also been 

research investigating SACM structures using Si and Ge for 

the multiplication and absorption regions, respectively [14]. 

One challenge is the large lattice mismatch (4.2%) between 

Ge and Si, which results in a high threading dislocation 

density, typically on the order of 106-108 cm-2 [15]. Mesa 

geometry detectors have exhibited significant edge breakdown 

issues resulting in prohibitively high DCR and low single-

photon detection efficiency (SPDE) as shown in previous 

studies [16]–[19]. Recently, a planar geometry Ge-on-Si 

SPAD with 100 µm diameter active area exhibited a noise-

equivalent-power (NEP) of 7×10−16 WHz-1/2 at 125 K for a 

wavelength of 1.31 µm [20]. Subsequently, similar geometries 

of Ge-on-Si SPADs with 26 µm diameter demonstrated a NEP 

of 9.8×10-17 WHz-1/2 under similar conditions [21]. These 

results indicate the potential of Ge-on-Si SPADs in the SWIR 

region, and these detectors were used in preliminary 

laboratory-based LiDAR measurements [22]. 

In this work, afterpulsing in planar Ge-on-Si SPADs is, for 

the first time, systematically characterized covering a wide 

range of operating temperatures and excess biases above 

avalanche breakdown. 

II. EXPERIMENTAL DETAILS 

The SPAD detector is based on a separate absorption, 

charge and multiplication geometry, using a Ge absorption 

layer and a Si multiplication layer.  These nominally undoped 

layers are separated by a p+ doped charge sheet in the Si, 

formed by selective boron ion implantation. The charge sheet 

controls the relative electric field of the absorber and the 

multiplication layers to ensure a modest electric field in the Ge 

layer at bias levels above avalanche breakdown.  The charge 

sheet forms a disc, and sidewalls are etched beyond the extent 

of the charge sheet to electrically isolate the device as shown 

in Fig. 1. A more complete description of the device is given 

in [20] and [21]. In this paper, the charge sheet diameters 

considered were 26 µm and 100 µm diameter. The avalanche 

breakdown voltage of the device is 41.5 V at a temperature of 

175 K, reducing to 39.7 V at 78 K.  
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Fig. 1. Planar Ge-on-Si SPAD microstructure cross-section 

described in main text. The substrate is 675 µm thick. 

 

The afterpulsing measurement setup is based on the double 

detector gate method [23] and multiple devices were tested. 

The master clock provides a trigger signal to a pulsed 

semiconductor diode laser at a wavelength of 1.31 µm, and to 

a pulse pattern generator which provides two electrical gates 

with a programmable delay. The first gate takes the SPAD into 

Geiger-mode for a pre-determined time duration in 

synchronization with the laser pulse, the second gate is used to 

measure the dark counts at a programmable delay after the 

first gate. The results shown in this paper are at a deliberately 

low laser repetition frequency of 100 Hz to allow for accurate 

measurement of the afterpulsing events, and the measurement 

time is 10 seconds for each delay time. By using a high 

number of incident photons in Gate 1 (typically ~200 incident 

photons in each gate window), we ensure that there is a near 

unity probability of an avalanche triggered in Gate 1, meaning 

that the count rate in Gate 1 exactly matches the repetition rate 

of that of the source. In Gate 2, we use a gate width and excess 

bias identical to that of Gate 1. There is no incident light 

present during Gate 2, so only dark events caused by both 

thermal excitation of carriers and afterpulsing are recorded 

during this period. By varying the time delay between Gate 1 

and Gate 2, and measuring the dark count rate in Gate 2, it is 

possible to ascertain information on the afterpulsing decay of 

the SPAD detector. The afterpulsing probability at a pre-

determined gate delay is estimated from the number of counts 

in Gate 2 divided by the number of counts in Gate 1. 

III. AFTERPULSING RESULTS AND DISCUSSION 

The afterpulsing probability versus delay time in 26 µm and 

100 µm diameter Ge-on-Si SPADs measured at temperatures of 

78 K is shown in Fig. 2 (a) and (b), respectively. These 

measurements were performed under excess biases of 1% - 4.5% 

of the avalanche breakdown with a gate width of 50 ns covering a 

wide range of delay times from 200 ns to 10 ms. We can 

accurately and repeatedly measure the afterpulsing probability 

value down to below 0.01 (i.e. 1%). Fig. 2 (a) and (b), for 

example, indicate that detectors operated at an excess bias of 

2.5% and temperature of 78 K suffer 1%  afterpulsing probability 

at a delay time of 100 µs for a 26 µm diameter detector, which is 

×40 better than a 100 µm diameter SPAD. A smaller volume of 

detector not only provides a lower intrinsic background DCR as 

demonstrated in [21], but also reduces the afterpulsing 

probability. The difference in afterpulsing seen with a varying 

excess bias is likely due to the higher average charge flow per 

event as the bias is increased. Fig. 2 (c) shows that a 26 µm 

SPAD also has a much better afterpulsing probability compared 

to 100 µm when both SPADs operate at a SPDE of 20%. We also 

performed afterpulsing measurements under a nominally identical 

method and operating conditions at temperatures of 100, 125, 

150, and 175 K. No data could be obtained above 175 K as the 

intrinsic background DCR increases and the highest excess bias 

the detectors can be operated at is 2.5% at 175 K. 

 

  

    
Fig. 2. (a) The afterpulsing probability as a function of the delay 

time in a 26 µm diameter Ge-on-Si SPAD and (b) 100 µm 

diameter SPAD with different excess biases on a logarithmic plot 

at 78 K operating temperature. (c) Afterpulsing probability 

comparison between 26 and 100 µm diameter SPADs at an SPDE 

of 20% and a temperature of 78 K.  
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By plotting the afterpulsing probability versus delay time at an 

excess bias of 1.5% and 4.5% and various temperatures for a 26 

and 100 µm diameter SPAD as shown in Fig. 3, it is evident that 

higher temperature operation reduces the afterpulsing probability 

in both SPADs. This temperature dependent behavior is not 

surprising as trapped carriers are released more rapidly at higher 

temperatures, as has been previously observed, for example, in 

InGaAs/InP SPADs [24], [25]. Fig. 3 (a) and (c) show that the 

temperature dependence of the afterpulsing probability in 26 µm 

diameter device is relatively weak. A significant afterpulsing 

probability is observed in the 100 µm diameter SPAD at 78 K 

operating temperature. However, at operating temperatures 

> 125 K the afterpulsing probability in the 100 µm diameter 

SPAD is significantly lowered and observed to be comparable to 

that in the 26 µm diameter SPAD. At 175 K (see red markers in 

Fig. 3 (a) and (b)), the intrinsic background DCR dominates the 

afterpulsing probability beyond a delay time of 20 µs and we do 

not see similar saturation at lower operating temperatures (i.e. 

78 - 150 K), indicating a low intrinsic DCR at low temperatures. 

We examined the characteristic decay of the afterpulsing 

probability found in the Ge-on-Si material by fitting an 

exponential model to determine the deep trapping in which the 

charges are confined. Using the afterpulsing probability data, 

the de-trapping lifetime was found by fitting the multiple 

exponential model given by Afterpulsing probability 

     (t) = N

t

N

N

A e d


−

+ ,           (1) 

where τN and AN are the de-trapping lifetime and amplitude 

factor for the Nth trap level and d is the intrinsic background 

DCR. The activation energies of carrier de-trapping were 

determined using the gradient of the linear fits in the 

Arrhenius plots (i.e. time constant versus 1/kT in eV) and 

were found to lie in the region of 7 – 30 meV for the 26 µm 

diameter Ge-on-Si SPADs and between 80 – 90 meV for the 

100 µm diameter Ge-on-Si SPADs as shown in Fig. 4. The 

100 μm diameter Ge-on-Si SPAD activation energies show a 

low dependence on excess bias compared to those of the 

26 μm Ge-on-Si SPADs which show an increase with excess 

bias (Fig. 4 black markers). The dopants in Ge such as B and 

Al used for the metal contacts have activation energies of 

10 meV [26], these materials are far removed from the Si 

avalanche region of the device and unlikely to cause any traps 

leading to afterpulsing. The 26 µm Ge-on-Si SPADs were 

fabricated with an improved GeO2 oxidation process that 

demonstrated lower trap state densities than the plasma 

oxidation used for the 100 µm diameter devices. This thermal 

approach will not have oxidized the silicon at the bottom of 

the deep trench isolation through the Ge heterolayer in the 

26 µm devices. This results in poorer native SiO2 for those 

devices which could have lower electron energy trap states 

[27] compared to plasma oxidized SiO2 in the 100 µm SPAD. 

Further work is required to identify the origins of these 

differences in afterpulsing behavior. 

 

     
 

Fig. 4. (a) De-trapping lifetime for the 1st trapping level (see 

main text) versus 1/kT for 26 µm diameter Ge-on-Si SPADs, 

where k is Boltzmann’s constant and T is the temperature. 

Black dashed lines indicate a linear fit. (b) Comparison of the 

activation energy between a 26 μm and a 100 µm diameter 

Ge-on-Si SPAD device at various excess biases. 
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IV. CONCLUSION 

The innovation of Ge-on-Si SPADs allows for the 

achievement of a high SPDE in the short-wave infrared 

region. In this letter, afterpulsing probabilities in Ge-on-Si 

SPADs have been experimentally investigated using the 

double detector gate method. The 26 μm diameter Ge-on-Si 

SPADs exhibited lower afterpulsing probability than the 

100 μm diameter devices, which may indicate an additional 

trapping mechanism, possibly associated with the passivation 

at the bottom of the deep trench isolation closest to the 

avalanche region. Future generations of Ge-on-Si SPADs 

operating at higher temperatures compatible with Peltier 

cooling should be capable of operating in free-running mode 

or in a gated-mode where afterpulsing effects are less 

significant. Further studies to investigate afterpulsing in Ge-

on-Si SPADs at higher operating temperatures are required to 

more fully investigate this trend. 
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