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摘 要 

本論文中，我們利用金屬-絕緣層-半導體穿隧二極體來製作光偵測器。此

金屬-絕緣層-半導體結構可降低暗電流。針對中遠紅外光，我們建構出矽鍺/矽量

子點紅外光偵測器。針對近紅外光，我們利用晶圓黏合與聰明切技術得到單晶薄

膜鍺光偵測器，並利用模擬軟體設計最佳化之單晶薄膜太陽電池。 

首先，我們在量子點紅外光偵測器及量子井紅外光偵測器中加入極薄摻

雜。比起未經摻雜的量子點紅外光偵測器，極薄摻雜之量子點紅外光偵測器可在

3.5-5 μm 得到新的吸收區域。至於經極薄摻雜的量子井紅外光偵測器，因為其侷

限能量較極薄摻雜之量子點紅外光偵測器小，截止波長延伸到 7 μm，且有較大

的響應度。 

若在矽鍺/矽量子點紅外光偵測器的矽間隔層中引入極薄摻雜，我們則可得

到一個寬帶頻譜。我們發現極薄摻雜在矽的價帶形成很淺的量子井，此量子井可

運用在長波長紅外光的偵測。頻譜幾乎涵蓋大氣層可穿透的紅外光波段，所以利

用此元件來達成寬帶偵測是可行的。利用計算，與其他元件的比較，以及光激發

光的頻譜，我們可以分別指出量子點與極薄摻雜量子井中的躍遷與物理機制。 

另一方面，利用晶圓黏合與聰明切技術可製作出絕緣層上鍺的金屬-絕緣層

-半導體光偵測器，此晶圓黏合方法是個將光學與電子元件整合在同一個基座上

的可行技術。因為鍺具有比矽小的能帶間隙，所以可偵測 850 nm，1.3 μm 及 1.55 

μm 的紅外光。使用 1.3 μm 厚的鍺層，可成功在 1.3 μm 的紅外光波段達到 0.23 

A/W 的響應度。絕緣層上鍺元件利用高功函數的金屬(鉑)作為閘極金屬，成功的

降低了暗電流，並藉由外加機械應力來提升光電流。值得注意的是暗電流幾乎不

會隨著應力而變大。 

最後，我們也成功的將單晶薄膜鍺轉移到玻璃基座上。雖然在聰明切的過

程中，鍺會因為佈植過程而產生缺陷，但我們可藉由化學蝕刻將缺陷區去除，且

將表面粗糙度降成 4 nm。經過蝕刻的元件在可見光的光電流可提升成 1.85 倍，

暗電流還能降低至三十分之ㄧ。同樣的玻璃基板上鍺元件也被測試是否可運用在

太陽電池的應用上。我們探討了此元件低效率的原因，並進一步利用模擬軟體設

計出最佳化的結構，利用四層 3 nm 厚的鍺之矽/鍺/矽薄膜結構可達到 15.7%的效

率。在未來可利用模擬結果及已有的製程技術來製作高效率單晶薄膜太陽電池。 

關鍵詞:金絕半/矽鍺/量子點紅外光偵測器/極薄摻雜/聰明切 
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Abstract 
 

In this dissertation, the Si/Ge metal-insulator-semiconductor (MIS) tunneling 

diodes are utilized as photodetectors, and it is proven that the MIS structure can 

reduce the dark current. We have demonstrated mid- and long- wavelength infrared 

detection by MIS SiGe/Si quantum dot infrared photodetectors (QDIPs). On the other 

hand, single crystalline thin-film structures obtained by wafer bonding and smart-cut 

can be applied to MIS near-infrared detectors and solar cells.  

First, δ doping is introduced in the QDIPs and quantum well infrared 

photodetectors (QWIPs). The δ doping in QDIPs provides QDs with a sufficient hole 

concentration for infrared excitation. Compared to the un-doped QDIP, a new 

absorption region at 3.5-5 μm is observed. Due to the smaller confinement energy of 

the δ-doped SiGe QWIP as compared with the δ-doped SiGe QDIP, the cut-off 

wavelength extends to 7 μm and a larger responsivity is achieved. 

The broadband absorption of MIS SiGe/Si QDIPs is demonstrated using the 

boron δ doping in Si spacers. Shallow QWs can be formed in the valence band due to 

the boron δ doping in Si spacers and contribute to the long-wavelength infrared 

detection. The broadband spectrum covers most of the atmospheric transmission 

windows for infrared, so the broadband detection is feasible using this device. 

Calculations, comparison with other δ-doped QDIPs/QWIPs, and PL spectrum are 

studied to identify the transitions in QDs and δ-doping wells. 

On the other hand, Ge-on-insulator MIS detectors are fabricated by wafer 

bonding and smart-cut. Wafer bonding is an enabling technology to integrate both 

optical devices and electronic devices on the same substrate. Due to the small 

bandgap of Ge, the 850 nm, 1.3 μm, and 1.55 μm infrared can be detected. The 

responsivity of 0.23 A/W at the wavelength of 1.3 μm has been achieved using n-type 

Ge with the thickness of 1.3 μm. The large work function metal (Pt) is used for the 

gate electrode to reduce the dark current. External mechanical strain can further 

enhance the photocurrent with only slight degradation on the dark current. 

Finally, the single crystalline thin-film Ge on glass is also demonstrated. The 

implantation damage of transferred Ge on glass is removed by chemical etching, and 

the surface roughness is reduced to 4 nm. The defect removal reduces the dark current 
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by a factor of 30, and increases the visible-light photocurrent by a factor of 1.85. The 

GOG MIS structure is also tested for solar cell applications. The reason for low 

efficiency is discussed, and then the optimized structures are designed by simulation. 

An outstanding enhancement on efficiency can be achieved with the Si/Ge/Si 

structure. With four-layer 3-nm-thick Ge in the Si/Ge/Si solar cell, the efficiency will 

be as high as 15.7 %. Based on the simulation and technology, high efficiency thin 

film solar cells can be demonstrated in the future. 

 

Key words: MIS/SiGe/QDIP/δ doping/smart-cut 
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reflected by gate electrode. 
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Fig. 6-1 The optimized structure of high speed GOI photodetectors. (a) Top 
view. (b) Profile along the dash line in (a). 
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Chapter 1 

Introduction 
 
 
1.1 Motivation 

Infrared radiation has been discovered for two hundred years [1]. Applications 

of infrared techniques can be roughly divided into two fields. For wavelength longer 

than 2 μm, corresponding to mid- and long- wavelength infrared, the applications 

focus on imaging system, such as military, medical, astronomical and other 

applications [2]. For wavelength shorter than 2 μm, corresponding to near infrared, 

the applications focus on infrared transmission, such as telecommunication and 

optical interconnect [3]. All applications rely on good detectors. Mid- and long- 

wavelength infrared can be detected through intraband transitions in the quantum 

structure. Meanwhile, near infrared can be detected through interband transitions 

directly in semiconductor. We would like to demonstrate each detector in a 

metal-insulator-semiconductor (MIS) structure, since the MIS structure allows a 

significant tunneling current and it is attractive for integration with Si process. 

For mid- and long- wavelength infrared detection, well developed detectors are 

composed of HgCdTe. Gradually, III-V compound semiconductor quantum well 

(AlGaAs/GaAs or InGaAs/InP) infrared photodetectors (QWIPs) attract more 

attention due to their more mature technology [4]. Specific applications can be 

achieved by QWIPs since the bandgap engineering can be implemented [5]. Finally, 

quantum dot infrared photodetectors (QDIPs) are demonstrated due to two major 

advantages over QWIPs. First, the selection rules prevent the normal incidence mode 

for III-V QWIPs. Second, the ideal signal-to-noise ratio of QWIPs is poor than that of 
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QDIPs [1]. Hence, the QD structure becomes a promising candidate for mid- and 

long- wavelength infrared detection. 

Most QDIPs so far are fabricated by III-V materials [6,7]. With the potential of 

integration with Si electronics and low cost, Si/Ge QDIPs are highly desirable [8]. 

Si-based technology can increase the functionality of Si ultra large scale integration 

(ULSI) chips with applications in optoelectronic devices. Due to the requirement of a 

precise control of heterojunction abruptness, most QDIPs are grown by molecular 

beam epitaxy (MBE). In order to achieve high throughput for practical applications, 

we would like to demonstrate SiGe/Si QDIPs by ultrahigh vacuum chemical vapor 

deposition (UHVCVD). 

For near infrared detection, applications on optical interconnect are highly 

recommendable. While electrical logic devices work fast in nowadays, the overall 

speed of electrical products is limited by the communication between different 

devices. Electrical interconnect has approached its limits, and optical interconnect 

could have a much higher bandwidth, especially with the technology of wavelength 

division multiplexing (WDM) [9]. The schematic diagram of the optical interconnect 

system is shown in Fig. 1-1. 

Wavelengths at 850 nm, 1.3 μm, and 1.55 μm are significant for optical 

interconnect. Infrared of 1.3 μm and 1.55 μm is important because of zero dispersion 

at 1.3 μm and minimum loss at 1.55 μm in the standard fiber. Due to Si bandgap, the 

near infrared of 1.3 μm and 1.55 μm can not be detected by Si. Ge is the promising 

substitution, because Ge can detect infrared at these wavelengths and would be easily 

compatible with modern Si process [10]. With Ge, it is possible to integrate the 

electrical logic cell with Si-based photonics on Si substrates as proposed as electronic 

and photonic integrated circuits (EPICs) [11]. Due to issues of cost and speed, we will 
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present thin-film Ge detectors instead of bulk Ge detectors to lower the cost and 

increase the operation bandwidth. Such thin-film structure can be demonstrated on the 

Si or glass substrate. 

 

 

Fig. 1-1 The schematic diagram of the optical interconnect system [9]. 

 

Thin film solar cell is of great interest in recent years due to the less demand for 

active materials, like Si, that means a considerable reduction of cost. However, most 

of thin films for solar cells are composed of amorphous or poly crystalline materials, 

where the high amount of defects may reduce the efficiency as compared with single 

crystalline materials. We want to design single crystalline thin film Si/Ge/Si structures 

for solar cell applications. A Si/Ge/Si cell combining the advantages of large bandgap 

of Si and efficient absorption of Ge is feasible for high efficiency. The MIS structure 

has been adopted for solar cells for a long time [12-14]. The tunneling insulator of the 

MIS structure can form a deep depletion region in semiconductor for photo-generated 

carrier collection. 
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1.2 Dissertation Organization 

First chapter provides the motivation for Si/Ge MIS photodetectors and a brief 

introduction to each chapter in this dissertation.  

In chapter 2, the operation principle of MIS photodetectors is described first. 

The dark current comparison between MIS and MS structures shows that an MIS 

structure can significantly reduce the dark current due to the thin oxide. The δ doping 

in QDIPs provides the QDs with a sufficient hole concentration for infrared excitation. 

Compared to the un-doped QDIP, a new absorption region at 3.5-5 μm is observed. 

Due to the smaller confinement energy of the δ-doped SiGe QWIP as compared with 

the δ-doped SiGe QDIP, a larger responsivity but a lower limited operating 

temperature is achieved. Although the δ-doped QWIP can reach a higher responsivity, 

the δ-doped QDIP can have a larger detectivity due to its smaller dark current. The 

detectivity of the δ-doped SiGe QDIP can meet the demand for commercial 

applications, which are usually demonstrated by III-V photodetectors. 

In chapter 3, an MIS SiGe/Si QDIP with δ doping in the Si spacers is presented. 

The δ doping not only provides the QDs a sufficient hole concentration but also forms 

δ-doping wells in Si. The holes in QDs and δ-doping QWs could be excited by 

mid-wavelength infrared (3.7-6 μm detection) and long-wavelength infrared (6-16 μm 

detection), respectively, and the spectrum covers most of the 3-5.3 μm and 7.5-14 μm 

atmospheric transmission windows. To further study the absorption mechanism, the 

δ-QD sample with δ doping in SiGe QD layers and δ-SiGe01 sample with δ doping in 

Si0.9Ge0.1 QWs are studied. 

In chapter 4, we fabricate Ge-on-insulator MIS photodetectors by wafer 

bonding and smart-cut. Single crystalline Ge is directly bonded to insulator, so the 
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single crystalline base for growth is not necessary. The low-temperature process can 

prevent the degradation on the responsivity. We show that the MIS detector has a 

smaller dark current and a larger responsivity as compared with the MS detector. Pt is 

used as the gate electrode to reduce the dark current, and external mechanical strain 

can be applied to enhance the photocurrent. 

In chapter 5, Ge-on-glass (GOG) MIS photodetectors are demonstrated due to 

the low cost of glass substrates. The GOG structure can be etched before fabrication 

of the MIS photodetector to reduce the surface roughness and remove most defects 

formed during the implantation process. The defect removal reduces the dark current 

and increases the responsivity of visible light. The current-voltage characteristic of 

our GOG MIS structure is also measured under illumination of solar simulator. The 

reason for low efficiency is discussed, and then the optimized structures are designed 

by simulation. 

Finally, chapter 6 summarizes the significant contributions of this dissertation 

on SiGe/Si QDIPs and single crystalline thin-film structures. The future applications 

of SiGe/Si QD structures and thin-film optoelectronic devices are discussed. 
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Chapter 2 

Delta-Doped MIS SiGe/Si Quantum Dot/Well 

Infrared Photodetectors 
 
 
2.1 Introduction 

Mid- and long- wavelength infrared photodetection is attractive in the military, 

medical, astronomical and other applications [1]. Infrared at these wavelengths can be 

detected through intraband transitions of quantum dot infrared photodetectors (QDIPs) 

and quantum well infrared photodetectors (QWIPs). In recent years, QDIPs are of 

great interest due to the advantages of no polarization selection rule (normal 

incidence), the small dark current, and the high operation temperature [2,3]. Most 

QDIPs demonstrated so far are based on III-V materials. With advantages of 

integration and low cost [4], the Si-based infrared photodetectors are highly desirable, 

and we have demonstrated such photodetectors with SiGe/Si QD structures. Advanced 

Si-heterostructure technology can increase the functionality of Si chips with potential 

applications in optoelectronic devices [5-7]. 

An ultra-thin insulator in a metal-insulator-semiconductor (MIS) structure allows 

a significant tunneling gate current, which can be used in photodetectors. A 

metal-oxide-semiconductor (MOS) structure is a special case with SiO2 as the 

insulator of the MIS structure. The MIS structure is broadly used in ultra large scale 

integration process, and it is hence attractive for integration with Si electronics. A 

photodetector using the MIS structure can have a low dark current and a simple 

process without n and p dopant implantation or diffusion.  

In this chapter, the operation principle of MIS photodetectors is described first. 
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The dark current comparison between MIS and MS structures shows that an MIS 

structure can significantly reduce the dark current due to the thin oxide. The δ doping 

in QDIPs provides the QDs with a sufficient hole concentration for infrared excitation. 

Compared to the un-doped QDIP, a new absorption region at 3.5-5 μm is observed. δ 

doping is also introduced in the QW structure. Due to the smaller confinement energy 

of the δ-doped SiGe QWIP as compared with the δ-doped SiGe QDIP, a larger 

responsivity is achieved. However, the δ-doped SiGe QDIP has a larger detectivity of 

109 cmHz1/2/W, which meets the demand for commercial applications, than the 

δ-doped SiGe QWIP. 

 

2.2 LPD Oxide Deposition 

A thin insulator should be grown on semiconductor in order to form the MIS 

structure. In standard Si process, thermal oxide can be easily grown on Si. However, 

for the SiGe/Si QD structure, a low thermal budget process is needed to avoid strain 

relaxation and serious interdiffusion between Si and Ge. The low-temperature (50oC) 

liquid phase deposition (LPD) oxide is adopted [8] (Fig. 2-1). The chemical reaction 

is shown as follows. 

HFSiOOHSiFH 62 2262 +⇔+                                   (2.1) 

The silicic acid (SiO2:xH2O) is added to hydrofluosilicic acid (H2SiF6), and let 

the solution saturated with SiO2. The water is then added to supersaturate the solution 

with SiO2 and the sample is coated by SiO2 after heat treatment. Low-temperature 

LPD oxide has advantages of low thermal budget, low cost, and high throughput. 

There are many traps in LPD oxide, and carriers can tunnel through the LPD oxide by 

fast trap-assisted tunneling [8]. Since the traps are in the LPD oxide, it will not 

seriously degrade the optical characteristics of semiconductor. On the contrary, the 
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LPD oxide can reduce the dark current of the QDIP, which will be discussed in the 

next section. 

 

Fig. 2-1 The schematic system of low-temperature (50oC) liquid phase deposition [8]. 

 

2.3 Characteristics of MIS Photodetectors 

In this section, an NMOS diode, which means that the substrate is p-type, is 

taken for example to explain the operation principle of MIS photodetectors. The band 

structure of an NMOS SiGe/Si QDIP at inversion bias is shown in Fig. 2-2. Due to the 

valence band offset at the Si/SiGe heterojunction, there are discrete energy levels of 

holes in the SiGe QDs.  
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Fig. 2-2 The operation principle of an NMOS diode at inversion bias. The depletion 

width increases as gate voltage increases. 

 

At inversion bias (positive bias for the NMOS diode), the dark current is 

dominated by the thermal generation of electron-hole pairs from the valence band to 

the conduction band through the defects at the oxide/Si interface and in the depletion 

region, especially at the SiGe/Si heterojunction. The thermal generation rate of 

electron-hole pairs at the SiGe/Si heterojunction is larger than that at the oxide/Si 

interface due to the small bandgap of SiGe. However, due to the large QD barrier at 

the SiGe/Si heterojunction, generated holes are confined in QDs at low temperature, 

and can not contribute to the current. As temperature is increased, the confined holes 

can overcome the QD barrier more easily and result in the larger inversion current.  
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Fig. 2-3 shows that a 5-period of SiGe/Si QD sample in a metal-semiconductor 

(MS) structure has a larger dark current at positive bias as compared with that in an 

MIS structure. An MIS structure can significantly reduce the dark current at positive 

bias due to the thin oxide, and that is why the MIS structure is preferred. 
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Fig. 2-3 Comparison between dark currents of MIS and MS structures. The area of 

gate electrode is 3×10-4 cm2. A QD sample in an MS structure has a larger dark 

current at positive bias as compared with that in an MIS structure. 

 

For the MS diode, the dark current at positive bias is dominated by the 

thermionic emission current from Al to Si, and the magnitude of the thermionic 

emission current is depended on the barrier height of holes between Al and Si (Fig. 

2-4). However, for the MIS diode, the barrier height of holes is large due to the extra 

barrier formed by LPD oxide and the suppression of Fermi level pinning by an 
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insulator layer [9-11].  Hence, at positive bias, the thermionic emission current can 

be neglected for the MIS diode, and the dark current is only dominated by the thermal 

generation current as mentioned above. 

 

Fig. 2-4 The schematic band diagram (positive bias) comparison between MS and 

MIS structures. The thermionic emission current can be neglected for the MIS diode, 

and the dark current is only dominated by the thermal generation current. 

 

With negative bias on the MIS diode, the accumulated holes at the oxide/Si 

interface tunnel to the Al gate, and the electrons also tunnel from the Al gate to the 

p-Si at 300 K. The large current is only limited by the series resistance of the substrate, 

and hence it is close to that of the MS diode. 
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2.4 Delta-Doped Quantum Dot Infrared Photodetector 

The 20-period SiGe QDs were grown on 15–25 Ω-cm p-type (001) Si 

substrates by ultrahigh vacuum chemical vapor deposition (UHVCVD). The base 

pressure was 10-9 torr. The precursor (GeH4) was diluted in carrier gas of He and 

forms the Ge dots at 600oC. However, due to the interdiffusion between Si and Ge, 

SiGe QDs were formed. The QDs were grown on Si substrate in the 

Stranski-Krastanow growth mode [12,13]. Due to the 4 % lattice mismatch between 

Si and Ge, the SiGe layer grown on Si could be shaped into small islands at a certain 

range of temperatures. The QD density in each layer was estimated to be 4×109 cm-2. 

The QD structure was fabricated into MIS tunneling diodes with a low-temperature 

(50oC) LPD oxide (Fig. 2-5). Boron (1019 cm-3), from the precursor of B2H6, was 

δ introduced in the middle of the growth of each SiGe QD layer. The thickness of the 

δ-doping region was estimated to be 1 nm. 

 

Fig.2-5 The structure of an MIS SiGe/Si QDIP. Twenty-layer SiGe quantum dots with 

δ doping were prepared by UHVCVD. The area of Al gate was 3×10-2 cm2. 
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Due to different in situ annealing times and interdiffusion between Si and Ge, the 

top SiGe QD with shorter annealing time after formation has a higher Ge 

concentration (~60 %) as compared with the bottom SiGe QD (~ 40%) [14,15], which 

suffers longer annealing time after formation. SiGe QD layers were separated by 

80-nm-thick Si spacer layers. The cross-sectional transmission electron micrograph 

(TEM) photograph of the QD structure is shown in Fig. 2-6.  

When the Si spacer is smaller than the correlation length, the grown SiGe QDs 

can be aligned vertically [15]. However, in this study, the Si spacer is 80 nm thick, 

which is too large to have the strain field coupling between QD layers. The SiGe dots 

are not necessary to be aligned vertically in our samples, as shown in Fig. 2-6. 

 

Fig.2-6  The cross-sectional TEM photograph of the quantum dot structure. The Si 

spacer is 80 nm in thickness. 



 16

Fig. 2-7 shows the current-voltage (I-V) characteristics of the MIS QDIP at 

different temperatures. At low temperature, the inversion current is small since the 

thermal generation rate at the oxide/Si interface is small, and the thermally generated 

holes at the SiGe/Si heterojunction are confined in QDs as discussed in the previous 

section. The inversion current increases as temperature increases.  
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Fig. 2-7 Dark currents of the MIS SiGe/Si QDIP at different temperatures. The 

background limited performance (BLIP) temperature is ~ 180 K. At low temperature, 

the minimum of absolute value of the dark current is not at gate bias of 0 V. 

 

At low temperature, the minimum of absolute value of the dark current is not at 

gate bias of 0 V (Fig. 2-7). The shift may be due to the displacement current, and the 

effect of the displacement current can only be observed when the current level is 

small. As shown in Fig. 2-8, the minimum occurs at negative bias when sweeping gate 

bias from negative to positive. In contrast, the minimum occurs at positive bias when 
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sweeping from positive to negative, which indicates that the shift is due to the 

displacement current.  
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Fig. 2-8 The minimum of the dark current changes as direction of sweeping changes. 

The arrow indicates the direction of sweeping. The shift of the minimum is due to the 

displacement current. 

 

For the accumulation bias (negative bias) at low temperature, most holes are 

accumulated at the Si/SiGe heterojunction instead of the oxide/Si interface, and there 

is a large voltage drop across Si cap (Fig. 2-9 (a)) as discussed in Ref. 16. Since holes 

are accumulated at QDs, the accumulation tunneling current is small. If the negative 

bias is large enough, the Fermi level of Al will be much above the conduction band 

edge of Si at the interface. Therefore, there is a kink in the I-V curve due to the onset 

of the electron tunneling current from Al to Si. Similar mechanism is discussed in Ref. 

16. As temperature increases, thermally excited holes from QDs will be accumulated 
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at the oxide/Si interface. The accumulated holes at the oxide/Si interface not only 

tunnel through the oxide layer to form the accumulation current, but also increase the 

voltages drop across the oxide layer (Fig. 2-9 (b)). Due to the large voltage drop 

across the oxide layer, the kink in the I-V curve occurs at smaller bias than that at low 

temperature.  

 

 

 

(a) 
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(b) 

Fig.2-9 The schematic band diagrams of the QDIP at accumulation bias at (a) low 

temperature and (b) high temperature. Other small temperature effects (ex. bandgap 

vs. temperature) are not included. 
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Under infrared exposures, the confined holes can be excited and contribute to the 

photocurrent at inversion bias. The spectral response is measured by Fourier 

transform infrared (FTIR) spectrometer (Perkin-Elmer Spectrum 2000) coupled with a 

cryostat and an SR570 current preamplifier (Fig. 2-10). The incident light is 

unpolarized and the devices are under normal incidence detection mode.  

Our detector in the chamber is lined up to the light source of Perkin-Elmer 

Spectrum 2000, and the original spectrum is measured (Fig. 2-10). The original 

spectrum should be divided by the spectrum of light source in order to get the relative 

responsivity (arbitrary unit). After the spectrum measurement, the sample in chamber 

is moved out to be lined up with a blackbody source (Fig. 2-11). The blackbody 

radiation at high temperature (800 K) is used to calibrate the absolute responsivity 

(A/W), since the absolute power of blackbody radiation can be obtained with the 

parameters of distance between the blackbody source and the detector, output area of 

the blackbody source, and so on.  

 

 

Fig. 2-10 The setup of spectral measurement. The spectrum is measured by a Fourier 

transform infrared spectrometer. 
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Fig. 2-11 The setup of calibration of the absolute responsivity by blackbody radiation.  

 

A broad 3.5-5 μm peak from the intraband transition in QDs is observed at gate 

voltage of 1 V with a peak responsivity of 0.03 mA/W (Fig. 2-12). The responsivity of 

the δ-doped QDIP at 4.4 μm decreases as temperature increases, because more holes 

could escape from QDs with thermal excitation as temperature increases. The 3.5-5 

μm peak can not be observed when the operating temperature is above 100 K. In the 

next chapter, the subband structure of a QDIP will be calculated, and this 3.5-5 μm 

peak will be indicated to be corresponding to the LH1-to-LH3 transition. For 

comparison, at 20 K, the peak responsivity of the undoped QDIP is 0.004 mA/W at 

6.6 μm [17]. The absorption peak at 3.5-5 μm can not be observed by the undoped 

QDIP, since there are no sufficient holes at the LH1 state.  
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Fig.2-12 Spectral responses of the δ-doped QDIP at different temperatures. The 

artifacts at 4.3 μm due to the absorption of CO2 are removed. 

 

The δ doping is expected to contribute the hole concentration in the doped device, 

which results in a larger responsivity at low temperature and a new absorption peak 

through the LH1-to-LH3 transition. However, the dark current of the δ-doped QDIP is 

also larger than that of the undoped QDIP, because more holes can be thermally 

excited from the doped QDs. 

The normalized detectivity (D*) is defined as: 

Ri
fA

NEP
fA

D
n /

* Δ
=

Δ
=                                           (2.2) 

where A is the detector area (3×10-2 cm2), Δf  is the equivalent bandwidth of the 

electronic system. The noise equivalent power (NEP) is defined as in/R, where in is the 

current noise and R is the responsivity. The current noise is limited by the dark current 
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and can be approximated as the shot noise (2eIdΔf)1/2, where Id is the measured dark 

current. Therefore, D* can be simplified as 

deI
AD

2
R* =                                                  (2.3) 

Fig. 2-13 shows the detectivities at different temperatures at 1 V bias. The peak 

detectivity is found to be 109 cm-Hz1/2/W at 4.4μm. The detectivity decreases with 

the increase of the operating temperature due to the increase of the dark current.  
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Fig.2-13 The detectivity vs. the operating temperature for the δ-doped QDIP at 1 V. 

 

 

 

 

 

 



 24

2.5 Delta-Doped Quantum Well Infrared Photodetector 

δ doping was also introduced in the MIS Si0.7Ge0.3 quantum well infrared 

photodetector (QWIP). The structure was similar to the QD device, but the QDs were 

replaced by 5 layers of 7-nm-thick Si0.7Ge0.3 QWs with 80-nm-thick Si spacers (Fig. 

2-14). The growth temperature was also 600oC. It should be noted that the Ge 

concentration in SiGe QWs was physically designed and not calibrated by energy 

dispersive X-ray spectroscopy (EDS). The practical concentration of Ge in SiGe QWs 

should be lower than 0.3 due to the interdiffusion between Si and Ge. Boron with a 

concentration of 1018 cm-3, which was smaller than the doping concentration of 1019 

cm-3 in the δ-doped QDIP, was δ introduced during the growth of SiGe QWs and the 

incorporation time was the same with that of the δ-doped QDIP. The TEM photograph 

of the QW structure is shown in Fig. 2-15. It shows that no obvious dislocation can be 

found in the QW structure. 

 

Fig.2-14 The structure of the MIS Si0.7Ge0.3 QWIP. QWs were δ doped by boron with 

a concentration of 1018 cm-3. The area of Al gate is 3×10-2 cm2. 
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Fig.2-15 The TEM photograph of the Si0.7Ge0.3 QW structure. 

 

Fig. 2-16 shows the current-voltage (I-V) characteristics of the MIS QWIP at 

different temperatures. Compared to the δ-doped QDIP with the large SiGe/Si QD 

barrier, holes from shallow Si0.7Ge0.3 QWs can escape from QWs more easily. This 

characteristic results in a larger current both at inversion bias and accumulation bias 

for the δ-doped QWIP at low temperature. The study of current mechanism in Ref. 16 

can be used to explain the comparison between the δ-doped QWIP and the δ-doped 

QDIP. Fig. 2-17 from Ref. 16 shows the inversion currents of the QD devices and the 

control Si device with Pt gate. Due to the large work function of Pt, holes can tunnel 

from Pt to Si at inversion bias, which results in the large inversion current of the 

control Si device. Meanwhile, the repulsive barriers at the Si/SiGe heterojunction of 

QD devices due to the trapped holes in QDs will block the hole transport (Fig. 2-18) 

and reduce the inversion current as compared with the control Si device (Fig. 2-17).  
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Fig.2-16  Dark current of the MIS Si0.7Ge0.3 QWIP device as a function of the 

operating temperature. 
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Fig.2-17 Inversion currents of the QD devices and the control Si device [16]. The area 

of gate electrode is 5×10-3 cm2. 
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Fig.2-18 The trapped holes in QDs will block the hole transport at inversion bias [16]. 

 

In the case of the δ-doped QWIP, since less holes are trapped in QWs, the effect 

of the repulsive barrier is less significant than the δ-doped QDIP. At inversion bias, 

electron-hole pairs can be easily generated in QWs due to the bandgap narrowing and 

band-to-traps tunneling [18] via δ-doping layer. Generated holes can more easily 

overcome the QW barrier, and the repulsive barriers of subsequent QWs for traveling 

holes are small. Hence, the inversion current of the δ-doped QWIP is larger than that 

of the δ-doped QDIP at low temperature. 

At accumulation bias, due to the shallow QWs and absence of repulsive barriers, 

more holes can be accumulated at the oxide/Si interface to form the accumulation 

tunneling current at 15 K as compared with the δ-doped QDIP. In addition, less 

voltage drop is wasted on the Si cap, and the electron tunneling current from Al to Si 
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can easily occur for the δ-doped QWIP. Hence, the kink is not observed in the I-V 

curve of the δ-doped QWIP.  

The accumulation current is increased with the increase of temperature. However, 

due to the fewer δ-doping layers and smaller doping concentration of the δ-doped 

QWIP than the δ-doped QDIP, the accumulation current is not increased as rapidly as 

that of the δ-doped QDIP as temperature is increased. 

The spectral responses of the δ-doped QWIP at different temperatures are shown 

in Fig. 2-19. Due to the smaller transition energy in the SiGe QWIP as compared with 

that in the SiGe QDIP, the absorption peak based on the intraband transition shifts to 

the longer wavelength (3-7 μm). At 15 K, the peak responsivity is 1.3 mA/W. The 

δ-doped QWIP has a larger responsivity than the δ-doped QDIP.  
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Fig.2-19  Spectral responses of the QWIP at different temperatures. The peak 

responsivity at 15 K is 1.3 mA/W. 
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Due to the smaller repulsive barriers of subsequent QWs, most photo-excited 

carriers in the δ-doped QWIP will not be blocked. Meanwhile, most photo-excited 

carriers in the δ-doped QDIP will be blocked by the subsequent QDs (Fig. 2-20). In 

addition, photo-excited holes in the detectors may be trapped by subsequent layers of 

QDs/QWs. Trapped holes in the QW device can overcome the barriers more easily 

due to its smaller confinement energy. Therefore, the δ-doped QWIP has a larger 

responsivity than that of the δ-doped QDIP.  

The limited operating temperature of the QW device is only 60 K. Holes in QWs 

can overcome the barriers more easily by thermal excitation as compared with that in 

QDs due to the smaller confinement energy of QWs. Hence, the limited operating 

temperature of the QW device is lower than that of the QD device. 

 

Fig.2-20  Transport of photo-excited carriers in the δ-doped QWIP and QDIP. Most 

photo-excited carriers in the δ-doped QDIP will be blocked by the subsequent QDs. 
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The detectivities at different temperatures at 1 V bias is plotted in Fig. 2-21. The 

peak detectivity is 5×108 cm-Hz1/2/W at 5.4 μm and decreases with increasing 

temperature. It can be found that the detectivity of the δ-doped QWIP is smaller than 

that of the δ-doped QDIP. Although the δ-doped QWIP can achieve a higher 

responsivity, the larger dark current degrades the detectivity. The detectivity is the 

most used figure of merit on signal-to-noise ratio, and the δ-doped QDIP has a better 

performance on it. The detectivity of the δ-doped QDIP can reach 109 cmHz1/2/W, 

which meets the demand for commercial applications [19]. 
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Fig.2-21  Detectivity versus operating temperature for the δ-doped QWIP at 1 V. 

 

2.6 Summary 

MIS SiGe/Si quantum dot/well photodetectors with large responsivities are 

demonstrated by introducing δ doping. For the QDIP, a 3.5-5 μm absorption peak, 
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which originates from the intraband transition in the quantum dots, is observed. At 

15K, the peak responsivity is 0.03 mA/W, and the limited operating temperature of 

the device is up to 100K. A higher peak responsivity of 1.3 mA/W is achieved by the 

δ-doped QWIP. The absorption region of the δ-doped QWIP is at 3-7 μm. Although 

the δ-doped QWIP can achieve a higher responsivity, the δ-doped QDIP can have a 

larger detectivity due to its smaller dark current. The detectivity of the δ-doped QDIP 

can meet the demand for commercial applications, which are usually demonstrated by 

III-V photodetectors. 
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Chapter 3 

MIS SiGe/Si Quantum Dot Infrared 

Photodetector with Delta Doping in Spacer 
 
 
3.1 Introduction 

As mentioned in the previous chapter, quantum dot infrared photodetectors 

(QDIPs) are of great interest due to the advantages of no polarization selection rule, 

the small dark current, and the high operation temperature [1,2]. Due to the 

Stranskii-Krastanov growth mode of quantum dots (QDs), the size of dots and 

thickness of wetting layers are hard to change. As a result, the absorption region is 

limited to a certain wavelength. The broadband detection is not easy to be 

demonstrated by a simple QD structure.  

However, the atmospheric transmission windows are at 3-5.3 μm and 7.5-14 μm, 

and a broadband (multi-color) photodetection covering these windows is attractive in 

thermal imaging, target identification, medical and other applications [3]. The 

multi-color detection has been demonstrated using the quantum-dots-in-a-well 

structures [4-6], and the focal plane arrays based on these are also designed [7,8]. The 

dual-band detector has been demonstrated by the method of homojunction interfacial 

workfunction internal photoemission, too [9]. Most of the broadband photodetectors 

demonstrated so far are based on III-V materials. With the advantages of integration 

and low cost [10], the Si-based broadband detectors are highly desirable, and we have 

demonstrated broadband detectors with the SiGe/Si QD structure.  

An MIS SiGe/Si (100) QDIP with δ doping in the Si spacers is presented. The δ 

doping provides the QDs a sufficient hole concentration and forms δ-doping wells in 
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Si. A δ-doping quantum well (QW) can be formed in the valence band [11] due to the 

strong electric field formed by localization of ionized dopants and band gap 

narrowing by delocalization of acceptor states in the reciprocal space. The holes in 

QDs and δ-doping QWs could be excited by mid-wavelength infrared (3.7-6 μm 

detection) and long-wavelength infrared (6-16 μm detection), respectively, and the 

spectrum covers most of the 3-5.3 μm and 7.5-14 μm atmospheric transmission 

windows. Boron δ doping in QDIPs achieves broadband detection without increasing 

the process complexity, as compared with the complex process to incorporate SiGe 

QWs. Although SiGe QWs with different thicknesses or compositions can be 

fabricated to achieve broadband detection, strain due to the misfit between SiGe and 

Si has to be considered to avoid the formation of dislocations.  

The MIS structure uses an ultrathin tunneling oxide to reduce the dark current. 

The simple structure of an MIS detector is attractive for integration with Si electronics. 

Note that the detector should be operated in the inversion bias region to reduce the 

dark current. 

 

3.2 Device Fabrication 

The 20-period SiGe/Si QD layers on 15–25 Ω-cm p–type (100) Si wafer 

grown by ultrahigh vacuum chemical vapor deposition were fabricated into MIS 

tunneling diodes with a low-temperature (50oC) liquid phase deposition (LPD) oxide. 

(Fig. 3-1). The SiGe layers were separated by 80 nm Si spacer layers. Boron (1019 

cm-3) was δ introduced in the middle of the growth of each Si spacer layer. The 

thickness of the δ-doping well was estimated to be 1 nm, and the corresponding sheet 

concentration of each layer was 1012 cm-2. On the top SiGe layer, a 130-nm-thick Si 

layer was grown to form the cap layer. The LPD oxide grown on Si cap was estimated 
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to be 2 nm thick. The low-temperature LPD process was used to avoid strain 

relaxation of SiGe/Si heterostructure and serious interdiffusion between Si and Ge. Al 

was deposited on the oxide layer to form the gate electrode (with an area of 3×10-2 

cm2), and also deposited on the back of the sample to form the ohmic contact.  

The cross-sectional transmission electron micrograph (TEM) photograph of the 

SiGe QD structure is shown in Fig. 3-2. The SiGe QDs are grown on Si successfully 

without dislocations observed. The thinner portion of the SiGe layer is the wetting 

layer, and the thicker portion of the SiGe layer is the QD region. The grown SiGe 

QDs are not aligned vertically since the Si spacer is larger than the correlation length 

between two SiGe layers. 

 

Fig. 3-1 The schematic structure of the MIS SiGe/Si QDIP. The boron (1019 cm-3) is 

δ introduced in the middle of the growth of each Si spacer layer. The area of Al gate is 

3×10-2 cm2. 
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Fig. 3-2 The TEM photograph of the SiGe/Si structure on the p-type (100) Si 

substrate. The thinner portion of the SiGe layer is the wetting layer, and the thicker 

portion of the SiGe layer is the QD region.  

  

The energy dispersive X-ray spectroscopy (EDS) measurement can be used to 

find out the Ge concentration in wetting layers and QDs. Due to different annealing 

times and interdiffusion between Si and Ge, the QDs at different depths have different 

Ge concentration [12,13]. The SiGe QDs at the top layer suffer low thermal budget, 

and then the high concentration (~ 60 %). The SiGe QDs at the bottom layer suffer 

high thermal budget, and then the small concentration (~ 40 %).  

The top wetting layer and QDs are more significant for the operation of detectors 

due to the higher electric field in the depletion region for photo-carrier collection. The 
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Ge concentration in the top wetting layer is hence analyzed through EDS. Fig. 3-3 

shows that the Ge concentration in the top wetting layer is only ~ 20 %. Due to the 

larger compressive strain at the wetting layer than QDs, the interdiffusivity is larger at 

the wetting layer. Hence, the Ge concentration at the wetting layer is much smaller 

than at QDs [14]. Due to the larger Ge concentration at QDs than the wetting layer, 

the valence band offset at the SiGe/Si heterojunction is larger at QDs. The thickness 

of the QD region is also thicker than the wetting layer. Hence, at inversion bias and 

low temperature, holes confined in SiGe layers will stay in QDs instead of the wetting 

layer. Only the subband structure in QDs is necessary to be discussed for the 

operation of this QDIP.  
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Fig. 3-3 The EDS results of Ge concentration of a certain top SiGe wetting layer and 

top SiGe QD region. The reference at z = 0 for the wetting layer and the QD region 

may not locate at the same plane. It should be noted that the average widths of wetting 

layers and QDs from TEM are ~ 2 nm and ~ 6 nm, respectively. 
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Due to the valence band offset at the Si/SiGe heterojunction, there are discrete 

energy levels in the SiGe QDs. The boron δ doping in Si spacers provides the QDs a 

sufficient hole concentration, and the holes can be confined in QDs at low 

temperature.  

Under infrared exposures, the confined holes at these discrete energy levels can 

be excited and contribute to the photocurrent. The spectra are measured by the FTIR 

system. The setup of spectral measurement is shown in Fig. 3-4.  

 

Fig. 3-4 The setup of spectral measurement. The spectrum is measured by a Fourier 

transform infrared spectrometer coupled with a cryostat and an SR570 current 

preamplifier. 

 

The δ-spacer sample is the quantum dot infrared photodetector with delta doping 

in the Si spacers as mentioned above. To further study the absorption mechanism, two 

other samples are also measured for comparison (Table 3-1). The δ-QD sample has 
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the same SiGe QD structure with the δ-spacer sample, but the δ doping is introduced 

in the SiGe QD layers, instead of the Si spacers. The δ-QD sample is also discussed in 

the previous chapter. The growth rate of Si is almost the same with Ge at 600oC by 

UHVCVD (~ 2 nm/min.). The same doping times for the δ-spacer sample and the 

δ-QD sample result in similar doping profile. Boron (1019 cm-3) was δ introduced in 

the middle of the growth of each SiGe QD layer. The thickness of the δ-doping well is 

estimated to be 1 nm in the SiGe layer. The δ-SiGe01 sample has 5-period 7 nm-thick 

Si0.9Ge0.1 QWs with boron δ doping in QWs. The doping profile is similar to the 

δ-spacer sample and the δ-QD sample, too. The Ge concentration in SiGe QWs is 

physically designed and not calibrated by EDS since it is not important in this 

research. 

 

Table 3-1 Comparison of δ-spacer, δ-QD, and δ-SiGe01 samples. 

Sample  

name 

Active 

layer 

δ-doping 

location 

Spacer 

thickness (nm) 

δ-spacer 20 layers SiGe QD Spacer 80  

δ-QD 20 layers SiGe QD QD 80 

δ-SiGe01 5 layers Si0.9Ge0.1 QW QW 90 
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3.3 Results and Discussion  

3.3.1 Transitions in SiGe/Si QDs   

 Fig. 3-5 shows the I-V characteristics of the MIS QDIP with δ doping in the Si 

spacers at different temperatures.  
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Fig. 3-5 Dark currents of the QDIP with δ doping in the Si spacers at different 

temperatures. Since the δ-doping well is very shallow, holes from acceptors can easily 

contribute to the dark current even at low temperature. 

 

The δ-doping well is very shallow. Holes from acceptors can be easily swept to 

the back contact at inversion bias even at low temperature. As discussed in Section 2.5, 

the large inversion current at low temperature of this device is due to the δ-doping 

layer. At inversion bias, electron-hole pairs can be easily generated in δ-doping layers 
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due to the bandgap narrowing and band-to-traps tunneling. At low temperature, the 

thermal generation current through the defects at the oxide/Si interface and in the 

depletion region has much smaller contribution to the total current as compared with 

the current from δ-doping layers. As temperature increases to 300 K, the thermal 

generation current then dominates the total current. The thermal generation rate of 

electron-hole pairs at the SiGe/Si heterojunction is larger than that at the oxide/Si 

interface due to the smaller bandgap of SiGe. At 300 K, generated holes in QDs can 

overcome the QD barrier more easily, and result in the large inversion current. 

Since the δ-doping well is very shallow, holes from acceptors are also easily 

accumulated at the oxide/Si interface at accumulation bias even at low temperature. 

There is no obvious difference between the accumulation current at 15 K and at 80 K. 

The current level is quite large, and the contribution of thermally excited holes from 

QDs is not easy to be observed. The accumulated holes at the oxide/Si interface not 

only tunnel through the oxide layer to form the current, but also increase the voltages 

drop across the oxide layer. The electrons can also tunnel from Al to Si when the 

voltage drop across the oxide layer is large enough. This large dark current prevents 

the detector operation at accumulation bias. As temperature is increased to 300 K, 

some holes which are trapped in QDs can also overcome the QD barrier to form the 

current. Therefore, the accumulation current increases. 

 At 15 K, the absorption spectra of the δ-spacer sample measured by the Fourier 

transform infrared spectrometer can be grouped into three regions, including a 

1.8-2.37 μm region (Fig. 3-6 (a)), a 3.7-6 μm region, and a 6-16 μm region (Fig. 3-6 

(b)).  
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Fig. 3-6 (a) Short wavelength (1.8-2.6 μm) spectral responses of the δ-spacer sample 

at 0 V and 1 V (15 K). (b) Long wavelength (3.7-17 μm) spectral responses of the 

δ-spacer sample at 0 V and 1 V (15 K). 
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There is a large band offset at the SiGe/Si heterojunction in the valence band. 

The discrete energy levels in the SiGe QDs are formed. The bound state energy can be 

calculated by the k‧p method. Since the SiGe QD region has a wide base (~ 100 nm) 

and a short height (~ 6 nm), the QD region can be approximated by the QW in the 

k‧p calculation.  

The energy of the ground state in QDs should be lower for holes than that in 

wetting layers, since the SiGe layer at QD region are thicker and with higher Ge 

concentration. Most holes are hence in the QDs instead of the wetting layers. The 

calculated energy levels in QDs are shown in Fig. 3-7.  
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Fig. 3-7 The subband structure in the SiGe QD region. For LH1, the number of states, 

which equals the integration of density of state versus energy, at k = 0.03 ~ 0.04 A-1 is 

larger than that at k = 0 ~ 0.01 A-1 due to the much quicker increase of energy. 
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The schematic energy levels and the significant transitions in SiGe/Si QDs are 

shown in Fig. 3-8. The parameters (ΔEv(Si/SiGe)=0.54eV, well thickness=6 nm) in 

k‧p calculation for the QD region are selected to match the calculated result of E1 

with the measured data (2.37 μm). 

 

 

 

Fig. 3-8 The schematic energy levels and the significant transitions in SiGe/Si QDs at 

different bias voltages. Holes excited by photons with energy less than the energy 

difference between the ground state and the barrier can tunnel through the triangular 

barrier at 1 V. 

 

The 1.8-2.37 μm absorption results from the intervalence band transition (E1 in 

Fig. 3-8) between the ground state of heavy hole (HH1) and continuum states. When 

the applied voltage is increased from 0 V to 1 V, the cutoff wavelength shifts from 

2.37 μm (523meV) to 2.53 μm (490meV) (Fig. 3-6 (a)). Holes excited by photons 
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with energy less than the energy difference between the ground state and the barrier 

can tunnel through the triangular barrier at 1 V (Fig. 3-8). The red shift is a 

characteristic of bound-to-continuum transitions [15,16]. 

The hole concentration at the ground state of light hole (LH1) is smaller than that 

of HH1. Therefore, the LH1-to-continuum transition should be much weaker than the 

HH1-to-continuum transition, and no obvious absorption is observed. 

The 3.7-6 μm absorption results from the intersubband transition (E2 in Fig. 3-8) 

between the ground state of light hole (LH1) and the second excited state of light hole 

(LH3) in the SiGe QDs. For LH1, the number of states, which equals the integration 

of density of state versus energy, at k = 0.03 ~ 0.04 A-1 is larger than that at k = 0 ~ 

0.01 A-1 due to the much quicker increase of energy (Fig. 3-7). Hence, the measured 

peak wavelength (4.9 μm) of the LH1-to-LH3 transition matches the calculated 

energy difference between LH1 and LH3 at k=0.036 (A-1) instead of k=0 (A-1). Note 

that for bound-to-bound transition, the energy of excitation photons should match the 

energy difference between bound states. The 3.7-6 μm absorption (E2 transition) does 

not shift as the gate voltage is increased, since the LH1-to-LH3 transition occurs 

between two bound states, and the influence of a triangular barrier is weak. 

In a standard QWIP, the bound-to-continuum absorption is much weaker than the 

bound-to-bound absorption [17]. A similar result was observed in our data that the 

peak intensity of the bound-to-continuum absorption (HH1-to-continuum) is smaller 

than that of the bound-to-bound absorption (LH1-to-LH3). The small absorption and 

the barrier from LH3 to continuum prevent the HH1-to-LH3 (proximity of LH3 to the 

continuum) absorption from being observed. Meanwhile, the absorption of 

LH1-to-LH3 is large. The response can be observed. 
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3.3.2 PL Spectrum 

In the previous section, the transitions in SiGe/Si QDs are explained and 

calculated with respect to the behaviors of carriers only in the valence band. The 

photoluminescence (PL) spectrum of the δ-spacer sample at 10K provides another 

verification of subband structure since it involves with the interband transition (Fig. 

3-9).  
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Fig. 3-9 The photoluminescence (PL) spectrum of the δ-spacer sample at 10 K. The 

band edge emission energy in the SiGe dot, which is corresponding to conduction 

band edge to HH1 in the SiGe dot, is estimated to be 0.7 eV. 

 

Since the conduction band offset at the Si/SiGe heterojunction is very small, the 

energy difference between interband transitions in Si and SiGe should coincide with 
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hole barrier height at the Si/SiGe heterojunction. In Fig. 3-9, it is found that the 

energy difference between interband transitions in Si (1.17 eV) and SiGe dots (0.7 eV) 

approximately coincides with the HH1-to-continuum transition energy of 0.52 eV 

measured by FTIR. Since the ground state in QDs is lower for holes than that in the 

wetting layer, the band edge emission of the SiGe layer comes from SiGe QDs instead 

of the wetting layer.  

 

3.3.3 Transitions in Boron Delta-Doping Wells 

The standard deviation of the height of QDs is 0.3 nm, while the average height 

is 6 nm. The standard deviation of the base width of QDs is 4 nm, while the average 

width is 100 nm. The small standard deviations indicate that the dot sizes are uniform 

in this sample. In previous study, the spectrum only covers 2-3.2 μm with the height 

of QDs of 7-10 nm and the base of QDs of 50-100 nm [18]. The change on dot size is 

not enough for broadband detection. The δ doping is adopted to achieve the 

broadband detection. 

The 6-16 μm absorption in Fig. 3-6 (b) mainly comes from the intraband 

(intersubband or intervalence band) transition in the boron δ-doping wells in the Si 

spacers. The possible transition may be the HH-to-SO transition similar to that in Ref. 

19, where the 3D doping concentration of the δ-doping well is close to that of our 

δ-spacer sample. The exact calculation of energy level is beyond the scope of this 

study. In Ref. 19, the energy separation between HH and SO is 79 meV (15.7 μm), 

which is close to the measured cutoff wavelength of the 6-16 μm absorption.  

For the shorter wavelength part in the 6–16 μm peak (about 6–10 μm), oxygen 

with an impurity level of 160 meV (7.8 μm) may also contribute to the 6–10 μm 
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absorption [20]. 

To identify the origin of the absorption, the infrared spectra of the three samples 

in Table 3-1 are compared in Fig. 3-10. The cutoff wavelengths of δ-spacer and 

δ-SiGe01 samples at low energy side are 16 μm and 14 μm, respectively.  
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Fig. 3-10 Comparison of the spectral responses of δ-spacer, δ-QD, and δ-SiGe01 

samples at 15 K (at bias of 1 V). The curve indicated by LI shows the light intensity 

vs. wavelength. 

 

These long-wavelength transitions result from intraband transitions of δ-doping 

wells (Fig. 3-11). The blue shift of the cutoff wavelength of the δ-SiGe01 sample as 

compared with the δ-spacer sample is probably due to the additional quantum 

confinement of Si0.9Ge0.1 QW outside the δ-doping well. Note that there is a valence 

band offset of ~ 75 meV at most between Si and SiGe. The long-wavelength transition 
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in the δ-SiGe01 sample cannot originate from intraband transition of SiGe QW itself 

due to the QW’s shallow depth, where the cutoff wavelength should be longer than 

16.5 μm (75meV).  

 

Fig. 3-11 The schematic detection of long-wavelength infrared at the δ-doping layer. 

There may be SO level outside the δ-doping well. The spectrum of the δ-SiGe01 

sample is only measured at the bias of 1 V. At 0 V, the photogenerated carriers cannot 

be collected. 

 

The spectrum of the δ-SiGe01 sample is only measured at the bias of 1 V. At 0 V, 

without the help of electric field, the photogenerated carriers cannot be collected (Fig. 

3-11). No absorption spectrum from the δ-doping well (6-16 μm) is observed with the 
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δ-QD sample. Since the valence band barrier of the SiGe QD is large enough to block 

the photoexcited holes from the δ-doping well, the photoexcited carriers can not be 

collected by the electrode (Fig. 3-11). 

For the LH1-to-LH3 absorption, the peak of the δ-QD sample is at the shorter 

wavelength as compared with that of the δ-spacer sample. The smaller wavelength of 

the δ-QD sample is probably due to the many body effect, since the larger hole 

concentration is in the QDs. The many body effect can increase the intersubband 

transition energy [21,22]. 

The intensity of light source versus wavelength is shown as the curve indicated 

by LI in Fig. 3-10. The LI is measured by the internal detector of the FTIR system, 

and the fixed separation between light source and the internal detector results in 

absorption from the measurement environment. Note that the obvious absorption in LI 

curve at 4.3 μm and 5-8 μm is due to the absorption of CO2 and H2O, respectively 

[23,24].  Our test sample in the chamber is then lined up to the light source of 

Perkin-Elmer Spectrum 2000, and the original spectrum is measured. The original 

spectrum should be divided by the LI value in order to get the relative responsivity 

(arbitrary unit). Note that our test sample is put in the low-temperature and vacuum 

chamber. The chamber is close to the light source, and the absorption of the 

environment is suppressed. The suppressed absorption may result in extra narrow 

artifacts as shown in Fig. 3-10. Hence, these artifacts, such as 2.6, 4.3, 6.6, and 9.5 

μm, are due to the absorption of the measurement environment. After the spectrum 

measurement, the sample in chamber is moved out to be lined up with a blackbody 

source (similar to that in Fig. 2-11). The blackbody radiation at high temperature is 

then used to calibrate the absolute responsivity (A/W). The KRS-5 window has a 

quite uniform transmission (0.7) in the wavelength range we study, and will not result 
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in distortion of the spectrum except for the magnitude. The value of transmission of 

the window of 0.7 is counted in calibration of the absolute responsivity. 

As discussed in the previous chapter, the normalized detectivity (D*) is  

Ri
fA

NEP
fA

D
n /

* Δ
=

Δ
=                                          (3.1) 

where A is the detector area (3×10-2 cm2), Δf  is the equivalent bandwidth of the 

electronic system. The noise equivalent power is defined as in/R, where in is the 

current noise and R is the responsivity.  

At 1 V, the current noise (in) is limited by the dark current and can be 

approximated as the shot noise (2eIdΔf)1/2, where Id is the measured dark current. The 

measured dark currents are 4×10-11 A and 7×10-8 A at 0 V and 1 V, respectively. 

Therefore, D* can be simplified as 

deI
AD

2
R* =  at 1 V                                           (3.2) 

At 0 V, the dark current approaches zero, and in should be approximated as 

Johnson noise (4kTGΔf)1/2, where G is the measured conductance. 

kTG
AD

4
R* =  at 0 V                                          (3.3) 

Fig. 3-12 shows the detectivities at 1 V and 0 V at different temperatures. At 15 

K and 1 V bias, the peak detectivity is found to be 4.3×108 cm Hz1/2/W at 9.6 μm and 

2.6×108 cm Hz1/2/W at 4.9 μm. The peak detectivity increases to 3.9×109 cm Hz1/2/W 

at 9.6 μm and 2.3×109 cm Hz1/2/W at 4.9 μm when the bias decreases from 1 V to 0 V. 

Note that the conductance measured at 15 K is 2×10-7 S. The detectivity decreases as 

operating temperature increases. The δ-spacer sample can reach 109 cmHz1/2/W at the 

bias of 0 V, which meets the demand for commercial applications [25]. Further 
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optimization should be done for higher detectivities. Dark current reduction and 

responsivity enhancement may be the effective steps to improve the detectivity. The 

dark current could be reduced with a passivation technique to decrease the interface 

states. Antireflection coating could be used in order to increase the responsivity. 
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Fig. 3-12 The detectivities of the δ-spacer sample at different temperatures. The 3.7–

6 μm detection has a peak at 4.9 μm, and the 6–16 μm detection has a peak at 9.6 

μm. 

 

3.4 Summary 

The mechanism of absorption including 1.8-2.37 μm, 3.7-6 μm, and 6-16 μm 

regions for the QDIP with δ doping in the Si spacers is discussed. The valance band 

bound state energy is calculated by the k‧p method. The significant transitions are 

those in the QD region instead of the wetting layer, since the EDS results show that 
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the Ge concentration in the QD region is much higher than that in the wetting layer. 

The 1.8-2.37 μm region is due to the intervalence band transition from HH1 to 

continuum states in SiGe QDs. The 3.7-6 μm region is due to the intersubband 

transition from LH1 to LH3 in SiGe QDs. The cutoff wavelengths of the LH1-to-LH3 

transition of the δ-QD and δ-spacer samples are 5 and 6 μm, respectively. The blue 

shift of the δ-QD sample may be due to the many body effect. The intraband 

transitions in δ-doping wells contribute to long-wavelength infrared detection (6-16 

μm). Since the broadband spectrum covers most of the atmospheric transmission 

windows for infrared, the broadband detection is feasible using this device.  
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Chapter 4 

Ge-on-Insulator MIS Detectors 
 
 
4.1 Introduction 

Photonic devices with Si-on-insulator structure are of great interest in recent 

years [1-3]. However, due to Si bandgap, the near infrared at the optical 

communication wavelengths of 1.3 μm and 1.55 μm can not be detected [4]. The bulk 

Ge detector can detect the infrared of 1.3 μm and 1.55 μm [5], but the cost and the 

speed are issues. The Ge-on-insulator (GOI) on Si substrates can potentially lower the 

cost, and the thin active layer preventing the slow diffusion process of photo 

generated minorities can increase the speed. Ge p-i-n photodetectors have been 

demonstrated with Ge directly grown on SOI or Si substrates [6,7]. We fabricate the 

GOI MIS photodetectors by wafer bonding and smart-cut [8,9]. Single crystalline Ge 

is directly bonded to insulator, so the single crystalline base for growth is not 

necessary. The general types of photodetectors are based on PIN and 

metal-semiconductor-metal (MSM) structures. Compare to PIN detectors 

demonstrated by dopant implantation or diffusion, the MIS detector can have a 

simpler process. The low-temperature (50oC) process of liquid phase deposited oxide 

can reduce the thermal budget to prevent the degradation on the responsivity [10]. We 

will also show that the MS detector has a larger dark current and a lower responsivity 

as compared with the MIS detector. 

 

4.2 Device Fabrication 

The schematic process flow of device fabrication is shown in Fig. 4-1, and 
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discussed as follows. 

 

Fig. 4-1 The process flow of demonstration of the Ge-on-insulator MIS detector. The 

area of Pt gate is 3×10-4 cm2. 

 

The n-type, Sb doped 1-30 Ω-cm (001) Ge substrate was prepared as a “host” 

wafer. The H+ ions with a dose of 1~1.5×1017 cm-2 and the energy of 150~200 keV 

were implanted into the host wafer to form a deep weakened layer (Step 1 in Fig. 4-1). 

On the other wafer, 50~80 nm thermal oxide was grown on the p-Si to form the 

“handle” wafer. The handle wafer and host wafer were hydrophilicly cleaned in the 

NH4OH : H2O2 : H2O solution and KOH : H2O solution, respectively. After being 

rinsed in DI water, the wafer pair were initially bonded at the room temperature (Step 
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2 in Fig. 4-1), and then annealed at 150oC for 24 hours to strengthen the chemical 

bonds at the interface between the two wafers and to induce layer transfer along the 

weakened hydrogen-implanted regions by H2 blistering [11] (Step 3 in Fig. 4-1). Al 

with a ring area was evaporated on Ge to form the ohmic contact. Since Al ohmic 

contact has a large area (>0.1 cm2) and the barrier height between Al and Ge is small, 

the effect of contact resistance is small [12]. The low-temperature (50oC) liquid phase 

deposition (LPD) oxide [4] and Pt gate were used as the gate stack inside the Al ring 

(Step 4 in Fig. 4-1). The device area is 3×10-4 cm2. Fig. 4-2 shows the TEM 

photograph of the Ge-on-insulator MIS detector.  

 

Fig. 4-2 The TEM photograph of the Ge-on-insulator MIS detector. 
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For Step 3 in Fig. 4-1, the temperature of splitting annealing of 150oC is the 

optimization temperature for one-step heat treatment. In next chapter, the two-step 

heat treatment will also be introduced. Fig. 4-3 shows the surface roughness of 

Ge-on-insulator measured by AFM versus the process temperature of splitting 

annealing. Hydrogen is a fast diffuser in Ge [13]. When the process temperature is 

low, hydrogen can concentrate at the cleaved surface. Hence, the lower process 

temperature results in the lower surface roughness. The surface roughness can be as 

low as 6 nm when the process temperature is 150oC (Fig. 4-4). 
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Fig. 4-3 The surface roughness of Ge-on-insulator versus the temperature of splitting 

annealing. The lower process temperature results in the lower surface roughness. 
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Fig. 4-4 The surface morphology of the GOI structure with the process temperature of 

150oC. The surface roughness is 6 nm. 

 

4.3 Near Infrared Detection 

At inversion bias (negative bias for n-type Ge), the thermally generated inversion 

charges can easily tunnel through the LPD oxide due to the thin oxide and 

trap-assisted tunneling, and a deep depletion region is formed [4]. Due to the fast 

trap-assisted tunneling through the ultrathin oxide, the inversion current is dominated 

by the thermal generation rate of electron-hole pairs via interface states and the 

defects in the deep depletion region [14]. The transport mechanism of the Si MIS 

detector has been studied extensively [14], and the Ge MIS detector has very similar 

behavior.  

Under infrared exposure (1mW) at inversion bias, the excess electron-hole pairs 

are generated in semiconductor and contribute to the photocurrent. The dark current 

and photocurrents of the 0.8-μm-thick-Ge GOI MIS detector are shown in Fig. 4-5.  
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Fig. 4-5 The dark current and 850 nm, 1.3 μm, and 1.55 μm infrared (1 mW) 

photocurrents versus voltage (I-V) characteristics for the detector with 0.8 μm Ge.  

 

At -2 V, the responsivities of 850 nm, 1.3 μm, and 1.55 μm infrared of 1 mW are 

0.22, 0.19, and 0.04 A/W, respectively (Fig. 4-6). There is a crossover for the 

photocurrents at 850 nm and 1.3 μm in Fig. 4-5. The 850 nm infrared exposure has a 

larger response at larger bias (> 1.4 V), but has a smaller response at smaller bias (< 

1.4 V) as compared with 1.3 μm infrared exposure. Under 850 nm exposure, most 

photons are absorbed in the top region of the Ge layer. However, the H+ implantation 

creates the defects near the surface separated by smart-cut. At larger bias, the 

photo-generated carriers can be swept separately by the electric field without 

recombination via defects and can contribute to the photocurrent. At smaller bias, the 

photo-generated carriers recombine via defects and can not contribute to the 

photocurrent. Meanwhile, the absorption depth of Ge at 1.3 μm wavelength is 1.25 
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μm, and the fraction of absorption within the top defective region is small. The 

response at 1.3 μm wavelength is hence less sensitive to bias. 
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Fig. 4-6 The responsivities of the GOI MIS detector at 850 nm, 1.3 μm, and 1.55 μm 

wavelengths. 

 

According to Ref. 15, the responsivity can be expressed as 

1.24
)e-r)(1-(1R d-

int
λη α=                                       (4.1) 

where ηint is the internal collection efficiency, r is the reflectivity, α is the absorption 

coefficient, d is the film thickness, and λ is the wavelength in unit of μm. The 

absorption coefficients at 850 nm and 1.3 μm wavelengths are 3×104 and 8×103 cm-1, 

respectively. The absorption coefficient at 1.55 μm wavelength is controversial 

ranging from 450 [16] to 3000 cm-1 [17], and a reasonable value of 1000 cm-1 [18] is 

adopted in this calculation. In ideal case, taking ηint = 100 % and r = 40 %, the 
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responsivities of the 0.8-μm-thick-Ge detector at 850 nm, 1.3 μm, and 1.55 μm 

should be 0.37, 0.30, and 0.058 A/W, respectively. The measured value is smaller than 

the calculated value since the ηint will not be 100 % in the real case. The interface 

states at the LPD-oxide/Ge interface and implantation damage form the recombination 

centers to reduce ηint. By removing the top damage layer, using high-k dielectrics to 

reduce the interface state density [19], and coating an anti-reflection layer, the 

responsivity can be improved. 

In Fig. 4-3, the surface roughness decreases as the process temperature decreases. 

What’s the relation between responsivity and the process temperature? Fig. 4-7 shows 

that the responsivity increases as the process temperature decreases. The implantation 

damage may be still passivated by hydrogen at the lower process temperature, which 

results in less recombination of photo-generated carriers via defects. As the process 

temperature increases, hydrogen diffuses out and leaves the dangling bonds, which 

degrade the responsivity. 
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Fig. 4-7 The responsivities of GOI detectors with different process temperatures. 
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To increase the responsivity at the 1.3 μm wavelength, a device with thicker Ge 

is fabricated. The dark current and photocurrent under 1.3 μm infrared exposure of the 

1.3-μm-thick-Ge GOI MIS detector are shown in Fig. 4-8. At -2 V bias, the 

responsivity under 1.3 μm infrared exposure is 0.23 A/W, which is larger than 0.19 

A/W of the 0.8-μm-thick-Ge GOI MIS detector. 
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Fig. 4-8 The photocurrent (at 1.3 μm wavelength) and dark current of the GOI MIS 

detector with 1.3-μm-thick Ge. The currents of the GOI MS detector are also shown 

for comparison. 

 

To demonstrate the advantages of GOI MIS detectors, a GOI 

metal-semiconductor (MS) detector is also studied with a structure similar to the GOI 

MIS detector without LPD oxide. At -2 V bias, the dark current density of the GOI 

MIS detector is 0.23 A/cm2, while that of the GOI MS detector is 4.2 A/cm2 (Fig. 4-8). 
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Meanwhile, the MIS detector has the responsivity (at 1.3 μm wavelength) of 0.23 

A/W larger than the MS detector of 0.16 A/W. For comparison with other reports, 

dark currents of MSM [15] and PIN [20,21] detectors are 0.3 A/cm2 and few mA/cm2, 

respectively. 

For the MS diode, the dark current at negative bias (reverse bias) is dominated 

by the thermionic emission current of electrons from Pt to Ge, and the magnitude of 

current is depended on the barrier height of electrons between Pt and Ge (Fig. 4-9). 

However, for the MIS diode, the barrier height is large due to the extra barrier formed 

by insulator. In addition, when Pt directly contact with Ge, work function of Pt will be 

pinned from the un-contact level below the valence band of Ge to the gap state of Ge. 

An insulator between Pt and Ge can suppress the Fermi level pinning [22-24]. Hence, 

at negative bias, the thermionic emission current can be neglected for the MIS diode 

due to the large barrier height, and the dark current of the MIS diode is only 

dominated by the thermal generation current in Ge. Hence, the MIS detector can 

reduce the dark current as compared with the MS detector.  

Due to the Fermi level pinning of the MS diode, the depletion width of the MS 

diode is decreased. The MIS diode has a larger depletion width since the Fermi level 

pinning is suppressed and a deep depletion region is formed below the insulator [25]. 

The electric field in depletion region helps electron-hole pairs to be swept separately 

to form the photocurrent without recombination via defects. Hence, the Pt GOI MIS 

device has a higher responsivity of 0.23 A/W than the Pt GOI MS device (Fig. 4-8). 

The higher responsivity of the MIS device shows that the depletion width is increased 

with a thin oxide. 
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Fig. 4-9 The schematic band diagram (negative bias) comparison between MS and 

MIS structures. The thermionic emission current can be neglected for the MIS diode, 

and the dark current is only dominated by the thermal generation current. 

 

Pt with large work function is used as gate to reduce the dark current. The dark 

current of a Pt gate MIS device on bulk Ge is compared with the Al device (Fig. 4-10). 

The simple top-bottom structure of the MIS device is adopted to investigate the 

influence of gate electrode (the inset of Fig. 4-10). The dark inversion current of the 

Pt gate device is much lower, indicating that the electron tunneling current from gate 

to Ge is suppressed by the larger work function of Pt (5.6 eV) than Al (4.1 eV) (Fig. 

4-11). 
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Fig. 4-10 The dark currents of Pt gate and Al gate MIS devices on bulk Ge. The inset 

shows the structure of the MIS device. The gate area is 3×10-4 cm2, and the thickness 

of LPD oxide is ~ 2 nm. 

 

Fig. 4-11 The electron tunneling current from gate to Ge is suppressed by the larger 

work function of Pt (5.6 eV) than Al (4.1 eV). 
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4.4 External Strain on Detectors 

The responsivity of the GOI MIS detector can be enhanced by applying external 

mechanical strain. The setup to apply mechanical strain is similar to that in Ref. 26 

(Fig. 4-12). The level of strain is determined by the screws on the sides of the washer. 

The strain is measured by Raman spectroscopy [27]. From the relation between the 

Raman shift and rotation of screws, we can obtain the magnitude of strain.  

 

Fig. 4-12 The setup to apply mechanical strain. The level of strain is determined by 

the screws on the sides of the washer [26]. 

 

The photocurrents (at 1.3 μm wavelength) and dark currents of the un-strained 

and strained GOI MIS detector with 1.3-μm-thick Ge are shown in Fig. 4-13. The 

enhancement on the photocurrent can reach 11 % at 0.13 % biaxial tensile strain (Fig. 

4-14).  

The increase of responsivity is mostly due to the strain-induced bandgap 

narrowing [27] (Fig. 4-15). The dark current variation is smaller than 2 %, since it is 

only dominated by defects, which do not change under strain. 
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Fig. 4-13 The photocurrents (at 1.3 μm wavelength) and dark currents of the 

unstrained and strained GOI MIS detector with 1.3-μm-thick Ge. 
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Fig. 4-14 The photocurrent enhancement versus mechanical strain. 
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Fig. 4-15 The band diagram of the MIS detector at inversion bias. The external 

mechanical strain results in bandgap narrowing. 

 

4.5 Impulse Response 

Because the Pt gate electrode would block the light, the fiber was pointed to the 

edge of Pt gate. Due to the top implantation damage, the diffusion length is small, and 

the drift carriers play an important role in the photocurrent. In addition, the 

explanation of crossover point in Fig. 4-5 also shows that the short wavelength (850 

nm) absorption is sensitive to depletion width, which is controlled by the bias. Hence, 

there should be carriers generated in the depletion region as shown in Fig. 4-15. Of 

course, there are still some diffusion carriers which degrade the bandwidth. For 

practical application, the light could be coupled via the transparent electrode or the 

vertical cleaved edge, similar to that in waveguide photodetectors and traveling wave 

photodetectors, and the problem of low efficiency and bandwidth may be solved in 

principle [28,29].  

For impulse response measurements, an 850 nm pulse laser with pulse width of 
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50 ps is used. Time domain response waveforms of the photodetectors are observed 

by oscilloscope. The 3 dB bandwidth of the GOI detector and bulk Ge detector is 

shown in Fig. 4-16.  
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Fig. 4-16 The impulse response measurements of (a) GOI and (b) bulk Ge detectors. 
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The 3 dB bandwidth the 0.8-μm-thick-Ge GOI detector at -2V shows 60 % 

enhancement on bandwidth as compared with the bulk Ge detector (Fig. 4-17). 

However, the large area (~ 10-4 cm2) leads to the small absolute bandwidth of 540 

MHz of our GOI detector due to the RC delay. The capacitance of 1.8 pF and the 

series resistance of 150 Ω can be extracted from the S-parameter, and the RC-limit 

bandwidth is 590 MHz, close to the measured bandwidth. The MIS structure can form 

a deep depletion region in the Ge thin film, and the capacitance due to depletion 

region is in series with gate oxide capacitance to reduce the total capacitance. Once 

the optimized pattern can be demonstrated on the GOI structure, the bandwidth will 

be much increased. 

 

Fig. 4-17 The 3 dB bandwidth of the GOI device and the control Ge device. The GOI 

detector at -2 V shows 60 % enhancement on bandwidth as compared with the control 

Ge detector. 
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4.6 Summary 

In conclusion, the GOI MIS detectors have been demonstrated. At -2 V, 

responsivities of the 0.8-μm-thick-Ge GOI detector at 850 nm, 1.3 μm, and 1.55 μm 

wavelengths are 0.22, 0.19, and 0.04 A/W, respectively. To increase the responsivity 

of 1.3 μm infrared, a 1.3-μm-thick-Ge GOI MIS detector is also demonstrated with 

the responsivity of 0.23 A/W. Due to the compatibility with Si ultra-large scale 

integration chips, it is possible to integrate electro-optical devices into Si chip for 

optical communication at the wavelengths of 850 nm, 1.3 μm and 1.55 μm. The 

further enhancement on the responsivity can be achieved with external mechanical 

strain.  
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Chapter 5 

Single Crystalline Film on Glass for Detectors 

and Solar Cells 
 
 
5.1 Introduction 

Ge with bandgap of 0.66 eV and direct bandgap of 0.8 eV is a promising detector 

for the telecommunication wavelengths [1]. The Ge layer much thicker than 

absorption length is not desirable due to costly Ge layers. Thin Ge photodetectors 

have been demonstrated by growing Ge on SOI [2,3] and Si [4,5] substrates. To 

further reduce the cost, the glass substrate is of great interest. We develop Ge-on-glass 

(GOG) MIS photodetectors by wafer bonding and smart-cut. The simple MIS 

structure can be easily fabricated without n and p dopant diffusion or implantation. 

Single crystalline Ge is directly bonded to glass, so the single crystalline substrate is 

not necessary. The Ge substrate can be reused since only a fraction of Ge is cut and 

bonded to glass. The GOG structure can be etched before the fabrication of the MIS 

photodetector to reduce the surface roughness and to remove most defects formed 

during the implantation process. Moreover, GOG MIS photodetectors can be used for 

the system-on-panel applications. 

The thin film solar cell is of great interest in recent years due to the less demand 

for active materials, like Si, that means a considerable reduction of cost. However, 

most thin films for solar cells are composed of amorphous or poly crystalline 

materials [6-8], where the high amount of defects may reduce the efficiency as 

compared with single crystalline materials. We have already demonstrated the single 

crystalline thin film Ge on glass. The current-voltage characteristic of our GOG MIS 
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structure was measured under AM 1.5 100 mW/cm2 illumination of solar simulator. 

Although the smaller bandgap of Ge as compared with Si leads to more effective 

absorption, it has the problem of smaller open circuit voltage (Voc), which degrades 

the efficiency. The optimized structure is investigated by the simulation tool. 

Simulation results show that thin Ge layers can be incorporated into single crystalline 

Si in order to increase the efficiency of thin film solar cells. The Si/Ge/Si structure has 

the advantages of large bandgap of Si and efficient absorption of Ge. 

 

5.2 Ge-on-Glass Detectors 

5.2.1 Device Fabrication 

The n-type, Sb doped (001) Ge substrate with a resistivity of 1-30 Ω-cm was 

prepared as a “host” wafer. The hydrogen ions with a dose of 1.5×1017 cm-2 and the 

energy of 150 keV were implanted into the host wafer before bonding to form a 

weakened layer (Step 1 in Fig. 5-1). On the other hand, the Corning 7059 glass was 

prepared as a “handle” wafer. The Corning 7059 glass substrate was chosen because 

its coefficient of thermal expansion (CTE) of 4.6 is comparable with that of Ge of 5.8. 

The bowing due to stress formed by materials with different CTE can be avoided [9]. 

CTE of some materials is shown in TABLE 5-1 [10-14]. 

The host wafer and the handle wafer were hydrophilicly cleaned in the KOH : 

H2O solution and NH4OH : H2O2 : H2O solution, respectively. After being rinsed in 

de-ionized water, the implanted side of Ge was in contact with the glass substrate, and 

the Ge/glass pair were initially bonded at the room temperature (Step 2 in Fig. 5-1). 

Then, this pair were annealed at 150 oC for 8 hours to strengthen the chemical bonds 

at the interface between the Ge and glass, and subsequent anneal at 200 oC for 40 

minutes induces layer transfer along the weakened hydrogen-implanted regions by H2 
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blistering (Step 3 in Fig. 5-1). The details of two-step annealing will be discussed in 

the following section. The photograph of the GOG structure is shown in Fig. 5-2, 

where the rectangular area is Ge.  

According to the cross-sectional transmission electron micrograph (TEM) 

photograph, the thickness of the transferred Ge layer is about 1.3 μm (Fig. 5-3), and 

the top Ge layer (~ 300 nm) is defective due to the implantation damage [15]. 

 

 

 

Fig. 5-1 The process flow of Ge-on-glass structure demonstration. 
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TABLE 5-1. Coefficient of thermal expansion of some materials. 

 CTE in 10-6/K at 

room temperature 

Si 3 

Ge 5.8 

Thermal oxide 0.5 

Glass  

(Corning 7059) 

4.6 

Glass  

(Pyrex 7740) 

3.3 

Photoresist  

(SU-8 2100) 

50 

Polyimide 20 

 

 

Fig. 5-2 The photograph of the thin Ge bonded on glass. The rectangular area is Ge. 
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Fig. 5-3 The cross-sectional TEM of the Ge-on-glass structure. The top Ge layer (~ 

300 nm) is defective due to the hydrogen implantation. 

 

5.2.2 Roughness Reduction 

 In section 4-2, the surface roughness of the 0.8-μm-thick-Ge GOI structure is ~ 6 

nm. However, the surface roughness of the 1.3-μm-thick-Ge GOI structure is ~ 13 nm 

after similar process at 150oC for 24 hours. Hence, the two-step heat treatment is 

adopted for the 1.3-μm-thick-Ge GOG structure to decrease the surface roughness 

after smart-cut. First, this pair were annealed at 150 oC for 8 hours to strengthen the 

chemical bonds at the interface between the Ge and glass, and subsequent anneal at 

200 oC ~ 300 oC for 40 minutes induces layer transfer by H2 blistering. Fig. 5-4 shows 

the surface morphology after smart-cut under different annealing temperatures. 
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Condition: 

150 oC, 8 hours + 200 oC, 40 minutes 

Roughness (RMS): 

10.7 nm 

 

 

(a) 

 

Condition: 

150 oC, 8 hours + 250 oC, 40 minutes 

Roughness (RMS): 

12.6 nm 

 

 

(b) 

 

Condition: 

150 oC, 8 hours + 300 oC, 40 minutes 

Roughness (RMS): 

13.3 nm 

 

 

(c) 

Fig. 5-4 The surface morphology under different process temperatures. 
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 Since hydrogen is a fast diffuser in Ge [16], process temperatures and annealing 

times are both important parameters for the diffusion of hydrogen in Ge. Fig. 5-5 

shows that the surface roughness decreases as the thermal budget decreases. The 

splitting annealing at 150 oC for 24 hours can be replaced by 150 oC for 8 hours and 

subsequent annealing at 200 oC for 40 minutes, and the smaller surface roughness can 

be achieved. 
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Fig. 5-5 The surface roughness versus the temperature of splitting annealing. 

 

 It has been demonstrated that the surface roughness of epi-Ge can be decreased 

with hydrogen annealing [17]. Fig. 5-6 shows the surface morphology after forming 

gas (10 % H2+90 % N2) annealing (FGA) at different temperatures. The Ge-H cluster 

lowers the diffusion barrier at the surface, and results in higher diffusivity and surface 

mobility of Ge atoms, which may change the surface morphology. 
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Condition: 

FGA at 200 oC 

Roughness (RMS): 

7.0 nm 

 

 

(a) 

 

Condition: 

FGA at 250 oC 

Roughness (RMS): 

7.3 nm 

 

 

 

(b) 

 

Condition: 

FGA at 300 oC 

Roughness (RMS): 

7.7 nm 

 

 

(c) 
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Condition: 

FGA at 350 oC 

Roughness (RMS): 

13.5 nm 

 

 

(d) 

 

Condition: 

FGA at 400 oC 

Roughness (RMS): 

15.4 nm 

 

 

(e) 

Fig. 5-6 The surface morphology after forming gas annealing (FGA) at different 

temperatures for 1 hour. 

 

 The smallest surface roughness after forming gas annealing is 7.0 nm at 200oC 

(Fig. 5-7). Since the splitting temperature is as high as 200oC, the lowest temperature 

of forming gas annealing is set at 200oC. It can be found that the surface roughness 

after forming gas annealing above 350 oC will be even larger than the initial value due 

to the large surface mobility of Ge atoms at high temperature. 
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Fig. 5-7 The surface roughness after forming gas annealing at different temperatures. 

 

In addition to forming gas annealing, chemical etching may be another way to 

reduce the surface roughness. It may also remove the defective hydrogen implantation 

region (Step 4 in Fig. 5-1). The SC1 solution (NH4OH : H2O2 : H2O = 1 : 1 : 7) can be 

used to etch the Ge [18]. After etching, it is found that chemical etching indeed 

reduces the surface roughness, and the surface roughness is as low as 4.3 nm (Fig. 

5-8). After etching of 150 seconds, a 530 nm Ge layer was etched away. 

Since both forming gas annealing and chemical etching can achieve roughness 

reduction, we want to combine both methods to obtain the optimized structure. 

However, as shown in Fig. 5-9, forming gas annealing can not decrease the surface 

roughness of etched samples any more. The roughness reduction by Ge-H cluster 

diffusion does not work when the surface is quite smooth. 
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Fig. 5-8 The surface morphology of the Ge-on-glass structure after chemical etching. 

The surface roughness decreases to 4.3 nm after etching. 
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Fig. 5-9 The surface roughness of etched GOG structures after forming gas annealing 

at different temperatures. 
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Since chemical etching is a simple process, and the surface roughness of the 

etched GOG structure can be as low as 4.3 nm, the etched GOG structure is compared 

with the control GOG structure. The following procedures of demonstration of MIS 

detectors for both samples are the same. Al is evaporated on Ge with a ring shape to 

form the ohmic contact. The low-temperature (50 oC) oxide of the thickness of 2 nm 

is deposited by liquid phase deposition (LPD) and Pt is used as the gate electrode 

inside the Al ring to form the MIS photodetector. Since the Pt gate electrode would 

block the light, the fiber is pointed to the edge of Pt gate. For the future application, 

the light could be coupled from the glass side, since it is almost transparent to infrared. 

The gate area is 3×10-4 cm2. The schematic structure of a GOG MIS photodetector is 

shown in Fig. 5-10. For the control structure, the thickness of the Ge layer is ~ 1.3 μm, 

while 770 nm of Ge is left for the etched structure.  

 

Fig. 5-10 The schematic structure of a Ge-on-glass MIS photodetector. The fiber is 

pointed to the edge of the gate electrode for photocurrent measurements. The area of 

Pt gate is 3×10-4 cm2. 
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5.2.3 I-V Characteristics 

 At inversion bias (negative bias), the thermally generated electron-hole pairs in 

semiconductor are swept separately by the electric field and form the dark current. As 

mentioned in the previous chapter, due to the fast trap-assisted tunneling through the 

ultrathin liquid phase deposition oxide, the inversion current is only dominated by the 

thermal generation rate of electron-hole pairs via interface states and the defects in the 

deep depletion region. The thermionic current from Pt to Ge can be neglected. Under 

visible-light/infrared exposures, the photo-generated electron-hole pairs can also be 

swept separately and contribute to the photocurrent.  

The LPD oxide can reduce the dark current as compared with the Schottky 

barrier detector and forms a deep depletion region in Ge at the negative gate bias for 

photo-carrier collection. The Pt gate with a work function larger than 5 eV can 

prevent the electron current tunneling from the gate to Ge, and leads to a lower dark 

current as compared with the Al gate. 

Fig. 5-11 shows the dark currents and photocurrents at 532 nm wavelength of the 

unetched and etched GOG MIS photodetectors. The dark current of the etched GOG 

MIS photodetector is reduced by a factor of 30, while the photocurrent is increased by 

a factor of 1.85.  

The etched GOG structure has small roughness of 4.3 nm and the defect density 

in the depletion region is also decreased due to the removal of hydrogen implantation 

damage. These lead to the superior performance of etched devices in terms of the dark 

current and 532 nm photocurrent. 
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Fig. 5-11 The dark currents and 532 nm photocurrents (4.2 mW) of the unetched and 

etched GOG MIS photodetectors. The etched GOG MIS photodetector has a larger 

photocurrent and a smaller dark current than the unetched one.  

  

5.2.4 Results and Discussion 

 The thermally generated electron-hole pairs via defects at the Ge/SiO2 interface 

and in the depletion region of Ge decrease after the damage removal, and the dark 

current consequently decreases.  

The photo-generated electron-hole pairs should be swept separately to contribute 

to the photocurrent. However, these photo-generated electrons and holes may 

recombine via defects without forming the photocurrent (Fig. 5-12). Hence, the 

damage removal increases the photocurrent of visible light. 
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Fig. 5-12 The mechanism of the photocurrent formation. Photo-generated electrons 

and holes may recombine via defects without forming the photocurrent. 

 

The defect density decreases after the etching process, and the recombination of 

photo-generated carriers is significantly suppressed. This phenomenon is especially 

significant for visible light detection. The etched devices can enhance the responsivity 

as long as the remaining Ge layer is sufficiently thicker than absorption depth at the 

exposure wavelength. This is true for 532 nm and 635 nm wavelengths which have 

absorption depths of ~ 20 nm and ~ 50 nm, respectively, in Ge (Fig. 5-13). Note that 

the remaining Ge after etching is estimated to be 770 nm. 



 97

500 1000 1500
0

100

200

300

 

 

R
es

po
ns

iv
ity

 (m
A

/W
)

Wavelength (nm)

 without etching
 with etching

Fig. 5-13 The responsivities of etched and unetched GOG MIS photodetectors at 

visible-light and telecommunication wavelengths. 

 

The photocurrents of telecommunication wavelengths (1.3 μm and 1.55 μm) are 

also measured, and the responsivities of the etched and unetched GOG MIS 

photodetectors are shown in Fig. 5-13. The responsivities at 1.3 μm and 1.55 μm of 

the unetched GOG MIS photodetector are 0.27 A/W and 0.05 A/W, respectively, 

larger than those of the etched GOG MIS photodetector. The drop of responsivity at 

1.3 μm and 1.55 μm wavelength after etching is due to the insufficient Ge layer 

thickness (770 nm) as compared with the absorption depth of 1.25 μm and ~ 10 μm, 

respectively. Note that there was no anti reflection (AR) coating used on the detectors. 

The further enhancement on the responsivity can be expected with the AR coating. A 

thicker Ge layer to absorb more infrared at 1.55 μm wavelength can improve the 
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responsivity, but the high energy implantation is required. Even 400 keV implantation, 

the active Ge layer is about 3 μm, which is still too thin as compared with the 

absorption length. Moreover, such facility is not available now for our experiments. 

The bonding and etch-back approach [19] may be an alternative to obtain such thick 

Ge layer (~ 10 μm). 

 

5.3 Single Crystalline Film on Glass for Solar Cells 

5.3.1 Ge-on-Glass Solar Cell 

The GOG MIS detector mentioned in Section 5.2 is also tested for solar cell 

applications. The current-voltage characteristic of this thin-film Ge MIS structure was 

measured under AM 1.5 100 mW/cm2 illumination of solar simulator (Fig. 5-14). We 

can only achieve a relatively low efficiency less than 0.1 %.  
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Fig. 5-14 The current-voltage curve of the Ge-on-glass MIS solar cell under AM 1.5 

100 mW/cm2 illumination of solar simulator.  



 99

One of the reasons for low efficiency is that the thick Pt gate electrode would 

block the incident light, since the pattern of electrodes has not yet designed for solar 

cell applications.  

Another reason is that only Ge is used in the active layer. The small bandgap of 

Ge and large Ge/SiO2 interface state density (Dit) result in a large dark current, which 

may reduce Voc [20]. The small Voc leads to low efficiency of the GOG MIS structure. 

This disadvantage can be improved by the structure of Si/Ge/Si due to the larger 

bandgap of Si and better interface quality of Si/SiO2. A thin film Si/Ge/Si solar cell 

combining the advantages of large bandgap of Si and efficient absorption of Ge is 

feasible for high efficiency. 

The other reason for low efficiency is the small fill factor (28%). The long 

distance between Pt gate and Al ohmic contact of this GOG MIS structure results in a 

large series resistance (RS) and hence reduces the fill factor [21]. This disadvantage 

can be improved if the ohmic contact is directly at the bottom of the active layer 

instead of on the same side with gate. Then the distance is reduced to the thickness of 

the active layer. This approach is possible if a transparent conducting oxide, like 

indium-tin-oxide (ITO), is deposited on glass before bonding and acts as the ohmic 

contact of the MIS structure.  

The optimized structure can be investigated with the commercial simulation tool, 

ISE. The process flow of demonstration of a designed optimized structure will be 

similar to that of demonstration of the GOG MIS structure as mentioned in Section 

5.2. 
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5.3.2 Optimized Structure 

The device simulation and efficiency estimation are carried out by ISE. The 

designed devices are based on the Si/Ge/Si and bottom ohmic contact structure as 

mentioned in the previous section.  

In practice, the Si/(Si)Ge/Si substrate can be demonstrated using ultrahigh 

vacuum chemical vapor deposition (UHVCVD) technique as shown in Ref. 22 (Fig. 

5-15 (a)) and 23 (Fig. 5-15 (b)). Then, the thin film Si/(Si)Ge/Si MIS solar cell can be 

obtained by replacing the bulk Ge in the process flow in Fig. 5-1 with the Si/(Si)Ge/Si 

substrate. The remaining Si substrate can be used for Si/(Si)Ge/Si deposition again 

since only a fraction of wafer is cut and bonded to the glass. 

 

(a) 
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(b) 

Fig. 5-15 SiGe/Si (a) QW and (b) QD structures can be demonstrated by UHVCVD 

[22,23]. 

 

First, a thin film Si MIS solar cell is constructed in the simulation to compare 

with the thin film Si/Ge/Si MIS solar cells. Two Si/Ge/Si structures are studied as 

shown in Fig. 5-16. The difference consists on a 30-nm-thick Ge layer inside or 

outside the depletion region of the top MIS diode. The illuminated current-voltage 

characteristics of the thin film Si and two thin film Si/Ge/Si MIS solar cells are shown 

in Fig. 5-17 and Table 5-2. 
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Fig. 5-16 The designed solar cell structures used in the simulation. Two thin film 

Si/Ge/Si MIS solar cells with the Ge layers at different positions are compared with 

the thin film Si MIS solar cell. The gate electrode is 1 μm × 1 μm. 
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Fig. 5-17 The illuminated current-voltage curves of the thin film Si and two thin film 

Si/Ge/Si MIS solar cells. 

 

TABLE 5-2. Illuminated I-V characteristics of the thin film Si and two thin film 

Si/Ge/Si MIS solar cells. 

 Si  30 nm Ge inside 

depletion region 

30 nm Ge outside 

depletion region 

Isc (nA) 5.68 5.94 8.04 

Voc (mV) 599 598 589 

Fill factor (%) 80.1 80.6 77.5 

Efficiency (%) 11.8 12.4 15.9 
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The results show that a thin layer of Ge indeed increases efficiency due to better 

absorption of Ge. The sample with Ge inside the depletion region has 4.6 % 

enhancement on the short-circuit photocurrent (Isc) as compared with the thin film Si 

sample, while the sample with Ge outside the depletion region has 42 % enhancement. 

The extra electric field formed by the Ge/Si heterojunction in the sample with Ge 

outside the depletion region can help the photo-generated carrier collection (Fig. 

5-18).
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Fig. 5-18 The band diagrams of the three structures in Fig. 5-16. There is an extra 

electric field induced by the Ge/Si heterojunction in the sample with Ge outside the 

depletion region. 

 

This is good news for the device demonstration. The modified step 1 and step 3 

of the process flow in Fig. 5-1 for thin film solar cell demonstration for (a) Ge inside 
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the depletion region and (b) Ge outside the depletion region are shown in Fig. 5-19. It 

is not necessary to grow a thick Si cap layer in the Si/Ge/Si substrate formation by 

UHVCVD technique, since the sample with Ge outside the depletion region is the 

better choice.  

 

Fig. 5-19 The modified step 1 and step 3 in Fig. 5-1 of the process flow of thin film 

solar cell demonstration for (a) Ge inside the depletion region and (b) Ge outside the 

depletion region. 

 

Note that the Voc of both thin film Si/Ge/Si MIS solar cells does not degrade 

much as compared with the thin film Si MIS solar cell, since most of the active 

material is still Si in these two structures. 

 How about the thin film Si/Ge MIS solar cell as shown in Fig. 5-20, since the Ge 

layer is outside the depletion region of the top MIS diode and no Si cap layer is 

needed in the process of Fig. 5-19? However, the simulation results show that the 

efficiency of Si/Ge structure is even smaller than the control Si structure (Fig. 5-21). 
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Fig. 5-20 The solar cell structure with a Ge layer at bottom. 
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Fig. 5-21 The efficiency of different structures. Si/Ge sample is the structure with a 

Ge layer at bottom, and Si/Ge/Si sample is the structure with a Ge layer outside the 

depletion region of the top MIS diode. 
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The low efficiency of the thin film Si/Ge MIS solar cell with a Ge layer at 

bottom is due to the valance band barrier at the Si/Ge heterojunction. The barrier 

prevents the photo generated holes to be collected by the back contact (Fig. 5-22). 

Hence, the thin film Si/Ge/Si MIS solar cell with Ge outside the depletion region of 

the top MIS diode is a better choice. 
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Fig. 5-22 The band diagrams of three different structures. The barrier at the Si/Ge 

heterojunction prevents the photo generated holes to be collected by the back contact 

and results in the low efficiency. 

 

The relation between the efficiency and the thickness of the Ge layer in the thin 

film Si/Ge/Si MIS solar cell with Ge outside the depletion region is investigated as 

shown in Fig. 5-23. It could be found that the efficiency almost saturates (15.9 %) 

after the thickness is larger than 30 nm. The thickness is much thinner than the 

thickness of Ge of the GOG MIS solar cell. The cost can be reduced as compared with 
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the GOG MIS solar cell, since the use of the expensive Ge material is little. 
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Fig. 5-23 The relation between efficiency and the thickness of the Ge layer in the thin 

film Si/Ge/Si MIS solar cell. 

 

The thin film Si/Ge/Si MIS solar cells with different numbers of layers of 

3-nm-thick Ge are also studied as shown in Fig. 5-24. The efficiency almost saturates 

(15.7 %) with more than four layers of 3 nm Ge. The effective thickness of 12 nm (4 

layers × 3 nm) is thinner than that of the thin film Si/Ge/Si MIS solar cell with a 

single 30-nm-thick Ge layer as mentioned in the previous paragraph. When the 

number of Si/Ge heterojunctions increases, there will be more regions with extra 

electric field, which can help the photo-generated carrier collection. So the multi-layer 

structure combines advantages of the good absorption of Ge and the extra electric 

field of the Si/Ge heterojunction. Hence, the expensive Ge can be saved. For the 
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number of Ge layers is larger than four, the extra electric filed regions formed by 

different Si/Ge heterojunctions will overlap and the enhancement is saturated.  
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Fig. 5-24 The relation between efficiency and the number of Ge layers in the thin film 

Si/Ge/Si MIS solar cell. Note that each Ge layer is 3-nm-thick, and each Si spacer is 

1-nm-thick. 

 

In Ref. 23, 20-layer-SiGe (thickness of each SiGe layer is thicker than 2 nm) can 

be deposited on the Si substrate, and no obvious dislocation is found in the TEM. So 

the thin film Si/Ge/Si MIS solar cell with four-layer 3-nm-thick Ge is a promising 

candidate for the thin film solar cell structure. Based on the simulation and technology, 

high efficiency thin film solar cells as shown in Fig. 5-25 can be demonstrated in the 

future.  
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Fig. 5-25 The possible structure of a high efficiency thin film solar cell. The thin film 

Si/(Si)Ge/Si MIS solar cell with four-layer 3-nm-thick (Si)Ge is a promising 

candidate for the thin film solar cell due to the efficiency of ~ 16 %. The light coupled 

from the glass side can avoid the decrease of efficiency due to the reduction of light 

reflected by gate electrode. 

 

5.4 Summary 

The GOG MIS photodetectors have been demonstrated. The etching is proven to 

be an effective method to remove implantation damage and to reduce the dark current. 

The remaining Ge after etching should be sufficiently thick as compared with the 

absorption depth to increase the responsivity. 

The optimized thin film Si/Ge/Si structures are designed for solar cell 

applications by using the simulation tool ISE. The efficiency of 15.9 % and 15.7 % 

can be achieved with the thin film (1.5 μm) Si/Ge/Si solar cell with single-layer 
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30-nm-thick Ge and that with four-layer 3-nm-thick Ge, respectively, while only 

efficiency of 11.8 % is achieved with the thin film Si solar cell. Based on the 

simulation and technology, high efficiency thin film solar cells can be demonstrated in 

the future. If the input light can be illuminated from the glass side in the future setup, 

the problem of input light blocked by the gate electrode can be solved. 
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Chapter 6 

Summary and Future Work 
 
 
6.1 Summary 

In this dissertation, MIS photodetectors based on Si/Ge materials are 

investigated. Discrete energy levels are formed in SiGe/Si QDs, and they can be 

applied to intraband transitions. Due to the smaller bandgap of Ge than Si, the near 

infrared at the optical communication wavelengths of 1.3 μm and 1.55 μm can be 

detected through interband transitions. 

For QDIPs, the position of δ doping can play an important role in device 

applications. When the δ doping is in the QD structure, a device with a low dark 

current and high operation temperature can be achieved. Meanwhile, a broadband 

spectrum can be obtained when the δ doping locates at the Si spacers. 

The δ doping in QDIPs (QWIPs) provides the QDs (QWs) with a sufficient 

hole concentration for infrared excitation. For the QDIP, a 3.5-5 μm absorption peak, 

which originates from the intraband transition in the QDs, is observed. At 15 K, the 

peak responsivity is 0.03 mA/W at 1 V, and the limited operating temperature of the 

device is up to 100 K. A higher peak responsivity of 1.3 mA/W is achieved by the 

δ-doped QWIP at 1 V. The absorption region of the δ-doped QWIP is at 3-7 μm. 

Although the δ-doped QWIP can achieve a higher responsivity, the δ-doped QDIP can 

have a larger detectivity due to its smaller dark current. The detectivity of the δ-doped 

QDIP can meet the demand for commercial applications. 

An MIS SiGe/Si (100) QDIP with δ doping in the Si spacers is also presented. 

The δ doping not only provides the QDs a sufficient hole concentration but also forms 
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δ-doping wells in Si. The mechanism of absorption at 1.8-2.37 μm, 3.7-6 μm, and 

6-16 μm regions is discussed. The valance band bound state energy is calculated by 

the k‧p method. The significant transitions are those in the QD region instead of the 

wetting layer, since the EDS results show that the Ge concentration in the QD region 

is much higher than that in the wetting layer. The intraband transitions in δ-doping 

QWs contribute to long-wavelength infrared detection (6-16 μm). The broadband 

detection is feasible using the SiGe/Si QDIP with δ doping in the Si spacers, and 

boron δ doping achieves broadband detection without increasing the process 

complexity. 

We have demonstrated thin-film Ge near infrared detectors on the Si or glass 

substrate. For the Ge-on-insulator device, the Si substrate makes the detector well 

compatible with Si ULSI process. On the other hand, the glass substrate of the 

Ge-on-glass device is almost transparent to infrared, and the problem of input light 

blocked by the gate electrode could be solved if input light can be illuminated from 

the glass side in the future setup.   

GOI MIS detectors are demonstrated by wafer bonding and smart-cut. At -2 V, 

responsivities of the 0.8-μm-thick-Ge GOI detector at 850 nm, 1.3 μm, and 1.55 μm 

wavelengths are 0.22, 0.19, and 0.04 A/W, respectively. To increase the responsivity 

at 1.3 μm infrared, a 1.3-μm-thick-Ge GOI MIS detector is also demonstrated with a 

responsivity of 0.23 A/W. Due to the compatibility with Si ultra-large scale 

integration chips, it is possible to integrate electro-optical devices into Si chip for 

optical communication at the wavelengths of 850 nm, 1.3 μm and 1.55 μm. The 

further enhancement on the responsivity can be achieved with external mechanical 

strain. The enhancement on the photocurrent can reach 11 % at 0.13 % biaxial tensile 

strain, while the dark current variation is smaller than 2 %. 
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Finally, the demonstration of GOG MIS photodetectors is presented. The 

etching is proven to be an effective method to remove implantation damage and to 

reduce the dark current. The remaining Ge after etching should be sufficiently thick as 

compared with the absorption depth to increase the responsivity. The optimized thin 

film Si/Ge/Si structures are designed for solar cell applications by using the 

simulation tool. Efficiency of 15.7 % can be achieved with the thin film (1.5 μm) 

Si/Ge/Si solar cell with four-layer 3-nm-thick Ge, while only efficiency of 11.8 % is 

achieved with the thin film Si solar cell. Based on the simulation and technology, high 

efficiency thin film solar cells can be demonstrated in the future. 

 

6.2 Future Work 

There is relatively little work published about Ge QDs on (110) and (111) Si, 

especially for the applications on infrared detection. The band structure and alignment 

have to be calculated, and the growth recipe has to be determined. Different optical 

properties of (100), (110), and (111) samples can be investigated. 

Boron was δ introduced in the middle of the growth of each QD layer and Si 

spacer layer in chapter 2 and chapter 3, respectively. The thickness of the δ-doping 

well is estimated to be 1 nm, and the corresponding sheet concentration of each layer 

is 1012 cm-2. The influences of different thickness and concentration of δ-doping 

layers on spectra can be studied. 

It has been found that QDs may become quantum rings after suitable heat 

treatment. Quantum rings can have smaller confinement energy as compared with 

QDs, and a longer cut-off wavelength can be achieved. The terahertz wavelength is of 

great interest in recent years, and quantum rings may be the promising candidate for 

detection at this region. In the future, the QD structures could be annealed to form the 
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quantum ring structures with the optimized sizes, and they could be fabricated into 

quantum ring photodetectors. 

Thin film Ge can be integrated on the flexible substrate since it can be as 

flexible as a foil. We have tried to transfer Ge onto the flexible polyimide substrate by 

wafer bonding and smart-cut. Since the polyimide substrate can not be hydrophilicly 

cleaned, the photoresist was adopted to make the pairs close-knit. Some 

characteristics of the Ge-on-polyimide structure have been studied. Further 

investigation can be done in the future.  

Although the transient response measurement of the GOI detector shows 60 % 

enhancement on bandwidth as compared with the bulk Ge detector, the absolute speed 

is still quite low. The large area of gate electrode leads to the small bandwidth of our 

GOI detector due to the RC delay. Further optimization is shown in Fig. 6-1, and this 

device for high speed operation can be demonstrated in the future. It should be noted 

that only a small gate electrode contacts with the LPD oxide, which may reduce the 

RC delay.   

 

(a) 
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(b) 

Fig. 6-1 The optimized structure of high speed GOI photodetectors. (a) Top view. (b) 

Profile along the dash line in (a). 

  

In conclusion, with further research efforts, the Si/Ge MIS photodetectors can 

much increase the functionality of Si ULSI chips. 
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