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Abstract 
Germanium offers many benefits over groups III-V materials when used for 
infrared detection. Most importantly, germanium is compatible with Com-
plementary Metal Oxide Semiconductor (CMOS) manufacturing which allows 
for a low-cost, high-throughput device, and it does not require cooling, which 
many III-V devices do. With the deposition of germanium directly on silicon, 
there will be a thermally induced strain due to the difference in thermal ex-
pansion coefficients between the two materials. When a biaxial tensile strain is 
present, the direct bandgap of germanium is lowered to ~0.77 eV and is capa-
ble of absorbing longer wavelengths. We have used a two-step deposition 
process to create a strained germanium film in order to fabricate a photode-
tector device. Our device has a dark current of 1.35 nA and a photocurrent of 
22.5 nA at 1570 nm wavelength. Next, we developed a model in order to 
compare theoretical results with experimental results. The results indicate that 
the model is in close agreement with our measured data, and we are therefore 
able to use it to model future devices. 
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1. Introduction 

Infrared detection has applications in a wide range of fields. Telecommunica-
tions has been vastly improved with the use of fiber optics due to decreased cost 
and increased data rates compared to using copper wire [1]. The capacity of a 
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single fiber is over hundreds of Tb/s [2]. There are also many military applica-
tions, including biochemical threat detection, night vision and the ability to im-
age hostile mortar fire and muzzle flash [1].  

Traditionally, groups III-V materials have been used to fabricate infrared de-
tectors due to their high absorption efficiency and high carrier drift velocity [3]. 
However, fabrication of devices using these materials can be complex and ex-
pensive [1]. Groups III-V materials also are not compatible with Complementa-
ry Metal Oxide Semiconductor (CMOS) manufacturing since they act as conta-
minates in silicon. Additionally, devices fabricated from these materials may re-
quire cooling, some down to 77 K [4].  

On the other hand, germanium, a group IV material, does not act as a conta-
minant in silicon and is compatible with CMOS manufacturing. This allows for a 
low-cost, high-throughput device. Germanium is also capable of achieving a rel-
atively low dark current (<1 μA) without cooling. However, germanium does 
have a few disadvantages, mainly that it has a 4.2% lattice mismatch with silicon 
and that it is predominantly an indirect bandgap material. The lattice mismatch 
between silicon and germanium can cause misfit dislocations at the interface 
between the two materials, which can degrade device performance [5]. Germa-
nium is a poor absorber of infrared light due to the fact that it is an indirect 
bandgap material. The indirect bandgap is predominant at 0.66 eV; however, its 
direct bandgap is only 140 meV above the indirect bandgap at 0.8 eV [4]. With a 
0.2% thermally induced strain, germanium can be shifted toward a direct band-
gap material at 0.77 eV, which will allow for absorption of longer wavelengths 
[4]. This is due to the introduction of a biaxial tensile stain, and it extends the 
absorption range into the 1560 - 1620 nm wavelength range [6]. Using germa-
nium in a p-i-n junction allows the depletion region width to be tailored simply 
by changing the thickness of the intrinsic layer [7]. This allows the optimization 
of quantum efficiency and frequency response.  

It can be beneficial and more efficient to model devices using Technology 
Computer Aided Design (TCAD) before spending much time and resources on 
test wafer runs. Many groups have taken advantage of developing a model for 
their work [8] [9] [10]. Using TCAD allows us to simulate the fabrication of 
unique designs, materials and properties such as doping, thickness, etc. For these 
reasons, we have developed a model for a previously reported device [11] in or-
der to compare experimental and theoretical results. This will allow us to trans-
late the model for simulations of future device designs.  

2. Device Design and Fabrication 

We have successfully fabricated a germanium p-i-n infrared detector on a 300 
mm p-type silicon wafer. Using a 300 mm wafer results in a higher yield, which 
can save time and expenses. We deposit pure germanium on the silicon wafer 
using a two-step growth process, which ensures a quality, smooth epitaxial ger-
manium film without using very thick traditional SiGe buffer layers. We per-
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formed this two-step deposition using an Applied Materials Centura Reduced 
Pressure Chemical Vapor Deposition (RPCVD) system. After the film deposi-
tion, we then performed ion implantation and metallization to create front con-
tacts to complete the device.  

2.1. Two-Step Growth Process 

Before we begin the deposition, we first perform an in-situ clean where we heat 
the silicon substrate to ~1050˚C for 1 - 2 minutes under hydrogen of ultra-high 
purity. This reduced the native oxide on the surface and leaves the silicon 
H2-terminated. For the first step of the deposition, we deposited a thin (~100 
nm) p-type germanium buffer layer at a lower temperature (~325˚C - 425˚C). 
The deposition of a buffer layer allows for a smooth film without islands. Usually 
germanium follows Stranski-Krastanov (or layer-plus-island) growth. However, 
at this low temperature, the island growth of germanium is kinetically sup-
pressed and therefore will only grow as a layer [12]. Instead of forming islands, it 
is energetically favorable to form dislocations since an island has a higher surface 
energy. Below the critical thickness for germanium on silicon, which is ~1 nm, 
near epitaxial growth will occur. However, above this thickness, stresses due to 
the mismatched lattices can result in plastic deformation, which results in the 
formation of dislocations [13]. The dislocation concentration will increase until 
a minimum free energy of the system is reached [14]. If the stress in a material 
becomes too large to be accommodated by dislocations, cracks may form to re-
lease the strain [15]. Since the buffer layer is p-type, it also allows most of the 
dislocations to remain outside of the depletion region which improves device 
performance [16].  

The second step involves germanium deposition of a thick (~1.5 μm) intrinsic 
germanium region. This layer is deposited at a higher temperature (~600˚C) 
which allows for a better crystal quality as well as a higher growth rate, which is 
important due to its thickness.  

2.2. Remaining Device Fabrication 

Once the intrinsic germanium layer is deposited, the next step is to form a p-i-n 
junction. First, we deposited a layer of SiO2 directly on the i-Ge region. Next, we 
opened windows of ~50 μm and deposited a 20 nm screen oxide layer. We then 
performed ion implantation of phosphorus to form an n+ region within the 
window. The screen oxide layer was then stripped, and a tantalum nitride (TaN) 
diffusion barrier layer was deposited. To form the contacts, we then deposited 
copper within the oxide windows and finished the device by performing chemi-
cal mechanical polishing (CMP). The fabrication steps as well as a schematic of 
the finished device can be found in Figure 1.  

3. Device Characterization 

In order to characterize the film quality and device performance, several differ-
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ent techniques were utilized. To confirm crystalline growth of germanium, we 
took Transmission Electron Microscope (TEM) images as well as Ener-
gy-Dispersive X-ray Spectroscopy (EDS) data. These can be seen in Figure 2. 
We also used Secondary Ion Mass Spectroscopy (SIMS) to measure the doping 
levels of the p- and n-regions of the junction, as well as to ensure that any back-
ground doping of the intrinsic region was not too high (usually > 1014 
atoms/cm3). The n-Ge was measured at 5.5 × 1018 cm−3, the i-Ge was 5.0 × 1014 
cm−3, and the p-Ge was 1.0 × 1018 cm−3. Finally, Current-Voltage (I-V) mea-
surements were performed in order to quantify the performance of the finished 
photodetector. Since this paper focuses on modelling the I-V measurements of 
this device, we shall focus on those data. For all other characterization data, 
please refer to [11].  

 

 
Figure 1. Schematic of the process flow for device fabrication. Final device shown in step 
six (not drawn to scale).  

 

 
Figure 2. (a) TEM image of germanium film on silicon wafer; (b) EDS confirming germanium 
growth [16].  
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3.1. Current-Voltage Measurements 

We performed I-V measurements using a two-probe station with a Keithley 
2400 SourceMeter and a light source emitting within the infrared wavelength re-
gion. In this setup, one probe makes contact with the top copper contact on the 
device, while the other probe makes contact with the bottom of the device rest-
ing on the gold-plated stage.  

Some important information we gather from I-V curves are the dark current 
and photocurrent at −1 V and +1 V. From this, we can calculate the ratio be-
tween dark current and photocurrent in order to confirm that we are absorbing 
photons and generating and collecting carriers. We can also calculate the ratio 
between forward and reverse bias dark current to ensure there is diode behavior. 
Lastly, we look to see if the curve is flat under reverse bias. The flatter the curve, 
the less leakage current is present. A lower leakage current is indicative of a 
higher quality film; for example, a low defect density. Figure 3 shows an I-V 
curve measured from our fabricated device.  

The dark current at −1 V is 1.35 nA, which is low relative to other germanium 
devices in literature [17] [18] [19]. The photocurrent at −1 V is 22.5 nA, giving a 
ratio between dark current and photocurrent of 16.7, which indicates photons 
with a wavelength of 1570 nm were absorbed and generated carriers were col-
lected. At +1 V, the dark current was 0.15 mA as was the photocurrent. The ratio 
between the forward and reverse dark current is 1.11 × 105, exhibiting strong 
diode behavior. In the reverse bias region, the curve is flat which indicates there  

 

 
Figure 3. I-V curve showing dark current and photocurrent for our fabricated device.  
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is a low leakage current and therefore a low defect density within the film. 

4. Device Modelling 

As previously mentioned, it can be beneficial to create a model for a device to be 
able to simulate the performance and/or characteristics of the device. This allows 
us to “test” different materials, structures and properties without requiring re-
sources for device fabrication. Instead, we can perform simulations to help us 
find the optimum characteristics and then fabricate that device. To perform our 
simulations, we used Synopsys Sentaurus TCAD.  

4.1. Synopsys Sentaurus 

Sentaurus offers a suite of TCAD tools which allows engineers to simulate the 
fabrication, operation and reliability of semiconductor devices [20]. We used 
Sentaurus Process in order to emulate the fabrication of the device. This enables 
us to imitate film deposition, etching and annealing as well as defect formation 
and induced strain.  

The next tool we use is Sentaurus Device, which allows us to simulate the 
electrical characteristics of the device such as dark current and photocurrent, 
quantum efficiency, mobility and more. Finally, Sentaurus Visual can be used to 
view the device structure and properties as well as create graphs for data such as 
I-V curves. Sentaurus also includes many physical models for simulation. For 
our devices, three main models are important: mobility models, recombination 
models, and stress and strain models. These models represent the physical 
processes in the device.  

4.1.1. Mobility Models 
When considering the mobility models, we focus on the high field saturation 
model and the doping dependence model. The high field saturation model takes 
into account the fact that under high electric fields, the carrier drift velocity sa-
turates instead of remaining proportional to the electric field. Since our device 
has a p-i-n junction, there will be a relatively high electric field and the carrier 
drift velocity will saturate. Equation (1) shows the formula used for mobility 
under a high electric field, which depends upon the saturation velocity of the 
carrier, vsat, the low field mobility µlow, and a temperature dependent constant, β 
[20].  
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We also use the doping dependence model since we have doped germanium 
which makes up the p-i-n junction. This model uses the mobility degradation 
due to impurity scattering. Equation (2) expresses the doping-dependent mobil-
ity [20]. This mobility model depends upon the reference doping (Pc) and carrier 
concentration (NA and ND).  
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4.1.2. Recombination Models  
For our devices, we are mainly concerned with Shockley-Read-Hall (SRH) re-
combination and Auger recombination. SRH recombination occurs when an 
electron and hole recombine through a defect within the bandgap of the materi-
al. This is of special concern because our film contains defects which act as trap 
states and can increase SRH recombination. As seen in Equation (3), SRH re-
combination depends on the energy level of the trap state (Etrap), the carrier con-
centrations, n and p, as well as the carrier lifetime, τ, for electrons and holes 
[20].  

( ) ( )

2
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                  (3) 

Auger recombination involves three carriers. When an electron recombines, 
instead of emitting a photon, the energy is transferred to another electron which 
will eventually relax back to the band edge. It is most prevalent at high carrier 
concentrations caused by heavy doping. Again, we have areas of high doping to 
form our p-i-n junction, so Auger recombination must also be considered. Equ-
ation (4) shows how Auger recombination depends on the carrier concentration 
of the doped material (n and p) [20].  

( )( )2
,

A
net n p i effR C n C p np n= + −                   (4) 

4.1.3. Stress and Strain Models 
Stress and strain play a very important role in terms of our germanium film 
characteristics and quality. The strain is important because it will alter the 
bandgap of germanium, allowing absorption of longer wavelengths.  

These models make use of the deformation potentials. This is the effective 
electric potential experienced by free electrons in a semiconductor resulting 
from a local deformation in the crystal lattice. If strain is present, there will be a 
deformation in the crystal lattice and the electrons will experience a different 
electric potential, causing the bandgap to change. The change in energy for the 
valance band and conduction band, which depends on the deformation potential 
( dΞ ) can be found in Equation (5) [20]. The deformation potential is the effec-
tive electric potential experienced by free electrons in a semiconductor resulting 
from a local deformation in the crystal lattice, in other terms, an induced strain. 
The overall change in energy, which is dependent upon the induced strain, (ε) is 
shown in Equation (6) [20]. εxx corresponds to the components of the strain 
tensor in the crystal coordinate system.  
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5. Results of Simulation and Discussion  

We have developed a model for the device we fabricated and characterized 
shown in previous sections and in [11]. Using Sentaurus Process, we were able to 
emulate strained germanium deposition, ion implantation of phosphorus and 
contact deposition. The dark current and photocurrent were simulated using 
Sentaurus Device. Using Sentaurus Visual, we were able to plot I-V curves in 
order to compare them with the experimental data to confirm a successful mod-
el. Figure 4 shows the experimental and theoretical curves plotted together.  

 

 
Figure 4. Simulated and experimental I-V curves for dark current and photocurrent.  
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Table 1. Simulated and experimental data.  

Simulated vs. 
Experimental 

Dark at  
−1 V (nA) 

Photo at  
−1 V (nA) 

Dark at  
+1 V (mA) 

Photo at  
+1 V (mA) 

Photo: Dark 
Ratio 

Forward: 
Reverse Ratio 

Simulated 1.353 10.2 0.15 0.15 7.54 9.02 × 106 

Experimental 1.35 22.5 0.2 0.2 16.7 6.75 × 106 

 
This model is in close agreement with experimental results concerning the 

areas we are interested in. As discussed earlier, we look at the dark current at −1 
V, the ratio between the dark current and photocurrent at −1 V, and the ratio 
between forward and reverse dark current. We also look to see if the dark cur-
rent curve is flat under reverse bias to ensure minimum leakage current. As seen 
in Table 1, these data are in overall agreement. There is a slight difference be-
tween experimental and theoretical photocurrent, which we attribute to the fact 
that the incident optical power had to be estimated for the simulation. There is 
also a fluctuation in the I-V curve for experimental photocurrent. We believe 
this is due to the physical limitations of our testing platform. The general beha-
vior and function of the device, most importantly in terms of the ratios, allow us 
to accept this model as accurate for our devices and purposes.  

6. Conclusion and Future Work 

Germanium is a low-cost alternative to traditional III-V group materials and is 
compatible with CMOS manufacturing. We have successfully fabricated and 
tested a functioning p-i-n germanium infrared detector. We have measured a 
relatively low dark current at 1.35 nA and a photocurrent at 1570 nm wavelength 
of 22.5 nA, indicating that we are absorbing photons and generating carriers. We 
were able to develop a model for our device which is in agreement with experi-
mental results. Now that we have an accurate model for germanium p-i-n de-
tectors, we will be able to use this as a basis in order to model other unique de-
vices in the future.  
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