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ABSTRACT   

Optical characterization of PureGaB germanium-on-silicon (Ge-on-Si) photodiodes was performed for wavelengths 

between 255 nm and 1550 nm. In PureGaB technology, chemical vapor deposition is used to grow germanium islands in 

oxide windows to the silicon substrate and then cap them in-situ with nm-thin layers of first gallium and then boron, thus 

forming nm-shallow p+n diodes. These PureGaB Ge-on-Si photodiodes are CMOS compatible and characterized by low 

leakage currents. Here they are shown to have high responsivity in the whole ultraviolet (UV) to near infrared (NIR) 

wavelength range. Particularly, two sets of diodes were studied with respect to possible detrimental effects of the Al 

metallization/alloying process steps on the responsivity. Al-mediated transport of the Ge and underlying Si was observed 

if the PureGaB layer, which forms a barrier to metal layers, did not cover all surfaces of the Ge islands. A simulation study 

was performed confirming that the presence of acceptor traps at the Ge/Si interface could decrease the otherwise high 

theoretically attainable responsivity of PureGaB Ge-on-Si photodiodes in the whole UV to NIR range. A modification of 

the device structure is proposed where the PureGaB layer covers not only the top surface of the Ge-islands, but also the 

sidewalls. It was found that to mitigate premature breakdown, it would be necessary to add p-doped guard rings in Si 

around the perimeter of Ge islands, but this PureGaB-all-around structure would not compromise the optical performance. 

Keywords: broadband photodiode, ultraviolet photodiode, near-infrared photodiode, Ge-on-Si, Ge diodes, pure gallium 

and pure boron (PureGaB), responsivity, light emission measurements, simulations 

 

1. INTRODUCTION  

Detection of wavelengths from the ultraviolet (UV) to near-infrared (NIR) range (200-1550 nm) coupled with CMOS 

compatibility holds a promise of increasing functionality in a variety of optoelectronic systems. Some applications, i.e. 

optical communication1, medical imaging2 and light detection and ranging (LIDAR)3, strive to develop high sensitivity 

detectors for a specific narrow band of wavelengths. Other fields such as spectroscopy4, military5 and security6 applications 

profit from having a single broadband sensor to cover detection of photons in the whole UV to NIR range. In semiconductor 

technology, broadband detection can be achieved by using appropriate materials and/or utilizing various physical effects 

to make the optoelectronic devices7–12. However, only the integration of broadband sensors with CMOS circuitry would 

deliver the aspired boost in functionality. This has, for example, led to work on the monolithic integration of graphene in 

CMOS as a phototransistor that forms the basic component of broadband image sensors13. Nevertheless, seamless 

integration of materials such as graphene in CMOS is still technologically challenging14. Germanium can also be used as 

a semiconductor material for making detectors that are responsive up to NIR wavelengths, with the advantage that Ge can 

be easily grown directly on silicon and monolithically integrated in CMOS. In several Ge-on-Si technologies, the  

fabrication of high performance photodetectors has been demonstrated15–17.  

A comparison of the optical constants and internal quantum yields of Si and Ge18–20 indicates that Ge photodiodes could 

even outperform Si diodes for detection of UV light if the pn-junction in Ge is brought close enough to the surface. There 

are several methods used for forming shallow pn-junctions in Ge devices such as ion implantation21, monolayer doping22 

or spin-on-dopants activated by laser annealing23,24. Defect-free pn junctions are also grown epitaxially by chemical vapor 

deposition (CVD) in blanket depositions, requiring mesa etching for device isolation25. In contrast, in PureGaB technology, 

chemical vapor deposition is used to grow germanium islands in oxide windows to the silicon substrate and then cap them 

in-situ with nm-thin layers of first gallium and then boron, thus forming nm-shallow p+n diodes. PureGaB Ge-on-Si 

photodiodes are CMOS compatible and characterized by low leakage currents. The deposition of pure B to form p+-like 

regions is already used in commercial Si photodiodes. These “PureB” Si photodiodes have nm-shallow junctions with 
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saturation currents similar to deep p+n-junctions26. It has been proposed that the formation of negative fixed charge at the 

PureB-Si interface increases the concentration of holes which is responsible for an effective suppression of the otherwise 

high electron injection into the anode26,27. Low saturation currents were achieved for nm-thin PureB layers deposited by 

CVD at temperatures from 700 °C down to 400 °C26. When used for UV light26 and low-energy electrons28 detection, 

diodes with PureB layers deposited at these temperatures showed high stability and robustness during high-dose and high-

energy radiation/particle exposure26. 

In PureGaB Ge-on-Si technology, a wetting layer of pure gallium was introduced before the boron deposition to obtain p+-

like anode regions with low saturation currents on Ge-island photodiodes 17,29–31. The diodes displayed ideality factors of 

less than 1.1 and dark current densities in the range of 15 μA/cm2 at room temperature30. The devices have been 

demonstrated for operation as avalanche photodiodes in linear and Geiger mode17,31. For the latter, single-photon avalanche 

diodes were fabricated with a timing jitter of 900 ps FWHM and dark count rates (DCR) as low as 1 kHz at room 

temperature17. PureGaB Ge-on-Si photodiodes were fabricated in 300×1 arrays with different pixel geometries showing 

high reproducibility and uniformity of the electrical and optical characteristics29,31. 

In this paper, a more in depth investigation of the PureGaB Ge-on-Si photodiodes described in 29,31 will be presented. In 

particular, they are shown to be responsive in the spectral range from UV to NIR wavelengths. Measurements were 

performed using 255 nm and 280 nm light emitting diodes and 406 nm, 670 nm, 1310 nm and 1550 nm lasers. The 

responsivity was measured on-wafer using in-house developed optoelectronic setups. PureGaB Ge-on-Si photodiodes were 

also simulated with varying parameters for the pn-junction depth, Ge doping concentration, and concentration of traps at 

the Ge/Si interface. By comparing these simulations to the measurements, mechanisms that could lead to degradation of 

the responsivity in the UV and NIR wavelength ranges were identified. Light-emission from the PureGaB Ge-on-Si devices 

operated above breakdown voltage was measured to identify hot spots in the device. A simulation study of the breakdown 

characteristics was performed, and optimized PureGaB Ge-on-Si diode designs are proposed for obtaining better overall 

electrical and optical performance.    

2. ELECTRICAL CHARACTERIZATION 

2.1 Device fabrication 

The PureGaB Ge-on-Si photodiodes characterized in this work were processed in two separate fabrication runs29,31 referred 

in the following as J-diodes29 and T-diodes31. In both runs, the starting substrates for the diode fabrication were 2-5 Ωcm 

n-type (100) Si wafers. The Ge-island area was defined by patterning 26×26-µm2-large windows in a 1-µm-thick SiO2 

layer. A commercial ASM Epsilon 2000 CVD reactor was used to selectively grow Ge and deposit Ga and B, all in the 

same deposition run. A 50-nm-thick Ge layer was first grown at 400 °C to serve as a flat seed layer on the Si. The bulk Ge 

islands were then deposited at 700 °C with an arsenic n-doping of ≈ 1016 cm-3. The final thickness of Ge islands was 

between 0.6 µm and 1.6 µm depending on loading effects that were controlled by patterning exposed Si region around the 

device structures. The dislocation density was reduced by a 1-h anneal at 750 °C which resulted in defect-densities in the 

order of 107 cm-2 32. This was followed by depositing a wetting layer of pure gallium and then capping it with a PureB 

layer that functions as a barrier layer between the Ge and the Al metallization. The final thickness of this PureGaB layer 

was approximately 25 nm29. Plasma-enhanced CVD (PECVD) oxide was then deposited which at the end of the process 

was maintained on the light entrance windows as a 1-µm-thick transparent protection layer. To contact the p-type region 

formed by the PureGaB, a 1-µm-wide ring along the perimeter of the Ge-on-Si photodiodes was etched through the oxide. 

A 900-nm-thick Al/Si(1%) was sputtered and patterned so that the central region of the PureGaB Ge islands were covered 

solely by oxide. The only difference in processing between the two diodes sets studied here is the metal alloying step. For 

J-diodes, alloying was performed for 30 min at 400 °C in forming gas29, while for T-diodes the alloying time was extended 

to 1 hr31. The most critical step for this manner of processing was found to be the etching of the contact windows which 

were placed exactly within the oxide window edge. The etching was performed by first plasma etching until only a few 

nm of oxide was left and then completing the oxide removal by dipping in diluted HF. In some cases this exposed both the 

Ge-island sidewalls as well as the underlying Si to the Al metallization. In these cases an aggressive Al-mediated migration 

of Ge and Si was observed 29. The Ge-on-Si photodiodes were fabricated in arrays as shown in Figure 1 having 300×1 

devices in a row. 
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Figure 1. Optical image of 26×26 µm2 PureGaB Ge-on-Si photodiodes that were part of an 300×1 photodiode array. 

2.2 Optoelectronic measurement setups 

Characterization of the fabricated devices was performed using an in-house on-wafer laser illumination setup as illustrated 

in Figure 2a. The system consists of a 4-channel fiber-coupled laser source from Thorlabs – MCLS1. The selected laser 

diodes have discrete wavelengths of λO = 406 nm, 670 nm, 1310 nm and 1550 nm. The power of the laser, PO, is controlled 

in the range between 0.5 mW and 2 mW by a high-precision, constant-current source with a temperature control unit. The 

diodes-under-test were mounted in a Suss MicroTec PM300 probe station. The light beam was guided to the microscope 

of the probe station using a multimode fiber. Electrical characterization was performed using a Keithly 4200 parameter 

analyzer. Optical loses in the fiber and the focusing unit of the probe station were estimated by using Ge and Si reference 

photodiodes and the output power of the focused light spot on the sample, PM, is attenuated by more than three orders of 

magnitude. The diameter of the focused light spot on the diode, DM, is estimated to be smaller than 20 µm. Optical 

measurements were also performed using UV light-emitting diodes UVTOP255 and UVLED280TO46FW with 

wavelengths λLED = 255 nm and 280 nm, respectively. The output power of the UV LEDs varied between 0.2 mW and 

1 mW and was controlled by the LED current, ILED. In the measurement setup shown in Figure 2b, the UV LEDs were 

used as a blanket illumination source without measuring the output power of the diode. 

(a) 

 

(b) 

 

Figure 2. Schematics of the optoelectronic setups used for: (a) on-wafer responsivity measurements; (b) blanket light-

illumination using ultraviolet light-emitting diodes. 

2.3 Responsivity measurements 

The developed measurement setups were used to determine the optical response of PureGaB Ge-on-Si photodiodes in the 

UV to NIR wavelength range. With the on-wafer optoelectronic measurement system, laser light was focused on a single 

26×26 µm2 photodiode. Current-voltage characteristics of a J-diode measured for PO = 1 mW at the four different 

wavelengths are shown in Figure 3a. Photocurrents were compared to the dark current of the device and had more than 

two orders of magnitude higher values that remained flat irrespective of the applied reverse bias voltage. Using the LED 

blanket-light illumination setup, the optical response to UV light for λLED = 255 nm and ILED = 10 mA, 20 mA and 30 mA, 

was measured, and corresponding current-voltage characteristics are shown in Figure 3b. The PureGaB Ge-on-Si 

photodiodes are responsive to UV light and have almost an order of magnitude higher photocurrent compared to the dark 

current of the device. When using λLED = 280 nm, photocurrents higher than 10 nA were measured at -2 V for ILED = 30 

mA. With the UV-light blanket-illumination, the light is not focused on a single PureGaB Ge-on-Si photodiode and carriers 

generated in Si could also contribute the total photocurrent. However, the penetration depth of UV light in the 200 nm to 

300 nm wavelength range in Si is in the range of 5 nm33, so there is a large probability for carriers generated in Si to 
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recombine at the Si/SiO2 interface34,35. Additionally, at a reverse bias of -2 V, spreading of the depletion region is limited 

only to the Ge, and it is expected that carriers generated in the Ge island are the main contribution to the photocurrent.   

(a) 

 

(b)  

 

Figure 3. Current-voltage characteristics of PureGaB Ge-on-Si J-diodes measured using: (a) the on-wafer optoelectronic 

measurement setup with PO = 1 mW at wavelengths λO = 406 nm, 670 nm, 1310 nm and 1550 nm; (b) blanket light-illumination 

setup with λLED = 255 nm. 

The responsivity of four PureGaB J-diodes and T-diodes were measured at VD = -2 V and PO = 1 mW. The responsivity is 

defined as R = Iph/PM, where Iph is the measured photocurrent. The responsivity as a function of wavelength is plotted in 

Figure 4a showing high device-to-device uniformity. J-diodes have almost an order of magnitude higher responsivity as 

compared to T-diodes. The discrepancy is attributed to a known difference in the processing of the two diode sets: in J-

diodes the duration of Al alloying was 30 min while in T-diodes it was 1 hr. PureGaB Ge-on-Si photodiodes suffer from 

Al-mediated material transport initiated at the edges of the Ge islands if the Ge-island sidewall is left without a protective 

PureGaB layer to the Al metallization. During the 30 min alloy, the Al migrated up to 5 µm laterally through the Ge 

crystal29, changing some of the n-Ge to p-type Al-doped Ge along the way. These bulk p-Ge regions will no longer be 

optically active in the NIR wavelength range. Additional alloying experiments were performed and showed conclusively 

that there was a detrimental effect on responsivity of the Ge-on-Si photodiodes. The responsivity as a function of laser 

output power at four wavelengths was also measured and is shown in Figure 4b. Small variations in responsivity for varied 

PO were caused by an uncertainty in determining PM. The responsivity remained constant irrespective of the laser power 

which indicates that the interface traps are filled or the depletion region did not spread into the Ge/Si interface at the given 

reverse bias36.  

(a) 

 

(b) 

 
Figure 4. (a) Responsivity as a function of wavelength for four measured J-diodes and T-diodes at VD = -2 V and PO = 1 mW. 

(b) Responsivity as a function of laser output power for a J-diode at VD = -2 V and λO = 406 nm, 670 nm, 1310 nm and 

1550 nm. 
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2.4 Light emission measurements 

In addition to the optical response, optoelectrical characterization of PureGaB Ge-on-Si photodiodes was performed by 

light emission measurements. Imaging of the diodes operated above the breakdown voltage, VBR, can reveal hot spots in 

the structure, the knowledge of which can help to further improve the design37. The breakdown characteristics of one J-

diode at 300 K was measured as shown in Figure 5a. The measured VBR ≈ 33 V agrees well with the values between 27 V 

and 35 V previously reported for J-diodes29. Light-emission measurements were performed by imaging the Ge-on-Si 

photodiode with a digital camera using a 20 s integration time. The diodes were biased above VBR, and at VD = -35 V light-

emission spots occurred at the corners of the device as shown in Figure 5b. The light-emission spots could stem from 

breakdown either at the Ge sidewalls or in underlying Si. The noise characteristics of Ge-on-Si avalanche photodiodes 

(APDs) depend on the exact position of the breakdown and in order to minimize avalanche noise, the multiplication region 

is commonly placed in the Si38. A simulation study is performed in Section 3.2 to understand the breakdown behavior of 

the PureGaB Ge-on-Si photodiodes that can be expected. 

(a) 

 

(b) 

 

Figure 5. (a) I-V characteristics of a reverse biased PureGaB Ge-on-Si photodiode measured at 300 K. (b) Light-emission 

measurement at VD = -35 V for the same device showing the appearance of bright spots in the corners of the device. 

3. DEVICE SIMULATIONS 

To further analyze the optoelectronic behavior of PureGaB Ge-on-Si photodiodes, device simulations were performed 

using commercially available technology-computer-aided-design (TCAD) software – Synopsys Sentaurus Device39. 

Responsivities were extracted from simulations of the Ge-on-Si structure shown in Figure 6a.  The thickness of the 

simulated n-type Si substrate was 500 µm with a constant doping, NSi, of 1015 cm-3. The thickness of the Ge island, tGe, 

was varied between 0.5 µm and 1.5 µm, and the n-type doping of the Ge island, NGe, was uniform and varied from 

5×1015 cm-3 to 5×1016 cm-3. The pn junction in the Ge was formed by simulating a constant box-like p-type doping profile, 

Np+ = 1020 cm-3, and the junction depth, yj, was varied from 5 nm to 100 nm. On top of the active Ge photodiode region, 

an oxide layer with thicknesses, tox, of either 0.5 or 1 µm was assumed. Carrier mobilities were modeled using the Philips 

unified mobility model40 and Fermi-Dirac statistics41 were assumed for electrons and holes. Electron and hole lifetimes of 

the SRH model for Si have their default values while electron and hole lifetimes of Ge, τe,h, have values of 10-5 s, 10-8 s or 

10-10 s. Optical simulations were performed using the OptBeam model which computes the optical generation in 

semiconductors by simple photon absorption using Beer’s law, and the TMM model based on the transfer matrix approach 

which takes into account absorption, reflectivity and interference in simulated layers. The optical generation assumed an 

internal quantum yield of 1 irrespective of the wavelength. Impact ionization is simulated using the van Overstraeten-de 

Man42 model. 

The ideal responsivity of a Ge-on-Si photodiode is shown in Figure 6b for a simulation using the OptBeam model and 

extracted at VD = -2 V with tGe = 1 µm, NGe = 1016 cm-3, τe,h = 10-5 s and yj = 5 nm, 20 nm and 50 nm. For comparison, the 

simulated responsivity of similar bulk-Si and bulk-Ge photodiodes are also included. In the UV to VIS range, Ge-on-Si 

devices with these very shallow pn-junctions can have a responsivity which is comparable to or higher than the bulk-Si 

photodiodes. Responsivity in the NIR range is determined by the thickness of the Ge layer.  
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(b) 

 
Figure 6. (a) Cross section of the simulated Ge-on-Si structure. (b) Responsivity as a function of wavelength at VD = -2 V for 
Ge-on-Si structure using the OptBeam model with tGe = 1 µm, NGe = 1016 cm-3, and yj = 5 nm, 20 nm and 50 nm. Responsivities 

of bulk-Si and bulk-Ge photodiodes are shown for comparison.  

3.1 Responsivity analysis 

The measured responsivity at VD = -2 V of J- and T-diodes is compared to the responsivity simulated using the OptBeam 

model for structures with tGe = 1 µm, NGe = 1016 cm-3, τe,h = 10-5 s and yj = 5 nm and is shown in Figure 7a. There is a large 

discrepancy between measurements and simulations especially for T-diodes which show more than two orders of 

magnitude lower responsivity as compared to the simulations. A simulation study is therefore performed to analyze which 

geometrical and physical parameters of Ge-on-Si photodiodes could have such a detrimental impact on the responsivity. 

In Figure 7a responsivity is also simulated for yj set at 20 nm, 50 nm and 100 nm. The lower responsivity for 406 nm and 

670 nm could be explained by a deeper junction depth which could be caused by Ga diffusion into Ge during 700 °C PureB 

deposition step43,44. However, variations in yj were not able to explain the low measured responsivity in the NIR range. 

The responsivity simulated for tGe = 0.5 µm, 1 µm and 1.5 µm and τe,h = 10-5 s, 10-8 s and 10-10 s is shown in Figure 7b. 

Simulations were performed using the OptBeam model at VD = -2 V and the parameters NGe = 1016 cm-3 and yj = 5 nm. 

Decreasing tGe is seen to lower the responsivity in the NIR range since Ge is needed for absorption of light with wavelengths 

above 1.1 µm. The thickness of Ge which would give good agreement with the measurements would have to be as low as 

0.1 µm. However, the Ge-on-Si thickness determined from TEM analysis shows values between 0.6 µm and 1.6 µm29. 

Decreasing hole and electron lifetime also decreases responsivity, but only for lifetimes shorter than 10-10 s. Changing the 

doping concentration to values NGe = 5×1015 cm-3, 1016 cm-3 and 5×1016 cm-3 did not impact the responsivity at all. 

 (a) 

 

(b) 

 
Figure 7. Simulated responsivity using the OptBeam optical generation model at VD = -2 V as a function of wavelength 

compared to the measured responsivity of J- and T-diodes for: (a) yj = 5 nm, 20 nm, 50 nm and 100 nm, tGe = 1 µm, NGe = 

1016 cm-3, τe,h = 10-5 s; (b) tGe = 0.5 µm, 1 µm and 1.5 µm and τe,h = 10-5 s, 10-8 s and 10-10 s, NGe = 1016 cm-3 and yj = 5 nm. 
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The impact of reflectivity and interference of the oxide layer is analyzed by performing simulations using the TMM model. 

The responsivity as a function of wavelength is shown in Figure 8 for structure with tox = 0.5 µm and 1 µm and compared 

to simulations using only the OptBeam model. Since oxide is transparent in the simulated range of wavelengths, the 

OptBeam model gave the same responsivity irrespective of the oxide thickness. The simulated responsivity using the TMM 

model shows that the impact of reflectivity and interference is not able to explain the significant drop in responsivity in 

the UV and NIR range. 

 

Figure 8. Simulated responsivity using the TMM optical generation model at VD = -2 V as a function of wavelength compared 

to the measured responsivity of J- and T-diodes for yj = 5 nm, tGe = 1 µm, NGe = 1016 cm-3, τe,h = 10-5 s and tox = 0.5 µm and 

1 µm. Simulated responsivity using the OptBeam optical generation model is shown for comparison. 

The heterojunction between Ge and Si is also considered as a possible source of deteriorated PureGaB Ge-on-Si photodiode 

responsivity. The Ge/Si interface traps are known to impact both the static and dynamic performance of photodiodes36,45,46. 

Both donor and acceptor traps are found to be located in the lower part of Ge bandgap close to the valence band45,46. 

Charged acceptor states are found at energies of Eacc=Ev + 0.11 eV while charged donor states are located at Edon=Ev + 

0.05 eV, where Ev is the valence band edge45,46. The Ge/Si interface traps tend to be p-type irrespective of the bulk 

conductivity36,46. To test the impact of Ge/Si interface traps on responsivity of the PureGaB Ge-on-Si photodiodes, 

simulations were performed assuming trap concentration at the Ge/Si interface, NT, varied from 1010 to 1014 cm-2. The 

simulated capture cross section for electrons and holes was σT = 10-13 cm2 45. The impact of both trap types on responsivity 

was simulated individually, and the results for acceptors and donors are shown in Figure 9a and 9b, respectively. The trap 

energy for acceptors was Eacc = EFi - 0.25 eV while the trap energy for donors was Edon= EFi - 0.3 eV, where EFi is the 

intrinsic Fermi level. Optical simulations were performed using the TMM model with tox = 1 µm while other parameters 

were yj = 5 nm, tGe = 0.5 µm, NGe = 1016 cm-3, τe,h = 10-5 s. Results are shown for NT varied from 1010 cm-2 to 7×1013 cm-2. 

The simulated responsivity of PureGaB Ge-on-Si photodiodes with Ge/Si acceptor interface traps, as shown in Figure 9a, 

indicates that the higher trap concentrations could explain the measured decrease in responsivity observed in the whole 

UV to NIR range. For J-diodes, the concentration of interface traps which fits the measured values is 2×1013 cm-2 while 

for T-diodes this concentration increases to 7×1013 cm-2. In both cases, the simulated responsivity gives a good 

approximation of the measurements from the UV to NIR wavelength range indicating that a higher concentration of 

acceptor traps could indeed explain the lower responsivity. It is expected that the traps do not uniformly occupy the whole 

interface but are mainly located close to edges that are known to be affected by Al-mediated material transport29. This is 

consistent with measurements performed on T-diodes which were subject to a longer thermal step during Al alloying and 

display lower responsivity. As shown in Figure 9b, donor traps do not impact responsivity irrespective of the concentration.   
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(a) 

 

(b) 

 

Figure 9. Simulated responsivity using the TMM optical generation model at VD = -2 V, as a function of wavelength and 

compared to the measured responsivity of J- and T-diodes for an NT of: (a) acceptor traps with σT = 10-13 cm2, Eacc = EFi – 

0.25 eV; (b) donor traps with σT = 10-13 cm2, Edon = EFi – 0.3 eV. The other parameters used in the simulations were yj = 5 nm, 

tGe = 0.5 µm, NGe = 1016 cm-3, τe,h = 10-5 s, tox = 1 µm. 

3.2 PureGaB Ge-on-Si photodiode geometry optimization 

In order to minimize the impact of Al migration from the Ge sidewalls, the contacts to the Ge island should preferably be 

processed to only contact the PureGaB layer. Contacting to the Ge sidewalls is an advantage for the fill factor but the 

process should then be modified to expose the sidewalls to a complete PureGaB coverage before metal deposition. The B 

layer has high resistivity so to maintain low series resistance, layers thinner than the tunneling thickness of about 3 nm 

should be applied. The effective barrier and resistance properties of 2-nm-thick B layers have already been demonstrated 

in PureB Si photodiodes47. A simulation analysis was performed to investigate the electrical performance of such a 

photodetector with complete PureGaB-all-round coverage of the Ge island surface. Electrical simulations were performed 

with the device structure illustrated in Figure 10. In-diffusion of Ga and/or B from the PureGaB-all-around electrode was 

set to have vertical (yj) and lateral (xj) pn-junctions with xj = yj = 5 nm, 10 nm, 50 nm and 100 nm. Other parameters used 

in the simulations were NGe = 1016 cm-3, tGe = 1 µm, τe,h = 10-5 s. The thickness of the simulated n-type bulk Si was 500 µm 

with a constant doping, NSi, of 1015 cm-3. Even with a very deep vertical and lateral pn-junction of 100 nm the total 

responsivity of a 26×26 µm2 PureGaB-all-around diode would decrease less than 1 % compared to structure with only a 

top-surface PureGaB region. The impact of a shallower pn-junction on the responsivity would be even less significant. 

Breakdown simulations were performed to check the impact of lateral pn-junction on VBR.  

 

Figure 10. Cross section of the PureGaB-all-around Ge-on-Si photodiode structure.  
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The simulations of the PureGaB Ge-on-Si photodiodes with only a top-surface PureGaB layer, as shown in Figure 6a, were 

performed first and compared to the experimental breakdown voltage and light-emission analysis performed in Section 

2.4. The I-V characteristics found from the breakdown simulations are shown in Figure 11a. The simulated 2D impact 

ionization generation rate at VD = -VBR is shown in Figure 11b. The simulated breakdown voltage is 32 V which matches 

well with measured values, and the position of the maximum impact ionization matches the light-emission measurements 

of Figure 5b that showed breakdown at the corners of the device. The maximum impact ionization is located at the Ge 

island sidewall.  

(a) 

 

(b) 

 

Figure 11. (a) Simulated breakdown characteristics of a PureGaB Ge-on-Si photodiode with a top-surface PureGaB layer. (b) 

Impact ionization generation rate at VD = -VBR. 

The breakdown voltages in the PureGaB-all-around design were simulated for varied xj = yj = 5 nm, 10 nm, 50 nm, 100 

nm and the results are shown in Figure 12a. The I-V characteristics display a decrease of the breakdown voltage as the 

junction becomes shallower. The main reason for this is the electric field distribution in Si under the PureGaB-all-around 

electrode which causes an increase of impact ionization generation rate as shown in Figure 12b for the PureGaB-all-around 

structure with xj = yj = 50 nm at VD = -VBR. 

(a) 

 

(b) 

 

Figure 12. (a) Simulated breakdown characteristics of PureGaB-all-around Ge-on-Si photodiodes with xj = yj = 5 nm, 10 nm, 
50 nm and 100 nm. Simulations of the top-surface contacted PureGaB Ge-on-Si photodiode are shown for comparison. (b) 

Impact ionization generation rate of the PureGaB-all-around Ge-on-Si photodiode with xj = yj = 50 nm at VD = -VBR.  
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In order to prevent premature breakdown for extremely shallow pn-junctions in case of the PureGaB-all-around Ge-on-Si 

photodiode, a guard ring (GR) is added in the Si under the Ge island. The cross section of the structure with two GRs is 

given in Figure 13a. Breakdown simulations were performed with GRs which had a Gaussian doping profile with junction 

depth of 0.5 µm, a maximum doping concentration of 1018 cm-3 and lateral spreading, LGR, of 0.5 µm. Results are shown 

in Figure 13b for xj = yj = 5 nm, 10 nm, 50 nm, 100 nm. In all cases, the breakdown voltage increases to values higher than 

55 V.  

(a) (b) 

 

 

Figure 13. (a) Cross section of a PureGaB-all-around Ge-on-Si photodiode with p-type guard rings. (b) Simulated breakdown 

characteristics of a PureGaB-all-around Ge-on-Si photodiode with and without guard rings.   

4. CONCLUSIONS 

Optical characterization of PureGaB Ge-on-Si photodiodes showed that the devices were responsive in the whole UV to 

NIR range. Photocurrents as high as 10 nA were measured by illuminating PureGaB photodiodes with bulk UV light 

sources with wavelengths of 255 nm and 280 nm. The responsivity was determined at discrete wavelengths of 406 nm, 

670 nm, 1310 nm and 1550 nm for two sets of devices. The one set displayed up to a decade lower responsivity than would 

be expected on the basis of the simulations, while the other had values yet another decade lower. This degradation of the 

responsivity was found to be related to Al-mediated material transport during the metal alloying step, initiated at the 

perimeter of the Ge islands if they were not covered with a PureGaB layer. A simulation study performed on different Ge-

on-Si structures showed that the presence of acceptor traps at Ge/Si interface could explain the decrease of responsivity in 

the whole UV to NIR range. These acceptor states could in reality be Al-dopants activated during the Al-mediated material 

transport. While the electrical properties of the PureGaB devices were not degraded, the results underline that having a 

barrier such as the B-layer between the Ge/Si and the metal is of importance for maintaining the optical performance.  

A modification of the basic diode structure was proposed where the PureGaB layer was deposited around the whole Ge 

island surface. The electrical and optical properties of this PureGaB-all-around structure were studied via simulations. Due 

to the extremely shallow nature of the PureGaB junctions, the responsivity only marginally degraded. Electrical 

simulations revealed that the breakdown voltage would be significantly reduced in such a geometry, going from about 35 

V to as low as 8 V, and the maximum impact ionization would be located in the Si where it meets the PureGaB layer. The 

addition of p-type guard rings at the device perimeter was found to be a way of mitigating premature breakdown and VBR 

could be increased to values higher than 55 V. Such a high breakdown voltage could facilitate fabrication of broadband 

APDs with separate charge absorption and multiplication layers in Ge-on-Si technology further increasing the sensitivity 

of the photodiodes.   
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