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High-performance and tensile-strained germanium (Ge) p-i-n photodetector is demonstrated on Si substrate. The epi-

taxial Ge layers were prepared in an ultrahigh vacuum chemical vapor deposition (UHV-CVD) system using low tem-

perature Ge buffer technique. The devices were fabricated by in situ doping and using Si as passivation layer between 

Ge and metal, which can improve the ohmic contact and realize the high doping. The results show that the dark current 

of the photodetector with diameter of 24 µm is about 2.5×10-7 µA at the bias voltage of –1 V, and the optical respon-

sivity is 0.1 A/W at wavelength of 1.55 µm. The 3 dB bandwidth (BW) of 4 GHz is obtained for the photodetector with 

diameter of 24 µm at reverse bias voltage of 1 V. The long diffusion time of minority carrier in n-type Ge and the large 

contact resistance in metal/Ge contacts both affect the performance of Ge photodetectors.  
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Si microphotonics has emerged as a promising technol-

ogy to break through the interconnect bottlenecks in 

telecommunications and on-chip interconnects[1,2]. There 

is an increasing demand for complementary metal oxide 

semiconductor (CMOS) compatible low-cost, high-speed 

optical receivers. Epitaxial growth of germanium (Ge) on 

Si is promising for applications in the field due to its 

high absorption coefficient in the wavelength range of 

1.3–1.55 μm for low-cost monolithic transceivers used in 

optical communications. Despite the large lattice mis-

match (about 4.2%) between Ge and Si, several groups 

reported the epitaxial grown of Ge films on Si with elec-

tronic properties suitable for photodetectors. Linearly 

graded buffer layers[3], low temperature buffers[4,5] and 

thermal annealing[6] were employed to deposit Ge epi-

layers with low dislocation density. These methods are 

focused on bulk heteroepitaxial growth on Si. However, 

optimizing the device structure is also a promising ap-

proach for the monolithic integration of Ge optoelec-

tronics on Si. Vivien et al[7,8] have observed Ge p-i-n 

photodetectors selectively grown at the end of Si 

waveguides, and a very high optical bandwidth (BW) up 

to 120 GHz and an optical responsivity of 0.8 A/W at 

1 550 nm were measured. Park et al[9] reported Ge p-i-n 

photodiodes in which an i-Si layer was inserted between 

Ge and top Si layer to reduce the electric field in Ge 

layer, which had a low dark current density of 10 mA/ 

cm2 at –1 V without post-growth annealing. 

With the latter technique, normal incidence p-i-n pho-

todiodes were demonstrated with optical responsivity as 

high as 1 A/W at 1.55 μm (external quantum efficiency 

of 80%)[10]. The dark current density can reach 0.15 mA/ 

cm2 at reverse bias voltage of 1 V[11]. A large bandwidth 

of 49 GHz was recently achieved in normal incidence 

p-i-n diodes, which was realized by Ge grown on Si us-

ing molecular beam epitaxy[12]. However, the high dark 

current density and non-ohmic contact between Ge and 

metal are also common problems. In this paper, we 

demonstrate a 0.16% tensile strained Ge p-i-n photo- 

detector integrated on a Si substrate using low- tempera-

ture Ge buffer layer technique. The in situ doping tech-

nology and using Si as passivation layer between n+ Ge 

and metal can make the ohmic contact better and im-

prove the doping concentration. The devices are charac-

terized in terms of dark current, optical responsivity and 

3 dB bandwidth in the near infrared (NIR) region.  

The schematic cross section of the detector is shown in 

Fig.1(a). Ge was epitaxially grown on an n-type (001) Si 

wafer with diameter of 10 cm by ultrahigh vacuum 

chemical vapor deposition (UHV-CVD) with a base 

pressure lower than 10-7 Pa. After standard Radio Cor-

poration of America etching and thermal cleaning of Si 

substrate at 900 °C for 30 min, an Si buffer layer was 

grown at 650 °C for 30 min. In order to minimize the 

dislocation associated with the large lattice mismatch, 

firstly, a thin relaxed low-temperature Ge buffer with 
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thickness of 90 nm was grown at 330 °C followed by a 

high temperature growth at 600 °C to deposit 300 nm- 

thick Ge on Si. Then, a 150 nm-thick Ge layer, which 

was highly doped in situ with a B2H6 concentration of 

1.5×1019 cm-3, served as a p+ buried layer. In the next 

growth step, a fully strain relaxed 430 nm-thick intrinsic 

region was deposited with an abrupt transition of the 

doping level from 1019 cm-3 to the order of 1016 cm-3. The 

in situ doping concentration of PH3 was sharply in-

creased to 2.5×1018 cm-3 in the following 300 nm-thick 

n+ Ge layer. Finally, a 2 nm-thick strained Si cap layer 

with a PH3 doping concentration of 1020 cm-3 was used 

for the top ohmic contract. 

 

 
(a) 

 
(b) 

Fig.1 (a) Schematic cross section and (b) electrode 

structure of the 24 µm-diameter Ge p-i-n photodetec-

tor 

 

The preparation process of device started with the 

formation of the active region in inductively coupled 

plasma (ICP) etcher. The etching depth must be thor-

oughly controlled to achieve a maximum remaining 

thickness of the p+ buried layer, which is essential for a 

small series resistance. In the second ICP etching step, 

the mesa of the n+ buried layer was patterned. Al was 

used as the metal contact by e-beam evaporation, and 

SiO2 was used to insulate and passivate the devices by 

plasma-enhanced chemical vapor deposition on the 

sidewall to reduce the surface leakage current. No antire-

flection coating was deposited on the device. The micro-

graph of the photodetector with a 24 μm-diameter top 

mesa is shown in Fig.1(b). The strain status and the 

crystal quality of Ge were evaluated by double crystal 

X-ray diffraction (XRD) measurement (Bede, D1 system) 

using a Cu Κα1 (λ=0.154 06 nm) X-ray source. The 

dopant distribution in the sample was measured by sec-

ondary ion mass spectrometry (SIMS). The cur-

rent-voltage characteristics of the devices were measured 

with an Agilent B1500A semiconductor parameter ana-

lyzer at room temperature. 

The in situ doped phosphorus and boron depth profiles 

measured by SIMS in sample are illustrated in Fig.2. The 

abrupt depth profiles of impurity concentration at the 

interface between doped and intrinsic Ge layers and the 

p-i-n structure are clearly visible. Although the flows of 

the PH3 and B2H6 are well matched in the in situ doping, 

the phosphorus concentration of 2.5×1018 cm-3 is lower 

than the boron concentration of 1.5×1019 cm-3 by about 

one order of magnitude. The larger diffusivity of phos-

phorus which is proportional to the square of phosphorus 

concentration causes the extracted phosphorus to diffuse 

into the intrinsic Ge layer during the in situ growth proc-

ess[13]. As a result, lower phosphorus concentration of n+ 

Ge layer and smaller thickness of intrinsic Ge layer 

compared with predicted values are achieved. 

 

 

Fig.2 SIMS depth profiles of phosphorus and boron in 

n/p Ge layer 

 

Fig.3 shows the typical measured XRD rocking curves 

of the Ge on Si substrate. With the rocking distance be-

tween Ge epilayer and Si layer, the tensile stain in Ge 

epilayer is evaluated to be about 0.16%, which should be 

due to the large thermal expansion coefficient difference 

between Ge and Si. The tensile strain in the grown Ge 

results in enhanced efficiency in the NIR region and 

shifts the absorption edge to longer wavelengths[14]. The 

full width at half maximum (FWHM) of Ge peak is 

about 236″. The narrower FWHM of Ge XRD peak sug-

gests that the sample has good crystal quality. 

The current-voltage characteristics in the dark and 

with illumination of the detector at 1.55 μm under for-

ward and reverse bias voltages are shown in Fig.4, which 

shows better diode performance with a good rectification 

ratio of 104 at bias voltage of ±1 V. The dark current of 

photodetector with diameter of 24 μm is 2.5×10-7 A at 

reverse bias voltage of 1 V, corresponding to a current 

density of 55.3 mA/cm2.  



CHEN et al.                                                               Optoelectron. Lett. Vol.11 No.3 ·0197· 

 

Fig.3 Measured XRD rocking curves of the sample 

with Ge on Si substrate 

 

 

Fig.4 Measured dark current and photocurrent at 1.55 

µm for 24 µm-diameter photodetector 

 

The measurement of optical responsivity is performed 

with the use of a semiconductor analyzer, a probe station 

and a laser with wavelength of 1.55 μm. The light is 

coupled into the device completely with a single-mode 

fiber probe at incident optical power of 1 mW. The satu-

ration of the photocurrent at 0 V bias voltage reveals that 

the photodetector configuration allows a complete 

photo-generated carrier collection without bias voltage. 

At a reverse bias voltage of 1 V, the optical responsivity 

of the p-i-n photodiode is 0.1 A/W at 1.55 μm, which is 

lower than the predicted value due to the higher contact 

resistance induced between low doped n+ Ge and metal 

and the parasitic capacitance in the photodiode.  

The normalized frequency response of the 

24 μm-diameter detector is measured by a distributed 

feedback laser at 1.55 μm. The frequency of modulation 

is swept over a bandwidth range of 80 MHz–10 GHz. 

The frequency responses at four bias voltages are shown 

in Fig.5. At the reverse bias voltages of 0 V and 1 V, the 

3 dB bandwidths with mesa diameter of 24 μm are found 

to be 1.7 GHz and 4 GHz, respectively. At the reverse 

bias voltages of 3 V and 5 V, the bandwidths both de-

crease sharply. A destructive breakdown occurs when the 

reverse bias voltage is increased to 3 V. It is suggested 

that the fact that the thin and high doped n+ Ge layer is 

hardly achieved causes the minority hole to infuse into 

the intrinsic Ge layer, while large contact resistance in-

duced between low doped n+ Ge and metal can reduce 

the performance of the device. On the other hand, the 

parasitic capacitance of the device increases when Ge 

material is used as virtual substrate due to its good con-

ductivity, which reduces the high frequency performance 

of the photodetector[15]. 

 

 

Fig.5 Normalized frequency responses of the 24 µm- 

diameter detector at different bias voltages 

 

In conclusion, we demonstrate a 0.16% tensile strained 

normal incidence Ge p-i-n photodetector grown on Si 

substrate for monolithic integration using UHV-CVD. A 

low dark current of 2.5×10-7 A indicates the good Ge film 

quality at reverse bias voltage of 1 V. The optical respon-

sivity of 0.1 A/W is achieved at 1.55 μm. The 3 dB 

bandwidths of the detector with diameter of 24 μm are 

4 GHz and 1.7 GHz at bias voltages of –1 V and 0 V, 

respectively. The performance limitation of the 

photodetector should be attributed to the long diffusion 

time of minority carriers in n-type or p-type Ge and the 

large contact resistance induced by non-ohmic contact. 

The dark current density can be reduced by further im-

proving the Ge epitaxial growth quality and fabrication. 

The bandwidth and the responsivity can be improved by 

using resonant cavity design while maintaining a thin 

intrinsic Ge layer for high-speed operation. 
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