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ABSTRACT   

The Ge APD detectors are fabricated on Si by using a selective chemical-vapor deposition (CVD) epitaxial growth 
technique. A novel processing procedure was developed for the p+ Ge surface doping by a sequence of pure-Ga and 
pure-B depositions (PureGaB). Then, PVD Al is used to contact the n-type Si and the anode of p+n Ge diode. Arrays of 
diodes with different areas, as large as 40×40 μm2, were fabricated. The resulting p+n diodes have exceptionally good I-
V characteristics with ideality factor of ~1.1 and low saturation currents. The devices can be fabricated with a range of 
breakdown voltages from a minimum of 9 V to a maximum of 13 V. They can be operated both in proportional and in 
Geiger mode, and exhibit relatively low dark counts, as low as 10 kHz at 1 V excess reverse bias. The dark current at 1 V 
reverse bias are as low as 2 pA and 20 pA for a 2×2 μm2 and 2×20 μm2 devices, respectively. Higher IR-induced current 
than that induced by visible light confirms the sensitivity of Ge photodiodes at room temperature. The 25% peak in Id/Iref 
at an IR-wavelength of 1100 nm in Geiger mode is measured for excess bias voltages of 3 V and 4 V, where Id refers to 
the photocurrent of the 2×20 μm2 device at different wavelengths, and Iref is the reference photodiode current. The timing 
response (Jitter) for the APD when exposed to a pulsed laser at 637 nm and 1 V excess bias is measured as 900 ps at full 
width of half maximum (FWHM). 
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1. INTRODUCTION  
Single-photon avalanche diodes (SPADs) with high responsivity over the visible and near infrared range can be widely 
used in imaging, telecommunication, and medical detections. Applications for high detection efficiency SPADs in the 
near infrared range (1.0 – 1.6 μm) include quantum key distribution [1], 3-D imaging [2], time-resolved spectroscopy, 
several imaging techniques based on near infrared sources [3],[4], etc. The good absorption properties and performance 
of III-IV compounds and alloys, such as InGaAs/InP, have been exploited in many applications where it is required to 
operate in this band [5]. As an example, available commercial devices based on these technologies can reach quantum 
efficiency higher than 50% and dark count rates of less than 100 Hz. However, they are usually cooled to operate at very 
low temperature, which afterpulsing worsening with temperature. 

The oldest available technology for single-photon detection is that of photomultiplier tubes (PMTs), devices of choice 
still today due to their good timing resolution and ease to use. PMTs however are bulky and do not operate in strong 
magnetic fields, thus limiting their application in some medical imaging fields. Germanium avalanche photodiodes 
(APDs) have existed for decades but with limited sensitivity in the telecom band and high noise in a wide frequency 
band, even when operated cryogenically. 

Because of lattice mismatch between Si and III-V compounds, a fundamental incompatibility with standard CMOS 
process is common for all of these technologies, and thus they cannot be mentioned as low-cost photon counters and 
large photon-counting pixel arrays. Silicon photomultipliers (SiPMs) and CMOS single-photon avalanche diodes 
(SPADs) cannot be used in the telecom band, because their bandgap enable the detection of shorter than 1.1 μm 
wavelengths, unless upconversion techniques are used [6]. However, such techniques are extremely inefficient and 
inappropriate in most applications. On the other hand, Ge bandgap of 0.67 eV corresponds to deep infrared wavelengths 
make it a suitable candidate for infrared applications. 
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In this paper, a new Ge-on-Si APD grown epitaxially on Si is proposed. The CVD growth technique used to fabricate 
these p+n ultrashallow Ge junction diodes has several exceptionally attractive properties: 

• Selective Ge epitaxy on Si with a very low density of threading dislocations that can be tens-of-microns large, 

• Ge growth at 700ºC for lowest defect density and good quality single-crystal Ge with a planar surface which 
threading dislocations are trapped within the first 300 nm of Ge growth for a layer thickness of 1 µm, 

• pure Ga (PureGa) deposition to form a nm-thin p+-doping to avoid defects and for best photon sensitivity, 

• after Ga deposition, a nm-thin pure B (PureB) deposition is performed to create an amorphous protective B-
layer to passivate the junction from further native oxidation and make a barrier to the Al-metallization, giving 
reliable contacting and a low series resistance. The term PureGaB is introduced for this combination of pure 
Ga/B depositions, 

• no extra perimeter isolation techniques were necessary for obtaining good diode characteristics and avalanching 
behavior, 

• The Al-metal on the Ge diode surface can be removed selectively to the PureB layer to maximize photon 
absorption, as has been demonstrated for Si photodiodes in [7]. 

In the paper, we report Ge-on-Si fabrication process and the operation of the APD in Gaiger mode. Moreover, the next 
step toward Ge SPAD array is demonstrated. 

 

 

2. PROCESS FABRICATION 
The basic process flow of Ge-on-Si APD fabrication is illustrated in Figure 1. The starting material is p-type Si (100) 
wafers with a resistivity of 2-5 Ω-cm. First, an implanted buried n+ region is created and covered by an epitaxial Si layer 
of a thickness of 0.5 µm. For contacting the buried n-region and p-substrate, implantations of n+- and p+-plugs are done 
after the Si-epi growth. The process is then followed by deposition of a 1 µm-thick isolation SiO2 layer. This isolation 
layer is then patterned by plasma etching to open windows to the Si where Ge APD growth is desired.  

Fabrication of Ge APDs on a Si substrate requires solutions to three basic challenges: (1) epitaxial growth of low defect 
density crystalline Ge-on-Si substrate; (2) high quality junction formation that is ultra-shallow, to avoid the depletion 
region from reaching defects that have propagated from the Ge-to-Si interface and (3) good low-ohmic contacting to the 
Ge by the metal interconnect. The first challenge is solved here by epitaxial growth of Ge-on-Si in a standard CVD 
reactor at a deposition temperature of 700˚C. To ensure that the surface is free of native oxide, a HF dip-etch and 
Marangoni cleaning are performed just before loading the wafers into the CVD reactor and also in the reactor a 4-min 
baking step at 800˚C is applied. For Ge deposition, 2% diluted GeH4 gas is used as the precursor gas at a pressure of 20 
Torr. Such conditions were found to render high quality Ge growth as well as good selectivity of growth on Si over SiO2. 

Figure 2 shows a cross-section TEM of Ge grown selectively on Si with patterned LPCVD SiO2, at a deposition 
temperature of 700˚C. The second and third challenges were solved together by fabrication of ultrashallow p+n junction 
on Ge using the “PureGaB” technology [8]. First around 1 µm- thick epitaxial n-Ge is selectively grown on the patterned 
Si wafers as described. For n-doping of the Ge during epitaxy, 0.7% AsH3 is utilized. Taking advantage of the dilution 
system of the reactor, AsH3 is further diluted to allow a wider doping range while the average doping of AsH3 at the 
desired deposition temperature of 700˚C is around 1018 atoms/cm3.  Then, in order to form the shallow p+-doping on the 
surface of epitaxial Ge, TMGa and B2H6 are used for deposition of the so-called PureGaB layer. Both these precursors 
have in the past been shown to dope the Si surface [9],[10]. For Ga this was most effective at a temperature of 400˚C and 
the same conditions have been applied here to create a surface p-doping of the Ge.  
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Figure 1. Process flow of Ge APD fabrication. 

 

On the other hand, exposure of Ge to B2H6 does not effectively dope the surface even at 700˚C, which is normally used 
for Si B-layer diodes. However, after doping with Ga, exposure to B2H6 will create a thin B-layer on the surface at 
temperature of 700˚C. The presence of the B-layer has two advantages: before metallization, in this case sputtered 
aluminum, it protects the surface against oxidation, and after metallization it protects against Al-spiking in the Ge that 
could otherwise short-circuit the junction. As the final step of the process, wafers are loaded immediately after APD 
growth into a sputter coater for a 675 nm Al/1%Si deposition to contact the n-type Si and the anode of the p+n Ge diode. 
Arrays of diodes with different areas, as large as 10×10 μm2, were fabricated with good I-V characteristics that could be 
operated in Geiger mode.  

 

 
Figure 2. Cross-sectional TEM image of a Ge-island epitaxially grown at 700ºC on patterned Si followed by in-situ growth 
of a GaAs layer [1]. 
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3. MEASUREMENTS 
The Ge-on-Si SPADs were fabricated with different sizes and shapes of active Ge area. The square shapes with various 
widths are reported in this paper. The devices have 0.5μm n-Si expitaxy growth and 1μm-thick Ge absorption layer.  

 

3.1 I-V characteristic  

Figure 3 shows the current-voltage (I-V) characteristics of two different sizes of photodiodes. The breakdown voltages, 
VBD, for these devices are 9 V and 13 V for the 2×2 μm2 and 2×20 μm2 devices, respectively. Ideality factors of 1.1 to 
1.3 were measured for all sizes.  The dark current for the smallest device is as low as 2 pA and increases to hundreds of 
micro-amps for after the breakdown voltage, while the series resistance is as low as possible in this process.  

 
Figure 3.Photodiodes I-V characteristics for 2×2 μm2 and 2×20 μm2 device area, (a) breakdown of 9 V and 13 V, (b) ideality 
factor of 1.15 and 1.35, respectively. 

 

3.2 C-V profiling 

The capacitance-voltage characteristics, C-V, of two different sizes with same perimeters but different areas are shown in 
Figure 4. The C-V measurements are for photodiodes with geometries of 2×20 μm2 and 10×10 μm2 at reverse bias of 0 to 
8 V. It can be concluded that capacitance is increasing with area slowly. Due to a loading effect combined with a low 
diffusivity of the As across the Ge surface, this is a non-uniform doping of each island. It caused higher doping at the 
peripheral area than the central regions. This results in higher peripheral capacitance per unit than the bulk capacitance. 

 

3.3 Dark count rate 

The circuit for APD operation with quenching resistance is shown in Figure 5. The APD was biased above the 
breakdown voltage by a voltage called as the excess bias (Ve). The total voltage, Vop, is the breakdown voltage plus the 
excess bias. The excess bias is from 0 to 4 V. High electric field can be produced by this high operational voltage across 
the depleted p+-n junction that results in high sensitivity to arriving of a photon or a thermal event. These events may 
cause a large avalanche current in the Ge region and create electron-hole pairs. To operate in Geiger mode, the device 
must be quenched with a 64 KΩ resistor. The output is sent to a comparator and a counter or a time-to-digital converter.  
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Figure 4. C-V profiling for two different sizes with same perimeter but different areas. 

 

Figure 6 shows the dark count rate, known as DCR, for three different sizes of APD devices. The measurement is a 
function of excess bias voltage and varies from 0 to 2 V at room temperature. We can compare the dark count rate for the 
APD devices at room temperature and the rates reported in [11], which the best DCR is 3×107 for 1% excess bias at 180 
K temperature. This shows the better quality of Ge growth on top of silicon. 

 
Figure 5.The SPAD biasing and test circuit. 
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Figure 6. Dark count rate for three devices with size of 2×2 μm2, 3×3 μm2, and 2×20 μm2. 

 

3.4 Infrared sensitivity  

The dark current and photo-response for the 2×20 μm2 device is shown in Figure 7 in linear mode and in proportional 
APD mode. The larger IR-induced current than visible light current approves the more sensitivity of Ge photodiodes to 
infrared photons. Also, The current after breakdown voltage (11 V) is 500 times bigger than proportional APD mode 
current of 200 nA. 

 

 
Figure 7. Dark current and photo-response of 2×20 μm2 photodiode as a function of reverse bias. 
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3.5 Detection efficiency 

The photocurrent Id of the 2×20 μm2 photodiode is measured at different wavelengths for different bias voltages. The Id 
is compared with the photocurrent Iref measured on a reference photodiode for which the quantum efficiency QE is 
known for all interesting wavelengths. Figure 8 shows the ratio Id/Iref as a function of wavelength for the bias of 3 V and 
9 V (below breakdown), as well as 14 V and 15 V (Geiger mode). The peak of 25% is measured for excess bias voltage 
of 3 V and 4 V at infrared wavelength of 1100nm in Geiger mode.  

 
Figure 8. Photocurrent ratio to the reference photocurrent. 

 

3.6 Timing response 

The jitter performance of the 2×2 μm2 photodiode is plotted in Figure 9 when operated in Geiger mode at 1 V excess 
bias. A pulsed laser centered at 637 nm (Advanced Laser Diode Systems GmBH, Berlin, Germany) with a pulse width of 
80 ps exposes to the photodiode active area. The measurement was done using the embedded time discriminator of a 
LeCroy WaveMaster 8600A. The measured full width at half maximum (FWHM) time response (jitter) was 900 ps. 

 
Figure 9. Timing response of the 2×2 μm2 photodiode. 
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The summary of the performance characterization of the photodiodes is shown in Table 1 for three modes of operation 
(Linear, APD, and Geiger). Active area of photodiodes have been chosen from 4 to 40 μm2. The breakdown voltages of 
the devices can be controlled in the fabrication process with a range of 9 V in minimum to 13 V at maximum. The excess 
biases of 0 to 4 V were applied to the APDs for DCR measurements. DCR is as low as 10 kHz for 2×2 μm2 APD device 
at 1 V reverse bias. 

 

Table 1. Performance in APD and Geiger modes. 
 

Performance (APD/linear mode) Min. Typ. Max. Unit 

Active area 4  40 μm2 

Breakdown voltage 9 11 13 V 

Dark current @ 1V reverse bias 2  20 pA 

     

Performance (Geiger mode)     

Excess bias voltage 0  4 V 

DCR @ Ve = 1V 10  60 kHz 

 Id/Iref @ Ve=3V   25 % 

FWHM Time jitter   900 ps 
 

4. TOWARD GE-ON-SI SPAD ARRAY  
After these exceptionally good results of Ge-on-Si photodiodes, a Ge-on-Si SPAD array will be the next step. We are 
designing several kinds of small arrays with different pixel and read-out circuits. The schematic of a SPAD array concept 
is shown in Figure 10. Pixel and row decoders are used to address a specific SPAD pixel or entire a row. At end of rows, 
there are read-out circuits to convert SPAD analog signals to digital pulses. 

 
Figure 10. Block diagram of a 4x4 SPAD pixel array. 
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The schematic of a full pixel inside the array is shown in Figure 11. The main part is a Ge-on-Si SPAD controlled by a 
PJFET transistor. This transistor acts as a quenching part and controlling the SPAD on/off mode. If the row is selected, 
the SPAD can be operated at VOP voltage. The generated signals upon arriving photons can be transmitted to the column 
by another PJFET switch. Each column has a read-out circuit to convert the analog signal to digital pulse to be readable 
at output pads. 
 

 
Figure 11. Schematic of a proposal for SPAD pixel configuration. 

 

5. CONCLUSION 
The Ge APD detectors are fabricated on Si by using a selective chemical-vapor deposition (CVD) epitaxial growth 
technique. A novel processing procedure (PureGaB) was developed for the p+Ge surface doping. They can be operated 
both in proportional and in Geiger mode, and exhibit relatively low dark counts and reasonably high sensitivity at room 
temperature. This correlates well with the fact that the I-V characteristics have, to our knowledge, uniquely low values of 
reverse current, series resistance and ideality factors. Dark current of 2 pA, dark count rates of 10 kHz, 25% peak of 
Id/Iref at an IR-wavelength of 1100 nm in Geiger mode, and timing response of 900 ps were measured. Moreover, several 
kinds of Ge-on-Si SPAD arrays were designed and will be fabricated in the near future. 
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