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1ABSTRACT 

We report on the fabrication and characterisation of an all-epitaxial Germanium-on-Insulator (GOI) Metal-
Semiconductor-Metal (MSM) photodetector. The MSM photodetector is fabricated on a (111)-oriented epitaxial Ge 
layer, grown on an epitaxial Gd2O3/Si(111) substrate, by molecular beam epitaxy (MBE). The first step is the growth of 
the 15-nm thick Gd2O3 epitaxial layer over CMOS-grade silicon, atop which an epitaxial layer of Ge is grown. Near 
infrared (NIR) MSM photodetectors have been fabricated over the Ge epitaxial layer with an inter-digitated (IDT) 
contact structure, with an active area of 100 µm x 124 µm. For the particular IDT dimensions, the dark current has been 
measured to be 475 µA. A responsivity of ~ 2 mA/W is observed at a -5V bias, when excited at 1550 nm. 
 
Keywords: Germanium, germanium-on-insulator, NIR photodetector, MSM photodiodes, molecular beam epitaxy, 
silicon photonics. 

 
1. INTRODUCTION 

 
Integration of photonic and electronic elements on a single chip is expected to enhance data transfer rates, while reducing 
power consumption. Towards this goal, significant progress has been made globally, with the vision of developing 
electro-photonic integrated circuits (EPIC). III-V compound semiconductor materials, such as gallium arsenide (GaAs) 
and indium phosphide (InP), continue to dominate the photonics market, due to their excellent light emission and 
absorption properties [1]. However, their integration with the current CMOS technology is non-trivial, due to cross-
contamination issues and high costs involved.  On the other hand, the relatively large bandgap of 1.12 eV (indirect) and 
3.4 eV (direct) of silicon, limits its use in photo-detection, in the near infrared (NIR) wavelength range. In the recent 
years, germanium has emerged as a promising group-IV semiconductor for fabrication of high-performance NIR 
photodetectors. With a direct bandgap of 0.8 eV, and an indirect bandgap only 130 meV lower in energy, Ge has a 
relatively high absorption coefficient in the 1.3 µm to 1.55 µm wavelength range. Being a group-IV semiconductor, Ge 
can be monolithically integrated on Si [2], without any cross-contamination. However, the 4% lattice mismatch between 
Ge and Si poses a major challenge for monolithic integration. Nevertheless, various research groups have successfully 
demonstrated the growth of device-grade Ge epitaxial layers on Si, which have also been fabricated into NIR 
photodetectors [3, 4]. MBE is one of the promising epitaxial growth techniques to achieve monolithic integration of Ge-
based photonics on the Si platform.  
 
In Ge/Si epitaxial layers, photo-excited carriers are generated in the Ge layer, when illuminated with light of suitable 
wavelength. Although the underlying Si also absorbs the light, carriers are generated deep within the Si substrate. Due to 
the relatively weak absorption of Si, these carriers take a long time to diffuse to the metal contacts (on top of the Ge 
epilayer) and hence, the response of the device dampens. This limits the bandwidth and hence the performance of the 
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photodetectors. To enhance the performance of Ge/Si photodetectors, an electrical isolation between Ge and Si may be 
inserted, in so-called GOI engineered substrates  [5]. Based on the GOI platform, high performance optical devices have 
already been demonstrated [5, 6, 7], but the oxide in all these cases is amorphous in nature, with a wafer bonding step 
included [8, 9].  

In this work, we report the growth of epitaxial Ge (111) on Gd2O3/Si(111) template by molecular beam epitaxy and use 
this structure for fabrication of GOI-based photodetectors. We demonstrate that the use of an epitaxial oxide layer 
effectively reduced the dark current of metal-semiconductor-metal (MSM) photodetectors, when compared to similar 
devices fabricated with Ge/Si and Ge. The measured dark current for our GOI photodiodes is ~ 475 µA at bias voltages 
of ± 1V. A responsivity of nearly 2 mA/W was observed for these GOI structures at a bias of 5 V, at 1550 nm. By 
growing thicker Ge layers on Gd2O3/Si(111) substrates, both lower dark currents and higher responsivity may be 
achieved.  

2. EXPERIMENTAL DETAILS

2.1 GOI growth and characterization 

The Ge epilayer was grown in a RIBER MBE (Compact-12) system at CEN, IIT Bombay on a epi- Gd2O3/Si(111) 
substrate, grown at the Leibniz University, Hannover. Details of the oxide growth can be found elsewhere [10]. For the 
Ge growth, the Gd2O3/Si(111) substrate was first baked at 180°C, for approximately 10 hours, in the fast-entry load-lock 
chamber of the MBE system. The substrate was then transferred to the ultra-high vacuum (UHV) growth chamber. An 
initial heating of the substrate to 700°C was performed, to obtain a clean and smooth epi-Gd2O3 surface. Following this 
heat treatment, approximately 550-nm of Ge was grown at a growth temperature (TG) of 300 °C, with a growth rate of 
about 1.6 nm/min. In-situ RHEED (Staib Instruments Inc.)  was used to monitor the growth in real time, while HRXRD 
(Rigaku Smartlab) was used for the structural characterization of the grown epilayer.  The high-resolution mode was 
used for ω-2θ and ω scans, while θ-2θ scans were performed in a low-resolution mode. A 200 kV high resolution 
transmission electron microscope (HRTEM) from JEOL was used to record XTEM images along the (11ത0) direction. 

2.2 GOI MSM device fabrication and characterization 

First, a 300-nm SiO2-layer was deposited for surface passivation of the epi-Ge surface, by Inductively-Coupled-Plasma 
Chemical Vapour Deposition (ICPCVD). Thereafter, the oxide surface was patterned for MSM IDT structures by 
standard photolithography and a combination of dry-etching by fluoride-based plasma and wet etching by buffered 
hydrofluoric acid (BHF). A thermal evaporation process was used to deposit Au-Sb alloy contacts, and finally a lift-off 
was carried out to make the finished MSM devices. Post-metallization annealing of the devices was carried out at 375°C, 
450°C, 650 °C and 850°C, for 60 s each. The current voltage measurements were carried out with a Keysight B1500A 
Semiconductor Device Analyzer, while the photocurrent measurements have been carried out using a Keithley 4200 
source meter along with a 1550 nm laser source from Thorlabs. 

3. RESULTS AND DISCUSSIONS

3.1 Germanium films 

While Ge growth on Gd2O3/Si(111) starts in the Volmer-Weber (V-W) growth mode, the layer-by-layer  growth mode is 
recovered within a duration corresponding to deposition of 11-nm Ge. The in-situ RHEED clearly shows the transition in 
the growth mode of the epilayer. Figure 1 (a) reflects a clean and flat Gd2O3 surface just after the heat treatment at 700 
0C. After 65 s of growth, a spotty pattern appears (Figure 1 (b)), indicating island formation in the V-W growth mode. 
Two types of super-imposing spotty patterns, indicating type-A and type-B stacking of the (111) planes, can be seen in 
this image [11] [12]. Type-A and type-B stacking differ in the stacking order, in which one type is rotated by 1800 about 
the surface normal, with respect to the other. Subsequently, the growth of only one of the types takes place, and layer-by-
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layer growth mode recovers, as revealed by Figures 1(c) and 1(d). The streaky pattern of Fig. 1(d) persists till the end of 
Ge growth. More details on the growth and structural characterization of Ge(111)/Gd2O3(111)/Si(111) can be found in 
reference [13]. 

Figure 1. RHEED images recorded at different stages of Ge growth: (a) Image of the Gd2O3 (111) surface just before the start of 
  Ge growth; (b) 65 s, (c) 405 s and (d) 35 min after commencement of Ge growth. 

 Figure 2. (a) wide ω-2θ scan of the Ge (111)/Gd2O(111)/Si(111) epilayer and (b) ω-rocking curve diffractogram, recorded around  
 the Ge (111) reflection. 

High Resolution X–Rays Diffraction characterization: In ω-2θ XRD-scan, only the (111) and (333) reflections of Ge 
are visible at 27.300 and 90.110

, respectively (Figure 2(a)). The rest of the peaks correspond to the Gd2O3/Si(111) 
substrate. This depicts the formation of a (111)-oriented, epitaxial Ge layer. The fact that this Ge epitaxial layer is fully 
relaxed is confirmed by the Bragg positions of the Ge (111) peaks, which correspond to the bulk value of the interplanar 
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spacing of the {111} planes. The full-width-at-half maximum (FWHM) of the ω-rocking curve, measured around the 
Ge(111) reflection is 0.30.  
 
 
 

 

 

         

 
 

 

 

 

 

 

     Figure 3. (a) Cross sectional HRTEM image of the Ge(111)/Gd2O3(111)/Si(111), (b) a close-up image of stacking fault, and (c) a         
                     high resolution image of the interface region, showing the stacking orientation of the Gd2O3 and the Ge epilayers. 

 
 
XTEM analysis: The TEM image of the grown heterostructure is shown in Figure 3(a).  Stacking faults (SF)/twins and 
threading dislocations are observed near the Ge- Gd2O3 interface (Figures 3(a) and 3(b)). The stacking orientation of the 
Ge and Gd2O3 epilayers (type-A and type-B, respectively) with respect to the Si substrate, is seen from the relative 
orientation of the (111) planes in Figure 3(c). An (amorphous) interfacial layer at the Gd2O3/Si interface is also visible in 
the figure, which forms presumably during the annealing of the substrate at 700 0C.  
 
 
3.2 GOI MSM Photodiodes 
 
A cross-sectional schematic and a microscope-image of the fabricated GOI MSM photodetector is shown in Figure 4(a) 
and 4(b), respectively. The photodetector has an active area of 100 µm x 124 µm, with 4 µm finger-width and a pitch-
length of 20 µm. I-V measurements have been recorded in the voltage range of -2 V to +2 V and -5V to +5 V. It is 
observed that for epi-GOI-based MSMs, the dark current is significantly lower than that of MSMs fabricated on Ge 
wafers (Figure 4(c) and 4(d)). Further, a dark-current reduction of more than a decade is also observed due to annealing 
of the contacts. The latter effect can possibly be explained by the formation of a n-type region, locally below the metal 
contacts, in the otherwise (unintentionally) p-type Ge epilayer. This locally-developed n-type regions would form p-n 
junctions below the metal contacts, thereby providing a MSM device with two back-to-back p-n junctions. Further 
investigations are underway to ascertain this possibility, as improvement of the passivation layer may also explain 
reduction in dark current. 
 
At 1550 nm, we observe a rather low photo-response from GOI-based photodetectors. At 1V reverse bias, a photocurrent 
of ~ 8.6 µA is observed, while the dark current is measured to be 475 µA. At 5V, the photocurrent increases to ~ 43.5 µA 
(however, with a back ground dark current of 2.41 mA), for a laser power of 24 mW. At the same laser power, bulk-Ge-
based MSM PDs show a much larger photocurrent (2.386 mA), with a dark current of only 428 µA.   
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The absorption coefficient of Ge is 460 cm-1 at 1550 nm wavelength [14] and the above results indicate that epi-Ge layer 
thickness plays an important role for a good photo-response. The obtained responsivity of GOI MSM devices is ~ 2 
mA/W  (at – 5V) with a noise equivalent power (NEP) of 15.32 nW(Hz)-1/2 [15] (at 1550 nm). The low photo-response 
and high NEP of the GOI photodiode can be attributed to the small thickness of the epi-Ge layers. A thicker epi-Ge layer 
will both reduce the dark current (due to improved crystal quality) and enhance the photo-response.   

SUMMARY 

We reported dark current and photo-response characteristics of all-epitaxial Ge/Gd2O3/Si(111) germanium-on-insulator 
MSM photodetectors, and compared the results with those of MSM photodetectors based on bulk-Ge substrates. The 
hetero-epitaxial structures for the fabrication of the photodetectors have been grown by molecular beam epitaxy. The 
GOI photodetectors exhibit a dark current of a few hundreds of µA, whereas responsivity at 1550 nm was measured to be 
~ 2 mA/W (at – 5V), with a noise equivalent power (NEP) of 15.32 nW(Hz)-1/2. Further improvements in the 
photodetector characteristics may be obtained by increasing the Ge layer thickness. 
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