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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, 6 doping is introduced in the QDIPs and quantum well infrared
photodetectors (QWIPs). The & 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 um isjobserved. Duge to the smaller confinement energy of
the &-doped SiGe QWIP. as compared-with_the 3-doped SiGe QDIP, the cut-off
wavelength extends to 7 pm and.a larger responsivity.is achieved.

The broadband absorption of MI‘S‘ _SiGe/Si QDIPs is demonstrated using the
boron & doping in Si spacers. Shallow Qi_l'fﬁ's-can be formed in the valence band due to
the boron & doping in Si_spacers' and Ci)_ntribute to the-long-wavelength infrared
detection. The broadband spectrum cove‘rs maost of .the atmospheric transmission
windows for infrared, so the .oroadband detectiori .is. feasible using this device.
Calculations, comparison with ather 8-doped QDIPs/QWIPs, and PL spectrum are
studied to identify the transitions in QDs and 6-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 um, and 1.55 um infrared can be detected. The
responsivity of 0.23 A/W at the wavelength of 1.3 um has been achieved using n-type
Ge with the thickness of 1.3 um. 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



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/5 doping/smart-cut
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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 um, 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-um, corresponding to near infrared,
the applications focus on infrared transmissiony. such as.telecommunication and
optical interconnect [3]. All /applications rely on good:detectors. Mid- and long-
wavelength infrared can be detected thﬁ@ﬂgh Intraband transitions in the quantum
structure. Meanwhile, neaf infrared caniﬁbe detected through interband transitions
directly in semiconductor. "We Wduldaie B ecnthgitte cach 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, I11-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 111-V QWIPs. Second, the ideal signal-to-noise ratio of QWIPs is poor than that of



QDIPs [1]. Hence, the QD structure becomes a promising candidate for mid- and
long- wavelength infrared detection.

Most QDIPs so far are fabricated by I11-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, dpplications on;-eptical interconnect are highly
recommendable. While electrical™fogic devices work fast, in. nowadays, the overall
speed of electrical products is Iimite‘df;:gy the. communication between different
devices. Electrical interconnect hasapp.'l-*@ached itstlimits, and optical interconnect
could have a much higher bandwidttji, espécially with-ihe 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 um, and 1.55 um are significant for optical
interconnect. Infrared of 1.3 um and 1.55 um is important because of zero dispersion
at 1.3 um and minimum loss at 1.55 um in the standard fiber. Due to Si bandgap, the
near infrared of 1.3 um and 1.55 um 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



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.

Transmitter Receiver
=== ————=- I et l
| | |
| Optical | Waveguide |
Laser — P —r - ) g Photodetector
modulator (Fiber) !
| "

Upticil part

Amplifier
Electrical part ______ | _____

Driver

Electrical Electrical
logic cell logic cell
Vo) B oy
Fig. 1-1 The schematic diang oﬁeﬁpé cal intefconnect system [9].
IL | I

Thin film solar cell is 6f greal lnterest in rechnt years due to the less demand for
active materials, like Si, that means a° conS|derabIe 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.



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 & 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 um is observed.
Due to the smaller confinement energy of the 5-doped SiGe QWIP as compared with
the o6-doped SiGe QDIP, a, larger, responsivity ‘but a lower limited operating
temperature is achieved. Although.the 6-doped QWIP.can reach a higher responsivity,
the 6-doped QDIP can have a larger dgtectivity due to, its smaller dark current. The
detectivity of the o-doped SiGe‘ QDIW'i"éan meet .the demand for commercial
applications, which are usually dempnstratéd by 111-V photodetectors.

In chapter 3, an MIS Si“Ge/SikQ‘DIP with*d doping in the Si spacers is presented.
The & doping not only provides the QDs a sufficient hole concentration but also forms
d-doping wells in Si. The holes in QDs and &-doping QWs could be excited by
mid-wavelength infrared (3.7-6 um detection) and long-wavelength infrared (6-16 um
detection), respectively, and the spectrum covers most of the 3-5.3 um and 7.5-14 um
atmospheric transmission windows. To further study the absorption mechanism, the
5-QD sample with & doping in SiGe QD layers and 5-SiGe01 sample with & doping in
Sig.oGeg1 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



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 wisible light. The current-voltage characteristic of
our GOG MIS structure is also.measured-under illumination of solar simulator. The
reason for low efficiency is:diseussed, and then the optimized structures are designed

by simulation. —
- i_'w.'

Finally, chapter 6 summarizes [the significant contributions of this dissertation

on SiGe/Si QDIPs and singlécrystalline 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 nowpolarization selection rule (normal
incidence), the small darkicurrent, .and the high operation temperature [2,3]. Most
QDIPs demonstrated so ,far are baséaf:;p_n I1I-V materials.” With advantages of
integration and low cost [4]; the Si-based i;)_frared photodetectors are highly desirable,
and we have demonstrated such phdtddetectors 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 (MQOS) structure is a special case with SiO, 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.



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 & 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 um is observed. &
doping is also introduced in the QW structure. Due to the smaller confinement energy
of the &-doped SiGe QWIP as compared with the &-doped SiGe QDIP, a larger
responsivity is achieved. However, the 5-doped SiGe QDIP has a larger detectivity of
10° cmHzY?/W, which meets the demand for commercial applications, than the

d-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, thermali:;“&'('ide can beeasily grown on Si. However,
for the SiGe/Si QD structure, a IoW thernf:erl budget process is needed to avoid strain
relaxation and serious interdi“f‘fusioﬁ between Si ‘and Ge. The low-temperature (50°C)
liquid phase deposition (LPD) oxide is adopted’ [8} (Fig. 2-1). The chemical reaction
is shown as follows.

H,SiF, +2H,0 < SiO, + 6HF (2.1)

The silicic acid (SiO2:xH20) is added to hydrofluosilicic acid (H,SiFg), and let
the solution saturated with SiO,. The water is then added to supersaturate the solution
with SiO, and the sample is coated by SiO, 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

9



LPD oxide can reduce the dark current of the QDIP, which will be discussed in the

next section.

Saturated
H,SiF4

Water Holder

m_L_ Samples

Stirrer

Heater

Fig. 2-1 The schematic system of low-temperature (50°C) 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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|
Dark current

" Dark current
Photocurrent

Metal " Semiconductor
Insulator

(LPD oxide)

R

| i o

Fig. 2-2 The operation principle,of an NMQS dioded@t inversion bias. The depletion

width increases as gate voltag_e incrLeaises. |

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.

- - - MS_QDx5
—— MIS_QDx5

— em e e = = o

Dark current (A)
S

38 .2 -1"'.'_'0 . 2 3
Voltage/ (V)

Fig. 2-3 Comparison between dark currents of MIS and MS structures. The area of
gate electrode is 3x10™ cm? 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

12



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.

MS MIS

L/
Fig. 2-4 The schematic band diagram (positivé 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 Q-cm p-type (001) Si

substrates by ultrahigh vacuum chemical vapor deposition (UHVCVD). The base
pressure was 10 torr. The precursor (GeHs) was diluted in carrier gas of He and
forms the Ge dots at 600°C. 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 4x10° cm™.
The QD structure was fabricated intosMIS tunneling diodes with a low-temperature
(50°C) LPD oxide (Fig:2-5);Boren  (10*° cmi®),~from the precursor of B;Hg, was

& introduced in the middle of the growth of each SiGe QD layer. The thickness of the
8-doping region was estimated to bel 1-nm=-
1l
I Al |
oxide (2 nm)
Si cap layer 130nm
£ g o g,

"SiGe wetting layer|
SiGe QD

20 Iay-ers of
SiGe QDs

T T T

Boron (10" cm™) 5 doping

Si spacerI
80nm

p-Si (100)
Al

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

§ doping were prepared by UHVCVD. The area of Al gate was 3x102 cm?.
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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 \/_?r:ﬂga'll'ﬂﬁ*ﬁ?i!&amg!es, as shown in Fig. 2-6.
" vk B W

] s

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

spacer is 80 nm in thickness.

15



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.

accumulation Inversion

15 K (light)

Current (A)
=
S

H

o
N
N

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.

H
o
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-
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©

Current (A)

\
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Ve/ (V)

i
-

Fig. 2-8 The minimum'of the dark current éhanges 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

17



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 1-V curve occurs at smaller bias than that at low

temperature.

Accumulation bias
Low T

Series resistance
=N N—

&
Metal Semiconductor

Insulator
(LPD oxide)

(@)
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Accumulation bias

High T
kA
e —p—>
o .
Series resistance
kA
4_.,@@@_
b
Metal Semiconductor
Insulator

(LPD oxide)

(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 withia blackbo;jy source (Fig. 2-11). The blackbody
radiation at high temperature (800 K) |s use.(lﬂ"to calibrate the absolute responsivity
(A/W), since the absolute powver ofﬁblackbodyr radiation.can be obtained with the
parameters of distance between the qlaC@dy source and the detector, output area of

the blackbody source, and so on. | l'[, |

Cu rrent

Computer=-1 amplifier

Perkin-Elmer Detect
Spectrum 20000 |R ctector

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 calibr_ation of the absolute respbns,ivity by blackbody radiation.

=~k
N Q)
- T |

A broad 3.5-5 pm peak from th intr;iig)'é-mdlltransition in QDs is observed at gate
h i s

o T

voltage of 1 V with a peak re§p_onsii/it y of 0.03 rr::/l?\lw (Fig.‘ 2-12). The responsivity of
the &-doped QDIP at 4.4 um deéréases_as temp‘t_aratlﬁ“re increases, because more holes
could escape from QDs with thermal excitation as temperature increases. The 3.5-5
um 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 um
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 um [17]. The absorption peak at 3.5-5 um 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 5-doped QDIPuat-different temperatures. The
artifacts at 4.3 um due to the absorption'dﬂg_oz are remaoved.
F ‘
The 5 doping is expected to coﬁ{ribute the h;ole congentration in the doped device,
which results in a larger responsivity at low température and a new absorption peak
through the LH1-to-LH3 transition. However, the dark current of the 5-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:

o _ JAAT _ JAAf

NEP i /R

(2.2)

where A is the detector area (3x10% cm?), Af is the equivalent bandwidth of the

electronic system. The noise equivalent power (NEP) is defined as i,/R, where iy, 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 (2elq Af)™“, where Iq is the measured dark

current. Therefore, D” can be simplified as

b - VAR 2.3)
2el

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

detectivity is found to be 10° cm-HzY4/W at 4.4 ;z m. The detectivity decreases with

the increase of the operating temperature due to the increase of the dark current.

V_=1V

D* (cm Hz"*/W)

10t
20 40460 80 100
Temperature (K)

Fig.2-13 The detectivity vs. the operating temperature for the -doped QDIP at 1 V.
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2.5 Delta-Doped Quantum Well Infrared Photodetector

& doping was also introduced in the MIS Sig7Geps 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 Sig7Geos QWSs with 80-nm-thick Si spacers (Fig.
2-14). The growth temperature was also 600°C. 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 QWSs
should be lower than 0.3 due to the interdiffusion between Si and Ge. Boron with a
concentration of 10*® cm™, which was smaller than the doping concentration of 10*°
cm™ in the 8-doped QDIP, was & introduced during the growth of SiGe QWs and the
incorporation time was the sanme with that of the 8-deped QDIP. The TEM photograph
of the QW structure is showrt in FigeZ=15. It shows that no-ebvious dislocation can be
found in the QW structure: | -;

| A

[ A I
oxide

Si cap layer 130 nm(undoped)

=
7 nm Sip7Geo3 quantum well (6 doping)

Si spacer layer 80 nm(undoped)

Si buffer layer

Si substrate
Al

Fig.2-14 The structure of the MIS Sig;Gegs QWIP. QWSs were & doped by boron with

a concentration of 10*® cm™. The area of Al gate is 3x107 cm?.
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barrier, holes from shallow Slof&eg ﬁ%ﬁ?ﬁgﬁﬂpe from QWs more easily. This

characteristic results in a larger current both at inversion bias and accumulation bias
for the 6-doped QWIP at low temperature. The study of current mechanism in Ref. 16
can be used to explain the comparison between the 5-doped QWIP and the &-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 Sip7Geo 3 QWIP device as a function of the

operating temperature.

Current (A)

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

of gate electrode is 5x10° cm?.
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Fig.2-18 The trapped holes in QDs will ‘blb{gk the hole transport at inversion bias [16].

In the case of the 6-doped QWIP, since less Noles are trapped in QWs, the effect
of the repulsive barrier is less significant than‘the o-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 &-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 5-doped QWIP is larger than that
of the &-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 5-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 5-doped QWIP. Hence, the kink is not observed in the I-V
curve of the 5-doped QWIP.

The accumulation current is increased with the increase of temperature. However,
due to the fewer &-doping layers and smaller doping concentration of the &-doped
QWIP than the &-doped QDIP, the accumulation current is not increased as rapidly as
that of the 5-doped QDIP as temperature is increased.

The spectral responses of the 6-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 um). At15 K, the-peak responsivity is 1.3 mA/W. The

d-doped QWIP has a larger responsivity than the 8=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 QWSs, most photo-excited
carriers in the 6-doped QWIP will not be blocked. Meanwhile, most photo-excited
carriers in the 5-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 5-doped QWIP has a larger
responsivity than that of the 6-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 15 tower than thatef the QD device.

o-doped o-doped
QWIP QDIP

o

. ]
lo® @D
hu -~
hu l r"'"
' |

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

photo-excited carriers in the 3-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%x10® cm-HzY/W at 54 pum and decreases with increasing
temperature. It can be found that the detectivity of the 5-doped QWIP is smaller than
that of the &-doped QDIP. Although the 5-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 5-doped QDIP has a better
performance on it. The detectivity of the 5-doped QDIP can reach 10° cmHz"4/W,

which meets the demand for commercial applications [19].
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Fig.2-21 Detectivity versus operating temperature for the 5-doped QWIP at 1 V.

2.6 Summary

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

demonstrated by introducing & doping. For the QDIP, a 3.5-5 um 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
d-doped QWIP. The absorption region of the &-doped QWIP is at 3-7 um. Although
the o-doped QWIP can achieve a higher responsivity, the d-doped QDIP can have a
larger detectivity due to its smaller dark current. The detectivity of the 5-doped QDIP

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

I11-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 changemAs.a-result, the absorption region is
limited to a certain wavelength. ~Fhe broadband “detection is not easy to be
demonstrated by a simple QD structufe: -fg,

However, the atmospheric tranémissit;n windows are at 3-5.3 um and 7.5-14 um,
and a broadband (multi-celor) phofodetection 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 I11-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 & doping in the Si spacers is presented. The &

doping provides the QDs a sufficient hole concentration and forms 3-doping wells in
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Si. A 3-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 &-doping QWs could be excited by mid-wavelength infrared (3.7-6 um
detection) and long-wavelength infrared (6-16 um detection), respectively, and the
spectrum covers most of the 3-5.3 um and 7.5-14 pum atmospheric transmission
windows. Boron 6 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 thefaermation ofdislocations.

The MIS structure uses an ultrathin tunpeling oxide to reduce the dark current.
The simple structure of ansMIS detector“ i";;:‘attractive for integration with Si electronics.
Note that the detector should be oberatediin the inversion, bias region to reduce the

dark current.

3.2 Device Fabrication

The 20-period SiGe/Si QD layers on 15-25 ()-cm p-type (100) Si wafer
grown by ultrahigh vacuum chemical vapor deposition were fabricated into MIS
tunneling diodes with a low-temperature (50°C) liquid phase deposition (LPD) oxide.
(Fig. 3-1). The SiGe layers were separated by 80 nm Si spacer layers. Boron (10"
cm®) was & introduced in the middle of the growth of each Si spacer layer. The
thickness of the 5-doping well was estimated to be 1 nm, and the corresponding sheet
concentration of each layer was 10'? cm™. 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 3x107

cm?), 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.

Al
oxide (2 nm)
Si cap layer 130nm
£ N £ O &
- N\ "SiGe wetting layer

20 Iay-ers of SLE L
SiGe QDs
Si spacer 1
80nm I/"\ W

Tl
T T | e,

ANY
Boron (10" cm™) § doping

p-Si (100)
Al

Fig. 3-1 The schematic structure of the MIS SiGe/Si QDIP. The boron (10*° cm?) is
d introduced in the middle of the growth of each Si spacer layer. The area of Al gate is

3x1072 cm?.
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Fig. 3-2 The TEM ﬁﬁotggr | & i qrg’dh the p-type (100) Si
substrate. The thinner pcmlq?b

'—h “fm s --.';K%ﬂluf\?-'
portion of the SiGe layer is thé-ngr 6n . 5 :r::'i'-:'

Ciaga gl ]

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.

39



Due to the valence band offset at the Si/SiGe heterojunction, there are discrete
energy levels in the SiGe QDs. The boron & 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.

computer ---1{ SR570

test sample

=
S
o
o)
=

cryostat
(vacuum)

FTIR spectrometer * f .
(Perkin-Elmer [I] ~~a ||Internal
Spectrum 2000)

IR detector

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 &-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 5-QD sample has
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the same SiGe QD structure with the &-spacer sample, but the & doping is introduced
in the SiGe QD layers, instead of the Si spacers. The 5-QD sample is also discussed in
the previous chapter. The growth rate of Si is almost the same with Ge at 600°C by
UHVCVD (~ 2 nm/min.). The same doping times for the &-spacer sample and the
§-QD sample result in similar doping profile. Boron (10* cm™) was & introduced in
the middle of the growth of each SiGe QD layer. The thickness of the 5-doping well is
estimated to be 1 nm in the SiGe layer. The 5-SiGe01 sample has 5-period 7 nm-thick
Sip9Gep1 QWSs with boron & doping in QWs. The doping profile is similar to the
d-spacer sample and the 5-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.

V g— ]

Table 3-1 Comparison of S-Spérc?a'F;'S-QD, and 0-SiGe01 samples.
[ | T

Sample Active, | = . 18-doping Spacer
name .Iéyer ~ location thickness (nm)
d-spacer 20 layers SiGe QD Spacer 80
5-QD 20 layers SiGe QD QD 80
5-SiGe01 5 layers Sip9Geg1 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 1-V characteristics of the MIS QDIP with & doping in the Si

spacers at different temperatures.

Current (A)

B VA 2
Voltage (V)

4% X2

Fig. 3-5 Dark currents of the QDIP with & doping in the Si spacers at different
temperatures. Since the 5-doping well is very shallow, holes from acceptors can easily

contribute to the dark current even at low temperature.

The 3-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 3-doping

layer. At inversion bias, electron-hole pairs can be easily generated in 3-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 &-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 &-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 aceumulation current at 15 K and at 80 K.
The current level is quite large; and the contribution ef‘thermally excited holes from
QDs is not easy to be observed. The aéé_iimglated holes at_the oxide/Si interface not
only tunnel through the oxide'layer, to foﬁﬁ_the current, but-also increase the voltages
drop across the oxide layer.=The eléctrons can :also tannel from Al to Si when the
voltage drop across the oxide layer iS:farge 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 &-spacer sample measured by the Fourier
transform infrared spectrometer can be grouped into three regions, including a
1.8-2.37 um region (Fig. 3-6 (a)), a 3.7-6 um region, and a 6-16 um region (Fig. 3-6

(b)).
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Fig. 3-6 (a) Short wavelength (1.8-2.6 um) spectral responses of the &-spacer sample
at 0 Vand 1V (15 K). (b) Long wavelength (3.7-17 um) spectral responses of the
d-spacer sample at 0 VV 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 is

larger than that at k = 0 ~ 0.01 A™ 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 (AEv(Si/SiGe)=0.54eV, well thickness=6 nm) in
k « p calculation for the QD region are selected to match the calculated result of E;

with the measured data (2.37 um).

s SiGe
- il ?4—
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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 um absorption results from the intervalence band transition (E; 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 um (523meV) to 2.53 um (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 um absorption results from the intersubband transition (E; 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™ is larger than that at k = 0 ~
0.01 A due to the much guicker_increase of-energy (Fig. 3-7). Hence, the measured
peak wavelength (4.9 ‘um).of the LH1-to-LH3 tramsition matches the calculated
energy difference between LH1 and LI—“I?‘,_lfg;_‘_‘k:0.036 (A™) instead of k=0 (A™). Note
that for bound-to-bound transition, ﬁth:e eﬁé’r_gy of excitation-phetons should match the
energy difference between beund stafes. The 3.?—6 um absorption (E; transition) does
not shift as the gate voltage is increased, sinee 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 3-spacer sample at 10K provides another

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

3-9).
[ SiGe QD signals
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Fig. 3-9 The photoluminescence (PL) spectrum of the 3-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.deviationssindicate that the dot sizes are uniform
in this sample. In previous:study, the-spectrupr-enly covers, 2-3.2 um with the height
of QDs of 7-10 nm and thge base of QDé 7&50—100 nm [18].The change on dot size is
not enough for broadband detecﬁqn. Fﬁ_‘e d ' doping s’ adopted to achieve the
broadband detection. “

The 6-16 um absorption in Fig. 3«6 (b) mainly comes from the intraband
(intersubband or intervalence band) transition in the boron d-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 8-doping well is close to that of our
d-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 um),
which is close to the measured cutoff wavelength of the 6-16 um absorption.

For the shorter wavelength part in the 6 - 16 um peak (about 6 - 10 um), oxygen

with an impurity level of 160 meV (7.8 um) may also contribute to the 6 - 10 um

49



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 &-spacer and

5-SiGe01 samples at low energy side are 16 um and 14 um, respectively.

artifact artifact
l l —5-spacer
- - -5-SiGe01 .

Light intensity (a. u.)

Normalized responsivity

4 6 .8 10|12 14 16
Wavelength (um)

Fig. 3-10 Comparison of the spectral responses of &-spacer, 6-QD, and 5-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 3-doping
wells (Fig. 3-11). The blue shift of the cutoff wavelength of the 5-SiGe01 sample as
compared with the &-spacer sample is probably due to the additional quantum
confinement of Sig9Geg1 QW outside the d-doping well. Note that there is a valence

band offset of ~ 75 meV at most between Si and SiGe. The long-wavelength transition

50



in the 3-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 um (75meV).

o-spacer @1V 0-QD @1V

_— .——LK:

L -~

Y

5-SiGe0l @1V 3-SiGe0l @OV

R

Fig. 3-11 The schematic detection of long-wavelength infrared at the 5-doping layer.

There may be SO level outside the 3-doping well. The spectrum of the 5-SiGe01
sample is only measured at the bias of 1 V. At 0 V, the photogenerated carriers cannot

be collected.

The spectrum of the 3-SiGe01 sample is only measured at the bias of 1 V. At 0V,
without the help of electric field, the photogenerated carriers cannot be collected (Fig.

3-11). No absorption spectrum from the 5-doping well (6-16 um) is observed with the
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5-QD sample. Since the valence band barrier of the SiGe QD is large enough to block
the photoexcited holes from the &-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 3-QD sample is at the shorter
wavelength as compared with that of the &-spacer sample. The smaller wavelength of
the 5-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 betweendight source and-the “internal detector results in
absorption from the measurement enviranment. Note that the obvious absorption in LI
curve at 4.3 um and 5-8 um is due to “tlial':é'ébsorption of GO, and H,0, respectively
[23,24]. Our test sample”in"the chambgr- 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 Ll-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
um, 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

D’ JAAT L JAAT (3.1)

NEP i /R
where A is the detector area (3107 cm?), Af is the equivalent bandwidth of the

electronic system. The noise equivalent power is defined as i/R, where i, is the
current noise and R is the responsivity.
At 1 V, the current noise (iy) is limited by the dark current and can be

1/2

approximated as the shot noise (2elg Af)™, wherelg is the measured dark current. The

measured dark currents are 4x10™" A and7x10° A at 9.V and 1 V, respectively.

Therefore, D" can be simplified as

D" = VAR at1V = (3.2)

\2el, | F ‘ |

At 0 V, the dark current apprdaches zero, fand iz-should be approximated as

Johnson noise (4kTG A f)?, where'G is the measured conductance.

D - JAR
J4KTG

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

atovVv (3.3)

K and 1 V bias, the peak detectivity is found to be 4.3x10% cm HzY4/W at 9.6 um and
2.6x10% cm Hz"?/W at 4.9 um. The peak detectivity increases to 3.9x10° cm Hz"4/wW
at 9.6 um and 2.3x10° cm HzY?/W at 4.9 um when the bias decreases from 1 V to 0 V.
Note that the conductance measured at 15 K is 2x10” S. The detectivity decreases as
operating temperature increases. The 5-spacer sample can reach 10° cmHzY?/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.

1011!

: —u—9.6um
— 10' _A_4.9Hm
=107} oV
N f = el
HN 9. A
T
= 10°F "
S P ~
a 108E Sav —a

20 | = 40
Temperature (K)

Fig. 3-12 The detectivities of the 8-spacer sample at different temperatures. The 3.7 -
6 um detection has a peak at 4.9 um, and the 6 - 16 um detection has a peak at 9.6

pm.

3.4 Summary

The mechanism of absorption including 1.8-2.37 um, 3.7-6 um, and 6-16 um
regions for the QDIP with & 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 um region is due to the intervalence band transition from HH1 to
continuum states in SiGe QDs. The 3.7-6 um 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 6-QD and &-spacer samples are 5 and 6 um, respectively. The blue
shift of the 5-QD sample may be due to the many body effect. The intraband
transitions in 8-doping wells contribute to long-wavelength infrared detection (6-16
um). 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 um and 1.55 pm can not be detected [4]. The bulk
Ge detector can detect the infrared of 1.3 um and 1.55 pm [5], but the cost and the
speed are issues. The Ge-on-insulator (GOI) on St substrates can potentially lower the
cost, and the thin active layer-preventing rt‘he slow “diffusion process of photo
generated minorities can increéase the speed...Ge p=in .photodetectors have been
demonstrated with Ge directly grown on..'SOI or Si substrates {6,7]. We fabricate the
GOI MIS photodetectors by. wafer bondmg and smart-cut[8,9]. Single crystalline Ge
is directly bonded to insulator, so the smgle crystalhne 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 (50°C) 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.

H+ H+ H'I- H'I- H+ H+ H+

Bulk Ge Bulk Ge
(Host wafer)
Step1: Hydrogen ions <> <> <> éi<> <> <>
implantation Thermal oxide
=~ Bulk Si
Bulk Ge
Step 3 Splitting annealing
OH OH OH OH OH OH
e e Al PD oxide | Al
OH OH OH OH OH OH" Ge
Thermal oxide Thermal oxide
Bulk Si .
(Handle wafer) Bulk Si

Step 2: Surface clean and

‘di - 4: Ml .
direct wafer bonding Step S detecto
Fig. 4-1 The process flow of demonstration of the Ge-on-insulator MIS detector. The

area of Pt gate is 3x10™ cm”.

The n-type, Sb doped 1-30 Q-cm (001) Ge substrate was prepared as a “host”
wafer. The H™ ions with a dose of 1~1.5x10"7 cm™ 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 : H;0; : H;O solution and KOH : H,O 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 150°C 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 H» 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 cm?) and the barrier height between Al and Ge is small,
the effect of contact resistance is small [12]. The low-temperature (50°C) 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 3x10™ cm’. Fig. 4-2 shows the TEM

photograph of the Ge-on-insulator MIS detector.

200 nm Si

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 150°C 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 150°C (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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trap-assisted tunneling, and a deep dgpﬁ”ﬂdﬁ ?{'eglon 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-um-thick-Ge GOI MIS detector are shown in Fig. 4-5.
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At -2V, the responsivitiés.of 856 nm, 13 ufn, and<l:55 pm 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 pm 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 um 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 pm wavelength is 1.25
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pm, and the fraction of absorption within the top defective region is small. The

response at 1.3 um wavelength is hence less sensitive to bias.
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Fig. 4-6 The responsivities of the GOI MI§ etector at850 nm, 1.3 um, and 1.55 pm

wavelengths. I

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

R =, (1-(1-e™) -2 @)

where miy is the internal collection efficiency, r is the reflectivity, o is the absorption
coefficient, d is the film thickness, and A is the wavelength in unit of um. The
absorption coefficients at 850 nm and 1.3 pm wavelengths are 3x10* and 8x10° cm™,
respectively. The absorption coefficient at 1.55 um wavelength is controversial
ranging from 450 [16] to 3000 cm’ [17], and a reasonable value of 1000 cm™ [18] is

adopted in this calculation. In ideal case, taking nin= 100 % and r = 40 %, the
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responsivities of the 0.8-um-thick-Ge detector at 850 nm, 1.3 pum, and 1.55 um
should be 0.37, 0.30, and 0.058 A/W, respectively. The measured value is smaller than
the calculated value since the mj, 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 M. 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 asjthe process temperature decreases. The implantation
damage may be still passivated by hydrogen atithe-lower process temperature, which
results in less recombination, of phote-generated carriers via defects. As the process
temperature increases, hydrogen difﬁlSéI%:;}i}t and leaves the dangling bonds, which

degrade the responsivity. .F:, ‘
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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 um wavelength, a device with thicker Ge
is fabricated. The dark current and photocurrent under 1.3 um infrared exposure of the
1.3-pm-thick-Ge GOI MIS detector are shown in Fig. 4-8. At -2 V bias, the
responsivity under 1.3 um infrared exposure is 0.23 A/W, which is larger than 0.19

A/W of the 0.8-pm-thick-Ge GOI MIS detector.

2
10 F——"Photocurrent

—— Dark current

Current (A)

Fig. 4-8 The photocurrent (at 1.3 um wavelength) and dark current of the GOI MIS
detector with 1.3-um-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/cm?, while that of the GOI MS detector is 4.2 A/em? (Fig. 4-8).
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Meanwhile, the MIS detector has the responsivity (at 1.3 um 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/cm” and few mA/cm?,
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 Géican suppress {He 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 da;k current of the MIS diode is only

| i o |

dominated by the thermal generatiorl cil-ﬁent in! Ge. Hence, the MIS detector can
reduce the dark current as compare(h \}vith the MS detector:

Due to the Fermi level pinning of'the MS dier, 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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g
T

Pt with large work function is usné.d as gaté 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 Alrgate MIS devices on bulk Ge. The inset

shows the structure of the*MIS device. Tﬁé’ gata area is/3x 10 cm?, and the thickness

of LPD oxide is ~ 2 nm.

\
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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 mechh ical;fi‘grrain.'| Thedevel of strain is determined by
r-i" i "

= ||
1

the screws on the sides of the wash%rt[%]'. '
‘» X |

The photocurrents (at 1.3 um wavelength) and dark currents of the un-strained
and strained GOI MIS detector with 1.3-um-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 'wm gvavelength)~and dark currents of the

unstrained and strained GOI MIS detector {_;z'ith 1.3-pum-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 atinversion bias. The external
mechanical strain resultsiin bandgap narrowing.

4.5 Impulse Response | ;

Because the Pt gate electrode wLuld block the light,. the fiber was pointed to the
edge of Pt gate. Due to the top 1mplantat10n damage,‘the diffusion length is small, and
the drift carriers play an important rele.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.

GOl
=)
8 FWHM
E- 543ps
o
“S’ \'W‘N«NW*M
0 5 10 15 20
t (ns)
@)
| Bulk Ge
3‘ N
S FWHM
= 122ps
o
S
U joartrnsantpan oty
o 5 10 15 20
t (ns)
(b)

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-pum-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 cm?) 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 Q 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.

L o

Normalized response (dB)
1
N

[ S —
0.2 0.4 0.8
Frequency (GHz)
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-pum-thick-Ge GOI detector at 850 nm, 1.3 um, and 1.55 pm
wavelengths are 0.22, 0.19, and 0.04 A/W, respectively. To increase the responsivity
of 1.3 um infrared, a 1.3-um-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 um and 1.55 pum. 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 glasssubstrate is ofigreat interest. We develop Ge-on-glass
(GOG) MIS photodetectors. by wafer bondmng and, smart-cut. The simple MIS
structure can be easily fabricated wi‘thc')"t.:x_ft",n_and p dopant diffusion or implantation.
Single crystalline Ge is directly boﬁ(jled toF glass, so the single crystalline substrate is
not necessary. The Ge substrate cairl ‘.be reused s‘inc; only a fraction of Ge is cut and
bonded to glass. The GOG structure-¢an 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/cm? 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 (V,), 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) G€ substrate with-a resistivity of 1-30 Q-cm was
prepared as a “host” wafer. The hydfogen ionS with a‘dose of 1.5x10"" cm™ and the
energy of 150 keV were+implanted 1nt§'i.:4he host wafer before bonding to form a
weakened layer (Step T in/Fig. 5—1').[On ’J)é othgr hand, the Corning 7059 glass was
prepared as a “handle” wafer. The :Corning 7059 glass substrate was chosen because
its coefficient of thermal expansion (€TE) 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 :
H,O solution and NH4OH : H,O; : H,O 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 °C for 8 hours to strengthen the chemical bonds

at the interface between the Ge and glass, and subsequent anneal at 200 °C for 40

minutes induces layer transfer along the weakened hydrogen-implanted regions by H,
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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 um (Fig. 5-3), and

the top Ge layer (~ 300 nm) is defective due to the implantation damage [15].

Bulk Ge
(Host wafer)

1. Hydrogen ions
implantation

Bulk Ge

OH OH OH OH OH OH
OH OH OH OH OH OH

Glass
(Handle wafer)

Bulk Ge

BRSAR AR R

Glass

-

-

Step 3 Splitting annealing

-~ - = B
~ \’1‘“.,‘_.« H«.__-—"‘N_\J.d S e T

Step 2

Glass

. Surface clean and
"direct wafer bonding

Step4: Surface etching by SC1

Fig. 5-1 The process flow of Ge-on-glass structure demonstration.



TABLE 5-1. Coefficient of thermal expansion of some materials.

CTE in 10°%/K at

room temperature

Si 3
Ge 5.8
Thermal oxide 0.5
Glass 4.6
(Corning 7059)

Fig. 5-2 The photograph of the thin Ge bonded on glass. The rectangular area is Ge.
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In section 4-2, the surface roughness of the 0.8-um-thick-Ge GOI structure is ~ 6
nm. However, the surface roughness of the 1.3-um-thick-Ge GOI structure is ~ 13 nm
after similar process at 150°C for 24 hours. Hence, the two-step heat treatment is
adopted for the 1.3-um-thick-Ge GOG structure to decrease the surface roughness
after smart-cut. First, this pair were annealed at 150 °C for 8 hours to strengthen the
chemical bonds at the interface between the Ge and glass, and subsequent anneal at
200 °C ~ 300 °C for 40 minutes induces layer transfer by H, blistering. Fig. 5-4 shows

the surface morphology after smart-cut under different annealing temperatures.
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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 °C for 24 hours can be replaced by 150 °C for 8 hours and
subsequent annealing at 200 °C for 40 minutes, and the smaller surface roughness can

be achieved.
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+200°C 40min  #250°C40min  +300°C 40min

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 % H»+90 % N,) 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 350 °C
Roughness (RMS):
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Fig. 5-6 The surface morphology'{af{éﬁ?féi‘rhfrig"gas annealing (FGA) at different

temperatures for 1 hour.

The smallest surface roughness after forming gas annealing is 7.0 nm at 200°C
(Fig. 5-7). Since the splitting temperature is as high as 200°C, the lowest temperature
of forming gas annealing is set at 200°C. It can be found that the surface roughness
after forming gas annealing above 350 °C 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.

[
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In addition to forming gas annealir;g-;. ‘cﬁhemical etching may be another way to
reduce the surface roughness:dt may ialso r;:-IHOVé the'defective hydrogen implantation
region (Step 4 in Fig. 5-1). The S€1 éolution (NH4OH :HyO, : HO=1:1:7)canbe
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. 5-9 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 °C) 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 3x10™ cm®. The schematic structure of a GOG MIS photodetector is
shown in Fig. 5-10. For the control sttueture; the thickness of the Ge layer is ~ 1.3 um,

while 770 nm of Ge is left for the etched structure.

Fiber

Pt
Al [LPD oxide| Al

Ge

Glass

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 3x10™* cm®.
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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 deép-depletion re;gion 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 fr?_';g,_the gate to Ge, and leads to a lower dark
current as compared with-the Al gati‘e.iﬁ 'H

Fig. 5-11 shows the dark currelrltls and phot();currents at 532 nm wavelength of the
unetched and etched GOG MIS photodetectors. Thé 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 phqtocurrents (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/SiO; 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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Pt 8102 Ge

Fig. 5-12 The mechanism of the ﬁH_otocurrent 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.
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visible-light and telecommunication wavéléﬁgths.

The photocurrents of telecomfnunication wavelengths (1.3 um and 1.55 pum) are
also measured, and the responsivitiesof the etched and unetched GOG MIS
photodetectors are shown in Fig. 5-13. The responsivities at 1.3 um and 1.55 pm 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 um and 1.55 um wavelength after etching is due to the insufficient Ge layer
thickness (770 nm) as compared with the absorption depth of 1.25 um and ~ 10 um,
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 wm 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 pum, 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 um).

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/em® illumination.of solar simulator (Fig. 5-14). We
can only achieve a relatively low efﬁcienpy leSs than 0.1 Y.

o
o
—

0.03

J (Alcm?2)

0.00 . L . A
0.00 0.02 0.04
V (volt)

Fig. 5-14 The current-voltage curve of the Ge-on-glass MIS solar cell under AM 1.5
100 mW/cm? illumination of solar simulator.
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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/Si0; interface state density (Dit) result in a large dark current, which
may reduce Vo [20]. The small V. 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/SiO,. 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.efficieney-is the small fill factor (28%). The long
distance between Pt gate and Al'ohmic contact of thisiGOG MIS structure results in a
large series resistance (Rs) and hence fc;fg-lges the fill factor [21]. This disadvantage

can be improved if the ohmie coﬁte}?ct i's.rﬁdirec‘tly at the bottom of the active layer
instead of on the same side with ga;tei Theﬁ the ciistance 1s' reduced to the thickness of
the active layer. This approach™is possible ifia tfénsparent 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/(S1)Ge/Si
substrate. The remaining Si substrate can be used for Si/(Si)Ge/Si deposition again
since only a fraction of wafer i 1s qut‘an{l‘bon egfto‘-'"thz; glass
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“opegeIeIS-
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 um x 1 um.
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Fig. 5-17 The illuminated cutrent-voltage fgﬁrves of the thin film Si and two thin film

Si/Ge/S1 MIS solar cells.

TABLE 5-2. Illuminated I-V characteristics of the thin film Si and two thin film

Si/Ge/S1 MIS solar cells.

Si 30 nm Ge inside 30 nm Ge outside
depletion region depletion region
lsc (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 (Is;) 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).

1.5
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|- - - Ge inside depletion reglon
— Ge outside.depletion region

90 02 04 06 08 10 12 14
Depth (um)

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.

(a)Ge inside depletion region  (b)Ge outside depletion region

H" Si cap H*
e __S. _______v-Gé'__‘L_!__L_‘S_i_‘L_v__L_
i
(Host wafer) (Host wafer)
Step1: Hydrogen_ion Step1: Hydrogen_ion
implantation implantation
Si Si
é’
Handle wafer Handle wafer
Step 3 - Splitting annealing Step 3 Splitting annealing
| - v 1

Fig. 5-19 The modified step"f'l":apd slep 3in Figl L_l, ‘o“f the process flow of thin film
solar cell demonstration for (a) Ge inside the débleﬁon region and (b) Ge outside the

depletion region.

Note that the V. 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 cellstructure 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 thicknessiof 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 x 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 efficiencysand.the number of Ge layers in the thin film
Si/Ge/Si MIS solar cell. Note that each*Ge layer is 3s=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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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 pum) 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 um and 1.55 um can be
detected through interband transitions.

For QDIPs, the paositionsof &.deping=can play an.important role in device
applications. When the 6,deping is.in_the QD.structure;.a device with a low dark
current and high operation temperaturé'é:'égan be ‘achieved. Meanwhile, a broadband
spectrum can be obtained-when the & ‘dopi‘rig locates at the:Si spacers.

The & doping in QDIPs (Q\.N‘|PS) provides.the QDs (QWs) with a sufficient
hole concentration for infrared excitation. For‘the QDIP, a 3.5-5 um 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
d-doped QWIP at 1 V. The absorption region of the 5-doped QWIP is at 3-7 um.
Although the 3-doped QWIP can achieve a higher responsivity, the 5-doped QDIP can
have a larger detectivity due to its smaller dark current. The detectivity of the 5-doped
QDIP can meet the demand for commercial applications.

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

The & doping not only provides the QDs a sufficient hole concentration but also forms
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d-doping wells in Si. The mechanism of absorption at 1.8-2.37 um, 3.7-6 um, and
6-16 um 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 &-doping
QWs contribute to long-wavelength infrared detection (6-16 um). The broadband
detection is feasible using the SiGe/Si QDIP with & doping in the Si spacers, and
boron & doping achieves broadband detection without increasing the process
complexity.

We have demonstrated.thin-film:Ge ngar-infrared detectors on the Si or glass
substrate. For the Ge-on-insulator.device, the Si.Substrate makes the detector well
compatible with Si ULSIprocesss On the other hand,:the glass substrate of the
Ge-on-glass device is almost transparent tt) infrared, and the problem of input light
blocked by the gate electrode could be soIved if input light can be illuminated from
the glass side in the future setup.

GOl MIS detectors are demonstrated by wafer bonding and smart-cut. At -2 V,
responsivities of the 0.8-um-thick-Ge GOI detector at 850 nm, 1.3 um, and 1.55 um
wavelengths are 0.22, 0.19, and 0.04 A/W, respectively. To increase the responsivity
at 1.3 um infrared, a 1.3-um-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 um and 1.55 um. 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 um)
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 infraréafi-detection. The band structure and alignment
have to be calculated, and,the growth reéipe has to be determined. Different optical
properties of (100), (110), and (111) éamples canbe investigated.

Boron was & introduced in.the-middle ofithe growth of each QD layer and Si
spacer layer in chapter 2 and chapter 3, respectively. The thickness of the 3-doping
well is estimated to be 1 nm, and the corresponding sheet concentration of each layer
is 10* cm™. The influences of different thickness and concentration of 8-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 cqmparéd‘%ﬁﬂﬁe@qlk Ge detector, the absolute speed

i

1_:-'
9'f0f gate- de quds tﬁi the small bandwidth of our

is still quite low. The Iargg_éf

GOl detector due to the}QCﬂde . i as“shawn in Fig. 6-1, and this

device for high speedgperatl n can ted in the fu,tL;re It should be noted
that only a small gate electr oxide, which may reduce the
g, |

RC delay.
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