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ABSTRACT  

A CMOS compatible Ge photodetector (Ge-PD) fabricated on Si substrates has been shown to be suitable for near 
infrared (NIR) sensing; linear and avalanche detection, in both proportional and Geiger modes have been demonstrated, 
for photon counting at room temperature [1]. This paper focuses on implementations of the technology for the 
fabrication of imaging arrays of such detectors with high reproducibility and yield. The process involves selective 
chemical vapor deposition (CVD) of a ~ 1-μm-thick n-type Ge crystal on a Si substrate at 700°C, followed by deposition 
of a nm-thin Ga and B layer-stack (so-called PureGaB), all in the same deposition cycle. The PureGaB layer fulfills two 
functions; firstly, the Ga forms an ultrashallow p+n junction on the surface of Ge islands that allows highly sensitive NIR 
photodiode detection in the Ge itself; secondly, the B-layer forms a barrier that protects the Ge/Ga layers against 
oxidation when exposed to air and against spiking during metallization. A design for patterning the surrounding oxide is 
developed to ensure a uniform selective growth of the Ge crystalline islands so that the wafer surface remains flat over 
the whole array and any Ge nucleation on SiO2 surface is avoided. This design can deliver pixel sizes up to 30×30 µm2 
with a Ge fill factor of up to 95 %. An Al metallization is used to contact each of the photodiodes to metal pads located 
outside the array area. A new process module has been developed for removing the Al metal on the Ge-islands to create 
an oxide-covered PureGaB-only front-entrance window without damaging the ultrashallow junction; thus the sensitivity 
to front-side illumination is maximized, especially at short wavelengths. The electrical I-V characteristics of each 
photodetector pixel are, to our knowledge, the best reported in literature with ideality factors of ~1.05 with Ion/Ioff ratios 
of 108. The uniformity is good and the yield is close to 100% over the whole array.   
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1. INTRODUCTION  
Traditionally, charge-coupled devices (CCDs) and complementary metal-oxide semiconductor (CMOS) active pixel 
sensors (APS) are the technologies of choice in digital image sensors. Since the invention of CCDs in 1969 at AT&T 
Bell labs [2], they have progressed to resolutions of hundreds of Mpixels with micrometric pixel sizes, achieving fast 
readout speeds, up to several tens of gigaframes-per-second, and high-yield. CMOS APSs are approaching CCDs in all 
performance measures, but they are generally cheaper to fabricate, thanks to their compatibility with low-cost, mass-
produced CMOS processes. CCDs are based on charge shifting and a sequential charge readout at each row, thus pixel 
overhead can be minimized and fill factor maximized. However, in recent years CMOS APS pixels have also improved 
their fill factor, thanks to the use of deep-submicron processes. Miniaturization has also brought faster readout and on-
chip digital signal processing, often performed at pixel level [3]. But the main difference of CCDs and other CMOS-
compatible imaging technologies arises from their fabrication processes. CCDs are fabricated mostly on Si, thus limiting 
the flexibility of the choice of detection material, while CMOS APS technologies are aimed at using standard processes 
that are increasingly embedding new materials in their fabrication recipes, thus vastly enlarging the choice of detection 
materials and enabling potentially new and wider sensitivity spectra. The main motivation of the work presented in this 
paper is based on this basic difference: to deliver a suitable process technology for fabrication of fully CMOS-
compatible Ge-photodetectors on Si substrates for sensitive NIR imaging.  

The NIR spectral range of detection is only possible in semiconductors with small band-gaps and high cut-off 
wavelengths. The cut-off wavelength in Si for light absorption at room temperature is 1100 nm [4] which means Si alone 
is not suitable for long wavelength detection. On the contrary, some lower-bandgap semiconductors such as Ge and 
InGaAs (with cut-off wavelengths at room temperature of 1800 nm for Ge and up to 2600 nm for InGaAs, depending on 

Optical Sensing and Detection III, edited by Francis Berghmans, Anna G. Mignani, 
Piet De Moor, Proc. of SPIE Vol. 9141, 914104 · © 2014 SPIE

CCC code: 0277-786X/14/$18 · doi: 10.1117/12.2051993

Proc. of SPIE Vol. 9141  914104-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 15 Jul 2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



n n n n n
I

Ge PD

n-SI

(a)

n-Si

Si02 Ge PD

n-Si

n-si

I
! !

n-si
CO

 

 

the Ga to In fraction) are more suitable semiconductors for detection of low-frequency NIR wavelengths. Both Ge and 
InGaAs are all well-known and commercialized in different infrared spectral range applications [5-8]. However, the 
price range and the complexity of InGaAs as a compound semiconductor and compatibility of both Ge and InGaAs with 
standard Si-CMOS processing have always been the main critical issues. The integration of such materials on Si 
substrates are mostly achieved either by flip-chip, which is costly and leads to yield reduction, or by hetero-epitaxial 
growth, which usually requires extra processing steps such as Aspect-ratio trapping [9,10] and overgrowth and 
planarization steps [11] to reduce the threading dislocation density. 

In the past we have published a process for selective epitaxial growth of high-quality crystalline Ge on Si substrates, 
combined with a novel procedure for fabrication of ultrashallow p+n Ge diodes on Si substrates [12]. In this process, first 
a crystalline Ge with a thickness of ~1 µm and dislocation density of less than 10-7 cm-2 is grown selectively with in-situ 
n-type doping on a patterned Si substrate [13], and then a nm-thin layer stack of B on Ga (so called PureGaB) is 
deposited on top of the Ge to form the ultrashallow p+ region on top of Ge. The whole process is carried out in one 
deposition cycle in a commercial Si/SiGe epitaxial chemical vapor deposition (CVD) reactor equipped with a 
trimethylgallium (TMGa) precursor [12]. We also have previously shown that such devices have state-of-the-art 
electrical characteristics with very low dark currents as compared to literature and can even operate in Geiger-mode for 
NIR sensitivity [1]. 

In this paper, we proceed with utilization of this process in high-yield and reproducible detector arrays for NIR imaging. 
Specifically, a 270x1 Ge-on-Si photodetector array is designed and fabricated using two different photodiode sizes of 
either 6×6 µm2 or 26×26 µm2. The basic photodetector processing is extended for the first time with a module for 
achieving front-side illumination. The processing is fully CMOS-compatible and even with this extra processing the 
detectors in the array display a yield close to 100% as well as very uniform optical and electrical characteristics over the 
array.  

2. DETECTOR ARRAY DESIGN AND FABRICATION  
The process flow for the fabrication of a PureGaB Ge-PD array on a Si substrate is illustrated in Figure 1. The starting 
material is a 2-5 Ω-cm n-type Si (100) wafer. First a 30 nm thermal SiO2 is grown on the Si surface and then an LPCVD 
SiO2 layer is deposited with a thickness of ~1 µm. The SiO2

 layer is patterned and etched with soft-landing on the Si 
surface by the mask that defines the Ge photodiode positions in arrays of 270×1. 

 

 
Figure 1. Schematic process flow for the fabrication of PureGaB Ge-on-Si photodetector arrays. 
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In Figure 2, top-view cells of this design and the fabricated PD arrays (after metallization) are shown. Two types of 
arrays were used in this design: one with 6×6 µm2 PDs (Figure 2.a) and the other with 26×26 µm2 PDs (Figure 2.b). 
Around the whole array, a set of two 5-µm-wide lines are also patterned as shown in Figure 2. The purpose of these extra 
line-windows to the Si is to prevent the Ge that is deposited and moving across the SiO2 from reaching the array 
windows [13]. Such undesirable “loading effects” can otherwise lead to very non-uniform deposition across the array, 
not only of the Ge but also of the As-doping atoms. Moreover, nucleation of Ge on the SiO2 surface is also counteracted 
by increasing the surrounding open Si area. The new design delivers a uniform and completely selective Ge growth on Si 
surface with respect to the SiO2 surrounding the array and the fill factor for the 26×26 µm2 PD array can be made up to 
95 %. 

Just before loading the wafers in the CVD reactor for Ge photodiode growth, they are dipped in HF 0.55% for 4 minutes 
to remove the native oxide on the Si surface. In addition, in the CVD reactor, before the main processing cycle, a 4-min 
baking step at 850˚C is used to ensure that the Si is completely free of native oxide. The Ge-PD growth process then 
starts by first depositing less than 100 nm As-doped Ge at 400˚C and then around 900 nm intrinsic Ge at 700˚C at a 
pressure of 20 Torr. The precursor gasses used for Ge and As-doping are GeH4 and AsH3, respectively. Without 
interrupting the process or breaking the vacuum, a nm-thin layer of Ga is then deposited at 400˚C using the TMGa 
bubbler system, followed up by a nm-thin layer of B at 700˚C using B2H6 precursor gas to form the so-called PureGaB 
layer. The PureGaB layer has two main functions: 1) the Ga layer forms an ultrashallow p+-region on the Ge thus 
creating the p+n junction, and 2) the B layer forms a barrier layer that protects the Ge/Ga surface from oxidation when 
the wafer is removed from the reactor. This ensures a good metal contact while also protecting the PD junction from 
metal spiking [12].  

The process then continues with a uniform deposition of 800-nm-thick SiO2 over the wafer performed in a plasma-
enhanced chemical vapor deposition (PECVD) system. This SiO2 layer is then patterned and etched to create access to 
the perimeter of each PD as illustrated in Figure 1.e. Subsequently, a 675 nm Al/Si (1%) is deposited on both front and 
back sides of the wafer and the front side is patterned in a manner to give individual electrical contact to each PD. The 
metal in the central part of the Ge-PD is removed to maximize sensitivity for front-side illumination as shown in Figure 
1.f. Both array designs displayed high-quality PDs with very high-yield over the array. In the remainder of the paper, 
some of the electrical and optical properties of the fabricated PD arrays are discussed. 

 
                                            (a)                                                                                                  (b) 

Figure 2. Top-view cell of the Ge-PD design (top) and the microscopic-view of the fabricated arrays (bottom) with two sizes 
of  a) 6×6 µm2 and b) 26×26 µm2.  
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3. ELECTRICAL CHARACTERIZATION 
3.1 I-V characteristics 

The current-voltage (I-V) curves of the Ge-PDs within an array are shown in Figure 3 for both sizes of 6×6 µm2 and 
26×26 µm2. The variation of the dark current in both cases is found to be is less than 500 pA. This analysis shows the 
high-yield of this technology which is up to 99% and 100 % for the 6×6 µm2 and 26×26 µm2 PD-size arrays, 
respectively.  This improvement in uniformity as compared to our previously published data [12] has been made possible 
by a better control of the Ge deposition with a new design that includes deposition in lines around the array. As 
explained in the previous section, these lines can minimize any loading effects and non-uniformity of growth-rate and in-
situ As-doping. The corresponding ideality factors for both types of PDs were extracted to be 1.02 and for 6×6 µm2 and 
1.1 for 26×26 µm2 PD sizes.  

 
                                                    (a)                                                                                                     (b)                        

Figure 3. I-V characteristics of the Ge PDs across the array for two designs with the PD sizes of a) 6×6 µm2 and b) 26×26 
µm2. 

 

3.2 Optical characterizations 

The photocurrents of the PureGaB Ge-PDs for both sizes of the 6×6 µm2 and 26×26 µm2 have been measured at room 
temperature and the results are shown in Figure 4 for two different light-exposure conditions: when exposed either to 
visible light of high intensity or to light sets of not-visible infrared LEDs with a central wavelength at 950 nm. From 
Figure 4 one can conclude that for both PD sizes the sensitivity at higher wavelengths increases with respect to the 
visible wavelengths.  

To better understand this behavior, a room temperature study was performed on the 6×6 µm2 PureGaB Ge-PDs and the 
PureB Si-PDs that were fabricated in a similar process for front-side illumination as explained in [14]. The summary of a 
comparison between these two devices is presented in Table 1. The dark current of the Si-PDs is almost 3 decades lower 
than that of the Ge-PDs of the same size. This behavior is to be expected because the defect density in the deposited Ge-
PDs is higher and the bandgap is lower than for the Si substrate. However, the photocurrent of the Ge-PDs is about a 
decade higher than that of the Si-PDs. Also the sensitivity of the Ge-PDs to infrared light (950 nm LED light) is more 
than a decade higher than that of Si-PDs. From this analysis one can conclude that Ge-PDs have a wider wavelength 
range of light absorption in NIR spectral range and are significantly more sensitive at higher wavelengths at a cost of 
moderately higher noise. 
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                                                  (a)                                                                                                              (b) 

Figure 4. Reverse bias I-V characteristics of the Ge PDs at 3 conditions: (1) in the dark, (2) when exposed to the microscope 
light at maximum intensity and (3) when exposed to a standard set of low power 950 nm infrared LEDs for two designs with 
the PD sizes of a) 6×6 µm2 and b) 26×26 µm2.  

 

 Table 1. Comparison of light sensitivity of the Ge- and Si-PDs fabricated with Pure(Ga)B technology. The dark currents 
and photocurrents were measured at a reverse bias voltage of 3 V. 

  

PD-size [µm2] 

 

Ideality factor  

 

Dark current [A] 

Photocurrent for 
microscope visible 

light [A] 

Photocurrent for 
infrared LED   950 

nm [A] 

PureGaB Ge-PD 6×6  1.02 6.72e-12 1.60e-8 8.95e-8 

PureB Si-PD [14] 6×6  1.06 1e-14 4.63e-9 5.29e-9 

 

For further evaluation of the sensitivity, the photocurrent of the 26×26 µm2 PureGaB Ge-PDs was measured at room 
temperature over the entire array at different wavelengths in the NIR spectrum using a monochromator with a light-beam 
spot that was considerably larger than that of the PD area. This photocurrent was compared with the photocurrent of a 
reference Ge diode with an active area of 10×10 cm2 (much larger than the light-beam spot) for which the quantum 
efficiency QE was known for the applied range of visible to NIR wavelengths. The ratio of PureGaB Ge-PD 
photocurrent to the reference PD photocurrent (ID/Iref) is plotted in Figure 5 for a reverse bias voltage of 1 V. The 
significant increase of this value for wavelengths above 1100 nm conservatively indicates the high-sensitivity of 
PureGaB Ge-PDs in NIR spectral range. 

4. CONCLUSIONS 
A design is presented of a 270×1 array of PureGaB Ge-PDs with 2 PD sizes of 6×6 µm2 and 26×26 µm2. While PureGaB 
Ge-PDs have previously been shown to have world-record low dark currents and ideality factors, in this paper the 
uniformity of the fabricated devices over the array in terms of I-V characteristics has been investigated and shown to be 
almost perfect with a yields of 100% and higher than 99% for Ge-PD sizes of 26×26 µm2 and 6×6 µm2, respectively. 
Also, a new process module has been successfully added to the process the removal of metal on the Ge-islands, which 
delivers an oxide-covered front-entrance window for the light that leaves the PureGaB p+n ultrashallow junction 
undamaged.  
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Figure 5. ID/Iref photo-response of the 26×26 µm2 PureGaB Ge-PD in the NIR spectrum at reverse bias voltage of 1 V. 

 

The I-V characteristics of the Ge-PDs at room temperature are reproducible over the array indicating a reliable low-noise 
performance with dark currents less than 100 pA. Such low values may well correspond to very low dark counts at 
cryogenic temperature performance placing these detectors in a performance range suitable for single-photon-counting 
applications. Also the sensitivity of all the Ge-PDs in an array at room temperature is reliably higher in the NIR spectral 
range than that of the PureB Si-PDs and the photocurrent of the Ge-PDs increases at wavelengths above 1100 nm. All in 
all, these properties suggest that this process, being CMOS compatible, can become a low-cost option for fabricating 
highly-sensitive NIR range imagers. 
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