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ABSTRACT

The rapid growing needs for high data transmission bandwidth challenge the metal inter-

connection technology in every area from chip-level interconnects to long distance communica-

tion. Silicon photonics is an ideal platform for the implementation of optical interconnection

capable of high bandwidth and low power consumption by integrating electronic and photonic

devices on silicon. Many optical components in silicon photonics have been extensively stud-

ied, among which a silicon-based laser is arguably the most challenging element. This thesis

mainly focuses on using engineered germanium as the optically active material for silicon-

based light emitters with many potential benefits: Si-CMOS compatibility (both material

and processing), electrical injection capability, and direct gap emission at technologically

important 1.55 pm telecommunication band.

Tensile-strained n+ germanium is capable of behaving like a direct band gap material

owing to the direct band gap shrinkage upon tensile strain and the state-filling in the in-

direct L valleys with extrinsic electrons from n-type dopants. Our theoretical calculation

using a direct band-to-band transition model has shown great benefit of tensile strain and

n-type doping on the direct gap optical gain characteristics. By considering free carrier ab-

sorption which dominates the optical loss we have proven net gain can be achieved in 0.25%

tensile-strained Ge with n-type doping concentration in a range of 1019 to mid-10 20 cm - 3 .

The injection threshold of the net gain is about 1018 cm - 3 which can readily be achieved

with either optical pumping or electrical pumping. The net gain is in favor of the raise of

temperature in a large injection range (threshold to mid-1019 cm - 3 ) because of the increased

number of high energy electrons in the direct F valley contributing to the direct band-to-band

radiative recombination.

We have successfully grown single crystalline germanium epitaxially on silicon with a two-

step approach. Tensile strain between 0.2% and 0.25% is formed in germanium upon cooling

from high growth temperature (or post-growth annealing temperature) to room temperature

because of the larger thermal expansion coefficient of germanium compared to that of silicon.

Phosphorus are in situ doped in germanium as n-type dopants during the epitaxial growth.

By carefully adjusting the growth condition, we have obtained active doping concentration



as high as 2 x 1019 cm - 3 . An in situ doping model built by considering the transportation

processes and the reactions of phosphorus-containing species well explains the temperature

dependence of the doping concentration. The deviation from the model while analyzing the

influence of other growth parameters indicates possible compensation of the dopants.

We used photoluminescence (PL) measurement to study to the optical properties of

tensile-strained n+ germanium. Room temperature PL was observed from the epitaxial Ge-

on-Si films near the direct gap wavelength of 1600nm. The direct gap PL spectrum exhibits

Ge direct band-to-band optical transition properties. The direct gap PL intensity increases

with n-type doping concentration as a result of the indirect valley state filling effect which

increases the Fermi level leading to higher excited electron density in the direct F valley. The

direct gap PL intensity also increases with temperature because of the increased number of

high energy direct F valley electrons thermally activated from the indirect L valleys. This

effect make germanium light emission robust to inevitable heating effects during operation in

practice. The "unusual" n-type doping and temperature dependences of PL are unique prop-

erties of the direct gap emission from indirect bandgap Ge. There effects are predicted by

our theory, and the observation of these effect in experiments is a strong evidence of validity

of the theory.

In order to study the electrical injection in Ge, we fabricated Si/Ge/Si heterojunction

light emitting diodes (LEDs). Room temperature direct gap electroluminescence (EL) are

observed from these diodes. It is the first observation of EL from Ge. The direct gap

EL spectrum matches the PL spectrum underlying the same injection mechanism in both

electrical pumping and optical pumping. The direct gap EL intensity increases superlinearly

with injection current because of the raised quasi Fermi level leading to the increased fraction

of the injected electrons in the direct F valley. The internal quantum efficiency of the LEDs is

on the order of 10-3 consistent with the finite-element simulation results. This EL efficiency

can be improved to 10-1 if doping germanium active region with n-type. The design of n+Ge

based heterojunction diodes has been simulated, and an optimal design has been proposed

based on the simulation.

We used pump-probe spectroscopy to measure material gain of the tensile-strained n+

germanium. We have observed an optical bleaching effect, the reduction of absorption under

pumping and the prelude of optical gain, above the direct band gap energy from the engi-

neered Ge. The population inversion factor increases with the n-type doping concentration

in Ge, as predicted by the theory. By increasing the injection level using a Ge micro-mesa

structure carrier confinement, we have successfully demonstrated the net gain, i.e. population

inversion. A peak gain of 50 ± 25 cm - 1 at 1605 nm has been obtained from the experiment.

It is the first report of observing net gain from germanium.
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Chapter 1

Introduction

Integrated circuits (ICs, also known as microchips or microcircuits) have been revolutionizing

the world ever since they were invented in mid-20th-century. ICs are used in almost all elec-

tronic equipments and devices in use today and are the foundation of the current generation

of computers. An IC is a miniaturized electronic circuit consisting of computing elements

(or active components mainly made of semiconductor materials, e.g. transistors) as well as

interconnects elements (or passive components made of conducting materials) that has been

manufactured in the surface of a thin substrate of semiconductor material. Among all these

semiconductors, silicon (Si) is absolutely the most important and widely used materials in

the IC and semiconductor industry owing to its superior properties and low fabrication cost.

1.1 Beyond Scaling

Before 2005, Si IC had been developed in an extraordinary pace for almost four decades,

known as Moores law that the number of transistors in an integrated circuit doubles roughly

every eighteen months [ :]. Upon the increase of the number of transistors, each transistor

also get smaller, faster and cheaper. The scalability is the main reason of the tremendous

success of many Si IC based technologies [1 !], such as Si complimentary metal oxide semi-

conductor (CMOS) technology, which is used to fabricate the central processing unit (CPU)

of modern computers.

The scalability of Si-CMOS technology is not only about the shrinkage of the dimensions



of the devices, but also a number of other factors for maintaining the power density while

boosting the performance. For an ideal constant-field scaling [20], upon the shrinkage of all

the physical dimensions by a (scaling factor), the depletion depth d also has to be shrunk

by a to assure the device works properly. The reduction of the depletion depth requires the

increase of doping Nd and the decrease of the applied voltage V by a same factor a since

d , /NdV.

A direct consequence of the scaling is the increased circuit density by a 2 which dramati-

cally reduce the manufacturing costs. A second important result is the increase of the circuit

speed due to both the reduced transit time in transistors and the capacitance in RC delay.

In principle, the speed increases by the same factor of a with scaling. In the meantime, the

power density of the circuit remains constant. All of these benefits from the CMOS scaling

lead to the blossom of IC and computer industry since 1970s.

However, the applied voltage is found to be impossible to scale by a as continuously

shrinking the dimensions because of constraints on the threshold bias in order to avoid rising

standby power in the "off" state. Eventually, the applied voltage can not be scaled anymore,

which, unfortunately, already occurred a couple of years ago. This results in the increase of

the electric field with the scaling, leading to the increase of the power density of the circuit by

a2 (assuming the speed is scaled by a). Moreover, the subthreshold leakage current has been

forced to relax in order to maintain the performance, which makes the power consumption in

the passive components increase even faster than the active counterparts. It has been shown

that the passive power density becomes dominant below the device dimension of 130-65 nm

regime [ 19], which effectively halts traditional scaling in CMOS.

In 2005, "for the first time in thirty five years, the clock speed of the fastest commercial

computer chips has not increased" [21], because of the reasons explained above: the huge

power dissipation, especially in passive interconnects components which leads to severe heat-

ing problems, prohibits the further increase of the clock speed. It's possible to overclock the

CPU frequency over 8 GHz with real-time liquid nitrogen cooling [22]. However, it is obvi-

ously implausible in practice. In 2006, Intel had plans to develop a 9 GHz CPU operating

at 70 "C based on a modified Pentium 4 Cedar Mill architecture with copper and low-K

dielectric interconnects [23]. But these plans were eventually scrapped due to the power and



heating issues and were replaced by multi-core architectures shifting towards parallelism.

In order to further increase the clock frequency without the help of the scaling, the entire

architecture has to be re-examined and revolutionized. In today's CMOS technology, the

intrinsic speed of the transistor is way beyond the speed in any other components of the

circuit. The intrinsic frequency of a commercial logic circuit transistor is in the order of 102

GHz [2-1], while other technologies can easily achieve even higher speed, such as a silicon-

germanium (SiGe) transistor at 500 GHz [25] and an indium-phosphide (InP) based III-V

transistor at over 1000 GHz (1THz) [j"i].

Therefore, the speed bottleneck of the ICs results from propagation delay in the passive

components, which is dominated by RC (resistance-capacitance) delay. How to design a new

interconnects system in ICs becomes the key to further enhancement of the speed. A couple

of approaches have been investigated to replace the predominant aluminium (for electrical

conduction) and silicon oxide (SiO 2, for electrical insulation) interconnects including the use

of copper and low-k dielectric materials (such as doped SiO 2 or polymeric dielectrics) to reduce

the RC product. Among all these attempts, the optical interconnect design implemented by

silicon photonics is extremely promising and can be the potentially ultimate solution to this

problem. The reasons are explained in the next section.

1.2 Silicon Photonics

photonics is about the science and the technology of generating, manipulating, and detecting

photons. Silicon, while dominating the semiconductor electronics for decades, is on the verge

of becoming a superior choice for photonics in many communication applications [2i]. Silicon

photonics offers a promising platform for the monolithic integration of optics and microelec-

tronics on silicon chips [28], aiming for many applications including the optical interconnects

solution to the microelectronics bottleneck [29]. Because of its importance and rapid growth,

a roadmap of silicon photonics, assessed by academic scholars and industrial experts, has been

proposed [I ] and organized by the Microphotonics Center at the Massachusetts Institute of

Technology (MIT) [:1 ].



1.2.1 Optical 'Communication

Photon has been used to transmit information for over three decades, mainly by using optical

fibers to form optical interconnection between places in distance. There are many advantages

of the optical transmission of information: (1) High speed or bandwidth owing to the lack of

RC delay issue existed in the traditional electrical interconnection. In addition, photons with

different wavelengths (or energies) do not interact with each other *. Thus multiply wave-

lengths can co-exist in the same communication channel leading to much higher bandwidth

capacity. This technique is called wavelength multiplexing (WDM). (2) Low attenuation due

to low optical losses in fibers compared to severe power dissipation through heat generation

in metal cables, especially in long distance. (3) Low cost of the transmission medium results

from the use of silica and polymer materials instead of expensive metal materials. Therefore,

the replacement of the electrical interconnection with optical interconnection revolutionized

the long haul telecommunication and enables the fast development of the global information

exchange such as the internet.
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Figure 1.1: Trend in the information-carrying capacity of a single line (wire or optical fibre)
with time and technology. (WDM: wavelength-division multiplexing; ETDM: electronic time-
division multiplexing). (After Kirchain and Kimerling [1]).

The revolution of technology is always driven by demands. Fig. 1.1 summarizes the

*The interaction between photons with different wavelengths can occur at very high energy densities, which
is rare for most of the applications, due to non-linear effects.



history of the information communication, with both electrical wire/cable and optical fiber

technologies, since the industrialization. We can see a threshold for the commercial displace-

ment of the electrical interconnection by the optical interconnection, which is described by a

figure of merit (FOM) given by the product of the transmission bandwidth and distance, and

the threshold occurs at Mbit/s with kilometer scale for telecommunication. For a smaller chip

scale of centimeters, the threshold is in the order of 102 Gbit/s to 1 Tbit/s. Modern signal

processing IC chips are calling for such transmission capacity. The optical interconnection at

smaller scales has been seriously explored as an option to achieve this capacity and has been

included in the International Technology Roadmap for Semiconductors [2 1].

Besides the long haul optical fiber telecommunications and depending on the various

distances of the applications, the optical interconnection can be deployed in rack-to-rack

(1-100 m), board-to-board (0.5-1 m), chip-to-chip (or interchip, 1-50 cm) and on-chip (or

intrachip, < 1 cm) [:21,:8].

The rack-to-rack and the board-to-board applications can generally benefit from using the

mature long-haul optical fiber technology at a smaller scale. All the electronic and optical

components and the communication architecture can be readily applied with some necessary

modifications. It has been seriously investigated for connecting a large number of clusters in

high performance supercomputer applications [:3,32,:2]. The optical interconnection will be

used in many future peta-flops (1015 floating-point operations per second) supercomputers

including the next generation, 20 peta-flops IBM BlueGene system (codename: Sequoia) [. ]

and the Honeywell&Intel Touchstone supercomputer project [:2 ].

On the other hand, chip-to-chip and on-chip applications are more challenging because

the entire optical interconnection system has to be redesigned for the integration with the

silicon microelectronic devices on silicon chips. All the macroscopic components used in the

optical fiber or rack-to-rack communications systems have to be miniaturized thereby leading

to dramatic change in material, design and fabrication. The ultimate goal is to replace

every metallic bus interconnection with photonic counterparts. Since the architecture is built

on the intercommunication and integration of both the electronics and the photonics, it is

also called electronic-photonic integrated circuits (EPICs), integrated photonics or integrated

optoelectronics.



In these applications, especially for rack-to-rack and board-to-board, many traditional

optical components used in optical fiber telecommunication such as III-V semiconductor

based devices have been first considered and investigated. However, silicon-based photonics

is a natural choice for these applications, since all the materials and fabrication techniques in

use aim for the complete compatibility with the Si-CMOS IC technology, which is required for

a low cost solution and a smooth convergence between the electronics and the photonics. A

number of discrete silicon photonic devices have been demonstrated commercially including

the eight-channel variable optical attenuator (VOA) manufactured by Kotura Corporation

[:;] and the four-chnnel WDM transceiver reported by Luctera Corporation [39].

The advantages of silicon photonics based optical interconnection, compared to other

implementations, become more essential as the capacity and the complexity of the integration

with electronics grow in chip-to-chip and on-chip applications. In the next section, the

discussion of the optical interconnects is focused on the these chip scale applications.

1.2.2 Optical Interconnects

As we point out in the previous section, because of the failure of further scaling t due to server

power issues, the speed of the modern signal-processing ICs is limited by the interconnection

components.

The total circuit delays with different interconnection technologies are shown in Fig. 1.2.

The circuit propagation delay is the combination of the gate delay and the interconnects RC

delay t. We can see that the RC delay becomes dominant and increases with the shrinkage of

the physical dimension in both the current predominant aluminum/SiO 2 technology and the

new copper/low-k technology below approximately 200 nm linewidth. On the other hand,

the propagation delay of the optical interconnects, which are not subject to the RC delay, is

basically the same as the gate delay which decreases with the dimension.

The optical interconnection can be deployed at different levels ranging from the chip-

tNot only the scaling of the physical dimensions, but also the applied voltage, doping profile and other
factors, as explained previously.

tThe transmission time of electrical or optical signal from one terminal to the other is not counted in the
propagation delay since it can be eliminated by proper circuit designs (e.g. symmetric H-tree design) thus
only leading to the latency issue. The propagation delay, on the other hand, is the measure of the delay of
AC signals thereby determining the system performance.
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Figure 1.2: Trend in circuit propagation delay (1 cm length) with technology linewidth and
time for traditional aluminium (Al) metal and SiO 2 insulator; projected copper (Cu) and
low-k dielectric; and projected optical interconnection technologies. (After Wada et al. [2])

to-chip front side bus to the on-chip H-tree clocking bus. Besides the benefit from less

propagation delay, optical interconnects offer more capacity per unit area by deploying the

dense wavelength division multiplexing (DWDM) technology which succeeds in the optical

fiber telecommunication. DWDM allows multiply wavelengths co-exist in the same channel

without interaction. Therefore the whole interconnection design is also revolutionized. Many

works have been done to investigate and optimize the architecture of the optical interconnec-

tion at a system level [40,-41, 42].

Figure 1.3: Schematic of the broadcasting optical interconnects in the application of multi-

core parallel processing.



As the parallelism becomes the future of computing, the overall parallel performance

and the number of cores become the new measures of the development in IC industry. But

the rapidly increased number of cores challenges the interconnection more than ever, not

only because of the propagation delay and power issue, but also the complexity of mutual

communications between all the cores. DWDM enabled optical interconnect can simplify

the problem by assigning each core a pre-selected specific wavelength and broadcasting all

the wavelength in the interconnection layer, as shown in Fig. 1.3. Thus the retrieval of

information from a given core is completed by dropping the specific wavelength associated

with that core. It is a neat and scalable approach that benefits both the hardware design

and the software programming.

1.2.3 Electronic-Photonic Convergence

The realization of optical interconnects requires a number of optical and optoelectronic com-

ponents, while serving similar functionalities as their counterparts in the optical fiber telecom-

munication. But the need for the integration with electronics results in dramatic changes in

material, design and fabrication.
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Figure 1.4: Schematic of on-chip optical interconnects integrated with electronic circuits.

Fig. 1.4 shows a simplified schematic of on-chip optical interconnects integrated with

electronic circuit. As in optical fiber communication, the photon, used as the information

carrier, is generated by a light source (usually a laser) with a specific wavelength A1. But



the photon does not propagate in a optical fiber, instead, a waveguide, which confines the

light in the high refractive index core region, is used to guide the light. The continuous-wave

(CW) light is then modulated by a modulator to translate the electric signal to the optical

signal in terms of light intensity or phase. The modulated light is then switched to the main

waveguide bus via an optical filter which only allows the wavelength A1 through. The main

bus waveguide connects all the electronic circuits (e.g. core) and contains all the wavelengths

accordingly. When another circuit acquires the information from the above circuit, another

filter with the allowable wavelength of A1 is used to retrieve the signal from the main bus and

switch to the local waveguide. A photodetector detects the light and translate the optical

signal back to the electronic signal that can be used by the circuit.

The integration of these optical components on silicon chips is very challenging, because, in

general, they cannot be fabricated with the electronic circuits in the mean time. The possible

introduction of incompatible materials such as III-V semiconductors and polymeric materials

[l1:] may require many fabrication techniques incompatible with the traditional Si-CMOS

processing. The involvement of such materials on silicon is called the hybrid integration, by

contrast, the silicon photonics based integration is called monolithic integration. It is obvious

that the monolithic integration is favorable in both the material compatibility and fabrication

compatibility with electrics, thus how to make all these optical components above with silicon

based materials and fabrication techniques has become a hot topic since the mid-1980s.

Silicon is an ideal material for the passive components in the optical interconnects, owing

to its transparency in a large wavelength range between 1.1 ym and 7 pm, which is far from

being limited to the most commonly used near-infrared (NIR) communication band of 1.3

pm and 1.55 pm. In addition, the high refractive index contrast between silicon (-3.6), as

a core material, and its surrounding medium (air 1.0 or SiO 2 "1.5) allows the extremely

compact waveguide design ( 0.1 pm2 ) on the same scale of typical dimensional encountered

in Si-CMOS fabrication. The small footprint allows the optical device density over 106 /cm 2 ,

one of the objectives of optical interconnection. Low optical losses of the silicon waveguides

have been achieved in the range of 0.1-3 dB/cm depending on the dimension and processing

conditions. The main source of the losses is the scattering at the interfaces (top surface

and sidewalls), which can be reduces by thermal oxidation [ ] or chemical oxidation [ :i].



Besides the waveguides, many other passive components have been demonstrated using silicon

including arrayed waveguide grating (AWG) [l(i] and microring/microdisk structures [17, ,S]

for add/drop filtering in WDM applications.

On the other hand, silicon is not an ideal choice for active applications such as electrooptic

modulation, photodetection and photon generation. With the lack of linear electrooptic effect

(Pockel effect) due to its centrosymmetric crystal structure, the only viable mechanism to

archive fast modulation in silicon is the plasma dispersion effect related to the free carrier

concentration. Such silicon modulators have been demonstrated using various structures

[19 1,0 , 152]. A more efficient approach for optical modulation is to use SiGe, whose optical

band gap can be engineered for proper wavelength band, based on the Franz-Keldysh (FK)

effect. SiGe based optical modulation has been demonstrated by using either the electo-

optical (EO) change [>3] or the electo-absorption (EA) change [7)1].

Silicon cannot be used for photodetector due to its transparency at near-infrared wave-

length band. Germanium, however, has a strong direct band gap absorption below 1.55 pm,

which can be further extended using tensile strain engineering. High speed tensile-strained

germanium photodetector has been demonstrated [55,, 6] and has been integrated with silicon

waveguide with enhanced performance [5'7].

Germanium and SiGe alloy which are used in above applications are complete Si-CMOS

compatible materials and have been used in silicon IC to improve the performance of transis-

tors for years. The use of germanium in Si photonics solves many problems met in the active

components and it also motivates this thesis work of using germanium to make a light source

for optical interconnects.

1.3 Silicon-Based Light Emitters

A light source which provides photons as the information carriers, is an essential part of the

optical interconnects, A simple idea is to supply photons by an external light source through

optical fibers, in analogy to the electrical power supply. An immediate problem is the optical

loss from the coupling between the optical fibers and the waveguides on-chip, due to the large

modal mismatch between them (50 pm2 v.s. 0.1 pm2). Efficient fiber-waveguide coupling



has been extensively investigated using various structures, such as inverse taper [5x], graded

taper [59], evanescent taper [W)], surface grating [3:, G I], blazed grating [62], and prism [ :3].

However, high efficiencies achieved by all these approaches require precise alignment between

the fiber and the waveguide which is difficult in practice and dramatically increases the

packaging cost thus impractical for mass production.

In order to completely achieve the photonic-electronic integration for optical intercon-

nection, a silicon-based light source is required. A silicon-based laser is arguably the most

challenging element in silicon photonics because both silicon and SiGe (including pure ger-

manium), though successfully solve many issues in active components, are inefficient light

emitters due to their indirect band structure.

Many different approaches have been studied to overcome this issue and provide a silicon-

based solution to the light source. Efforts on porous Si [6 ,i; ], Si nanostructures [;i] and

SiGe nanostructures [t67] tried to modify the crystalline silicon or the germanium band struc-

ture to achieve efficient optical transition. Silicide [(6], erbium doped Si [;i], and other

potentially compatible materials have also been investigated. However, all above approaches

are challenged by the lack of enough gain to surpass materials losses to achieve net gain for

laser action.

Erbium-doped silicon dielectric, which suffers less from the energy back transfer than

erbium-doped silicon, is another heatedly studied material system. Erbium atoms, as ac-

tive material emitting at 1.54 pm, are incorporated into silicon oxide [T0, 71, ;?] or silicon

nitride [>:, i] matrix materials containing silicon nanocrystals as sensitizer. But the opti-

cal gain from such extrinsic emitting materials is very small [W] due to the limited erbium

solubility and energy up-conversion. Therefore the laser action can only occur in extremely

low loss resonators such as the toroidal structures [7 ;]. Another severe issue is the difficulty

of electrical injection since these materials are all dielectrics, where the carriers can only be

injected under very high electric field via tunneling or other effects [77, > ].

The non-linear effect of silicon can also be used as a gain mechanism to achieve laser

action. Based on stimulated Raman scattering (SRS) effect, optically pumped pulsed silicon

lasers [76, "I? ] and continuous-wave lasers [ !] have been demonstrated respectively. But

the inevitable requirement of the optical injection makes them not suitable for integrated



photonics.

Following a hybrid method, researchers successfully integrated III-V semiconductor lasers,

which is widely used as light sources in traditional optical applications, on silicon chips. This

integration can be accomplished either by growing GaAs/InGaAs lasers on Si with graded

SixGel_- buffer layers to match the lattice constant of GaAs [S2] or by bonding III-V lasers

on silicon surface [$K , S 4]. These lasers meet the wavelength and the power requirement, but

the introduction of III-V materials, which are dopants in Si, complicates processing.

The electronic-photonic integration at chip level prefers the light source with the following

features: (1) room temperature operation with electrical injection; (2) Si-CMOS compatible

materials and fabrications; (3) preferred emission wavelength at near infrared, especially near

1.55 Mm. The third feature comes from the transparent wavelength range of silicon, which

is the primary choice of waveguide core material because of the capability of high density

photonic integration. Another advantage of the usage of near infrared light is the ability of

integrating with various active components (e.g. modulators and detectors) developed for

this wavelength range as we discussed in the previous section.

A complete solution of such silicon-based laser remains to be present. In this thesis

work, the author attempts to solve this problem by using the engineered germanium, which

potentially meets all the features above.



Chapter 2

Tensile-Strained n+ Ge: A Gain

Medium

This chapter is intended to introduce the concept of engineering the band structure of Ge so

as to make Ge behave like a direct band gap material. We begin with the explanation of the

band structure engineering of Ge aiming for high efficient direct gap light emission and net

gain. Then the direct band-to-band optical transition and optical gain of Ge are theoretically

analyzed. The calculations show that the efficient direct gap light emission and the net gain

can be achieved in the Ge engineered by introducing proper tensile strain and n-type doping.

2.1 Ge Band Structure Engineering

Ge is normally recognized as a poor light emitting material due to its indirect band structure.

The radiative recombination through the indirect band-to-band optical transition is inefficient

as a result of a phonon-assisted process. The direct band-to-band optical transition in Ge,

however, is a very fast process with radiative recombination rate 4-5 orders of magnitude

higher than that of the indirect transition [ ], thus the direct gap emission of Ge is, in

principle, as efficient as that of direct gap III-V materials. The challenge is that the number

of the electrons for the direct optical transition is deficient due to an indirect band structure.

Fortunately, Ge is a pseudo direct band gap material because of a small energy difference

(0.136 eV, refer to Fig. 2.1) between its direct gap and indirect gap. It will be shown that



with a combination of tensile strain and n-type doping Ge can be engineered to be a direct

band gap material.

2.1.1 Ge Band Structure at Equilibrium and under Injection

300K Energy # = 0.664 eV
Ex = 1.2 eV

Er, = 0.8 eV
Er2

= 3.22 eV

AE = 0.85 eV

Eso = 0.29 eV

EnL L

<100> x E <111>

E Wave vector

Heavy holes

Light holes

Split-off band

Figure 2.1: Ge band structure at 300K. [>5]

The band structure of bulk Ge is shown in Fig. 2.1. The valence band is composed of

a light-hole band, a heavy-hole band, and a split-off band from spin-orbit interaction. The

light-hole band and the heavy-hole band are degenerate at wave vector k = 0 or F point which

is the maximum of valence band. The lowest energy point of the conduction band is located

at k =< 111 > or L point. The energy difference between the conduction band at L point and

the valence band at F point determines the narrowest band gap in Ge: Eg = 0.664 eV. This

band gap is an indirect band gap since it does not occur at the same k. On the contrary,

another two energy gaps (Erl and Er2) between the two local minima of the conduction

band and the maximum of the valence band at F point are direct energy gaps. Because the

direct energy gap Er 2 is much larger than Er, and Eg, there is barely any electrons at such

high energy levels so that it has negligible effect on the light-matter interaction discussed in

this work. Therefore, we refer direct band gap only to Erl throughout this thesis and denote

Egr = Erl and EgL = Eg. The part of the conduction band near F point is called direct valley



or F valley and the part near L point is called indirect valley or L valley. Since the energy

is 4-fold degenerate with regard to the changes of the secondary total angular-momentum

quantum number, four L valleys are considered.*

The electron and the hole distributions of Ge at equilibrium are schematically shown in

the Fig. 2.2 (a). Most of the thermally activated electrons occupy the lowest energy states

in the indirect L valleys following the Fermi distribution

f(E) = (2.1)f(E) = 1+ (E - Ef)/kBT'

where E1 is the equilibrium Fermi level. On the contrary, most of the electrons stay in the

direct F valley in a direct band gap material such as InGaAs shown in Fig. 2.2 (b).

<111> <111>
valley r valley

L valleys L v alleys

---------- --- -------- ---------- -- --I---

0.8eV 0.664eV 0.75eV 1.21eV

liht ho light ho
hea hole hea hole

Ge at Equilibrium Ino.,G .47As at Equilibrium

(a) (b)

Figure 2.2: Comparison of the electron and the hole distributions between (a) Ge and (b)
Ino.53Ga0.47As at equilibrium.

The band-to-band optical transition requires excess carriers (electrons and holes) which

can be injected by either electrical pumping or optical pumping. At steady state, the electrons

and the holes obey the quasi Fermi distributions with respect to the electron quasi Fermi

*Degeneration with regard to the changes of electron spin quantum number is not explicitly accounted

here. It is considered in the density of states calculation in Section 2.2.



level and the hole quasi Fermi level respectively:

1
fe(E) = and (2.2)1 + (E - Efc)/kBT'

1
f,(E) = (2.3)1 + (E - Efv)/kBT'

where Efc and Ef, are the quasi Fermi levels for the electrons in the conduction band and

the holes in the valence band respectively. A single quasi Fermi level exists for electrons in

both the F valley and the L valleys in the optical transition analysis because of a much faster

inter-valley scattering (r1 ps) than any radiative or non-radiative recombination processes.

There are a non-negligible amount of electrons in the I valley owing to the small energy

difference (0.136) between the direct band gap and the indirect band gap of Ge as shown in

Fig. 2.3 (a). The excess electrons in the P valley lead to recombination with the holes in the

valence band, which is a highly efficient light emission process because that the direct band-to-

band radiative recombination is generally faster than the non-radiative recombinations such

as Auger and defect-assisted processes. But the overall light emission efficiency is very low

because most of the injected electrons, staying in the L valleys, recombine non-radiatively

due to the slower indirect phonon-assisted radiative recombination than the non-radiative

recombinations. On the contrary, the light emission in a direct band gap material such as

InGaAs is very efficient because almost all injected electrons are in the F valley thus recombine

radiatively as shown in Fig. 2.3 (b).

To improve the light emission efficiency in Ge, more injected electrons are required to be

pumped into F valley at the same carrier injection level. The band structure of Ge can be

engineered to accomplish this goal, discussed in the next section.

2.1.2 Effect of Tensile Strain on Ge Band Structure

Efficient direct gap light emission in Ge requires a large amount of electrons in the direct

F valley. The ratio of the number of the direct F valley electrons to the indirect L valleys

electrons is determined by the energy difference between the direct band gap and the indirect

band gap at quasi-equilibrium. Band structure is associated with crystal lattice which can be
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Figure 2.3: Comparison of the electron and the hole distributions and the light emission
between (a) Ge and (b) Ino.53Ga0.47As under injection.

changed by the existence of strain. This effect can be calculated using a strain-modified ky

method [85]. Pikus-Bir Hamiltonian and Luttinger-Kohn's model are used in the method to

describe the degenerate bands in Ge. This calculation shows that strain changes the energy

levels of the direct F valley, the indirect L valleys, the light-hole band, and the heavy-hole

band relative to vacuum level.t Moreover, the light-hole and the heavy-hole band becomes

non-degenerate and separates at F point as shown in Fig. 2.5 (a). The direct band gap and

indirect band gap under strain can be calculated using this method

Egrhh = acr(zz + Eyy + Ezz) + P + Q (2.4)

Egrh = acr(Ex + %yy + Ezz) + P - Q/2 + Eso/2 - /E2o + 2EsoQ + 9Q 2  (2.5)

EgLhh = acL(xx + Ey + Ezz) + P + Q (2.6)

EgLlh = acL(Exz + Eyy + Ezz) + P - Q/2 + Eso/2 - V/E o + 2EsoQ + 9Q 2  (2.7)

tThe energy levels of other bands such as spin-orbit split-off band are also changed.
*Shear strain ,, u(Ay), which is negligible in the thin film material, is not considered here.



where

P = -av(EXz + Eyy + Ezz) (2.8)

Q = -b(cxx/2 + Eyy/2 - Ezz) (2.9)

Egrhh and Egrlh are energy gaps between the r valley and the heavy-hole band and

the light-hole band respectively. EgLhh and EgLlh are energy gaps between the L valley

and the heavy-hole band and the light-hole band respectively. ex, eCy, and ezz are strain

components. Eso is the energy difference between valence bands and spin-orbit split-off band

at F point. ac,, acL, a, and b are deformation potentials for F valley, L valleys, the average of

three valence bands (light-hole, heavy-hole and spin-orbit split-off) and a strain of tetragonal

symmetry. They are material properties which can be either calculated from first-principle

calculation or determined by experiments. For thin film Ge, the strain is induced by in-plane

biaxial stress from the adjacent layers. Therefore

Exx = fyy, and (2.10)

czz = -2C12/C1 x, (2.11)

where C11 and C12 are the elements of the elastic stiffness tensor.

The direct and the indirect band gaps of Ge under strain can be obtained using Eq. 2.4-2.7

with the experimental results of ar = -8.97 eV and b = -1.88 eV from Ref. [] C11 = 128.53

GPa and C12 = 48.26 GPa from Ref. [(], and the calculated results of acL=-2 .78 eV and

a,=1.24 eV from Ref. [,x7]. These energy gaps are calculated and shown in Fig. 2.4. We can

see both the direct band gap and the indirect band gap shrink with tensile strain (positive

Exx) and the direct band gap shrinks faster than the indirect band gap due to lacrl > JacLI.

The direct band gap becomes equal to the indirect band gap at e - 1.8% where Ge becomes

a direct band gap material. The energy gaps from the conduction band (equal for both direct

F valley and indirect L valley) to the light-hole and the heavy-hole band are 0.53 eV and

0.66 eV respectively.5

§There are two energy gaps at both r point and L point due to the separation of the light-hole band and
the heavy-hole band. The optical band gap is determined by the smaller gap related to the light-hole band.
We refer the band gap to this energy gap in the following discussions unless explicitly stated otherwise.
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Figure 2.4: The direct and the indirect band gaps of Ge under in-plane strain. Egrhh and
Egrh are energy gaps between the F valley and the heavy-hole band and the light-hole band
respectively. EgLhh and EgLlh are energy gaps between the L valley and the heavy-hole band
and the light-hole band respectively.

The carrier distribution and the light emission properties of 1.8% tensile-strained Ge

under injection are schematically shown in Fig. 2.5 (a). Since the Ge becomes a direct gap

material, a considerable amount of the excess electrons occupying the direct F valley capable

of radiative recombination leading to efficient direct gap light emission. The overall emission

efficiency of the strained Ge is comparable to that of InGaAs (Fig. 2.5).

Biaxial tensile strain is an effective way to transform Ge to a direct band gap material

nevertheless two issues exist.

Firstly, highly strained, high quality single crystalline Ge film is difficult to form because

the large lattice change causes thermodynamic instability resulting in dislocations, surface

roughness, and other lattice defects. Tensile strain can be induced either by lattice mismatch

or by thermal mismatch. The former approach requires a substrate material with larger

lattice constant than that of Ge. As high as 0.5% tensile strain in Ge has been achieved using

InGal_-As compositionally graded layers as a virtual substrate [Ki]. The latter approach

requires different thermal expansion coefficient between Ge and the substrate material, which

is adopted in this research. Up to 0.25% tensile strain has been achieved in Ge epitaxially
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Figure 2.5: Comparison of the electron and the hole distributions and the light emission
between (a) 1.8% tensile-strained Ge and (b) Ino. 53Gao.47As under injection.

grown on Si substrate [89] which is discussed in Chapter 3. However, higher tensile strain,

such as projected 1.8%, is very challenging to obtain using either of these two approaches.

The second issue is the excessive change of the band gap in highly tensile-strained in Ge.

Both the direct band gap and the indirect band gap become 0.53 eV at 1.8% tensile strain

as shown in Fig. 2.5 (a). This optical band gap is corresponding to an emission wavelength

of about 2300 nm which is far away from the 1550 nm telecommunication wavelength band

which is also the primary choice for Si photonics.

These two issues suggest that very high tensile strains are not favorable in both material

growth and photonics applications. Therefore, a moderate tensile strain is used instead in

this work. Thus the increase of the number of the injected excess electrons in the r valley

owing to strain effect is limited. This problem can be solved by n-type doping in Ge shown

in Session 2.1.3.

2.1.3 Tensile Strain and N-Type Doping

The energy difference between the direct band gap and the indirect band gap of Ge is de-

creased up to 20 meV with a moderate tensile strain of 0.20-0.25%, whereas majority of the

injected excess electrons still occupy the lower energy indirect L valleys. N-type doping can



be used in Ge to solve this problem because the quantum states of the indirect L valleys are

filled with the extrinsic electrons thermally activated from n-type donors, which is called the

indirect valley state filling effect. This effect raises the Fermi level thus raises the effective

bottom of the indirect L valleys leading to the increase of the injected electrons in the direct

F valley. An example of the Fermi level versus active n-type doping concentration of 0.25%

tensile-strained Ge is shown in Fig. 2.6. We can see that the Fermi level becomes equal to

the direct band gap at about 7 x 1019 cm - 3 doping concentration, where the effective bottom

of the indirect L valleys equates the bottom of the direct F valley therefore Ge becomes a

direct band gap material.

0.8

0.75- direct band gap

0.7 5 7x10 19 cm
0.65 ---------------- ------------

a) indirect band ga

u 0.6

0.55
0.25% strain 0.25%- Fermi level

10 10 10 1020
Active N-Type Doping (cm- 3)

Figure 2.6: Calculations of the Fermi level as a function of active n-type doping concentration
in 0.25% tensile-strained Ge is shown in black line. The direct band gap and the indirect
band gap at the same strain level is shown in red and in blue respectively. All energies are
referred to the top of the valence band.

Using the heavily doped Ge increases the optical gain by making Ge direct band gap

but also raises an immediate question of whether the large amount of the extrinsic electrons

introduce so much free carrier (electron in this case) optical loss that negatively affects the

occurrence of the net material gain. This trade-off can be analyzed theoretically and con-

firmed by experiments. The theoretical calculations in the next session shows that n-type

doping is favorable in achieving lasing in most of the cases.



<111>
F valley

L valleys

0.76eV 0.65eV

light ho
hea hole

n+ 0.25% strained Ge under In jection

<111>
r valley I

L valleys

075eV . 1.21eV).75eV

li ht ho
hea hole

Ino.Ga 47As under Injection

Figure 2.7: Comparison of the electron and the hole distributions and the light emission
between (a) n-type doped 0.25% tensile-strained Ge and (b) In0.53Ga0.47As under injection.

The carrier distribution and the light emission of 0.25% tensile-strained Ge under injection

are schematically shown in Fig. 2.7 (a). Since the lower quantum states of the indirect L

valleys are filled by the extrinsic electrons thermally activated from the n-type donors, the

energy levels of the available states in both the direct F valley and the indirect L valleys are

equal. The excess electrons are injected into both valleys and the electrons in the direct r

valley contribute to the direct gap light emission. The overall emission efficiency is a little

less but to that in direct band gap III-V materials such as InGaAs as shown in Fig. 2.7 (b).

2.2 Optical Gain Modeling

In the previous section, it has been shown that a combination of tensile strain and n-type

doping can effectively make Ge a direct band gap material with efficient direct gap light

emission owing to the increased number of electrons in the direct r valley. This direct band

gap behavior, in principle, is capable of optical gain in analogy to direct band gap III-V

materials. The difference of tensile-strained n+Ge from III-V materials is the existence of

the large amount of extrinsic electrons which introduce free-carrier-induced optical loss. The

following theoretical calculations show that the n-type doping has a positive effect on the net

gain in most of the cases and it is essential to a laser action in Ge. [90]



2.2.1 Direct Band-to-Band Transition

Direct band-to-band optical transition includes optical absorption, stimulated emission, and

spontaneous emission between the direct F valley of the conduction band and the valence

band. These electron-photon scattering processes can be described by the product of the

strength of the scattering and the occupation probabilities of the electrons and the holes. We

denote the scattering strength of absorption, stimulated emission, and spontaneous emission

at photon energy hv are a(hv), est(hv), and esp(hv) respectively. The rate equation of the

number of carriers N related to radiative recombinations in the material is

dN
dt = afv(1 - fc)Nph - estfc(1 - fv)Nph - espfc(1 - f,) (2.12)

where Nph is the number of photons and fc and fv are the occupation probabilities of the

electron with respect to the electron quasi Fermi level at E1 and the hole with respect to the

hole quasi Fermi level at E2, respectively. E 1 and E 2 obtained by

hv - E
El = E + " and (2.13)

E2 = Ev- (2.14)
1 + m,/me

are the energy levels associated with the optical transition at photon energy hv and are

related by E1 - E 2 = hi. Since quasi Fermi levels depends on the injection level, fc (or

f,) is an implicit function of the total electron (hole) density which is the summation of the

equilibrium electron (hole) density and the excess injected electron (hole) density.

The physics meaning of fc(1 - fv) is the joint probability of the existence of an electron

at El in the conduction band and the absence of a hole at E 2 in the valence band, which

have to be simultaneously satisfied when an optical transition occurs at photon energy hi.

Therefore, the same term of fc(1 - fv) exists for both the stimulated emission and the

spontaneous emission. Optical absorption is the opposite process of the stimulated emission

therefore fv(1 - fc) is used instead.

Optical gain g(hv) is determined by the competition of the stimulated emission and the



absorption:

g(hv) = estfc(1 - fv) - afv(1 - fe). (2.15)

A detail balance analysis proves that all the three scattering strength coefficients, a, est, and

esp, are equal at any photon energy hv. Therefore optical gain can be rewritten as

g(hv) = a(fc - fv). (2.16)

(fc - f,) is called population inversion factor. It is negative at equilibrium or low injection

levels representing a net optical loss (absorption). While it becomes positive at higher injec-

tion levels, when the population of the electrons inverts (more electrons in the conduction

band than in the valence band), underlying a net optical gain.

2.2.2 Direct Gap Absorption

The direct band-to-band absorption is required to calculate the optical gain according to Eq.

2.16. The direct gap absorption can be theoretically calculated by using Fermi's golden rule

to solve the electron-photon scattering in crystalline potential:

e2 hcPo Pcy 1
a(h = 2me2  n hVpr(hv - Eg), (2.17)

where Ipcv is related to the transition matrix element and n is the refractive index, both

of which are materials properties and can be considered as constants in a small range of

photon energy. Pr is the joint density of states of the conduction band (direct Fvalley) and

the valence band. A quadratic approximation is usually used to describe the density of states

near an extremum of an energy band in semiconductor and Pr is subsequently calculated

pr(hi - Eg) = 27 h2 hv - Eg,, (2.18)



where m, = m is the reduced effective mass of the conduction band and the

band. Therefore, the absorption near direct band gap can be approximately written

o(hv) = A h v -Eg
hv

valence

as

(2.19)

where A is a constant usually determined from experiments.
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Figure 2.8: Comparison of the absorption of Ge near direct band gap from different litera-
tures. Four experimental absorption data are obtained from Ref. [4i, 5, 6,7] respectively. The
theoretical fitting is shown with the black solid line.

The absorption spectra of intrinsic bulk Ge near direct band gap (0.8 eV) from a few

experiments [4, 5, 6, 7] are shown in Fig. 2.8. The absorptions from Ref. [4] and Ref. [6] show

good agreement above the direct band gap. The theoretical fitting to these data using Eq.

2.19 shown with black solid line gives A = 2.0 x 104 eV 1/ 2/cm.

The absorption edge of tensile strain Ge moves towards lower energy because of the

shrinkage of the direct band gap. Since the light-hole band and the heavy-hole band separate

under strain, two optical transitions corresponding to the two energy gaps compose the total

absorption. Therefore, the absorption of tensile-strain Ge is

(2.20)
hv hv



1u

. 10

o experiment (0.2% strain)
- fitting (0.2% strain)
2 -- -bulk Ge

1 .75 0.8 0.85 0.9 0.95 1
Photon Energy (eV)

Figure 2.9: The experimental result and the theoretical fitting of the absorption of 0.2%
tensile strained Ge. The absorption of bulk Ge is also shown with the black dash line for
comparison.

where k1 = mrlh3/2/(Mrlh3/2 + Mrhh3/2) and k2 = Mrhh3/2(r3/2(m /2 mrhh3/2) are coefficients

attributing to the difference between the two transitions due to the different reduced effective

masses. kl and k2 are normalized so that kl + k2 = 1. kl = 0.68168 and k2 = 0.31832 are

calculated for Ge. The measured absorption spectrum of 0.2% tensile strained Ge is shown

in Fig. 2.9 and A = 1.9 x 104 eV1/2/cm is calculated by fitting the experimental result using

Eq. 2.20. The A of strained Ge is approximately the same as that of bulk Ge underlying

that small strain does not affect the optical transition matrix much. In the following two

sections, A = 2.0 x 104 eV1/2/cm is used to calculate optical gain in both the bulk Ge and

the strained Ge.

2.2.3 Optical Gain Spectrum

The optical gain spectrum of Ge at a certain injection level can be calculated by using Eq.

2.16 with absorption coefficients obtained from the previous section. The effect of tensile

strain and n-type doping on optical gain of Ge is analyzed in this section.

As we calculated in Section 2.1.3, a combination of 0.25% tensile strain and 7 x 1019 cm - 3

n-type doping results in the raise of the equilibrium Fermi level to the bottom the direct F
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Figure 2.10: Calculated optical gain spectrum of Ge with 0.25% tensile strain and 7 x
1019cm - 3 n-type doping at various injection levels near the direct band gap energy.

valley therefore Ge becomes a direct band gap material. The optical gain spectrum of such

Ge is shown in Fig. 2.10. The optical gain starts to occur at 0.76 eV which is the energy gap

between direct F valley and the light-hold band under 0.25% tensile strain. Since the effective

masses of both the electrons in the F valley (0.038meo) and the light holes (0.043meo) are very

small, considerably population inversion starts to occur at a fairly low injection level of ' 1017

cm - 3. As the injection level increases, the separation of the electron and the hole quasi Fermi

levels becomes larger than the energy gap between the direct F valley and the heavy-hole

band. Thus the optical gain contributed from the electron heavy-hole recombination starts

to occur, which can be seen from the fast raise of the optical gain at 0.78 eV at injection

levels above 1018 cm - 3 . A peak gain over 1000 cm - 1 around 0.8 eV (1550 nm) is achieved

an injection level of 8 x 1018 cm - 3 which is readily achievable.

The effects of tensile strain and n-type doping on optical gain in Ge are shown in Fig. 2.11.

We can see that the high n-type doping dramatically enhances the optical gain by two orders

of magnitude for both the strained and the unstrained Ge. Tensile strain also increases

the optical gain by a few times and it extends the gain spectrum to lower energy (longer

wavelength) thus shifts the peak gain to preferred 0.8 eV (1550 nm) as well as broadens the

entire gain spectrum. The optical gain of Ge benefits from both n-type doping and tensile

~=--TT~--
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Figure 2.11: Comparison of the calculated optical gain of the Ge with both tensile strain and
n-type doping, with either of them, and with neither of them at the injection level of 8 x 1018
cm - 3 near the direct band gap energy.

strain.

2.2.4 Net Material Gain

The occurrence of optical gain in a material under injection does not necessarily lead to a

laser action which requires that the optical gain overcomes all kinds of optical losses. With

regard to the material itself, the optical loss is dominated by the free carrier absorption in

which an electron in the conduction band absorbs the energy of a photon and moves to an

empty state higher in the conduction band (correspondingly for holes in the valence band)

without inter-band recombination. The free carrier absorption increases with wavelength and

becomes significant at higher carrier densities. When a gain medium is pumped to achieve

population inversion, the large amount of injected carriers induce the free carrier absorption

to compete against the optical gain. The free carrier absorption is usually the major obstacle

for lasing in a gain medium, especially for heavily n-type doped Ge because of the existence

of additional extrinsic electrons.



The free carrier absorption afc can be calculated by using

afc(A) = kencAae + khpvAah, (2.21)

where nc and p, are the electron density in the conduction band and the hole density in

the valence band and ke, kh, ae and ah are constants of the material. ae and ah are usually

between 1.5 and 3.5. By fitting the free carrier absorption data in n+Ge [!l0] and p+Ge [02]

in a carrier density range of 1019 - 1020 cm - 3 at room temperature, we obtain

afc(A) = -3.4 x 10- 25nA2.25 - 3.2 x 10-25pv2.43 (2.22)

where afc is in unit of cm - 1, nc and pv in units of cm - 3 , and A in units of nm.
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Figure 2.12: The optical gain, the free carrier absorption, and the net material gain of Ge
with 0.25% tensile strain and 7 x 1019 cm - 1 n-type doping at various injection levels at the
photon energy of 0.8 eV (1550 nm).

The optical gain, the free carrier absorption, and the net material gain which is the

difference between them are calculated versus injection level at the photon energy of 0.8 eV

(1550 nm) are calculated for Ge with 0.25% tensile strain and 7 x 1019 cm - 3 n-type doping as

shown in Fig. 2.12. The optical gain starts with negative values (optical loss) at low injection

levels. The free carrier absorption is large (negative) even at low injections since the material



is heavily doped. But the optical gain overcomes the free carrier loss above the injection

level of 1.2 x 1018 cm-3 where Ge becomes a gain medium. We can see that net gain can be

achieved in heavily n-typed doped Ge in spite of excess free carrier absorption from extrinsic

electrons. At very high carrier injection levels (> 1020 cm- 3 ), the free carriers absorption

exceeds the optical gain again and causes net loss in the material. Therefore, between a large

injection range of 1018 cm-3 and 1020 cm - 3 , the tensile-strained n+Ge is a gain medium at

0.8 eV photon energy. At photon energies near 0.8 eV, this range changes a little but the

same characteristic holds.
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Figure 2.13: Comparison of the calculated net material gain versus injection level of the Ge
with both tensile strain and n-type doping, with either of them, and with neither of them at
their peak gain photon energies respectively.

The comparison of the net material gain versus injection level of Ge with both tensile

strain and n-type doping, with either of the them, and with neither of them are shown in Fig.

2.13. Since the optical gain spectrum varies with strain, the net gains for different conditions

are calculated at different photon energies.* The net gain can never occur for intrinsic Ge

no matter with or without 0.25% tensile strain because the free carrier absorption always

exceeds the optical gain. It is the reason that the net gain has never been observed from

Ge. However, with n-type doping, the net gain can be achieved in both tensile-strained and

*The photon energy of the peak gain also depends on the injection level. The photon energies at which the
net gain are calculated are corresponding to peak gains at injected carrier density of - 1 x 1019 cm -3



unstrained Ge. Tensile strain further increases the population of the injected electrons in the

direct F valley leading to a lower net gain threshold and higher net gain at given injection

levels. At very high injection levels, all the materials show net loss due to the exceedingly

high free carrier absorption.
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Figure 2.14: Dependence of the calculated net material gain of Ge on the n-type doping level

(Nd) as well as the carrier injection level at the photon energy of 0.8 eV.

In order to further understand the effect of the n-type doping, a simulation showing the

dependence of the net gain on the n-type doping level at various injection levels is calculated

and shown in Fig. 2.14. We can see that there is a certain range of the n-type doping levels

and the carrier injection levels, in which the net gain occurs. Doping concentrations higher

than - 1019 cm-3 are required for the occurrence of the net gain at the photon energy of 0.8

eV. Below this doping level, optical loss from the free carrier absorption is always larger than

the optical gain no matter how hard the material is pumped. On the other hand, net loss

occurs at either very high doping levels or very high injection levels because too many free

carriers are introduced that the free carrier loss cannot be compensated by the optical gain.

The cross-section of the 3-D net gain plot at the zero gain plane is the threshold boundary

surrounding the net gain region as shown in the figure. This threshold boundary may vary



at photon energies other than 0.8 eV.
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Figure 2.15: The calculated net material gain of tensile-strained n+Ge versus the carrier
injection level at various temperatures. The temperature dependence of the band gap is
considered in the calculation and the photon energy is 0.04 eV above the direct band gap at
each temperature for a fair comparison.

Temperature is another factor which can affect the optical gain. The dependence of the

net gain of 0.25% tensile-strained, 7x 1019 cm - 3 n-type doped Ge on temperature is calculated

and shown in Fig. 2.15. Since the band gap of Ge also changes with temperature, the photon

energy chosen in the calculation is always 0.04 eV lager than the direct band gap at each

temperature for a fair comparison. The photon energy used at 300 K is about 0.8 eV while

the direct band gap (between the F valley and the light-hole band) is about 0.76 eV under

of 0.25% tensile strain. The temperature dependence of the direct and the indirect band gap

of Ge used in the calculation is found in Ref. [3]:

Egr = 0.89 - 5.82 x 10-4 T (eV)

EgL = 0. 74 2 - 4.8 x 10-4T (eV).

Besides the change of the band gap, which we already excluded by using the photon

energy Eph = Egr + 0.04 at each temperature, the influence of temperature on optical gain



mainly results from two effects: (1) the relative distribution of the electron between the

direct F valley and the indirect L valleys and (2) the fraction of the electrons contributing

to the light emission at the given photon energy. The competition between these two effects

determines the temperature dependence of the optical thereby the net gain of Ge. The net

gain versus the injected carrier density at temperatures between 200 K to 400 K is shown Fig.

2.15. The net gain threshold is only slightly changed with temperature while the influence

of temperature on the net gain above threshold can be divided into two ranges. The net

gain increases with temperature between the threshold and mid-101 9 cm - 3 but it decreases

with temperature from mid-10 19 cm - 3 to 1020 cm - 3 . At etch range, one of the two effects

mentioned above dominates the temperature dependence behavior.

The distribution of the electrons changes with temperature because the probability of the

electrons (or holes) occupying higher energy states is higher at elevated temperatures. It can

also been seen from the Fermi distribution function

1
f(E) = I

1+ E-EkBT

in which the exponential rate is lower at high temperatures leading to more occupation

probability at higher energy E. More high energy electrons means more electrons in the direct

F valley which is responsible for the direct gap stimulated emission. Thus the optical gain

increases with temperature if this effect dominates. It explains the temperature dependence

of the net gain between the threshold and mid-10 19 cm - 3 injection level. This effect is an

unique feature of indirect band gap materials with small energy difference between the direct

band gap and the direct band gap.

On the contrary, the second effect makes optical gain thereby net gain favorable to lower

temperatures. This effective is schematically shown in Fig. 2.16. In the figure, the energy

distributions of the injected direct F valley electron density and the injected hole density are

drawn at high temperature and low temperature, respectively. The carrier density distribu-

tion is the multiplication of the (quasi) Fermi distribution and the square root density of

states of the band edge. The peak width of the carrier density distribution is proportional to

the thermal energy (1.5-2 kT) hence the peak is narrower at lower temperature. The total
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Figure 2.16: Schematic of the injected excess carrier (direct F valley electrons and holes)
density energy distributions at high temperature and low temperature, respectively.

carrier density represented by the area of the distribution curve is same for both tempera-

tures since we are comparing the carrier behavior at the same given injected carrier density.

It requires the peak height of the distribution at low temperature is higher than that at

high temperature. The stimulated emission at a certain photon energy is determined by the

available electrons and holes at two energy levels corresponding to the photon energy. These

two energy levels are shown in two vertical dotted lines in the figure. We can see the carrier

density at these two energy levels are higher at lower temperature therefore the optical gain

is higher. This effect explains the temperature dependence of the net gain from mid-10 19

cm - 3 to 1020 cm - 3 .

In normal pumping conditions, the injected excess carrier density is most likely within

the range between the threshold and mid-10' 9 cm - 3 . Therefore, the increase of the net

gain with temperature is possibly observed. It also explains the phenomenon observed from

the temperature dependent photoluminescence of tensile-strained n+Ge discussed in Section

4.3.2.



Chapter 3

Tensile-Strained n+Ge Epitaxial

Growth and Fabrication

In Chapter 2, we have proved theoretically that a combination of tensile-strain and n-type

doping can effectively change Ge to a direct band gap material and a gain medium. In this

chapter, we present how to grow such material directly on Si substrate, which is extremely

attractive in practice since such Si-based material growth and fabrication is completely com-

patible to massively used, mature Si complimentary metal oxide semiconductor (Si-CMOS)

technology thus minimize the cost for production. We first introduce the ultra high vacuum

chemical vapor deposition (UHVCVD) which is the technique used to epitaxially grow Ge

on Si in this work. Then the detail of the growth is exhibited including the procedure to

form tensile strain the heavy n-type doping in Ge during the growth. Finally, we discuss two

methods, selective growth and dry etching, to fabricate Ge devices such as Ge light emitting

diodes shown in Chapter 5.

3.1 Ultrahigh Vacuum Chemical Vapor Deposition (UHVCVD)

Ultrahigh vacuum chemical vapor deposition (UHVCVD) is one type of chemical vapor de-

position process, in which the wafer (substrate) is exposed to one or more volatile precur-

sors, which react and/or decompose on the substrate surface to produce the desired deposit.

UHVCVD is the CVD process operating at a very low pressure, typically below 10-6 Pa
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Figure 3.1: Schematic of a typical hot-wall chemical vapor deposition (CVD) system.

A typical hot-wall thermal CVD system is schematically shown in Fig. 3.1. A batch

of substrates are placed in the reactor chamber which is kept at atmosphere pressure, low

vacuum, or high vacuum depending on the type of the deposition technique. The whole

chamber can be evenly heated and kept at high temperatures by the specially designed heating

system (e.g. a three-zone heating system). The hot-wall system here means no intentional

cooling applied to the chamber wall so that the deposition occurs on both hot substrates

and hot walls. The gas precursors (source materials) are flowed into the chamber at high

temperature leading to chemical reactions (e.g. pyrolysis) and deposition. The chamber is

usually pumped to keep the desired pressure during the growth.

UHVCVD is invented by Bernard. S. Meyerson and co-workers at IBM T. J. Watson

Research Center in mid-80s. [93] In UHVCVD system, the chamber is usually pumped at all

time using a multiple pump system including turbomolecular pumps. The base pressure of

the chamber is usually in the range of 1 x 10- 9 torr when idling and 1 x 10- 3 torr (1 mtorr)

during the growth. At this ultrahigh vacuum environment, the contamination can be well

controlled in a very low level. For example, the system induced background partial pressure

of contaminants such as water vapor, oxygen, and hydrocarbons is limited to values in the

range of 10-11 torr. [94] Therefore, the key source of the impurities coming from the gaseous

source precursors.

Besides the excellent impurity control in epitaxial growth, UHVCVD is also invented to

solve the autodoping problem, a phenomenon where doped regions existent in a substrate

(, 10- 8 torr).



transfer substantial amounts of dopant into the epitaxial layer. In traditional, Si epitaxy, the

growth is carried on at high temperature, typical in excess of 1100 OC, to volatilize or dissolve

native SiO 2 or carbon on the Si surface before the growth [95, 96]. In UHVCVD, ultrahigh

vacuum in additional to hydrogen-assisted surface passivation allows perfectly Si epitaxy at

low temperatures (e.g. 500 OC) to prevent autodoping.

Due to these superior properties of UHVCVD, it has also been used to grow a number

of different materials including SiGe alloys [97, .8] not long since it was first invented. Since

1990s, Ge, has been widely studied in electronics and photonics applications, has also been

successfully grown on Si using UHVCVD [90, 100]. All Ge epitaxial films discussed in this

work are grown using a Sirius 300 UHVCVD manufactured by Unaxis. A picture of this

UHVCVD reactor is shown in Fig. 3.2.

Figure 3.2: Picture of the UHVCVD reactor used in this work.

3.2 Ge Epitaxy on Si

Since the lattice constants of Si (5.431 A) and Ge (5.658 A) are different, hetero-epitaxial

growth of Ge on Si beyond critical thickness generally results in the formation of misfit and

associated threading dislocations even islanding in such 4% lattice-mismatched system. There

are a number of ways to grow high quality single crystalline Ge on Si including using a graded

GexSi-. buffer [10i)1, 1(2] or overgrowing Ge in a Si/SiO2 template [100 ]. We use a two-step



growth approach [103, 99] to grow high quality Ge on Si substrate.
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Figure 3.3: Schematic of two-step Ge epitaxial growth on Si.

The Si substrates for Ge epitaxy are first cleaned by standard RCA clean procedure

followed by an additional dilute hydrofluoric acid (HF:H 20 = 1:50) dip to have the Si surface

passivated by hydrogen and completely hydrophobic to the hydrofluoric acid (HF) solution.

After the substrates are transferred into the UHVCVD chamber, they are baked at a high

temperature in hydrogen (H2) ambient to further passivate the Si surface with hydrogen

atoms preparing for best epitaxy condition. This high temperature H2 bake is not necessary

for blanket film growth since the Si surface is perfectly passivated after the HF dip, while

it is essential for Ge selective growth in SiO2 trench (refer to Section 3.4.1) because the

hydrophobic surface condition can no longer be achieved due to the existence of SiO2.

Germane (GeH 4) is then flowed to the chamber to produce Ge atoms on Si substrate in

a pyrolysis reaction:

GeH 4 (g) = Ge(s) + 2H 2(g). (3.1)

The Ge growth is accomplished in two steps. A 40-60 nm thin Ge layer is first grown on Si

at 360 oC, a relatively low temperature. Then the temperature of the chamber are ramped

to high temperatures, usually 600-750 OC, for fast growth rate. The as-grown Ge epitaxial

film is schematically shown in Fig. 3.3.

The purpose of the low-temperature buffer layer is to prevent the Ge from island growth.

From the Stranski-Krastanov (S-K) growth theory, a very thin Ge film can be epitaxially

grown in Si lattice free of dislocations below a critical thickness (less than , 101 nm) and the



lattice mismatch induces strain in the film. The Ge film below critical thickness is too thin

to be used in any applications we want to investigate, thus further growth is necessary.

Above critical thickness, the energy of the strain stored in the film becomes so much that

it has to be released by two ways: the formation of misfit dislocations (a plastic process) or

the modification of surface morphology that forms 3-dimensional islands. To prevent such

island growth, the temperature must be sufficiently low to kinetically prohibit such process

since the atoms need adequate kinetic energy moving around to form islands. Moreover, it has

been shown that the hydrogen on the surface acts as surfactant at such a low temperature

to dramatically hinder the nucleation of the 3-dimensional islands [I P1l]. In practice, the

misfit dislocation may start to form even before the critical thickness due to the large lattice

mismatch and low temperature that prevents complete equilibrium.

Once the strain energy is fully relaxed plastically by misfit dislocation, the temperature

can be raised the Ge growth on the buffer layer becomes homo-epitaxial case. A high tem-

perature growth not only increases the growth rate to allow a thick Ge film (e.g. > 1 [m)

grown in a reasonable time.

Thermal annealling is usually performed after the epitaxial growth to decrease threading

dislocations which propagate to the edge of the substrate (or devices for the selective growth)

faster at high annealing temperature. It has been shown the threading dislocation density

in the Ge epitaxial film can be reduced by 1-2 order of magnitude to 2 x 107 cm - 2 using

a post-growth thermal annealing at 900 OC [i.~ . The threading dislocations acts as both

defect centers (non-radiactive recombination centers) which degrade the electrical and optical

properties of material. The threading dislocations connecting from the surface to the bottom

of the film are also high conductance paths which is the major cause for the leakage current

in Ge diode devices (refer to Section 5.4.1).

3.2.1 Tensile-Strain Formation

In thin film epitaxy, strain is usually formed due to the lattice mismatch between two layers.

The lattice constants in Ge (5.658 A) is larger than in Si (5.431 A), so a Ge epitaxial film

less than the critical thickness is compressive-strained. But in the two-step growth explained

above, the low temperature buffer layer is beyond the critical thickness and releases the



compress strain by introducing misfit dislocations, thus the following high temperature thick

Ge layer fully relaxed at the growth temperature. Once the temperature is cooled down to

room temperature, both the Ge film and the Si substrate will shrink. But Ge tends to shrink

more due to a larger thermal expansion coefficient than that of Si, so in-plain tensile strain

is accumulated in Ge layer upon cooling.

Since Si substrate (600-700 jtm) is much thicker than Ge film (- 1 tim), the in-plain

tensile strain // in Ge can be calculated by

E// = (tGe - asi)dT, (3.2)
To

where, To and T are room temperature and growth temperature respectively, and OGe =

aGe(T) and asi = asi(T) are thermal expansion coefficients of Ge and Si respectively. Ther-

mal expansion coefficients of Si and Ge are generally functions of temperature, which can be

found in Ref. [106 ] and [1)7]:

aGe(T) = 6.050 x 106 + 3.60 x 109 T - 0.35 x 10- 12 T 2 (C-1), (3.3)

asi(T) = 3.725 x 10-6 x [1- exp(-5.88 x 10-3 x (T+ 149.15))] + 5.548 x 10-10 T(oC- 1). (3.4)

If the post-growth thermal annealing is performed, the Ge film is relaxed at the annealing

temperature and more tensile-strain formed at room temperature is expected. In practice,

the tensile strain Ge doesn't change much at growth temperatures or annealing temperatures

above 750 and it is always a little less than the theory predicts oC [ i)OS]. This indicates

the existence of a small amount of residual compressive strain that prevent Ge from further

relaxing.

Various tensile strains in Ge epitaxial film can be formed at difference growth temperature

(below 750 'C) without post-growth high temperature annealing. A relationship between the

direct energy gaps, from the direct F valley to the light-hole band and to the heavy-hole band,

in Ge and the tensile strain is shown in Fig. 3.4. The direct energy gaps are measured by

photoreflectance (PR) and the tensile strain is calculated from the lattice constant determined

by X-ray diffraction (XRD) [8]. The deformation potential at direct gap of Ge can be obtained
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Figure 3.4: Ge direct energy gaps versus tensile strain measured by X-ray diffraction (XRD)
and photoreflectance (PR) experiments. [>]

from fitting the experimental data as shown by the solid lines in the figure, and these results

are used in the calculation in Section 2.1.2.

3.3 N+Ge Epitaxy with in situ Doping

Besides tensile strain, n-type doping is essential for the realization of net gain in Ge as shown

in Section 2.2, from which, we know at least 1019 cm- 3 n-type doping is required for a decent

net gain. There are a couple of different approaches to dope certain impurities as dopants in

materials.

Since we grow Ge epitaxially on Si, it is natural to dope the Ge during the epitaxy. This

approach is called in situ doping which is adopted and investigated in this work.

Another way to dope materials is ion-implantation, by which accelerated ions of impurities

can be implanted into the materials. However, the crystallographic structure of the material

is usually badly damaged by the high energy incident ions on impact. Although the damage

can be reduced by a post-implantation thermal annealing to recrystallize the lattice, the

material quality is generally worse than the case using in situ doping. A comparison of the

photoluminescence from both ion-implanted and in situ doped n+Ge, shown in Section 4.3.1

shows worse optical properties of Ge doped by using ion-implantation.



Phosphorus (P) and arsenic (As) are two commonly used n-type dopants in Si semicon-

ductor applications. But it has been reported that arsenic is tend to segregate at SiGe surface

to prevent further incorporation [ !(i, 1 10]. This is because the arsenic atom has one extra

valence electron compared to the silicon atom, its presence on the silicon surface terminates

dangling bonds and reduces the surface energy [1I1 ]. Therefore, we choose to in situ dope

phosphorus in Ge.

To in situ dope Ge with phosphorus, phosphine (PH3 ) precursor gas is introduced in the

second step of the Ge growth, high temperature growth step, to produce phosphorus atoms

through the PH3 dissociation reaction:

2PH3 (g) = 2P(s) + 3H 2 (g). (3.5)

When the growth is performed at high temperatures (600-750 OC), the epitaxy falls in gas

phase mass transport limited regime as explained later. The phosphorus content in the

doped Ge is supposed to increase with the PH3 exposure controlled by the mass flow and

the chamber pressure. It has been shown that in situ doping is a complicated process that

may be affected by many issues such as surface poisoning effect observed for heavy level

phosphorus in situ doping in Si [ 12]. In this section, some studies on n+Ge epitaxy and

phosphorus in situ doping at different temperatures, gas flow conditions, and pressures are

investigated. A in situ doping model is built to explain the temperature dependence of the

doping concentration.

3.3.1 Effect of Growth Temperature

The growth rate of both the intrinsic Ge epitaxy and the n+Ge epitaxy versus growth tem-

perature is shown in Fig. 3.5. At lower temperatures below 450 oC, the epitaxy rate is limited

by the surface chemical reactions that produce Ge atoms on the growing surface. Thus the

growth rate increases with temperature because the surface reactions are generally thermally

activated.

At higher temperatures above 450 OC, the surface reaction rate becomes so high that the

growth rate is limited by the number of reactant atoms supplied by the gas flow instead.
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Figure 3.5: Arrhenius plot of n+Ge epitaxial growth rate and comparison with intrinsic Ge
epitaxial growth.

Thus the epitaxial growth enters the mass transport regime which is much weakly dependent

on temperature. In CVD epitaxy, the mass transport regime is usually preferable because

the growth is not affected by the variant of temperature at different zones of the chamber.

But the growth is subsequently influenced by gas flow pattern in the mass transport regime.

This issue is much less concerned in low pressure growth technique, such as UHVCVD in this

work, in which the molecular flow of the gas at low gas pressure assures a relatively uniform

gas flow condition.

The activation energy of the Ge epitaxial growth rate in the surface reaction limited

regime can be calculated from the Arrhenius relation. The calculated activation energy of

1.2 eV is corresponding to the Gibbs free energy of dissociation reaction of GeH 4 gas on

the growing surface. The Gibbs free energy of formation of GeH 4 is 1.17 eV at standard

condition [ ,I]. The free energy at growth temperature other than the To = 300 K can be

calculated using the formula derived from the definition of Gibbs free energy and the ideal

gas approximation:

AGf = AGO - ACpT(log(T) - 1) + ACpTo(log(To) - 1), (3.6)



where AGO = 1.17 eV for GeH 4 and ACp is the heat capacity difference of the products (Ge

and H2) and the reactant (GeH 4):

ACp = Cp(GeH4 ) - Cp(Ge) - 2C,(H 2 ).

The heat capacities C,(GeH4) = 45.02 J/K/mol, Cp(Ge) = 23.3 J/K/mol, and Cp(H 2)

28.84 J/K/mol can be found in Ref [t 13]. By substituting these data to the Eq. 3.6,

AGf = 1.9 eV is calculated at 350 oC. A positive AGf indicates the formation reaction

is not thermodynamically favorable meaning the opposite reaction, the dissociation reaction

is favorable. The formation Gibbs free energy AGf is the activation energy of the dissociation

reaction since the reaction constant Kd of this dissociation reaction is

AGd -AGf AGfKd = Kd exp(- ) = Kdo0 exp(- ) = Kdo exp( ). (3.7)
kT kBT kBT

The calculated activation energy of 1.9 eV is larger than the fitted activated energy from

the experimental growth rate data because the dissociation reaction occurring near or on the

growth surface changes the reactants and products Gibbs free energies documented for gas

phase reaction.

At temperatures above 450 oC, the growth enters gas phase mass transport limited regime.

The growth rate weekly depends on temperature in this regime. The dependence on growth

rate can be approximately estimated by

g oc T1 5 . (3.8)

The blue solid curve in Fig. 3.5 represents this relation which agrees well with the intrinsic

growth rate data.

It can be seen that both intrinsic Ge and n+Ge have a similar growth rate above 600 oC,

but the growth rate of the n+Ge is much lower than that of the intrinsic Ge between 450

OC and 600 OC. The growth rate reduction is a result of the surface poisoning effect that the

available epitaxial growth sites on the growth surface are occupied by other molecules. It

has been shown, in phosphorus in situ doped Si epitaxy, the dominant cause of the dramatic



reduction of the Si epitaxy rate is the adsorption of PH3 and phosphorus on the surface [ i;,].

This effect has been found so severe that even a very small amount of PH3 flow extensively

slows down Si epitaxy rate.

The adsorption behavior of a certain type of substance is usually analyzed by a sticking

coefficient which describes the ratio of the number of adsorbate atoms (or molecules) that

adsorb to a surface to the total number of atoms that impinge upon that surface during the

same period of time. The sticking coefficient of PH3 on Si surface is measured to be 40 times

larger than that of SiH 4 on Si surface. The sticking coefficient of PH3 on Ge surface can be

estimated by comparing the growth rates of the two kinds of growths. At 450 OC, the growth

rate is reduced by about 10 times when the PH3 is introduced, thus the sticking coefficient

of PH3 is about 10 times larger than that of GeH 4 on Ge surface.
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Figure 3.6: The saturated phosphorus coverage on Si (100) surface measured by LMM
phosphorus Auger line after exposing the Si surface to PH3 at various temperatures. (After
Yu et al. ["])

The difference between the growth rates of n+Ge and intrinsic Ge becomes less with

temperature above 450 OC because the adsorbed PH3 starts to desorb from the surface. After

most of the PH3 (including dissociated PH3 on the surface) evaporated from the surface above

600 OC, the growth rate becomes equal for both cases. This conclusion is based on the study

of the adsorption behavior of PH3 on Si stated below.
of the adsorption behavior of PH3 on Si stated below.



This surface poisoning effect of PH3 on Si (100) surface has been investigated using Auger

electron spectroscopy (AES), low energy electron diffraction (LEED), X-ray photoemission

(XPS), and mass spectrometer thermal desorption (TDS) equipped in a ultrahigh vacuum

(UHV) chamber [9]. Fig. 3.6 shows the saturated phosphorus coverage on Si (100) surface

obtained from this work. The phosphorus count is measured by LMM phosphorus Auger

line after exposing the Si surface to PH3 at various temperatures. Combined with some other

measured results from XPS and TDS, Yu et al found the adsorbed phosphorus signal between

room temperature and 200 OC is from the non-dissociated PH3. The adsorbed PH3 becomes

dissociated between 200 OC and 400 oC while the coverage of phosphorus does not change.

Above 400 OC, hydrogen starts to desorb from the surface and more phosphorus occupies

the empty site left by hydrogen subsequently thus the coverage of phosphorus increases.

Above 580 oC phosphorus itself starts to thermally desorb from the surface thus the coverage

dramatically decreases.

The behavior of the PH3 (and its dissociated products) adsorption on Si in this study

explains the phenomenon in the temperature dependence of n+Ge growth. Since Si and Ge

has similar crystalline structure and chemical properties, we believe it is the same effect that

causes the reduction of the n+Ge growth rate.
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Figure 3.7: The active doping concentrations of the n+Ge grown at different temperatures.
The equilibrium solubility of phosphorus in Ge is also shown in magenta for comparison.



High quality intrinsic Ge can be grown in a wide range of temperatures above 450 OC as

shown in Fig. 3.5. However, in order to obtain high doping concentration of phosphorus, the

temperature dependence of the doping concentration is studied. All doping concentrations

used in this thesis are active doping concentrations. The free carrier sheet density of the Ge

films are measured by Hall effect using the Van der Pauw approach. The free carrier volume

density which is equal to the active doping concentration can be calculated from the sheet

density and the film thickness. The Ge film thickness is measured by using a selective etch

approach. To measure the thickness of a Ge film, part of the film surface was covered by

melting wax. After the wax cooled and solidified, the Ge film was submerged in hydrogen

peroxide (H20 2 ) solution and the exposed Ge area was etched at a rate about 1 nm/s. H20 2

does not react with the Si substrate underneath the Ge film. After etching, the covered wax

was heated and wiped away and the residual wax was cleaned by acetone. This selective etch

leaves a step from the Ge surface (covered by the wax earlier) to the Si surface (exposed

earlier). This step was measured by a Tencor P-10 Surface Profilometer. Since the films

are not perfectly uniform, a number of thickness measurements are performed at different

locations. The average and the standard deviation is calculated and used in the thesis.

The active doping concentrations of the n+Ge epitaxial films versus growth temperature

is shown in Fig. 3.7. Most of the growths are done with the following recipe parameters:

3.8 sccm GeH 4 flow, 12.0 sccm PH3 flow, 16% throttle valve opening of the exhaust line

which keeps a base pressure of 10 mtorr during the growth. It can be seen that the doping

concentrations at all growth temperatures are at least one order of magnitude less than the

equilibrium solubility of phosphorus in Ge also shown in the figure. In order to study the

activation of the dopants, post thermal annealing is performed after the epitaxy. To prevent

the out-diffusion of phosphorus into air, a 1 pm thick SiO2 cap layer is deposited at 400

'C by using an Applied Materials Centura 5200 plasma enhanced chemical vapor deposition

(PECVD) system. Two types of post annealing are used: thermal annealing in a UHVCVD

tube with H2 ambient at 780 'C for 30 mins and rapid thermal annealing (RTA) by using a

Heatpulse 410 RTA furnace with N2 ambient at 780 OC for 30-60s. Both annealing approaches

give similar results which are shown in Fig. 3.7 with red square. It can be seen there is no

appreciable change in active doping concentration after thermal annealing underlying the



complete activation of the dopants.

The doping level incorporated in the Ge films decreases at both high temperatures and

low temperatures. At high temperatures, the thermal desorption of the absorbed phosphorus

atoms is faster than that of the absorbed Ge atoms leading to less molar fraction of phosphorus

on the growing surface. At low temperatures, the dissociation of adsorbed PH3 molecules on

the surface is slow.
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Figure 3.8: The gas chemicals in the UHVCVD reactor chamber at different temperatures
under constant GeH4 and PH3 gas flows.

The dissociation of the PH3 in the gas phase can be investigated by the residual gas

analyzer (RGA), a small mass spectrometer typically designed for process control and con-

tamination monitoring, equipped with the UHVCVD reactor. The relative count of chemical

molecules in the reactor chamber measured by the RGA at different temperatures is shown in

Fig. 3.8. The GeH4 and PH3 gas flows are 3.8 sccm and 12.0 sccm respectively and are kept

constant at each temperature. The PH3 and the PH,(x = 1, 2) molecules start to dissociate

massively at about 500 oC and the product is mainly P2 which increases dramatically with

temperature. The phosphorus, on the other hand, does not change much at all temperatures.

The GeH4 molecules start to dissociate massively above 550 oC, and as a result of the disso-

ciation of GeH4 and PH3, the H2 molecules increase dramatically at elevated temperatures.

The behavior of PH3 dissociation at different temperature is considered in the in situ doping



modeling work in Section 3.3.3.

3.3.2 Effect of Gas Flow and Pressure

The gas flow and base pressure in the chamber during the growth are two other factors which

can influence the epitaxy rate and doping concentrations.
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Figure 3.9: The active doping concentrations in n+Ge grown with different PH3 to GeH 4 gas
flow ratios at growth temperatures of 650 OC and 730 OC respectively.

The ratio of PH3 gas flow to GeH 4 gas flow is expected to affect the phosphorus doping

concentration. Fig. 3.9 shows the active doping concentrations in n+Ge grown with different

PH3 (15% diluted by He) to GeH 4 gas flow ratios at two growth temperatures: 650 OC and 730

OC, respectively. It can be seen that, at a given temperature, the doping concentration does

not change much with the gas flow ratio. This phenomenon indicates that the partial pressure

of PH3 in the chamber is sufficiently high for the saturated doping concentration at the given

temperature. Thus the mass flow is not the limiting factor of the doping concentration. The

fact that the phosphorus doping concentration achieved is less than the phosphorus solubility

in Ge must a result of other reasons such as surface reaction and kinetics.

The chamber pressure is determined by the turbo-molecular pump pumping rate which

is controlled by the throttle valve opening at the end of the chamber. The pumping rates of

different molecules are different resulting from the different molecular weights. The heavier
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Figure 3.10: The PH3 gas flow dependence of (a) growth rate and (b) doping concentration.
The growth temperature is 650 'C and the PH3 to GeH 4 gas flow ratio is 3:1 for all these
growths.

GeH 4 gas is pumped faster than lighter PH3 gas. The throttle valve is opened wider in order

to pump GeH 4 faster than PH3 aiming for more phosphorus incorporation in the Ge epitaxial

films. As a result, the chamber pressure decreases thus the total flow rates of both gases are

increased by the same ratio for compensation in order to maintain the same growth rate

following the equation of the deposition rate rdep in the mass flow limited regime:

rdep oc n flow oc p -flow (for ideal gas), (3.9)

where n is the molar density and p is the partial pressure of the gas.

The results are shown in Fig 3.10. The reduction of chamber pressure thereby increasing

the extraction rate of the GeH 4 gas compared to that of the PH3 gas slightly increases the

doping concentration in Ge. But this effect is too weak to be used to effectively increase the

phosphorus doping.

In mass transport limited regime, Gas flow affects growth characteristics. Gas flow is

affected by a number of geometric conditions including substrate size and position. The

influence of the substrate size and the substrate position in the chamber on growth rate and

doping concentration is shown in Fig. 3.11. These data are from two separate growths with

five 6" wafers and seven 1" pieces, respectively. The growth temperature is 650 OC, the PH3

Pressue (mTorr) Pressue (mTorr)
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Figure 3.11: The substrate size and position dependence of (a) growth rate and (b) doping
concentration. The growth temperature is 650 OC and the PH3 to GeH4 gas flow ratio is 3:1
for all these growths.

to GeH 4 gas flow ratio is 3:1, and the base pressure is 10 mtorr for both growths. It can be

seen that the growth rate of the 1" pieces is nearly three times higher underlying a loading

effect which states that the geometry of the wafers affects the chemicals exposure thereby the

growth rate. On the other hand, no appreciable change has been found for the phosphorus

doping concentration in both growths. The small variation of the growth rates and the doping

concentrations of the substrates at different positions show the flow uniformity between the

substrates.

3.3.3 Modeling of in situ Doping

A theoretical modeling is helpful to understand the in situ doping process and investigate

the approach to increase the doping concentrations. In this section, we try to build a model

to describe the phosphorus doping process during the Ge epitaxy.

This work is followed the same approach which is used by Reif and co-workers to study

the arsenide doping in Si epitaxy [ i I, I (".]. This approach, which is especially appropriate

for a relatively small sticking coefficient of the dopant precursor (e.g. AsH 3 ) on the growth

surface (e.g. Si surface) is a good model to study PH3 assisted in situ doping on Ge surface

since we estimate a similar sticking coefficient of PH3 as that of GeH 4 in Section 3.3.1. On

the other hand, phosphorus in situ doping in Si is a more complicated problem since PH3 has



a much larger (40 times) sticking coefficient than that of SiH 4 as we mention before [1 11].

Following the same idea in Reif's work, we divide the doping process into 8 steps including

mass transport and reaction in the gas stream and on the growing surface. A terrace-ledge-

kink model is used for the processes on the growing surface. The description of each step is

listed below:

1. Mass transport of dopant precursor gas (PH3 ) from the reactor enhance to the deposi-

tion region.

2. Boundary layer mass transport of PH3 from the main gas stream through the boundary

layer to the growing surface.

3. Gas phase chemical reaction: PH3 may dissociate into several different P-containing

species at elevated temperatures. From the residual gas analysis (Fig. 3.8) in Section

3.3.1, the production is dominated by PH and H2 at lower temperatures (< 5500 C) and

P 2 and H2 at higher temperatures (> 550 0 C).

4. Adsorption of P-containing species at an adsorption site on the growing surface.

5. Chemical dissociation into P and H in the adsorbed layer.

6. Surface diffusion and incorporation of the adsorbed P at step and kink sites on the

growing surface.

7. "Burying" of the incorporated P by subsequently arriving Ge atoms during the epitaxy.

8. Desorption of H from the surface.

The mass balance equations governing these steps at steady-state are:

1. Mass balance of PH3 in the main gas stream within the deposition region:

0 = N30oov(XH 3 - XPH3 ) - km(XPH3 - X~H 3 ) (3.10)

(XPH3 - XPH3) (XPH 3 - XsH3)
=t- (3.11)
R1 R2



where,
1 11 = N300v, and = km.

Ri R2
(3.12)

2. Mass balance of PH3 just above the gas-solid interface: For the PH reaction dominated

at low temperatures:

0 = km(XPH 3 - XPH3 ) - (kf3XP'H3 - kr3XPHPH2 ) - (kf4XPHaPO - kr40PH3 )

(XPH3 - XPH3 )

R2

XPH3 - XPHPH2 /K3 X H3 - OpH3 /(K4PO)

R3 R4

(3.13)

(3.14)

where,
1 1

R 3 = kf 3 , and R= kf4PO.
RS R4

(3.15)

For the P 2 reaction dominated at high temperatures:

0 = km(XPH 3 - X H 3 ) - (kf 3 X H3 P 1 / 2 
- kr 3 X 2

1 / 2 pH 2 3/ 2 ) - (kf4XH 3 PO - kr4OPH3 )

(3.16)

(XPH 3 - XPH3)
R2

X s H3 - X 2 1/ 2 pH 2
3/ 2 /(K3P1/ 2 ) XSH3 - OPH3 /(K 4 PO)

R4

(3.17)

where
1 1

= kf 3P 1 / 2 , and I = kf4PO.
R3 R4

3. Mass balance of PH3 adsorbed on the surface:

0 = (kf4XPH3
0 - kr4OPH 3 ) - (kf5PH 3 0 3 - kr5OPOH3 )

X sH3 -OPH 3 /(K 4PO)

R4

OPH3 /(K 4 PO) - OP H3/(K 4K 5PO 4)

where,

4. Mass balance of P adsorbed on the surface:

(3.18)

(3.19)

(3.20)

= K 4 kf5P04 .
Rs

(3.21)



For PH reaction:

0 = (kf56PH 303 - kr56POH3 ) + (kf5OPHO - kr5,OPOH) - (ff60P - kr66pN sO )
0

PH3 _ 0p H
3

(K 4 P0) K4K5PO4

R5

K 5 , H
2

0pH OPOH
3

K 4 K 5 P0
3  

K 4 K 5 P0
4

R5'

OpOH
3  OH

3 0pNt
K 4 K5 P0

4  
K 4 K 5 K 6 PO3

R 6

where,
1 kr5,K 4 K 5PO4

5OH , and
R5' - H2

kf 6 K 4 K5 PO4

oH 3

For P 2 reaction:

0 = (kf5OPH 303 - kr5OPOH3 ) + (kf 5,OP20 2 - kr5' p2) - (ff68P - kr6OlNsO)

OPH3  _ 0p H
3

(K4 PO) K 4K 5 PO4

R 5

K 5 0H3 P2 __ OPH3
K 4 K 5 PO20p K4K5PO

4

R5/

3  
oH

3
0 Nt

K 4 K5 P0 4 K4KsK6PO (3.26)

where,
1 kr 5,K 4 K 5 PO4 p

R51 - H 3

5. Mass balance of P atoms occupying incorporation sites:

0 = ( ff6P - kr6 OpNO) - (gO' )(ff60PgP N -k

OPOH
3  

OH
3 

P SN

K 4 K 5 PO
4  K 4 K 5 K 6 PO

3

R6

OH3  Nt

K4KsK6PO3

R7

where,
1 gK 4 K 5K 6 K7 PO3

R7 k H H

6. Mass balance of PH (or P2 ) just above the gas-solid interface:

(kf3XPH3 - kr3XPHPH2 ) - (kf4,0 - kr4'PH) = 0

7. Mass balance of PH (or P2) adsorbed on the surface:

(kf4,0 - kr4'OPH) - (kf5'OPHO - kr5'OPOH2 ) = 0

(3.22)

(3.23)

(3.24)

(3.25)

(3.27)

(3.28)

(3.29)

(3.30)

(3.31)

(3.32)



The reactions used in these processes are:

* Chemical dissociation of PH3 into PH:

PH3 (g) I PH(g) + H2 ,

* Chemical dissociation of PH3 into P 2:

1
PH 3(g9) P 2(g)2

3
3 H2 ,
2

* Adsorption of PH3 on the surface:

PH3(g) + s T PH3-s,

K 3 - kf 3
kr3

K3 = kf 3

kr3

(3.33)

(3.34)

(3.35)K4 - k f 4
kr 4

o Adsorption of PH on the surface:

PH(g) + s - PH-s, K4- kf 4 ,
kr4'

(3.36)

e Adsorption of P 2 on the surface:

P 2 (g) + 2s 1 P2-s, K4 '/ kf 4 '

kr4'
(3.37)

* Chemical dissociation of PH3 in the adsorbed layer:

PH3-s + 3s - P-s + 3H-s, K 5 = kf5
kr 5

(3.38)

* Chemical dissociation of PH in the adsorbed layer:

PH-s + s I- P-s + H-s, krs' (3.39)



* Chemical dissociation of P2 in the adsorbed layer:

P 2-s + 2s ' 2P-s, K 5 - kf 5/ (3.40)
kr5'

* Incorporation of adsorbed P into step or kink sites on the surface:

P-s + s i = P-s i + s + si , K6 kf6 (3.41)
kr 6

* Burying of P at incorporation sites:

op kHNp (3.42)P-s +s P(ss)+s', K = - (3.42)Or, N 0 i Ns

The math symbols used in all the equations above are:

symbols descriptions

N 300  total gas-phase molecular concentration at 300 K. (cm - 3 )

v carrier gas velocity at 300 K. (cm/s)

XiH3  PH3 molar fraction in the main gas upstream of the deposition region.

XPH3  average molar fraction of PH3 in the main gas stream within the deposition region.

XPH3  PH3 molar fraction just above the gas-solid interface.

km boundary layer mass transport coefficient of PH3 in the carrier gas.

P base pressure in the deposition region.

PX partial pressure of x molecule in the gas.

0 fraction of adsorption sites which are vacant.

Ox fraction of adsorption sites occupied by x molecule.

02 fraction of incorporation sites occupied by P.

Ns' surface density of incorporation sites.

g epitaxial growth rate.

ap activity of P in the solid solution.

kH Henry's constant.

By solving these linear equations, we can obtain the expression of phosphorus doping



concentrations. After some mathematical manipulation, the result can be written as:

R-1
Np = gR- XP 3 ' (3.43)

where,

(R4 + R5)(R3 + R4' + R5,)R = R( + R2 + + R6, (3.44)
R 3 + R 4 + R 4 ' + R5 + R 5'

Kp = K4 K 5K 6K 7P 0H3 . (3.45)
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Figure 3.12: Arrhenius plot of in situ phosphorus doping concentration in Ge epitaxial films.

The doping concentrations is a complicated function depending on many variables, to

apply Eq. 3.43 for analyzing the experimental results, we need to consider the controlling

mechanism at a certain condition that limits the doping process.

At higher growth rate, that doping concentration is limited by the slowest process (con-

trolling mechanism), i.e. one of Rj(j = 1, 2, ... ,7) dominates R. At lower temperature, the

doping concentration is primarily limited by the gas phase chemical reaction at the gas-solid

interface region (R 3 ), and the PH is the major product at this temperature as shown in the



residual gas study (Fig. 3.8), thus the doping concentration is

Np _ ' !XH 3., (3.46)
g

kf 3 causes Arrhenius temperature dependence on the doping concentration shown in Fig.

3.12. The activation energy fitted from the Arrhenius plot is 0.35 eV. This activation energy

is related to the formation energy of PH3 through the reaction

PH3 (g) 7 PH(g) + H2.

Due to the lack of data of PH gas, this formation energy is not calculated here. The formation

energy of PH3 through the reaction

3
PH3(g) T P(g) + -H 22

is 0.14 eV which can be a rough estimation for the order of magnitude of this activation

energy.

At higher temperatures, the most likely controlling mechanism limiting the doping con-

centration is the phosphorus containing species desorption process (R 4 and/or R4,). The

doping concentration controlled by this mechanism is given by

k f 4, K3O i
Np - XpH (3.47)

In this process, phosphorus containing species desorb faster at higher temperatures explaining

the behavior in high temperature region of Fig. 3.12. The fitted activation energy -2.5 eV is

the desorption activation energy.

Besides the influence of growth temperature, the phosphorus doping concentration in

Ge also depends on other growth parameters. These dependences are summarized in Table

3.1. It can be seen that the temperature dependence of doping can be well explained by

the model. However, the experimental results disagree with the model prediction for other

growth condition dependences.



Dependence Model Prediction Growth Condition Experiments
temperature low T: T f, doping t growth T match prediction

High T: T -, doping t
PH3 pressure P(PH3 ) f, doping f PH3 /GeH 4  ratio (0.02- doping: no change

0.47)
growth rate growth 1, doping f total flow (4sccm, 8.5sccm) doping: no change
H2 pressure P(H2 ) ., doping f H2 flow doping: no change

Table 3.1: Growth condition dependence of active doping concentration in Ge predicted by
the model and investigated by the experiments.

Based on the model, the phosphorus doping concentration is proportional to the molar

fraction of partial pressure of the dopant precursor X'. According to the experimental

results, there is no appreciable change in the active doping concentration with the PH3

partial pressure even at a very large PH3 to GeH 4 gas flow ratio (0.02-0.47), which can be

seen in Fig. 3.9.

The model predicts that the phosphorus doping concentration increases with the decrease

of epitaxial growth rate as shown in Eq. 3.43, which can be explained by the dopant incor-

poration and burying processes described the model. The rate at which the incorporated

phosphorus atoms are covered by subsequently arriving Ge atoms is given by r = g - Np.

This rate is balanced with other rates that cause the change of the surface density of the

incorporated phosphorus at steady state, therefore, a faster growth rate results in less doping

incorporation as all other conditions remain the same. The growth rate is controlled by the

GeH 4 gas flow in the mass flow limited regime. We increased the total gas flow of GeH 4 and

PH3 but keep the their ratio the same to investigate the effect of growth rate. However, the

active doping concentration does not change accordingly.

The phosphorus doping concentration is also a function of H2 partial pressure predicted

by the model, whereas a simple study in which the H2 gas was flowed during the growth

disagrees with this prediction again.

Since this in situ doping model has been adopted to successfully explain the doping

characteristics in Si epitaxy [I !.i], the deviation of the experimental results from the model

predictions indicates the partial activation of dopants in Ge. Since all the as-grown epitaxial

Ge films are subjected to post-growth rapid thermal annealing (RTA) at 780 oC to activate

the dopants, the mechanism of partial activation is a compensation effect at equilibrium. It



has been shown that the vacancy-group-V-impurity atom pairs (E centers) is served as p-type

dopants so as to compensate the n-type doping formation in Ge [117]. A secondary ion mass

spectrometry (SIMS) experiment which can determine the total doping concentration in Ge

helps the future investigation on this compensation mechanism.

3.4 Ge Device Fabrication

Making a light emitter out of Ge requires to fabricate the Ge epitaxial film to some devices.

In addition, in order to study some characteristics of the tensile-strained n+Ge, fabricated

devices other than blanket films are necessary. For example, a light emitting diode (LED) is

fabricated to study electroluminescence (EL) in Chapter 5 and a mesa structure is fabricated

to study optical gain in Chapter 6. Two approaches are used in this work to fabricate a Ge

device: selective growth and dry etching which are discussed in the following two sections.

3.4.1 Ge Selective Growth

Figure 3.13: Microscopic image of Ge mesas selectively grown on SiO 2 patterned Si.

Since pure Ge is barely deposited on silicon oxide (SiO 2) surface, we can use SiO2 masked

Si substrate to have Ge selectively grown in the exposed Si areas, which is called Ge selective

growth. A thin layer (e.g. 200 nm) of thermal SiO2 is first deposited on Si substrate, followed

by a lithography patterning and etching to etch away certain areas of oxide and expose the



underlying Si substrate. The oxide etch can be a wet etching process, e.g. a buffer oxide

etching (BOE), or a dry etching process, e.g. reactive ion etching (RIE). Fig. 3.13 shows a

microscopic image of rectangle shape (25 pim by 10 pm) Ge mesas grown on SiO 2 patterned

Si.

The wet etching usually creates non-vertical sidewalls which is not favorable for the Ge

selective growth since a V-shape air gap exists between the SiO 2 sidewall and the Ge mesa.

Therefore, RIE is usually used to etch the SiO 2 trench with relatively straight vertical side-

walls. But the by-product polymer depots produced from the RIE etching process partially

cover the exposed Si areas sometimes and are extremely difficult to remove by subsequent

chemical cleanings. These polymer deposits poison the Si surface and are severely detrimen-

tal to the Ge epitaxy. The solution is to use a combination of BOE and RIE. The SiO 2 layer

is first etched by RIE to a depth 10-20 nm away from the SiO 2/Si interface, and the rest of

the SiO 2 is etched by BOE. Using this approach, a SiO 2 trench with vertical sidewall and

clean Si surface is formed and is ready for selective Ge epitaxial growth.

... .........

Figure 3.14: Cross-section scanning electron microscope (SEM) image of the Ge selective

epitaxial growth in a 10 pm wide SiO2 trench.

Fig. 3.14 shows a cross-section scanning electron microscope (SEM) image of the Ge

selective epitaxial growth in a 10 pm wide SiO2 trench etched with the RIE+BOE technique



discussed above. We can see that the top surface of Ge is not planar and facets are formed at

the edge of the Ge mesa. The facets is a result of the competition of the different Ge growth

rate along different crystallographic direction in the trench. The calculation of the angle of

the facets indicates it is the (311) plane and (111) plane can be also observed for thicker Ge

growth. A detail analysis of the formation of the facet in Ge selective growth can be found

in Chapter 5 of Liu's PhD thesis [I105].

The facets in Ge mesa is sometimes a problem for further fabrication steps since the

non-planar structure distorts the subsequently deposited layers leading to possible flaws in

device isolation, metal contact, and other issues. To avoid the facets, a thicker Ge can be

grown in the trench thus the overgrown Ge fills the trench and leaves the facets above the

SiO 2 layer. Then a chemical mechanical polishing (CMP) is used to planarize the surface to

the SiO 2 layer (or a little below the SiO 2 layer due to over polishing ).

Figure 3.15: The facet free Ge selective growth in the SiO 2 trench with recessively etched Si
surface. (after Wang et al. [10])

Another interesting approach addressing this facet issue is the attempts to grow Ge free

of facet. Wang et al. reported to use a recessive etched Si area to prevent the facets in Ge

selective growth using low pressure chemical vapor deposition (LPCVD) [1.0] as shown in Fig.

3.15. The recessive shape of Si is etched by hydrogen chloride (HC1) gas and a low growth

temperature (400 OC) is used to suppress the kinetic process of forming the facets during

the Ge growth. This approach may be adapted in UHVCVD Ge epitaxial growth with some

efforts.



3.4.2 Ge Dry Etching

Dry etching is another useful approach to fabricate Ge devices. Reactive ion etch (RIE) is

widely used process in semiconductor microfabrication. It uses chemically reactive plasma to

remove material deposited on wafers. The plasma is generated under low pressure (vacuum)

by an electromagnetic field. High-energy ions from the plasma attack the wafer surface and

react with it.

Figure 3.16: Tilted view scanning electron microscope
etched by reactive ion etching (RIE).

(SEM) image of a SiO 2 /Ge/Si mesa

The recipe used for Ge RIE is a little different from the standard Si etching. A recipe of

40 sccm Cl 2 , 40 sccm HBr, 400 W coil power and 100 mtorr base pressure is used for Ge/Si

etching using an Applied Materials AME 5000 reactive-ion etching (RIE) system in this work.

Fig. 3.16 shows a typical SEM image tilted at 450 of a SiO2/Ge/Si mesa etched with this

recipe. The top SiO 2 layer serves as a hard mask to define a sharper edge than ordinary

photoresist. There is strip roughness patterns on the sidewall of the etch stack structure

resulting from the vertically introduced etchant gas. The roughness of the sidewall can be

alleviated by using a 1:6 de-ionized water diluted hydrogen peroxide (H 2 0 2 ) solution to etch

a thin layer of the Ge surface.

Is,~~i Itr~~~IRqPa~ I"IPO~



Chapter 4

Photoluminescence Studies of Ge

This chapter includes the photoluminescence (PL) studies of both intrinsic Ge and tensile-

strained n+Ge. The calculations in Chapter 2 show the direct band gap light emission from

Ge can be enhanced by n-type doping and tensile strain. PL is used to investigate the light

emission properties of the Ge films which can be compared with the theory. The fundamentals

of PL is first reviewed followed by the PL measurement setup used in this work. Then the PL

experiment results of both bulk single crystalline Ge and tensile-strained n+ Ge epitaxial films

are discussed. The room temperature direct gap PL is observed from Ge. Its dependences

on n-type doping concentration and temperature which are very different from the cases in

direct band gap materials confirm the theoretical prediction in Chapter 2.

4.1 PL Basics

Photoluminescence is a process in which a substance absorbs photons (electromagnetic ra-

diation) and then re-radiates photons. Quantum mechanically, this can be described as an

excitation to a higher energy state called photo-excitation and then a return to a lower en-

ergy equilibrium state. The excess energy is released and may include the emission of light

(a radiative process) or may not (a nonradiative process). The energy of the emitted light

(PL) relates to the difference in energy levels between the two electron states involved in the

transition between the excited state and the equilibrium state. The quantity of the emitted

light is related to the relative contribution of the radiative process.



4.1.1 PL Applications

PL spectroscopy is a contactless, nondestructive method of probing the electronic structure

of materials. The intensity and spectral content of the luminescence is a direct measure of

various important material properties.

The most common radiative transition in semiconductors occurs between the quantum

states in the conduction and the valence band, with the energy difference being known as the

optical band gap. The emission peak in a PL spectrum from semiconductor is usually broad

in the order of thermal energy (kT) therefore it is not an accurate way to directly measure

the band gap energy. Nevertheless, a band-to-band optical transition model can be used to

evaluate the peak and obtain the information of the band gap. In addition, the photon energy

shift of a PL peak usually indicates the band gap change resulting from some factors such as

temperature and strain therefore it can be used to study the characteristics of these factors.

Radiative transitions in semiconductors can also involve localized states. The photon

energy of the PL associated with these states can be used to identify specific defects, and

the amount of PL (PL intensity) can be used to determine their concentration. But accurate

determination of the concentration requires precise measurement of all PL emission so that

an omnidirectional light collection setup must be used. A simpler way is to compare these

defect-related PL to some know PL such as band-to-band optical transition and to calculate

the defect concentration accordingly. To study the defect properties, PL measurement is

usually performed at low temperatures to separate different peaks which are boarder at room

temperature due to a larger thermal energy.

PL is often used to study the electron-hole recombination mechanisms as well. The

return to equilibrium, also known as recombination, can involve both radiative and non-

radiative processes. Non-radiative recombination is the process that an electron recombines

with a hole without emitting photons. Typical non-radiative recombinations includes Auger

recombination and defect-assisted recombination. The electron-hole recombination in Auger

process transfers the released energy to another carrier which subsequently jumps to a higher

energy level and gradually releases its energy to phonons. In defect-assisted recombinations,

carriers are captured by some localized defects without crossing the band gap. Generally,



the presence of any of these non-radiative recombinations are detrimental to material quality

and subsequent optical device performance.

The amount of PL and its dependence on the level of photo-excitation and temperature

are related to the competition of all possible recombination processes (both radiative and

non-radiative). Analysis of photoluminescence helps to understand the underlying physics

of the recombination mechanism. A time-resolved PL measurement is usually performed for

this purpose. The time decay of the light emission characterizes the total carrier lifetime

after which the number of non-equilibrium carriers decreases to 1/e of the number at the

beginning. With a series experiment under different conditions or with different samples, the

radiative and the non-radiative lifetimes can be possibly distinguished and determined. This

approach is widely used to investigate the material quality.

As can be seen from the discussion above, more than one type of optical transitions (i.e.

radiative recombinations) are able to contribute to measured PL. In this work, we only study

the direct band-to-band optical transition related PL which is potentially a very efficient light

emission and capable of optical gain.

4.1.2 PL Measurement Setup

The schematic of a typical PL setup which is used in this work is shown in Fig. 4.1. It is

a free-space PL measurement system built on an optical bench. The excitation source is an

Argon ion gas laser. Gas lasers are usually chosen as excitation laser in PL experiment owing

to their high output power and low divergence. Solid-state lasers are also common choices

as the excitation source. The photon energy of the excitation laser is always larger than

that of the aimed PL emission in order to pump the excited carrier to higher energy states.

The excitation laser in our experiment is modulated by a mechanical wheel chopper at a

given frequency so that a lock-in method can be used to enhance the signal-to-noise ratio.

The excitation laser light is focused on the top surface of a sample with a proper incident

angle. The reflected light is blocked for eye safety. The PL emission escaping through the top

surface of the sample is collected, collimated and then re-focused into a monochromator by a

free-space lens system. A long wavelength pass filter is placed in front of the entrance slit of

the monochromator to allow PL light to enter but block the excitation laser light randomly
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Figure 4.1: Schematic of the PL setup used in this work.

scattered to the slit area. Inside the monochromator, there is an optical grating whose

angular position can be adjusted by the controller in order to allow a certain wavelength to

form constructive interference at the exit slit region of the monochromator. Thus the spectral

intensity of the PL emission can be analyzed. A photodetector is attached to the exit slit to

measure the PL light power at a given wavelength. The detected light power is a modulated

signal because of the modulation of the excitation laser. The signal is analyzed by a lock-

in amplifier synchronized with the chopper frequency so that noises with other frequencies

are filtered leading to higher signal-to-noise ratio. A computer program is made to control

the angle of the monochromator and to acquire the output from the lock-in amplifier at the

chosen wavelength. Therefore, a whole PL spectrum is obtained after a wavelength scan.

For low temperature or temperature dependent PL measurement, samples are contained

in a vacuum chamber with a transparent window on one side. The sample can be either cooled

by a liquid gas (e.g. nitrogen or helium) or by a cryostat (e.g. helium compressor). The

sample can also be heated by some heating elements attached to the sample holder. Therefore



the temperature of the sample can be stabilized at a certain temperature by balancing the

heating and cooling though a feedback mechanism automatically controlled by a temperature

controller during PL measurement.

Some variants of PL measurement exist to perform other kinds of experiments such as

time-resolved studies in which a oscilloscope is needed to capture the time decay of the PL

signal.

4.2 PL of Intrinsic Ge

Ge is a multi-valley indirect band gap material therefore both the direct and the indirect

band-to-band radiative recombination exist. As discussed in Chapter 2, for intrinsic Ge, the

indirect band-to-band transition is a slow process therefore many injected electron-hole pairs

recombine non-radiatively before they can recombine radiatively leading to a very low light

emission efficiency. Generally, indirect band gap PL can only be observed in very high purity

and quality single crystalline Ge at cryogenic temperatures (e.g. below 77K) at which the

non-radiative recombinations are greatly suppressed. The direct band-to-band transition in

Ge, on the other hand, is a very fast process with radiative recombination rate 4-5 orders

of magnitude higher than that of the indirect transition [1 I]. However, the lack of sufficient

numbers of the injected electrons in the direct F valley following the quasi Fermi distribution

results in weak light emission.

4.2.1 Intrinsic Bulk Ge

Challenges exist for the observation of both the direct gap PL and the indirect gap PL

in intrinsic Ge at room temperature. For indirect gap PL, very high purity and material

quality are required to reduce the non-radiative recombination rate to the level of the indirect

transition rate. The requirement is extremely difficult so that the indirect gap PL in Ge has

hardly been observed at room temperature. On the other band, the challenge for the direct

gap PL - the lack of the injected electrons in the direct F valley - can be overcome by increasing

the excitation level. However, the direct gap PL is still difficult to be observed in intrinsic

thick Ge bulk samples due to the re-absorption of the emitted photons. In 1964, Haynes et
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Figure 4.2: PL of a thick Ge sample and a thin Ge sample at room temperature. Direct gap
PL at 0.8 eV is shown from the thin Ge sample. (After Haynes et al. [I 1])

al first observed direct gap PL in Ge by mechanically polishing the Ge bulk (attached to

a metal chunk) to a thin film with thickness less than 10 pm. He compared the PL from

a thick sample and from a thin sample and concluded that the direct gap PL in Ge could

only be observed from a sufficiently thin sample. This comparison can be seen in Fig. 4.2.

The peak position of the PL of the thin Ge sample is located at 0.8 eV corresponding to

the direct band-to-band optical transition. In late 1970s, Klingenstein et al investigated the

dependence of the direct gap PL of mechanically polished Ge thin films on excitation power

at low temperature and showed the direct gap PL becomes stronger at higher excitation

levels. [! It , I !9]

4.2.2 Intrinsic Ge-on-Insulator

A study of PL in high quality single crystalline Ge thin films a good starting point before

investigating the light emission in Ge epitaxial films. Unlike the mechanically polished Ge

thin film described in the previous section, Ge-on-insulator (GeOI) samples prepared by

wafer-bonding technique are used in our experiment. The single crystalline Ge lightly doped

with gallium was bonded to a silicon wafer covered by 1 pm thermal oxide on top. The Ge

was then polished down to 3.5 pm by chemical mechanical polishing (CMP) technique which



enables good surface quality and thickness control.
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Figure 4.3: PL spectra of GeOI measured at various temperatures. Each spectrum shows
three peaks. Peak 2 dominates the PL at higher temperatures and locates at the direct band
gap energy in Ge at each temperature. Peak 1 and Peak 3 are clearly observed at lower
temperatures due to some other mechanisms. [12]

PL measurements at various temperatures were performed on a GeOI sample using an

argon ion laser emitting at 488 nm as the excitation source. The results are shown in Fig.

4.3. All PL spectra clearly show three peaks. The peak in the middle (Peak 2) located at

around 0.8 eV (1550nm) corresponds to the direct band-to-band optical transition in Ge.

The low photon energy cutoff of the PL peak is slightly less than the direct band gap energy

of bulk Ge possibly because the band gap of Ge may be reduced by tensile strain caused by

the mismatch of the thermal expansion coefficients between Ge (5.9 x 10- 6K- 1) and SiO 2

(5 x 10- 7K- 1). Since all layers are relaxed during the wafer bonding process performed at

elevated temperatures (200-300 C), Ge, which has a larger thermal expansion coefficient, is

stretched by the underlying SiO 2 layer upon cooling to room temperature.

The maximum of this peak versus temperature is shown in Fig 4.4. The slope of this

relationship is related to the direct band gap change with respect to temperature. The

slope calculated from linearly fitting the data in Fig 4.4 is dEgr/dT = -1 x 10- 4K- 1 which

is smaller (in absolute value) than the temperature-dependent band gap change of bulk Ge



(-4 x 10- 4 K- 1 ) in this temperature range [3]. This difference is due to the increased thermally

induced tensile strain in Ge upon cooling, reducing the band gap to partially compensate the

temperature-induced energy gap increase.
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Figure 4.4: Temperature dependence of the three peaks. All three peaks show a red shift

with the increase of temperature. [12]

All the spectra contain two other peaks. Combining their characteristics summarized

below with future investigation, the origins of these two peaks can be understood.

The temperature dependence of the peak at near 0.76 eV (Peak 1) is the same as that

of the direct band-to-band transition underlying the involvement of a energy level with a

temperature-independent gap from the direct band edge. This energy level could be a result

of exciton with high binding energy of 33 + 3 meV. The larger-than-usual binding energy

results in an excitonic band gap of - 0.77eV consistent with Weber's results [120]. An

alternative explanation of this energy level is shallow surface defect level near the valence

band. The temperature dependence of the peak indicates that the defect level is 33 ± 3 meV

above the valence band.

The temperature dependence of the above-band-gap peak near 0.83 eV (Peak 3) is differ-

ent from that of the direct band-to-band transition indicating a different optical transition

mechanism. The PL possibly results from optical transition between other bands since the

488 nm (2.54 eV) pump laser can excite electrons to high states in the conduction bands.



It should also be noticed that the PL intensity increases with temperature. This tem-

perature dependence is a unique feature of the direct PL of an indirect band gap material

because of the distribution of injected electrons between the direct valley and the indirect

valley. The injected electrons under excitation are scattered to the lower energy states in the

indirect L valleys therefore only a very small portion of electrons populated into the direct

F valley. The distribution of the electrons is described by the quasi Fermi statistics. As the

temperature rises, the quasi Fermi distribution allows more electrons in the higher energy

states in the direct F valley. Therefore more electrons recombine with holes via the fast direct

band-to-band transitions and emit photons at elevated temperatures. This phenomenon will

be observed again in the n-typed doped Ge in the next section.

4.3 Direct Gap PL of Tensile-Strained n+Ge

The direct gap PL has been observed from intrinsic bulk Ge films (Ge-on-insulators), how-

ever, the calculations in Chapter 2 show that n-type doping is necessary for the occurrence

of net material gain. The effect of n-type doping on direct gap light emission is discussed in

this section. The n-type impurities in Ge are incorporated using in situ approach during the

epitaxial growth other than implantation in order to avoid lattice damage. A comparison of

the PL from the n+Ge films prepared with these two approaches is shown in the section. The

use of Ge epitaxial film other than bulk Ge lower the material cost and enable the compati-

bility with Si IC. In addition, thermally induced tensile strain in the Ge-on-Si epitaxial films

reduces the direct band gap hence further enhances the direct gap light emission.

4.3.1 N-Type Doping Dependence

A 515 nm Ar ion laser was used as excitation source in the PL studies. The excitation

power density is about 30 W/cm2 . A liquid-nitrogen-cooled InGaAs photodetector and a

grating monochromator were used to measure PL spectrum. The spectral response of the PL

system ranges from 800 nm (1.55 eV) to 1770 nm (0.70 eV), well covering the entire direct gap

emission wavelength range of 0.2% tensile-strained Ge. The doping concentrations mentioned

in the following discussion are all active doping concentrations which are measured by Hall



effect at room temperature.
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Figure 4.5: Room temperature PL spectrum of an 0.2% tensile-strained epitaxial Ge film with
1 x 1019cm - 3 active n-type doping. The PL is peaked at 0.78 eV (1590 nm) corresponding
to the direct band-to-band optical transition. Calculated PL spectra of optical transitions
from the direct F valley to the heavy-hole band and to the light-hole band are represented
in the red and the blue solid line, respectively. The inset shows the linear excitation power
dependence of the integral PL intensity. [1:]

Room temperature direct band gap PL was observed from all n-type tensile-strained Ge

epitaxial films. The PL spectrum shown in Fig. 4.5 is measured from an epitaxial Ge film

with 1 x 1019 cm - 3 active n-type doping. The PL band peaks at about 0.78 eV (1590 nm)

corresponding to the direct band-to-band optical transition. The full width at half maximum

(FWHM) of the peak is 52 meV which is a little larger than the theoretical FWHM of 45

meV for a single band-to-band transition because of the valence band splitting under tensile

strain resulting in two closely spaced PL transitions.

Direct gap PL spectrum can be calculated from spontaneous emission model described

by

P(hv) oc afc(1 - f,) (4.1)

where a is the absorption coefficient described by Eq. 2.20 and fc, f, are electron occupation

probabilities explained in Chapter 2. Two types of optical transitions exist due to the strain-



induced separation of the light-hole and the heavy-hole bands. The PL spectra owing to

the optical transitions from the I valley to the heavy-hole band and to the light-hole band

are both shown in Fig. 4.5 with red and blue respectively. The overlap of these two PL

spectra causes the broadening of the overall peak. The PL intensity from the I valley to the

light-hole band is weaker than that to the heavy-hole band due to a lower joint density of

states of the former transition.

The experimental PL spectrum extends slightly more towards long wavelength compared

to the calculation from the direct band-to-band transition theory indicating the deviation

from the ideal assumption of square root joint density of states. This deviation is a result of

an Urbach tail in the band gap which is well documented [ii1].

The linear excitation power dependence of the integral PL intensity shown in the inset

of Fig. 4.5 does not indicate the effect of non-radiative recombination such as Auger re-

combination. It underlies that higher carrier injection levels can be achieved with increased

excitations so that more light emission can be obtained potentially leading to optical gain.
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Figure 4.6: PL spectra of tensile-strained Ge film with various n-type doping levels. The PL
of a 1 x 1019 cm -3 doped Ge film is over 50 times larger than that of the intrinsic Ge film. [13]

The effect of n-type doping concentration on PL is investigated using a series of Ge-on-Si

samples with doping concentrations from less than 1 x 1016cm - 3 (nearly intrinsic) to 2 x 1019



cm - 3 . Some example PL spectra are shown in Fig. 4.6. The doping dependence of PL

intensities of these samples agree with our analysis in Chapter 2 that the direct gap light

emission is enhanced with higher n-type doping due to the indirect valley states filling effect

analyzed in Chapter 2. All PL spectra are measured at room temperature. The PL spectrum

of a 1 x 1019 cm - 3 doped Ge film is over 50 times brighter than that of the intrinsic Ge film.

All spectra exhibit the same shape and peak position indicating that the doped phosphorous

has negligible effect on either direct band gap or tensile strain in Ge.
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Figure 4.7: A summary of integral PL intensity versus active doping concentration. The the-
oretical calculation is represented in red solid line and describes the trend of the experimental
data. [i 5]

A plot of the enhancement of integral PL intensity with the increase of active doping

concentration is shown in Fig. 4.7. This relationship can be calculated by the following

model:

I(Nd) oc nr(Nd)nh o( n(Nd) (4.2)

This equation shows the direct gap integral PL intensity is proportional to the product of

the electron concentration in the F valley and the hole concentration at quasi-equilibrium

under excitation. The hole concentration remains the same for each sample at the same

excitation level therefore the PL intensity is only determined by the electron concentration



in the direct F valley which is a function of n-type doping concentration. According to the

analysis in Chapter 2, higher n-type doping results in more injected electrons in the direct F

valley. A theoretical calculation based on this analysis was performed, and Fermi statistics

instead of Boltzman statistics was used in the calculation for a more accurate description of

the heavily doped Ge. The calculated results are shown in Fig. 4.7 with red line, exhibiting

good agreement with the experimental data.
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Figure 4.8: PL Comparison of in situ doped Ge and phosphorus implanted Ge. Post-
implantation annealing has been performed for implanted Ge films to activate the dopants.

Ion-implantation is an effective way to achieve high doping concentration in materials at

the cost of the damage in crystalline lattice. The lattice damages introduce point defects

as non-radiative recombination centers thus reduce lifetime in the materials, which can be

confirmed by the PL experiment results. Fig. 4.8 shows the PL from the epitaxial Ge films

implanted with three different phosphorus doses aiming for doping concentrations of 1 x 1018

cm - 3 , 1 x 1019 cm - 3 , and 1 x 1020 cm - 3 , respectively. All samples are annealed at 800 OC

after implantation for dopant activation and the subsequent Hall effect measurement shows

over 80% dopants are activated. It can be seen that the PL increases with the doping level

of implanted Ge films but all the implanted films show much weaker PL than the in situ

doped one, underlying the fact the lattice damage plays a detrimental role in Ge lifetime

thereby light emission. Therefore, in situ doping is a superior approach adopted in this work



to achieve n-type doping in epitaxial Ge films.

4.3.2 Temperature Dependence
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Figure 4.9: PL spectra at temperatures from 220 K to 300 K for a Ge film with 0.2% tensile-
strain and 1 x 1019 cm- 3 n-type doping. The linear relationship between the peak position
and temperature with a slope of -2.2 x 10- 4 eV/K is shown in the inset. [13]

A temperature dependent PL study is performed on a Ge film with 0.2% tensile-strained

and 1 x 1019 cm - 3 n-type doping. Fig. 4.9 shows a series of PL spectra at temperatures

between 220 K and 300 K. The direct gap PL emission from Ge increases with temperature

because the number of injected electrons in the direct I valley increases at elevated temper-

ature following the Fermi distribution at quasi-equilibrium. This temperature dependence

is a unique feature of the direct gap emission from an indirect gap material. The direct

gap PL could hardly be observed below 200K due to the deficiency of the direct r valley

electrons. The enhancement of PL emission at elevated temperatures is favorable for light

emission applications since inevitable heating effects during operations, usually detrimental

to semiconductor light emission, enhances the light emission of the Ge instead.

A linear relationship between the positions of the maxima of the PL spectra and tem-

perature is shown in the Fig. 4.9 inset. The calculated dEgr/dT = -2.2 x 10- 4 eV/K is

a little smaller (in absolute value) than the direct band gap change with temperature of



about -4 x 10- 4 eV/K in this temperature range [:3. This difference is due to the increased

thermally induced tensile strain in Ge upon cooling, reducing the band gap to partially com-

pensate the temperature-induced energy gap increase. Indirect gap PL was not observed at

any temperature above 20 K because non-radiative recombination (0.1-1 ps for the epitaxial

film) are much faster than the indirect transition (-ms). The direct transition, on the other

hand, is much faster (-10 ns) than the non-radiative recombination so that the direct gap

PL can be observed at room temperature.
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Figure 4.10: Integral PL intensity versus temperature. An activation energy of 0.101±0.003
eV is fitted from Arrhenius relation. The activation energy is equal to the energy difference
between the bottom of the conduction band (Ec) and the Fermi level (Ef). [1J:]

An Arrhenius plot of integral PL intensity versus temperature shown in Fig. 4.10 exhibits

a thermally activated behavior. An activation energy of 0.101 ± 0.003 eV is fitted from linear

regression. The activation energy is equal to the energy difference between the bottom of

the conduction band (Ec) and the Fermi level (Ef). This activation energy is the energy

barrier that the injected electrons overcome to go to the direct F valley resulting in direct

gap emission. Since the Ge is heavily n-type doped, the equilibrium Fermi level is above

the bottom of the indirect L valleys as shown in the schematic in Fig. 4.10. The use of

"energy difference" in the above analysis is actually not very accurate since it is a conclusion

from the Boltzman statistics. The Fermi statistics is used for the heavily doped degenerate

Ge instead. The integral PL intensity can be obtained using Eq. 4.2 in the previous section

whereas the doping concentration Nd is constant in this case and the injected electron density



in the direct F valley as a function of temperature is calculated. The calculation gives an

activation energy of 0.102 eV which agrees with the experimental results very well.

From all these PL experiments, we can see the characteristics of the direct gap light emis-

sion in Ge, and indirect band gap material, are very different from that of direct gap materials

such as many III-V semiconductors. The increase of the direct gap PL emission with either

n-type doping concentration or temperature is an unusual phenomenon in semiconductors.

But all these behaviors are well predicted by the theory. The emission spectrum, the doping

concentration dependence, and the temperature dependence are all accurately consistent with

the theoretical calculations. The great agreement between the experimental results and the

theory validates the concept of using n-type doping and tensile-strain to increase the direct

gap light emission. Therefore, the engineered Ge can be used to fabricate light emitters at

1550 nm wavelength band. In addition, the theory also predicts the engineered Ge is a gain

medium. These two subjects are discussed in the following two chapters.
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Chapter 5

Electroluminescence from Ge-on-Si

Light Emitting Diodes

An important advantage of direct gap light emission in Ge over many other Si-based light

emitting materials, such as Er-doped Si dielectrics, is the ability of the electrical injection of

the excess carriers. In this chapter, the electrical injected light emission, or electrolumines-

cence (EL), from Ge is discussed. The basics of EL and the EL experiment setup used in this

work are first presented. Then, we introduce the fabrication processes of Ge-on-Si hetero-

junction light emitting diodes (LEDs). Finally, the characteristics of the room temperature

direct gap EL from Ge LEDs are discussed. We also perform numerical simulations to study

the I-V and direct gap light emission characteristics of the Ge LEDs. The modeling work

agrees with the experimental findings and is used to optimize the performance of the n+Ge

heterojunction devices.

5.1 EL Basics

Electroluminescence (EL) from semiconductors is a result of radiative recombination of elec-

trons and holes via optical transition processes. Compared to PL, EL emission is excited

electrically other than optically. EL is usually described as an electrical-optical phenomenon

in which a material emits light in response to an electric current passed through it, or to a

strong electric field. Due to the difference injection process, the optical transitions observed
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in EL are not necessary observable in PL and vice versa. This section explains the basics of

electrical carrier excitation (injection) and the EL experiment setup used in this work.

5.1.1 Electrical Carrier Injection

Radiative recombination in semiconductors requires both free electrons and free holes and

excess non-equilibrium electrons and holes must co-exist for net light emission under carrier

injection. Therefore a single-carrier electronic device (e.g. MOSFET) is normally not a

good choice for EL emission. The excess electrons and holes are excited either as a result of

doping of the material to form a p-n junction, or through excitation by impact of high-energy

electrons accelerated by a strong electric field (as with the phosphors in electroluminescent

displays). A p-n junction is the most common semiconductor light emitting device. In this

work, the latter type of EL device using high-energy electrons is not discussed in this work.

Figure 5.1: Band diagram schematic of a p-n junction under forward bias and the occurrence
of the light emission in the active region.

The band diagram of a p-n junction under forwarding bias is schematically shown in Fig.

5.1. The built-in potential resulting from different type of doping in the p-type side and

the n-type side is reduced by forward bias so that more electrons and holes injected into the

depletion region from the n-type side and the p-type side respectively. This carrier injection

process is balanced with carrier recombinations leading to the mutual existence of the excess

non-equilibrium electrons and holes in the depletion region *. The excess carriers recombine

*The majority carriers in one side of the junction can diffuse further into the other side and become a
minority carrier in a range of a diffusion length and co-exist with the majority carriers in the other side.
Therefore, strictly speaking, the light emission region of the p-n junction is the depletion region plus two
adjacent diffusion lengths in both sides.
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either radiatively or non-radiatively. The radiative recombination is responsible for the light

emission from the device. The ratio of radiative recombination rate over total recombination

rate (radiative and non-radiative) gives the internal quantum efficiency of the light emitting

device.

There are some variations of such p-n junction devices aiming for more light emission.

A p-i-n junction other than a p-n junction can be used to broaden the active region where

the light emission occurs while the operating voltage is increased to compensate the reduced

current due to the additional intrinsic region. A larger band gap material can used for

the p-type and n-type regions and forms a type I band alignment with the intrinsic light

emitting material. The band discontinuity at the region interface produces a diffusion barrier

to prevent the carrier diffuse out of the depletion region hence increases light emission. Such

heterojunction diode is often used in laser devices for higher injected carrier confinement.

5.1.2 EL Measurement Setup

Figure 5.2: Picture of the EL measurement setup used in this work.

The EL measurement setup is similar to a PL experiment setup shown in Chapter 4

Fig. 4.1 expect that the excitation laser is replaced by the electrical power source which

supply voltage to devices under test. A 3-dimensional XYZ manipulator is usually needed
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to precisely position the attached electrodes to the metal contacts of the devices to form the

electrical connection.

The electrode on the manipulator is positioned to contact the metal pads of Si/Ge/Si

diodes from above. A free-space lens system as we do in the PL setup is difficult to be

deployed here to collect light emission from the compact region above the device. A multi-

mode (MM) fiber is used instead as shown in Fig. 5.2. The end of the fiber is placed above

and very closed to the top surface of the diode for better light emission collection. While

part of the light emission cannot be collected by the fiber due to its relatively small core

diameter (50 Am) and the large divergence of the luminescence light emitting from the device

surface. The other end of the multi-mode fiber is connected to an Ando AQ6315E optical

spectrum analyzer which has a measurement wavelength range between 350 nm to 1750 nm

with a dynamic range of 110 dBm (-90 dBm to +20 dBm). Two manipulators holding the

multi-mode fiber and the electrode respectively are shown in Fig. 5.2. Both the fiber and the

electrodes are too tiny to see and are pointed by two arrows in the picture. The electrode

and the fiber are aligned to the diode surface under a microscope.

5.2 Si/Ge/Si Diode Simulation

In order to have a wider Ge active region, we choose to design a p-i-n light emitting diode.

Si is a good choice as p-type and n-type region to form a p-i-n diode since Ge can be directly

grown on Si. In addition, the larger band gap of Si can possibly form carrier confinement

which is beneficial to the device performance. Although the electron affinity of Si (Xsi = 4.05

eV) is slightly larger than that of Ge (XGe = 4.0eV) so that the Si/Ge is a type II band

alignment. Since the band gap of Si (1.12 eV)is much larger than Ge (0.8 eV), the hole

injection still benefit from the Si/Ge heterojunction.

5.2.1 Band Diagram and I-V Characteristic

The calculations of the band diagram and the Fermi level (or quasi Fermi levels under forward

bias) of a Si/Ge/Si p-i-n diode are shown in Fig. 5.3. The diode used in the simulation is

composed of two 1 pm Si layers (only 0.5 /m is drawn) as p-type and n-type materials (both
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Figure 5.3: (a) Simulated band diagram and Fermi level of a Si/Ge/Si p-i-n diode at equilib-
rium. (b) Calculated band diagram and quasi Fermi levels of a Si/Ge/Si p-i-n diode under
0.5 V forward bias.

with doping level of 1 x 1019 cm - 3 ) with a 0.5 m Ge layer in between. At equilibrium, the

majority carrier in the middle Ge layer changes from p-type to n-type because of the carrier

diffusion from the heavily doped p-type and n-type Si regions, respectively. Under forward

bias, the electron Fermi level and the hole Fermi level become separated and approach the

edge of the conduction band and the valence band of the Ge, respectively. Therefore, a large

amount of excess electrons and holes exist in the Ge layer, so called active region, leading to

recombination events including radiative recombinations (light emission).

The I-V characteristic of this Si/Ge/Si p-i-n diode can be numerically simulated and is

shown in Fig. 5.3. The fitted ideality factor n = 1.5 at small forward biases deviates from an

ideal diode with n = 1 indicating the occurrence of the carrier recombinations. The physical

model of carrier recombination in the depletion region gives an ideality factor of 2. The

total current of the device includes the diffusion-drift current and the recombination current

leading to an ideality factor of 1.5. This effect can be also seen from the experimental I-V

characteristic results discussed in Section 5.4.1.

5.2.2 Internal Quantum Efficiency

Efficiency which evaluates the conversion of the electrical energy to optical energy is a very

important figure of merit of a light emitting device. The efficiency of a light emitting device
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Figure 5.4: Simulated I-V characteristic of the Si/Ge/Si p-i-n diode.

is total result of a number of factors including the injection efficiency, the light extraction

efficiency, and the internal quantum efficiency. The first two can be optimized by the device

design while the internal quantum efficiency is a properties of the active material describing

the fraction of the excess electron-hole pairs contributing to the photon generation. It is

very challenging to achieve high internal quantum efficiency in Ge since only the injected

electrons in the direct F valley contribute to the direct gap light emission. Tensile-strain and

n-type doping can be used to have more injected electrons pumped to the direct F valley

then enhance the direct gap light emission. These effects have been observed and are shown

in the PL studies in Chapter 4.

The internal quantum efficiency of the direct gap EL can be estimated from the simulation

results shown earlier. As we have seen in Chapter 4, the direct gap light emission is determined

by the electron concentration at the direct F valley nr which can be calculated from the

electron quasi Fermi level shown in Fig. 5.3 (b) by using

Ecr - EfC
nr = NrF1/2( - c), (5.1)kBT (5.1)

where

F1/2(x) - - x) t1/2 dt (5.2)
N/i o exp(t - X) + 1
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is complete Fermi-Dirac integral with an index of 1/2. nr = 3 x 1013 cm -3 is obtained by

using this equation considering the change of band structure due to 0.2 % tensile strain.

The recombination rate of the direct F valley electrons and holes is obtained from the rate

equation:

dnr nrd - Rr (5.3)dt Tr

at steady state where r = 0, we havedt-

Rr = (5.4)

where r is the total life time of the direct F valley electrons. This life time is dominated by

the radiative life time since the direct band-to-band optical transition is generally a faster

process than non-radiative transitions in single crystalline Ge. We conservatively let this

carrier direct transition radiative life time 10 ns which leads to a radiative recombination

rate of 3 x 1021 cm-3s- 1.The light emission power P can be obtained by

he
P = h r V, (5.5)

where hc/A is the energy of a single photon. We assume the volume of the Ge region V is 20

pm by 100 pm by 0.5 Mm, and the light emission is at the band gap energy (" 0.8 eV), so

we have P - 0.1 jiW. Although not all the light emission escapes from the device due to the

total reflection and interface scattering, it is adequate to be observed.

The internal quantum efficiency of the light emission, which is defined as the percentage

of the injected carriers that radiatively recombine hence emit photons, can be calculated by

RrV
i = JAe' (5.6)

JA/e

where J is the current density at 0.5 V simulated and shown in Fig. 5.4 and A is the device

area (20 pm by 100 pm). Using Eq. 5.6, we obtain qi = 10- 2 which is a quite good number

for light emission in Ge. The internal quantum efficiency can be further improved by larger

tensile-strain and/or heavy n-type doping.
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5.3 Ge-on-Si LED Fabrication

A hot-wall UHVCVD reactor is used grow epitaxial Ge on boron-doped p+ Si (100) substrates

with a resistivity of 0.005 2 cm. But Unlike the blanket epitaxial growth, a SiO 2 layer first

deposited on the Si substrate was patterned to expose certain regions of Si and Ge was

selectively grown in these opened trenches with high selectivity [55]. More details of this Ge

selective epitaxial growth are covered in Chapter 3.

1 2 3

6 5 4

7 8 van 9

11 10

Figure 5.5: The fabrication flow of the Si/Ge/Si light emitting diodes.

The fabrication flow of the Si/Ge/Si diodes are shown in Fig. 5.5. A 200nm thick thermal

SiO2 was first grown on a 6 inch Si substrate (Step 1). The SiO2 was then patterned by using

an Electronic Visions EV620 mask aligner lithography system with a contact mask and 10

mW/cm2s high-pressure mercury lamp exposure (all lithography processes in some following

steps were deployed with the same system and parameters). The patterned SiO 2 film was

etched by using an Applied Materials AME 5000 reactive-ion etching (RIE) system with

Halocarbon 14 (CF 4 ) plasma to expose Si substrate underneath in patterned device areas

108

M_777A71 Al
I Si02
liM~i poly Si

ORMIl Ge

Si substrate

.......... ........... ..



(Step 2).

A 50 nm Ge buffer layer was selectively grown in these devices areas defined by SiO 2 win-

dows at 335 OC to kinetically suppress island formation. A 1.7 pm thick Ge layer then grown

on the buffer layer at an elevated temperature of 700 OC (Step 3). The root-mean-square

surface roughness of as-grown Ge is less than 1 nm measured by atomic force microscopy

(AFM). Details about this two-step growth method can be found in Chapter 3. Post-growth

thermal annealing at 900 oC was performed to reduce the threading dislocation density to

1.7 x 107 cm - 2 measured from etch pit density studies [1']. The Ge film was fully relaxed

at this high annealing temperature, and tensile strain was introduced by cooling to room

temperature due to the large thermal expansion coefficient difference between Ge and Si as

we discussed in Chapter 3. As a result, an in-plane tensile strain of 0.2% was introduced into

the Ge film, causing a reduction of the direct band gap between the minimum of the direct

F valley and the maximum of light-hole band to 0.76 eV according to both our calculation

and experiment results.

A SiO2 layer was deposited by using a low temperature oxide (LTO) technique (Step 4).

The SiO2 layer was patterned and etched to expose the Ge device area and some adjacent

SiO2 to isolate the edge the device (Step 5). A poly-crystalline Si film with a thickness

of 200 nm was then deposited on top, implanted with 5 x 1015 /cm 2 dose of phosphorus at

100 keV with 7-degree tilting aiming at 1020 cm - 3 doping concentration (Step 6). After

ion-implantation, a H2 ambient thermal annealing was performed at 650 oC for 30 minutes

to activate the dopants to form the n-type electrode of the heterojunction diode. The poly-

crystalline Si was subjected to photolithography and etched by the RIE system with Chlorine

(Cl2 ) and Hydrogen Bromide (HBr) plasma to expose some SiO2 areas near the device areas

(Step 7).

Another SiO2 layer with a thickness of 800 nm was deposited at 400 oC by using an Ap-

plied Materials Centura 5200 plasma enhanced chemical vapor deposition (PECVD) system

(Step 8). Reactive-ion etching was performed to etch SiO2 to expose some areas of the n+

polycrystalline Si and the p+ Si substrate (Step 9).

Aluminum was deposited by using Applied Materials Endura 5500 physical vapor de-

position (PVD) system served as the electrical contact material. The aluminum layer was
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patterned and then etched by using Lam Rainbow 9600 Metal Etch System with boron

trichloride (BC13) gas to isolate the p-side and n-side contacts and to expose the diode area.

The aluminium was subsequently sintered at 400 OC in forming gas (N2/H 2) for 20 minutes

to obtain Ohmic contact with n + and p+ Si respectively.

The entire device was fabricated using materials and processing that can be implemented

in a standard Si complementary metal oxide semiconductor (CMOS) process flow.

n+ contact p+ contact

n+ poly Si

S 02

(a)

contact

substrat

GOV*0000
0000
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Figure 5.6: (a)
emitting diode.
diode.

Schematic cross-section of
(b) The microscopic image

a tensile-strained Ge/Si heterojection p-i-n light
of the top view of a 20 pm by 100 pm Ge/Si p-i-n

The cross-section of the p-i-n heterojunction diode is schematically shown again in Fig.

5.6 (a) with an example of the microscopic image of the fabricated device. The device shown

in Fig. 5.6 (b) is a rectangle shape diode with dimension of 20 Pm by 100 /m surrounded

by a few metal contact pads, one of which is connected to the p+ Si substrate and the other

is connected to the n+ polycrystalline Si layer on top of Ge. In the EL measurement, a

micro-electrode is probed to these metal pads. Two tiny leads on the electrode are connected

to one of the p-type side metal pads and the n-type side metal pad to complete the circuit.

The electrical power source connected to the micro-electrode supplies the voltage to Si/Ge/Si

diode.
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5.4 EL from Ge-on-Si LEDs

Electrical characterization and electroluminescence measurement were performed on the as-

fabricated Si/Ge/Si heterojunction light emitting diode.

5.4.1 Electrical Characterizations

10-1
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- 2

' 10-3

10-4 ideality factor10 1
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Voltage (V)

Figure 5.7: The I-V characteristics of a
of 2.1. [iHi]

20 ym by 100 /m Si/Ge/Si diode with ideality factor

The current-voltage (I-V) characteristic, shown in Fig. 5.7, was measured by using a

HP 4145A semiconductor parameter analyzer on a 20 /m by 100 pm diode. The I-V curve

exhibits a good rectifying behavior with a dark current of 5 x 10- 5 A at 1 V reverse bias.

The ideality factor n = 2.1 is calculated at small positive biases using linear regression of the

simple diode IV model:

eV
I = Io(exp( ) - 1). (5.7)

As we explained in the simulation section earlier, the deviation from ideal diode with an

ideality factor of 1 indicates the occurrence of carrier recombinations in the depletion region

of the diode. The carrier recombination contributed current gives an ideality factor of 2.

The fitted ideality factor of 2.1 underlies that the carrier recombination is dominant the total

electrical current. The carrier recombination includes both the non-radiative recombination
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and the radiative recombination. The former one which can be a result of defects in Ge is

detrimental to the internal quantum efficiency since the injected carriers do not emit photons.

While the latter one is responsible for the EL emission. The internal quantum efficiency is

determined by the competition of these two types of recombinations.

The deviation of I-V from ideal diode model at large forward biases and reverse biases is

due to the effects of series resistance and shut resistance respectively. These two resistances

can be calculated from fitting the experimental data at forward and reverse bias region

respectively.
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Figure 5.8: (a) Reverse I-V fitting considering the effect of shunt resistance. (b) Forward I-V
fitting considering the effect of series resistance.

By fitting the forward I-V shown in Fig. 5.8 (b), a series resistance of Rs = 93Q is

calculated. This series resistance probably results from the electrode contact resistance,

cable resistance, and the Al/Si interface resistance due to fabrication imperfection.

By fitting the reserve I-V shown in Fig. 5.8 (a), a shunt resistance of Rh = 9.4 x 103

(or a conductance of Gsh = 1.1 x 10-4 S) is calculated. We know that two origins of the

reverse current in a diode are usually concerned: the ideal drift-diffusion current and depletion

region defect-related generation current. The drift-diffusion current saturates above a few

kBT reverse bias and the carrier generation current is proportional to the depletion width

thus increases with the square root of the reverse bias. But neither of them can explain the

linear increasing of the reverse current. In addition, the generation current saturates at large

reverse biases due to the saturation of the carrier drift velocity at high electric field as shown
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in Fig. 5.9.
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Figure 5.9: Electron drift velocity of Ge versus electric field. (After Jacoboni et al. [1-5])

The I-V measurement was performed on the Si/Ge/Si diode with reverse bias up to -5

V which correspond to an electric field of 2 x 104 V/cm beyond the saturation electric field

shown in Fig. 5.9. However, no saturation phenomenon in the electrical current was observed

at such high electric field. Therefore this large reverse current cannot be explained by carrier

generation current alone. The existence of this conductor parallel to the diode indicates other

conduction mechanisms.

We know that the threading dislocations in epitaxial Ge film act as defect centers which

contribute to the carrier recombination/generation current. In fact, it has been shown that

the threading dislocations can also be conduction paths due to the continuous overlapping

of the dangling bonds along the dislocation lines [12., i21, 12' , 126, 127]. A model of one-

dimensional, quasi-metallic conduction along 600 dislocations in Ge has been established

based on the I-V measurements along the dislocations in Ge thin plates and electron beam

induced current (EBIC) measurements [12, 1 27]. A positive relationship of the reverse bias

conductivity of Ge diode to the threading dislocation density has been demonstrated in

Ref. [11 l] by using the author's own experimental data along with the data from other

studies [12 , 12! )].
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5.4.2 EL Spectroscopy

In the EL spectrum experiment, the onset of EL from Si/Ge/Si diodes at forward bias has

been observed. The onset of the EL was observed at 0.5 V forward bias or 1.3 mA injection

current from a 20 pm by 100 ym diode.

Photon Energy (eV)

(a)
1

A 0.5
._
0.

s~.7 0.75 0.8 0.85
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0.9 0.95
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Figure 5.10: (a) Direct gap EL spectrum of a 20 pm by 100pm 0.2% tensile-strained Si/Ge/Si
p-i-n light emitting diode measured at room temperature. The multiple sharp peaks in the
spectrum are highly periodic due to Fabry-Perot resonances. (b) Room temperature direct
gap photoluminescence of a 0.2% tensile-strained Ge film epitaxially grown on Si. [I ,]

The EL spectrum measured at room temperature from the 20 p by 100 p diode at 50

mA forward electrical current is shown in Fig. 5.10 (a). The EL peak is located 0.76 eV

corresponding to the direct band-to-band optical transition in 0.2% tensile-strained Ge. The

full width at half maximum (FWHM) of the peak is about 60 meV (-2 kT) consistent with
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the direct band-to-band transition model as well as the PL result. The sharp peaks which

are explained later are from the Fabry-Perot resonance thus can be filtered by fast Fourier

transformation (FFT). After the FFT filtering, the smoothed curve represents the "real" EL

characteristics is shown with read solid line in the figure.

The EL spectrum is consistent with the room temperature photoluminescence (PL) spec-

trum measured from a 0.2% tensile-strained epitaxial Ge film on Si shown in Fig. 5.10 (b). A

488nm Ar ion laser was used in the PL measurement and the spectral response was measured

by a Hamamatsu R5509-72 photomultiplier tube (PMT) through a grating monochromator.

The steeper drop of the intensity in the PL spectrum than in the EL spectrum near 0.75eV is

due to the dramatic decline in responsivity of the PMT. The small red shift in the EL peak

position compared to PL peak position is a result of the heating effect under electrical current

injection that slightly reduces the band gap. To our knowledge, this is the first observation

of direct gap EL from any Ge devices.

The same characteristic of the EL and the PL confirms the same direct gap optical tran-

sition mechanism for both low energy (slightly above band gap) electrical injection and high

energy photon (488nm, 2.5eV) optical injection. This is an important conclusion since all

investigation and optimization results obtained from optical characterizations (e.g. PL mea-

surement) can be directly applied to the design of the electrically pumped light emitting

devices. This fact is the same as what we observed in direct gap III-V compound semicon-

ductors but is not always true in other Si-based light emitting systems such as Er-doped

dielectric materials which is easily pumped optically but very difficult pumped electrically.

The multiple sharp peaks in the EL spectrum are reproducible and not due to noise. The

linear relationship between the energy position of these peaks and the peak number shown

in the Fig. 5.11 indicates the occurrence of the Fabry-Perot resonance corresponding to an

air gap between the end of the optical fiber and the device surface. The distance of this

gap can be calculated from the periodicity (5.3 meV) of the resonance. The mt h order peak

wavelength Am satisfies the resonance condition:

mAim = 2nt, (5.8)
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Figure 5.11: The linear behavior of the peak position versus peak number demonstrates a
periodicity of 5.3 meV due to Fabry-Perot resonances between the device surface and the end
of the coupling fiber. [I t]

where n the refractive index which is 1 for air and t is the distance of the air gap. By applying

Eq. 5.8 to two adjacent peaks, we can have

1 1 1 Em+1 Em AE

2nt Am+1 Am hc hc hc '

where the wavelength A is replaced by photon energy E using E = hc/A. Then

he
t = 2- (5.10)

By substituting AE = 0.53 meV, we have t = 120 pm.

5.4.3 Internal Quantum Efficiency

Using this air gap distance obtained above, other geometry information, and the material

properties of the collection fiber and the device, the total light emission thus the internal

quantum efficiency can be calculated. The schematic of the light emission collection using

the multi-mode fiber is drawn in Fig. 5.12. The area of the fiber core subtends a given point
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Uiode

Figure 5.12: Schematic of the light emission collection
Si/Ge/Si diode.

on the diode surface with a solid angle W*. We assume,

same for any point on the device surface and is equal to

under the center of the fiber coret:

92o = 27r(1 - cos(sin - )1 d
2t

using a multi-mode fiber above the

for simplicity, this solid angle is the

the solid angle fo of the point right

(5.11)

where d = 50 ttm is the diameter of the fiber core and t = 120 pm is the air gap distance.

Since the EL is a spontaneous emission process, the direction of the light emission (the

momentum of the emitted photons) is totally random. Therefore we can assume the light

emission escaped from every point on the surface is omnidirectional and angularly uniform

above the surface, and the percentage of the light hitting the core area of the fiber is

l = 1 - cos(sin- 1  ). (5.12)
27r 2t

*The solid angle is the angle in three-dimensional space that an object subtends at a point.
tThis assumption is conservative since any point on the diode surface other than the center point has a

smaller solid angle than lo therefore less light from this point is collected by the fiber. Therefore the actual
light emission escaped from the diode surface is more than we calculate with Q 0o.
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Tn = 0.087 is calculated for the geometry shown in Fig. 5.12.

A fraction of the light is reflected from each interface when it travels from the Ge region

into the core of the fiber. A single pass of light through each interface is considered for

simplicity (the interference effect is ignored in this analysis) and the transmittance of the

light from medium 1 to medium 2 can be calculated by

2nin 2
T1,2 2 + 22 (5.13)

where ni and n2 are refractive indices for medium 1 and medium 2 respectively. There are

three interfaces in total: Ge/Si interface, Si/air interface, and air/silica interface. The total

transmittance is the product of transmittances of all these three interfaces:

Ttot = TGe/Si 'TSi/air Tair/silica. (5.14)

By substituting the refractive index data of each material near 1550 nm (nGe = 4.2, nsi = 3.5,

and nsilica = 1.5), Ttot = 0.082 is calculated.

The angle of the light emission from each emission center (an electron-hole pair associated

with radiative recombination) in Ge is generally random. Only the light emission with an

incident angle (to both the Ge/Si interface and the Si/air interface) less than the total internal

reflection (TIR) angle can escape out of the device. This can be also calculated by the solid

angle defined by the total internal reflection angle and gives another efficiency reduction

represented by

rTIR (1 - cos(sin - 1  ))= n(1 - cos(sin - 1  )), (5.15)
4r 2 nGe 2 Si 2 nGe

where nsi and nGe are refractive indices of Si and Ge respectively, and the use of 47r instead of

27r in the fiber collection calculation above is due to the fact that the internal light emission

can be in any direction other than just top half plane. 'TIR = 0.014 is calculated using this

equation with nGe = 4.2 at the emission wavelength range.

Another source of optical loss is from the connection between the fiber and the optical

spectrum analyzer on which the fiber input interface is not specifically designed for multi-
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mode fiber only. A simple measurement was performed to determine this optical loss. A

1550 nm laser with fixed output power was used as the light source which the multi-mode

fiber used in the EL measurement is connected to. The output light power from the other

end of the fiber was measured by an optical power meter with an integral optical head which

detects nearly 100% light. The fiber was then connected to the optical spectrum analyzer to

measure the output light power and the ratio of this light power to the previous one gives

the fraction of the light r7osa transmits into the analyzer while the rest of the light is lost.

?osa = 30% was obtained using this approach.

Therefore, the total fraction of the light measured by the optical spectrum analyzer to

the light emitted from Ge material is

1 tot -= 7osa - 77Q * 7TIR " Tot, (5.16)

By substituting 7osa, 770, 7TIRM and Ttot calculated above, we obtain qtot = 3.0 x 10- 5 .

The total light power detected by the optical spectrum analyzer can be calculated by

integrating the EL spectrum which can be estimated by the product of the EL intensity at

the maximum and the full width at half maximum divided by the resolution at which the

light intensity is integrated by the optical spectrum analyzer:

ELmax• AEfwhm
Posa = AEfwhm (5.17)

AEres

From Fig. 5.10, we have ELmax = 15 pW and AEfwhm = 65 meV. The EL spectrum was

measured at a resolution (from the slit width of the monochromator) of AAres = 5 nm hence

AEres = 2 meV calculated by

AEres = res E. (5.18)
A

By substituting all these data into Eq. 5.17, we obtain Posa = 0.5 nW.

Finally total light emission from Ge Ptot = 20 pW is calculated using

Ptot = osa (5.19)
7 tot
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This EL emission from the Si/Ge/Si diode was injected at a forward current of 50 mA,

therefore the quantum efficiency is

20 x 10-6 e
0 X 10- 3,  (5.20)50 x 10- 3 hv

which is a little less than what we simulated in Section 5.2.2 mainly due to a few reasons.

A most likely reason is the modal mismatch between the free-space light and the prop-

agated light in the fiber. We assume the light collected by the fiber is any light hitting the

fiber core area. In fact, optical fiber can only support a certain number of optical modes so

that only a portion of the electric field of incident light (projected to axes with some certain

angles) can be coupled into the fiber core. A large coupling loss from free-space to guided

fiber core can decrease the amount of the light into the optical spectrum analyzer.

Another reason stems from the fact that the Ge film may be more defective than that

used in the simulation. The increased number of defects states increases the non-radiative

recombination events therefore decreases the internal quantum efficiency. An ideality factor

of 2.1 fitted from the experimental result larger than 1.5 fitted from the simulation also

indicates the possible increased defects states.

We have proved the n-type doping is beneficial to the direct gap light emission. On the

contrary, p-type doping is detrimental to the light emission efficiency since it reduces the

injected electron numbers as well as increases the electrical current in the p-i-n diode. It

has been shown the as-grown "intrinsic" Ge shows p-type behavior which is believed to be a

result of the threading dislocation in Ge. Therefore, this dislocation-induced p-type doping

may be part of the reason of efficiency reduction.

In addition, the top Si layer is heavily n-typed doped which results in free carrier ab-

sorption at the emission wavelength range. This absorption results in additional photon

loss.

5.4.4 Injection Dependence

The injection dependence of the direct gap EL emission was measured to provide information

about the direct gap light emission characteristic of Ge which is different from that of a direct
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gap semiconductor.
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Figure 5.13: Integral direct gap EL intensity of a 20 pm by 100 ym 0.2% tensile-strained
Si/Ge/Si p-i-n light emitting diode. The EL intensity increases superlinearly with electrical
current. The theoretical calculation (solid line) agrees well with the experimental result.

A superlinear relationship of the integral direct gap EL intensity with the injected elec-

trical current is shown in Fig. 5.13. In a direct band gap semiconductor, this relationship is

expected to be linear at lower injection level and becomes sublinear at higher injecion level

due to the occurrence of some non-radiative recombination processess that prevent injected

carrier density from further increasing. This superlinear dependence on injection is a unique

feature of direct gap light emission in the indirect band gap Ge. As we discussed in Section

4.3.1, the direct light emission intensity is determined by the number of the injected electrons

in the direct F valley ner and can be further expressed as

Pr oc ner = ntot - fr, (5.21)

where ntot is the total injected electron density and fr is the fraction of the electrons injected

into the direct F valley. The total injected electron scales linearly with the injected electrical

current. The fraction term also increases with the injection level due to the increase of the

electron quasi Fermi level leading to more electrons scattered into the direct F valley. The
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multiplication of these two terms results in a superlinear behavior of the integral direct gap

EL with electrical current.

The theoretical calculation based on the analysis above is performed as shown by the

solid curve in Fig. 5.13 and it agrees well with the experimental data. The small difference

between the theoretical and the experimental result is due to the small deviation from the

square-root density of states near the band edge. This result again supports the theory that

the efficiency of the direct gap luminescence in Ge benefits from high carrier injection as we

analyzed in Chapter 2. But net gain can not be achieved by solely increasing the carrier

injection due to the increased free carrier absorption. The introduction of n-type doping in

Ge is necessary to overcome this issue and lead to laser action.

In this section, we demonstrate the first observation of the direct band gap EL from a

Si/Ge/Si heterojunction light emitting diode at room temperature. The room temperature

direct gap EL spectrum is consistent with the PL spectrum. The integral EL intensity

increases superlinearly with electrical current because the direct gap luminescence efficiency

benefits from an indirect valley filling effect to scatter more electrons to the direct valley

under injection, which agrees with our theoretical calculation.

5.5 n+Ge-on-Si Diode Design

To increase the direct gap light emission intensity as well as light emission efficiency in

Si/Ge/Si diode, Ge has to be doped with n-type impurities to increase the number of the

electrons injected into the direct F valley. In this section, some design issues of such a n+Ge

light emitting diode is discussed.

5.5.1 Electrical Injection in a Si/Ge/Si p-n-n Diode

By replacing the intrinsic Ge with n+Ge, the Si/Ge/Si p-i-n diode becomes p-n-n diode

which is unusual for a light emitting diode. One immediate doubt of such a diode may be

that the junction and the active region occurs only near the n+Ge/p+Si interface. This is

not true since the p+Si and n+Si regions are also heavily doped and create a built-in voltage

to inject the whole Ge region with both electrons and holes from the two adjacent Si layers
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respectively.
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Figure 5.14: Band diagram of a p+Si/n+Ge/n+Si diode at 0.5 V forward bias. The doping
concentrations in p+Si/n+Ge/n+Si are 1 x 1020 cm - 3 , 1 x 1019 cm - 3 , and 1 x 1020 cm - 3 ,
respectively

The simulated band diagram of a p+Si/n+Ge/n+Si diode at 0.5 V forward bias shown in

Fig. 5.14 underlies the fact that both electron and hole quasi Fermi levels shift from their

equilibrium position to band edge leading both types of carriers injected into Ge.

The simulated I-V characteristic of this p+Si/n+Ge/n+Si diode shown in Fig. 5.15 ex-

hibits the same rectifying behavior as that of the Si/Ge/Si p-i-n diode indicating the same

injection process in both cases. An ideality factor of 1.5 obtained at small forward biases is

equal to that in the simulation of a p-i-n diode.

By using the approach discussed in Section 5.2.2, the direct gap light emission intensity

and the internal quantum efficiency can be calculated with the simulated quasi Fermi level

and electrical current. The direct gap light emission intensity versus forward bias is calculated

for both Si/Ge/Si p-i-n diode and p-n-n diode shown in Fig. 5.16. We can see that the light

emission from the p+Si/n+Ge/n+Si diode is one order of magnitude larger than that of the

p+Si/i-Ge/n+Si diode above 0.4 V forward bias due to the increased number of the injected

electrons in the direct F valley resulting from the filling of the indirect L valleys states in n-

type doped Ge. Less light emission from the p+Si/n+Ge/n+Si diode below 0.4 V is because
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Figure 5.15: Simulated I-V characteristic of the p+Si/n+Ge/n+Si diode.

that the deficiency of injected holes in n-type doped Ge at small forward bias limits the

radiative recombination. At higher injection level, the direct gap radiative recombination

becomes limited by the number of the electrons in the direct F valley and the n-type doped

Ge prevails the intrinsic Ge.

The light emission quantum efficiency is improved by over a order of magnitude in

p+Si/n+Ge/n+Si diode as shown in Fig. 5.17. An internal quantum efficiency of - 10-1,

though still a few times smaller than III-V direct gap material based light emitters, makes Ge

light emitting diode a very good choice for integrated light emitters at 1550 nm band. Com-

pared to III-V devices, the Ge LEDs benefits from their lower material cost and fabrication

complexity.

The internal quantum efficiencies of both type of diodes decrease beyond 0.6 forward bias

because the carrier injection approaches saturation because the non-radiative recombination

processes (e.g. Auger recombination) become sufficiently significant at high carrier concen-

tration. This can be seen from the light emission intensity simulation in Fig. 5.16 that the

light emission starts to saturate beyond 0.6 V forward bias. Since the current still increases

rapidlyt , the internal quantum efficiency decreases at higher injection current.

t The current increases a little less than exponential due to the non-negligible series resistance at high
current flow.
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5.5.2 Si Doping Optimization

We have proved that p+Si/n+Ge/n+Si p-n-n diode is a better light emitter compared to its

p-i-n counterpart in terms of both the emission intensity and quantum efficiency. In the

previous simulations, the p+Si and n+Si regions are both doped at 1 x 1020 cm-3. In this

section, the dependence of these doping levels on the light emitter is investigated in details.
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Figure 5.18: The calculated light emission intensity from the p+Si/n*Ge/n*Si p-n-n diode
versus the doping concentrations in both p-type and n-typ Si regions at 0.5 V forward bias.

The light emission intensity from the p+Si/n+Ge/n+Si p-n-n diode versus the doping

concentrations in both p-type and n-type Si regions at 0.5 forward bias is calculated and

shown in Fig. 5.18. We can see the light emission is more sensitive to the doping level in p-

type Si region below 1 x 1020 cm-3 because the concentration of the injected holes is less than

that of the injection electrons in the direct F valley at 0.5V forward bias therefore limiting

the light emission. The increase of the doping in p-type Si promotes the hole injection level

leading to more direct gap radiative recombination. This effect diminishes above 1 x 1020

Cm- 3 doping in p-type Si since the injected holes becomes more than the direct F valley

electrons which begin to limit the direct gap light emission instead. On the other hand, Ge

is already heavily n-type doped thus the injected electrons in the direct F valley does not

strongly depend on the doping level of n-type Si.

The internal quantum efficiency of the direct gap light emission also follows the similar
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Figure 5.19: The calculated light emission quantum efficiency from the p+Si/n+Ge/n+Si
p-n-n diode versus the doping concentrations in both p-type and n-typ Si regions at 0.5 V
forward bias.

dependence on doping concentrations in both p-type and n-type Si region as shown in Fig.

5.19. This dependence can be explained similarly. The change of quantum efficiency is not as

dramatical (orders of magnitude) as the light emission intensity does because the electrical

current also decreases with the decrease of the doping concentration in p-type Si region,

compensating the reduced light emission.

In order to design a p+Si/n+Ge/n+Si p-n-n diode with high light emission and quantum

efficiency, the p-type Si region has to be doped above 1 x 1020 cm -3 while the n-type Si region

can be doped relatively less (e.g. 1 x 1019 cm-3). Since heavily-doped material absorbs light

with photon energy even below its band gap (free carrier absorption), the doping in Si region

is designed to be as low as possible. Therefore, 1 x 1020 cm -3 p+Si and 1 x 1019 cm -3 n+ Si

is an appropriate combination for designing this p+Si/n + Ge/n+Si p-n-n light emitting diode.

5.5.3 Ge/Si Band Alignment

Since A p+Si/n+Ge/n+Si p-n-n device is a heterojunction diode, the band alignment between

Si and Ge affects the current injection behavior hence the light emission properties. In this

section, this effect is analyzed.

In III-V material based laser design, a material with larger band gap is usually used to
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Figure 5.20: Schematics of type I and type II band alignment at Material 1/2 interface.

form a type I band alignment with the active (light emitting) material to inject electrons and

holes more efficiently (carrier confinement). A type I band alignment, as drawn in Fig. 5.20

(a), is the conduction band edge of Material 2 is lower than that of Material 1 and the valence

band edge of Material 2 is higher than that of Material 1. Therefore, when a p-i-n junction

is formed, both electrons and holes injected in the Material II region have to overcome a

potential barrier due to the band offset in order to leave the region, so that more carriers are

confined leading to more radiative recombination events. On the other band, Ge/Si interface

is usually believed to be a type II band alignment, as shown in Fig. 5.20 (b), which can only

confine the injected holes.

The band offset of Ge/Si interface we used in all previous simulations is calculated from

the difference of the electron affinity data of Ge (4.05 eV) and Si (4.0 eV) in Ref. [<i].

So the band offset AEc = -0.05 eV for conduction band and AE, = 0.51 eV for valence

band. However, the band offset calculated from the difference between the affinity data of the

materials is not accurate since the interface condition can possibly change the band offset.

AEc = -0.01 eV, hence AE, = 0.47 eV, was reported in a work on strained Sil_,Ge. alloys

on SilyGe substrates [i ;~i]. Another work claimed AE, = 0.36 ± 0.02 eV, hence AEc = 0.1

eV, measured for relaxed Ge on Si grown by ultra-high vacuum chemical vapor deposition

(UHV-CVD) [i;il]. In that case, the band alignment between Ge and Si becomes type I

providing both electron and hole confinement.
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Moreover, there are some techniques that can be used to engineer the band offset of

the Si/Ge interface. It has been shown that SiGe alloy with some proper compositions can

provide type I band alignment with Ge. For example, the conduction and valence bands of

Sio.17Ge0.83 are 0.15 eV higher and 0.1 eV lower than those of pure Ge, respectively [130].

Therefore, SiGe can also be used as a barrier layer in this heterojunction structure. A nano-

crystalline Si film is another alternative to replace the Si layers in the p+Si/n+Ge/n+Si p-n-n

diode design since it has larger band gap than single crystalline to provide more band offset

to form type I band alignment.
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Figure 5.21: The internal quantum efficiency of the direct gap light emission from

p+Si/n+Ge/n+Si diode versus the conduction band offset of Si/Ge interface.

The effect of the band alignment of Si/Ge on the internal quantum efficiency of the direct

gap light emission is shown in Fig. 5.21. We can see the internal quantum efficiency does

benefit from the type I band alignment (AEc > 0) below a certain conduction band offset of

Si/Ge interface (0.1 eV). The efficiency decreases at larger band offset due to the reduction

of the hole confinement since the number of the injected holes is small in the heavily n-

typed doped Ge thereby limiting the light emission as well. We can also see that the band

alignment does not strongly affect the internal quantum efficiency like the case in a common

heterojunction diode because the heavy n-type doping in Ge diminishes the injected electron

confinement effect.
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In order to design a laser device with higher slope efficiency, a strained-Ge/Si quantum

well structure can be considered. The use of the strained Ge quantum well can be benefit from

the enhanced electrical current injection efficiency. But the energy of the direct F valley of

the conduction band raises more than the indirect L valleys under the quantum confinement

effect. This energy level shift decreases the number of the injected electrons in the direct

F valley. The net effect of the quantum well structure is determined by the competition of

these two effects. This subject is worth further investigation.
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Chapter 6

Optical Gain from Ge

We have demonstrated that Ge, though an indirect band gap material, can be engineered for

direct gap light emission at room temperature. The direct gap light emission can be either

excited optically (Chapter 4) or electrically (Chapter 5). All experimental results support our

theory about using n-type doping and tensile strain to engineer Ge for more efficient direct

gap light emission. The theory also predicts that Ge, with sufficient n-type doping level, can

be a gain medium. In this chapter, the study of the optical gain from Ge is discussed. First,

the pump-probed approach used to study optical bleaching and optical gain is introduced.

Then we discuss the phenomenon of the optical bleaching effect at direct band gap energy

from both Ge-on-insulator and tensile-strained n+Ge epitaxial films. Finally, the observation

of net gain from a Ge mesa is demonstrated followed by a comparison of optical gain and

inversion factor between the Ge films with different doping levels.

6.1 Pump-Probe Spectroscopy Measurement

Pump-probe spectroscopy, different from a PL spectroscopy which studies the spontaneous

emission, is a approach to study the stimulated optical transition process in an active mate-

rial under carrier injection. In pump-probe measurement, a probe light is introduced along

with the pump (excitation) light therefore the characteristic of the optical transition (ab-

sorption and stimulated emission) at the photon energy (or wavelength) of this probe light

is investigated.
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There are a number of different types of pump-probe experiments. The pump source can

either be a pulsed laser or be a continuous-wave (CW) laser. The pulsed laser is usually used

to obtain information of ultrafast phenomena in materials by monitoring the time decay of

the probe signal. The pump source used in this work is a continuous-wave laser since we

want to study the gain characteristics of Ge under as close as the operating condition in real

applications. In both the optical interconnects and optical telecommunication applications,

a continuous-wave light source is preferred. Then an electro-optical modulator is used to

modulate the light to carry information instead of direct modulation of the laser since it allows

independent optimization of the laser and the modulator for better system performance.

The probe laser in a pump-probe measurement can be the pump laser itself (usually with

a certain time delay) or a different laser. The former approach is called degenerate pump-

probe measurement while the latter one is called non-degenerate pump-probe measurement.

The non-degenerate approach with a wavelength tunable laser as the probe laser is used in

this work in order to study spectral information of the optical bleaching and optical gain near

the direct band gap energy of tensile-strained Ge.

6.1.1 Measurement Setup

The pump-probe experiment setup is schematically drawn in Fig. 6.1. A Sumitomo SLA5633-

XC/JD1 1480 nm semiconductor laser is used as the pump light. The laser has a maximum

output power of 100 mW. The probe source is a HP (Agilent) 81640A tunable laser module

embedded in a HP 8164A lightwave measurement system. It is an external cavity laser whose

wavelength can be tuned from 1515 nm to 1640 nm. The maximum of output light power

is 800 p W at 1550 nm and decreases at both shorter and longer wavelengths. Both the

pump laser and the probe laser are fiber coupled output. These single-mode fibers of the two

lasers are combined to another single-mode fiber through a wavelength division multiplexing

(WDM) coupler. The end of coupler output fiber is placed on top of a sample. The light

traveling through the fiber arrives perpendicularly on the front side of the sample. The

transmitted light is collected by the integral optical head of an optical power meter placed at

the backside of the sample. There is widely opened hole on the optical head for incident light

coming through and a empty cavity connecting to the hole to trap almost all the incoming
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Figure 6.1: Schematic of the pump-probe measurement.

light. The light power is measured by an InGaAs photodetector in the cavity.

To be distinguished from the pump light, the probe light is internally modulated at 500

Hz. A lock-in amplifier synchronized at the same 500 Hz frequency is used to analyze the

photodetector signal. This lock-in approach effectively blocks DC pump signal and noises with

frequencies other than 500 Hz therefore increases the signal-to-noise ratio. The continuous

wave operation of pump laser assures a steady-state injection level while the probe light

transmittance is monitored.

A close-up picture of the experiment setup is shown in Fig. 6.2. The fiber is fixed in

a vertical track on a stage capable of X-Y-Z manipulation. The end of the fiber is either a

pigtail shown in the figure or packaged with a standard connector (e.g. a FC-PC connector).

One issue we met in the measurement is the air gap between the flat fiber head and the top

surface of the sample results in Fabry-Perot interference superimposed with the real signal.

This interference effect makes the precise determination of the absorption in the materials
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Figure 6.2: Picture of the pump-probe measurement setup.

difficult. This problem can be solved by using some index matching fluid (refractive index

equal to that of the silica composing the fiber core) between the fiber and sample.

The cylindrical object under the sample is the optical head. The cavity and photodetector

used for light trapping and detection are located in the optical head. The lens system in the

picture is connected to a CCD camera used for fiber alignment.

6.1.2 Measurement Procedures

The pump-probe measurement on a Ge-on-Si sample is accomplished with the following steps:

Firstly, the incident light power of the modulated probe laser coming out of the fiber is

measured by positioning the fiber head in the cavity of the optical head through the top

opening. The light is measured by the photodetector in the cavity. The reproducibility of

the light trapping in the cavity was tested by moving the fiber end around in the cavity.

No appreciable change of optical power meter reading indicates the insensitive dependence

of the fiber position. A LABVIEW program is used to perform a wavelength scan of the

probe laser. The reading of the lock-in amplifier at each probe laser wavelength is recorded

in the program to obtain a reference incident light power spectrum. This reference spectrum

is calibrated each time before a pump-probe measurement.

Then a sample is placed on top of the optical head (covering the opening on the surface).
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The end of the fiber is positioned as close as possible on the sample surface with the help of the

CCD camera image. The index matching fluid is used if necessary. The tunable probe laser is

turned on and a wavelength scan is performed. The recorded signal from the lock-in amplifier

represents the transmitted light power at each wavelength. The ratio of the transmitted light

power to the incident light power at each wavelength gives the transmittance spectrum of

the Ge/Si stack.

Finally, the power laser is turned on and the transmitted light power of the modulated

probe laser is measured again. Now, the ratio of the transmitted light power to the inci-

dent light power is the transmittance spectrum of the Ge/Si stack under pumping (carrier

injection). The difference between the two transmittance spectra (without pumping or under

pumping) gives information of the stimulated optical transition in Ge.

6.1.3 Data Analysis

The optical absorption measured at a certain wavelength is a net result of the stimulated

emission and stimulated absorption. A negative optical absorption means net gain and a

positive optical absorption means net loss. In order to study the net gain/loss, the optical

absorption must be calculated from the transmittance spectrum measured from the pump-

probe experiment.

We re-write Eq. 2.16 in Chapter 2 here:

g(hv) = a(fc - f,), (6.1)

where the inversion factor (fc - fv) describes the differential occupation probability of the

electron in the conduction band and in the valence band. This inversion factor ranges from -1

to 1. In the case of zero pumping (carrier injection), (fc - fv) = -1. Thus the absorption of

the materials is just -a (negative value means net loss). This can be called the small-signal

absorption. As the carrier injection level increases, (fc, - fv) increases from -1 towards 0.

Thus the measured optical absorption becomes less (in absolute value). This phenomenon

is called optical bleaching effect. At a sufficiently high injection level making (f0 - f,) = 0,

the material becomes transparent. The corresponding injected carrier density is called the
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transparent carrier density Antrans. When the injection level further increases resulting in

(fc - f,) > 0, the optical absorption becomes positive meaning the occurrence of net gain.

Another optical absorption mechanism, free carrier absorption, must be considered at

high injection levels. Free carrier absorption is an electron in the conduction band absorbs

the energy of a photon and moves to an empty state higher in the conduction band (cor-

respondingly for holes in the valence band) without inter-band recombination. Free carrier

absorption is considered in Chapter 2 in order to calculate the net material gain. For n+

Ge, the free electron absorption dominates the free carrier optical loss unless the injected

carrier density is as high as or higher than the extrinsic electron density. The net gain/loss

measured or calculated in the experiment includes both the optical gain/loss and the free

carrier absorption. Therefore,

gtot(hv) = -atot(hv) = a(fc - f,) - afc, (6.2)

where a f is the free carrier absorption. The existence of the free carrier absorption increases

the injection level required for the transparency or net gain.

In the transmittance measurement, the absorption of the material measured without

pumping is the small-signal absorption -a while it becomes gtot = -atot under carrier

injection. A positive gtot or a negative atot means the occurrence of net gain.

The ratio of these two absorptions can be used to calculate the inversion factor:

(fc - fv) - fc= tot (6.3)
a a

Because of the existence of the free carrier absorption, this ratio is smaller than the inversion

factor (fc - f,). The deviation from the inversion factor increases with injection level and

wavelength since the free carrier absorption increases with both carrier density and wave-

length. In the analysis of the inversion factor in Section 6.3.2, the "inversion factor" denotes

to the value calculated by using - . Therefore, the calculated "inversion factor" could be

smaller than -1 which can be seen in the comparison of the inversion factor between different

samples in that section.
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It can be seen that it is very important to accurately obtain the absorption of Ge in

order to study the carrier inversion phenomenon. Since the samples used in the pump-

probe experiment are Ge/Si double layer or Ge/Si/Ge multi-layer (Ge epitaxy on both side

of Si substrates) structures, the absorption of Ge can not be simply calculated because of

the interference effect. Transfer matrix method (TMM) is a useful tool to calculate the

transmittance from a multi-layer stack with known refractive index and absorption data of

each layer. Similarly, the refractive index and the absorption data can also be solved from the

transmittance using TMM. But two unknowns, the refractive index and the absorption, can

not be solved simultaneously from one equation (TMM). However, the refractive index and

the absorption of any material is correlated by the Kramers-Kronig (K-K) relations which

are mathematical properties of any analytic complex function (the polarization P of the

material in this case). Therefore, two unknowns, the refractive index and the absorption, can

be solved from these two equations (TMM and K-K). Since both equations are non-linear

functions of the refractive index and the absorption, the absorption is calculated using an

iterative self-consistent regression approach. The details about this approach is explained in

Appendix C.

A particular issue needs to be addressed in the TMM calculation. Because the thickness

of the Si substrate in any Ge epitaxial film sample is much thicker (>600 Am) than the

coherence length of the light source used in the experiment, no interference exists in the Si

layer which is confirmed by no observation of the dense interference peaks in the measured

transmittance spectrum*. Thus, a modified TMM approach considering the non-coherency

of the Si substrate layer is used in the data analysis instead, which is explained in details in

Appendix B.

The accuracy of the absorption data obtained from the pump-probe measurement is very

important to evaluate the optical bleaching and the net gain. The error of the pump-probe

experiment is carefully examined in order to be confident about the conclusion we made based

on these data. With the lock-in approach described in the Section 6.1.1 we can clearly resolve

0.5% relative difference in the transmittance of the probe laser, so an accuracy of ±0.25

*The free spectral range, the spectral distance of two successive interference maxima or minima, is inversely
proportional to the thickness of the layer. Therefore, if the interference exists in the Si layer, there would be
very dense interference peaks observed (- 0.5 nm at the wavelength range).
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% in transmittance measurement is guaranteed. To be even more conservative, a ±0.4%

transmittance error bar is adopted to estimate the error in the absorption/gain coefficient

data.

In fact, the transmittance is more likely to be underestimated than overestimated in

the experiment because the input optical power from the fiber-pigtailed laser, Pin, can be

easily measured accurately by placing the tip of the optical fiber in close proximity to the

photodetector. While the transmitted optical power through the sample, Pout, could be

underestimated in the measurement since the laser beam diverges after passing through the

sample and may not be completely collected by the photodetector. Considering that an

underestimated transmittance leads to an overestimated absorption coefficient, subsequently

an underestimated gain coefficient. Therefore the transmissive pump-probe measurement

used in this work is actually a conservative approach to determine optical gain. It is also to

be noted that the system error of the photodetector and the read-out circuits are cancelled

out in the transmittance measurement since Pin and Pout are measured with exactly the same

system and condition.

To estimate the upper and lower limits of the gain coefficient data, we vary the measured

transmittance by the largest possible measurement error of +0.4% and -0.4%, respectively,

and derive the corresponding absorption/gain coefficient using the iterative self-consistent

regression approach mentioned earlier.

6.1.4 Comparison with Variable Stripe Length Method

Variable stripe length (VSL) measurement is usually used to study the optical gain in a

material. However, there are at least two drawbacks of VSL that advises me to use a pump-

probe spectroscopy measurement instead.

The most important reason is the pump power density consideration. We need a relatively

higher pump power to inject tensile-strained n+Ge for optical gain since it supports less gain

than direct band gap semiconductors does (refer to Chapter 2), especially the n-type doping

concentration we can doped in Ge is not as high as we want as discussed in Chapter 3. There-

fore, a high pump power density is required to inject sufficient high carrier concentrations.

Since the maximum power of the pump laser is fixed, the requirement means a smaller pump
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area is preferred.

As we showed in the above, the pump light coming out the fiber has a circular spot area

of , 10-2 ym2 . In VSL measurement, the pump light is required to be shaped to narrow

stripe with a cylindrical lens and the length of the stripe is usually in the order of mm. To

archive the same injection level as we have in the pump-probe measurement, the width of

the strip need to be - 10-1 pm which is almost impossible to be achieved by a free-space

lens system. Moreover, even this submicron width focusing can be done, in order to observe

net gain, as we will show in Section 6.3, the Ge has to be fabricated to confine the carriers.

To have a high quality Ge stripe (waveguide) with width less than /pm is very challenging.

Another reason that let us choose pump-probe measurement over VSL measurement is

the error control. Both VSL and pump-probe measurements have multiply sources of errors,

but the errors in pump-probe measurement can be reasonably analyzed and corrected as we in

the last section. On the other hand, VSL measurement suffers from a number of errors, such

as edge effect and artifacts due to the quality of the blade, which are not easy to eliminate.

6.2 Direct Gap Optical Bleaching

In this section, the results of the pump-probe measurement on both Ge-on-insulator and

tensile-strained n+ Ge are discussed. Room temperature optical bleaching is observed for

both cases. The optical bleaching effect is the reduction of the absorption because of the

electron occupation in the empty higher energy states required in the absorption process.

This phenomenon is important since it is the prelude of the net gain. Further occupation of

the electrons in the higher energy states leads to population inversion. The net gain occurs

if the positive optical gain overcomes the optical loss dominated by free carrier absorption.

6.2.1 Ge-on-Insulator

Similarly as we did in Chapter 4, a thin film of bulk single crystalline Ge is a good starting

point to study the optical properties. The results of the crystalline Ge can be used to compare

the results of tensile-strained n+ Ge. The same Ge-on-insulator (GeOI) sample used in the

PL studies in Section 4.2.2 is used in the pump-probe measurement.
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Figure 6.3: The measured and the calculated transmittance of the pump laser light as a
function of laser output power of the Ge-on-insulator.

Before turning on the probe laser, the transmittance of the pump laser light versus laser

output power is measured and the result is shown in Fig. 6.3. This measurement is a

degenerate pump-probe measurement in which the pump light and the probe light are the

from the same laser. The enhancement of the transmittance with pump power underlies the

occurrence of the optical bleaching effect at the pump wavelength.

The transmittance enhancement thus the optical bleaching starts to saturate at high

injection levels due to non-radiative recombinations usually dominated by Auger recombina-

tion. The non-radiative recombination becomes significant at higher injected carrier densities

limiting the number of the injected carriers in radiative recombination. This effect can be

modeled using a rate equation approach. The injected excess carrier density is solved from a

equation system composed of the carrier rate equation in steady-state:

0= - K(fc - fv)nph - Kfc(1 - fv) - Rnr (6.4)
V V

and the photon rate equation in steady-state:

0 = K(fc - fv)nph + 1Kf(1 - f)- gafcnph, (6.5)
V (1 -v) - va6.5ph
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where n is the excess carrier density, nph is the photon density. fc and f, are electron

occupation probabilities at the optical transition energy levels at a given photon energy. The

formula of these two terms can be found in Chapter 2. Rnr is the non-radiative recombination

rate including Auger recombination and defect-assisted recombination. af, is the free carrier

absorption proportional to n. v, is the group velocity of light in the material. V is either the

active region volume or the photon volume which are the approximately same for the Ge films

without any modal confinement. K is the optical transition rate coefficient of spontaneous

emission, stimulated emission and absorption which can be proven to be equal for a specific

optical transition such as direct band-to-band optical transition in this case. The relations

between K, the small signal absorption coefficient a = a(n) and the gain coefficient g = g(n)

are given by:

K Vg a= 9 . (6.6)
Sfv(l - fc) fc - fv

fc, fv, Rnr, afc, K, a and g are all a function of excess carrier density n. j is the optical

injection rate is determined by the incident light power and the absorption in the Ge layer.

Using Eq. 6.4 and Eq. 6.5, we can calculate the injected excess carrier density n at a

given optical injection rate j and the absorption coefficient at n. Because both the direct F

valley and the indirect L valleys are considered in Ge, multiply K, f, and f, are required

to taken into account for the four transitions between the direct F valley or the indirect L

valley and the light hole band or the heavy hole band. The transition matrix element of the

F valley to the light hole or the heavy hole band is calculated from the absorption spectrum

of Ge sample as discussed in Ref. [9H]. For the indirect transitions, a transition coefficient of

5.1 x 10-15 cm 3/s is obtained from Ref. [:132].

The modified transfer matrix method (TMM), as we mentioned earlier, is used to calculate

the transmittance at a given injection level calculated from the pump power. The calculation

result which well agrees with the experimental result is shown in Fig. 6.3 with solid line.

The modulated probe light combined with the continuous-wave pump light is then launched

into the GeOI samples. The measured transmittance spectra at various pump powers is shown

in Fig. 6.4. The increase of the transmittance below a wavelength of 1550 nm or above a

photon energy of 0.8 eV, corresponding to the direct band gap energy in bulk Ge, underlies
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Figure 6.4: The transmittance spectra of the probe light at various pump powers measured
from the Ge-on-insulator. The transmittance spectra is fitted using modified TMM to extract
the refractive index and absorption data.

the occurrence of the optical bleaching effect. The decrease of the transmittance above 1550

nm is a result of the lack of gain mechanism and the existence of the free carrier absorption

at high injection levels.

Using the iterative self-consistent regression approach mentioned earlier in Section 6.1.3,

the absorption coefficient data is calculated from the measured transmittance and shown in

Fig. 6.5. The optical bleaching effect can be clearly seen from the decrease of absorption

coefficient at wavelengths below 1550 nm (i.e. photon energies above 0.8 eV). The optical

bleaching effect begins to saturate at about 60 mW corresponding to the saturation of injected

carrier density exhibited in Fig. 6.3.

The increase of absorption coefficient at wavelengths above 1550 nm is a result of the free

carrier absorption. But the increase of the absorption is more than the free carrier absorption

calculated using the data from Ref. [91,92]. The more-than-expected absorption may be a

result of the optical transition at longer wavelength observed in the PL study of the GeOI

in Section 4.2.2. This optical transition or absorption phenomenon is not observed in Ge

epitaxial films. The physical origin of the unique feature of GeOI samples is speculated in

Section 4.2.2.
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Figure 6.5: The absorption coefficient spectra of Ge-on-insulator calculated from the trans-
mittance spectra at various pump powers. The reduction of absorption below 1550 nm (above
0.8 eV) is a result of the optical bleaching effect.

6.2.2 Tensile-Strained n + Ge

A pump-probe measurement is performed on a Ge epitaxial film with 2 x 1018 cm- 3 n-type

doping and 0.2% tensile strain. The thickness of the film is about 1.3 Pm. The probe light

transmittance spectra of the sample at 0 and 100 mW pump power are shown in Fig. 6.6.

The injected carrier density is estimated to be mid 1018 cm - 3 at 100 mW pump power. The

transmittance starts to decrease dramatically at wavelengths below 1610 nm as a result of

the direct band gap absorption. Under optical pumping, the transmittance of the Ge film

is expected to change because of to two reasons. On one hand, the direct gap absorption

is decreased due to the band filling by optically injected carriers, i.e the optical bleaching

effect. On the other hand, the optically injected free carriers in the conduction and valence

bands increase the free carrier absorption thereby decreasing the transmittance. Overall, the

change in transmittance upon optical pumping reflects the competition between the decrease

in the direct band gap absorption and the increase in the free carrier absorption.

Experimentally, we observe that the transmittance at wavelengths below 1592 nm in-

creases while the transmittance at wavelengths more than 1592 nm decreases under optical
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Figure 6.6: The transmittance spectra of the Ge epitaxial film with 2 x 1018 cm - 3 n-type

doping and 0.2% tensile strain at 0 and 100 mW pump power, respectively.

pumping (see Fig. 6.6). Since 1592 nm corresponds to the onset of the optical transition

between the heavy hole valence band and the conduction band at the direct F valley, the

experimental results indicate that the reduction in the absorption due to band filling is large

enough to overcome the increase in free carrier absorption.

In the wavelength range of 1590-1620 nm, on the other hand, the transmittance decreases

under optical pumping although the photon energy is still above optical gap between the

direct F valley and the light-hole band. This observation indicates that the reduction in the

absorption of the optical transition (from the direct valley to the light hole band) is not large

enough to overcome the increase in the free carrier absorption because a much lower density

of states of the light hole band compared to the heavy hole band results in a much lower

optical gain.

We can define Tpump/To as the transmittance enhancement factor under optical pumping,

where Tpump is the transmittance at a given optical pumping level and To is the transmittance

without optical pumping. Fig. 6.7 shows a notable 1.2 fold transmittance enhancement at

1520 nm under 100 mW optical pumping. This result is the first observation of enhanced

transmittance in epitaxial Ge-on-Si under stead-state optical pumping.
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Figure 6.7: The transmittance enhancement factor (Tioo/To) between 100 mW optical pump-
ing and no pumping as a function of wavelength.

Fig. 6.8 shows the absorption spectra of Ge under 0 mW and 100 mW optical pumping

calculated from the transmittance data in Fig. 6.6. As we analyzed earlier for the trans-

mittance spectra, the optical bleaching effect reduces the absorption below 1592 nm. The

absorption coefficient is reduced by as high as 500 /cm at 1520 nm under 100 mW optical

pumping. The increase of absorption above 1592 nm is a result of increased free carrier

absorption overwhelming the optical bleaching at this wavelength range.

It can be seen from Fig. 6.9 that the transmittance at 1520 nm increases linearly with

pump power underlying that there is no sign of non-radiative recombinations such as Auger

recombination. This result is quite different from the result of Ge-on-insulator shown in Fig.

6.4 in which a saturation of optical bleaching occurs. The result is very encouraging since

it shows further optical bleaching effect can be achieved with higher injection levels. At

sufficiently high injection levels, the optical bleaching effect may become the net gain. The

comparison between tensile-strained n+Ge and the intrinsic bulk Ge (GeOI) supports the

calculation in Chapter 2 which states tensile-strained n+Ge can be a gain medium while the

intrinsic Ge can not. The injection level in the experiment is limited by the maximum output

power of the pump laser. But the injection level or the injected carrier density can be further
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Figure 6.8: Absorption spectra under 0 and 100 mW optical
mittance data Fig. 6.6.

pumping derived from trans-

improved by using some carrier confinement structures. The reason of using these structures

is that the injected carriers in Ge can diffuse laterally to a larger area and vertically into the

bulk Si substrate. And the carrier diffusion increases the effective active volume leading to a

lower injection level thus the injection level can be increased by confining these carriers in a

small region. The effect of such structures are demonstrated in Section 6.3.1.

6.3 Net Gain

The optical bleaching effect is observed from both the Ge-on-insulators (intrinsic bulk Ge

films) and the tensile-strained n+Ge epitaxial films. It has been shown in the previous

section that the optical bleaching of the intrinsic bulk Ge starts to saturate at pump powers

above 60 mW while the optical bleaching of the tensile-strained n+Ge increases linearly with

the pump power even at as high as 100 mW. This linear behavior encourages us to further

increase the injection level to achieve greater optical bleaching and net gain. As we discussed

earlier, the injected carrier diffusion increases the effective active volume leading to a lower

injection level. Therefore, the injection level can be increased by confining these carriers in
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Figure 6.9: The linear relation of the transmittance of the probe light at 1520 nm to the
pump laser power measured from the Ge epitaxial film with 2 x 1018 cm - 3 n-type doping and
0.2% tensile strain.

a small region. In this section, we use mesa structures of Ge to confine the injected excess

carriers in order to achieve high injection level. The net gain is observed subsequently from

such mesa structures.

6.3.1 Onset of Net Gain from Ge Mesa

The pump power is limited up to 100 mW for the 1480 nm pump laser used in the experiment,

so the only way to increase the injection level is to decrease the effective pumped volume where

a large number of injected excess carriers (both electrons and holes) exist. This area is not

necessary the incident light spot from the fiber output because the injected carriers diffuse

from the high carrier concentration region to adjacent region thus increasing the effective

pumped volume. The injected carriers can diffuse vertically into Si substrate or laterally into

adjacent Ge region. A Ge mesa structure with a small dimension can be used to prevent the

carrier lateral diffusion thereby increasing the injection level.

Such tensile-strained n+Ge mesa structures were fabricated by selectively growing Ge in

patterned Si regions defined by oxide trenches as discussed in Section 3.4.1. The scanning

electron microscopy (SEM) image of a Ge circular mesa structure with a diameter of 25 rum
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Figure 6.10: The scanning electron microscopy (SEM) image of a Ge mesa structure with a
diameter of 25 pm.

is shown in Fig. 6.10. The existence of the facets on the edges of the mesa is a result of the

competition of the epitaxial growth along different crystallographic directions.

A Ge mesa with a thickness of 1.0 pim and a size of about 500 pm2 is used to perform the

pump-probe measurement. The Ge mesa is 1.0 x 1019 cm - 3 n-type doped and 0.2% tensile-

strained. The transmittance spectra of the Ge mesa under 0 and 100 mW optical pumping

are shown in Fig. 6.11. If we assume the effective pumped area is the whole mesa area, the

effective pump power density at 100 mW is estimated to be - 7.0 kW/cm2 calculated from

the optical absorption of the pump light considering interference effect.

The direct band gap absorption edge can be clearly seen from the decrease of the transmit-

tance above 0.765 eV in the figure. Under optical pumping, the net change of the transmit-

tance of the Ge film depends on the competition of the direct band gap absorption reduction,

or the optical bleaching, and the increased free carrier absorption. Similarly as we have seen

the pump-probe results of the blanket n+Ge epitaxial film, the optical bleaching occurs at

wavelengths below a certain wavelength (=1615 nm) and the free carrier absorption causes

transmittance decrease above that wavelength.

The calculated absorption spectrum and refractive index spectrum of the n+ Ge mesa

without optical pumping are compared with those of bulk Ge in Fig. 6.12. The absorption

edge is significantly red shifted due to the band gap shrinkage induced by the tensile strain

(0.2%). As a result, the refractive index is also notably modified compared to bulk Ge due to
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Figure 6.11: The transmittance spectra of a 1.0 1m2 thick, 500 pm2 Ge mesa with 1.0 x 1019

cm - 3 n-type doping concentration under 0 and 100 mW optical pumping. [1.6]

the Kramer-Kronig relations. Such a self-consistency approach guarantees a more accurate

solution to the absorption coefficients than simply assuming bulk Ge refractive index for

tensile strained Ge in the transfer matrix calculation. More details about this calculation are

explained in Appendix C.

Fig. 6.13 shows the calculated absorption spectra of the n+Ge mesa sample under 0

and 100 mW optical pumping. The absorption coefficients at photon energies above 0.77 eV

(at wavelengths below 1610 nm) decreases significantly upon optical pumping. Especially,

negative absorption coefficients corresponding to the onset of optical gain are observed in

the wavelength range of 1600-1608 nm, as shown in the inset of Fig. 6.13. The maximum

gain coefficient observed is gtot = -atot = 50 - 25 cm - 1 at 1605 nmn. The error bars take

into account the accuracy of both the transmittance measurement and the film thickness

measurement.

The shape of the gain spectrum near the direct band edge of Ge resembles those of III-V

semiconductor materials [133]. To our knowledge, this is the first time that optical gain

has been observed from the direct gap transition of Ge. This result indicates that band-

engineered Ge can be applied as an optical gain medium for monolithically integrated lasers
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Figure 6.13: The absorption spectra of the n+ Ge mesa sample under 0 and 100 mW optical
pumping. Negative absorption coefficients corresponding to the onset of net gain are observed
in the wavelength range of 1600-1608 nm, as shown in the inset. The error bars in the inset
take into account the accuracy of both the transmittance measurement and the film thickness
measurement. [ I(].

on Si. Further improvement in gain coefficients is expected with higher n+ Ge doping levels

and is supported by the trend of PL intensity enhancement in Chapter 4.

6.3.2 Comparison of Inversion Factor

Like the increase of the integral PL intensity with the doping concentration in tensile-strained

n+Ge shown in Section 4.3.1, the optical bleaching effect also increases with the increase of

n-type doping. The optical bleaching effect of Ge epitaxial films with various doping levels

is compared in this section.

To avoid the variation of the Ge layer thickness which changes the absolute value of

absorption thus optical bleaching, the inversion factor is used instead. As we explained in

Section 6.1.3, this "inversion factor" is not the inversion factor (f, - f,) of the stimulated

optical transition. It also inclusion the influence of the free carrier absorption using Eq: 6.3.

It is a real measure of the material gain. The net gain occurs when this "inversion factor" is

greater than zero. In the following discussion, we call it the inversion factor for convenience.
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Figure 6.14: Comparison of inversion factor spectra of tensile-strained Ge (film and mesa)
with various n-type doping concentrations. The optical bleaching effect increases with n-type
doping concentration. The inversion factor of the Ge mesa sample is greater than zero at the
direct band edge (1600-1608 nm) indicating the occurrence of the net gain.

The comparison of the inversion factor spectra of tensile-strained Ge for both blanket

film and mesa samples with various n-type doping concentrations is shown in Fig. 6.14. The

optical bleaching effect (inversion factor more than -1) can be seen from all samples. The

bleaching increases with n-type doping concentration confirming the theory of the effect of

n-type doping on optical gain discussed in Chapter 2. The Ge mesa sample exhibits a positive

inversion factor at the direct band edge (1600-1608 nm) underlying the occurrence of the net

gain. The inversion factors at longer wavelengths are less than -1 for all samples because

the free carrier absorption overcomes the optical bleaching resulting in more absorption than

small-signal optical absorption without pumping.

It is to be noted that the optical bleaching in the Ge mesa sample is much more than

any Ge film samples including the one with the same n-type doping concentration. This

confirms our speculation of the injected carrier diffusion which increases the volume of the

effective pumped active region thereby decreasing the injection level. The phenomenon also

suggests that the injected electrons holes must have a sufficiently long carrier lifetime leading
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to such long distance diffusion. The carrier lifetime can be then estimated from the following

procedure.

We know the Ge mesa measured for optical gain is an approximately cylindrical structure

with a diameter of 25 Mm. The increase of optical bleaching of the mesa compared to the film

samples underlies an efficient carrier confinement hence the diffusion length L of the injected

excess carriers is at least 25 Mm. We assume the diffusion length is in the order of 102 /pm.

The carrier lifetime can be calculated from the definition of the diffusion length

L2
T = , (6.7)

D

where D is the diffusivity which can be expressed in terms of carrier mobility by Einstein

relation:

D = pIkBT. (6.8)

In single crystalline bulk Ge, the electron mobility and the hole mobility are - 4000 cm 2V -ls - 1

and - 2000 cm 2V-ls- 1 respectively. In our epitaxial Ge-on-Si, the mobilities for both elec-

trons and holes decrease due to the introduction of n-type impurities. The electron mobility

of the tensile-strained n+Ge measured from Hall effect is - 1000 cm 2 V-ls- 1 , about 1/4 of

that of bulk Ge. The hole mobility is hard to measure since the material is heavily n-type

doped. We can estimate it to be - 500 cm 2V-ls- 1 by assuming it is also decreased to 1/4

of the bulk value. By substituting these numbers into Einstein relation in Eq. 6.8, we can

obtain electron diffusivity is about 12 cm 2 /s and hole diffusivity is about 6 cm 2 /s. Therefore

the lifetimes for the excess electrons and holes in tensile-strain n+Ge can be calculated from

Eq. 6.7. The calculated lifetime is in the order of - 1 Ms. This lifetime addresses the excess

electrons in the indirect L valleys and excess holes in the valence band. Such relatively long

excess carrier lifetime underlies good material quality control in the Ge epitaxial films.

From all these experiment results, we can see tensile-strained n+Ge is a much better

choice of gain medium than the intrinsic bulk Ge. The net gain cannot be achieved in

intrinsic Ge though the optical bleaching effective can be observed. While in tensile-strained

n+Ge epitaxial film, no saturation has been seen in the relation of the optical bleaching
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to the pump power. All these results validates the concept and the theory we explained

and simulated in Chapter 2. The linear relation of the optical bleaching with pump power

encourages us to further increase the injection level by using the carrier confinement mesa

structure. Net gain has been observed, for the first time, from such Ge mesa samples. A peak

gain of 50 ± 25 cm - 1 suggests possible laser action with properly designed resonance cavities.

The calculation which has been proven by all PL, EL, and gain measurement results shows

more net gain can be achieved with higher n-type doping concentrations.
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Chapter 7

Summary and Future Work

7.1 Summary

Silicon photonics is capable of being a platform for the optical communication and inter-

connects applications which aim for the low cost and high capacity data transmission yet

constrained by the electrical interconnection currently. Many optical components in silicon

photonics have been extensively studied, among which a silicon-based laser is arguably the

most challenging element. This thesis mainly focuses on using engineered germanium as

the optically active material for silicon-based light emitters with many potential benefits: Si-

CMOS compatibility (both material and processing), electrical injection capability, and direct

gap emission at preferred 1.55 pm telecommunication band. In Chapter 1, the background

of silicon photonics and the progress of silicon-based laser research are briefly reviewed.

In Chapter 2, we explain the concept of using the combination of tensile-strain and n-type

doping to effectively make germanium behave like a direct band gap material under carrier

injection, because of the direct band gap shrinkage upon the strain and the state-filling in

the indirect L valleys with the extrinsic electrons. A direct band-to-band transition model

is used to calculate the optical transition (absorption and simulated emission) in this n+

tensile-strained germanium and shows the occurrence of direct gap optical gain under carrier

injection. By considering the free carrier absorption, which dominates the optical loss, the

calculation shows the net gain can be achieved with n-type doping concentration in a range

of 1019 to mid-10 20 cm-3. The injection threshold of the net gain is about 1018 cm - 3 which
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is quite viable using either optical pumping or electrical pumping. The net gain is in favor of

the raise of temperature in a large range of injection (threshold to mid-10 19 cm- 3) due to the

elevated number of high energy electrons in the direct F valley contributing to the radiative

recombination at higher temperatures.

In Chapter 3, the fabrication of the tensile-strained n+ germanium is discussed. Single

crystalline germanium is epitaxially grown on silicon substrates using a two-step approach

to avoid islanding by releasing the strain energy from the lattice mismatch of the two mate-

rials. The 0.2-0.25% tensile strain in germanium is formed during the cooling from the high

growth temperature (or post annealing temperature) to room temperature, because of the

larger thermal expansion coefficient of germanium compared that of silicon and the fact that

germanium epitaxial film is fully relaxed at the high growth temperature. Phosphorus are

doped in germanium as n-type dopants during the epitaxial growth and as high as 2 x 1019

cm-3 doping concentration is achieved. Higher doping concentrations is favorable according

to the calculation in Chapter 2, so the influences of temperature, flow, and base pressure on

doping concentration is studied. An in situ doping model, considering both thermodynamics

and kinetics in reaction and diffusion processes of phosphorus-containing species, is built to

explain the experimental results and optimize the growth condition. The model suggests

less epitaxial growth rate and lower hydrogen adsorption on the growing surface can lead to

higher doping concentration.

In Chapter 4, photoluminescence (PL) experiments on both bulk crystalline germanium

and n+ tensile-strained germanium are discussed. Direct gap PL from intrinsic bulk ger-

manium is observed when the germanium is polished to thin films, which, in this case, is

bonded to a SiO 2 capped silicon substrate forming germanium-on-insulator (GeOI). Room

temperature direct gap PL is also observed from the germanium epitaxial films at 1600 nm,

corresponding to the direct band gap under the tensile strain, and the spectrum matches the

theoretical calculation considering the strain-induced valence band splitting. The intensity

of the emission increases with the increase of n-type doping concentration, which confirms

the predicted indirect valley filling effect according to the calculation in Chapter 2. The tem-

perature dependence of the PL shows that the emission intensity increases with temperature

due to the elevated number of high energy electrons in the direct valley contributing to the
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spontaneous emission at higher temperatures. This effect make germanium light emission

robust to inevitable heating effect during operation.

In Chapter 5, the fabrication of Si/Ge/Si heterojunction light emitting diodes (LEDs) and

the observation of room temperature direct gap electroluminescence (EL) from these diodes

are discussed. This is the first observation of EL from germanium in any optical devices. The

heterojunction LEDs are fabricated using completely Si-CMOS compatible processes. The

room temperature direct gap EL at 1600 nm matches the PL characteristics in Chapter 4,

underlying the same injection mechanism in both electrical pumping and optical pumping.

The emission intensity increases superlinearly with the injection current resulting from the

raised quasi Fermi level allowing larger fraction of the injected electron in the direct F valley.

The quantum efficiency of the EL is on the order of 10-3, calculated from the measured

emission and the collection efficiency of the measurement setup, consistent with the finite-

element simulation result. The emission efficiency can be improved to 10-1 if the germanium

is n-typed doped. The design of n+Ge based heterojuction diodes is analyzed theoretically

and an optimal design with appropriate doping levels in adjacent silicon layers is proposed.

In Chapter 6, pump-probe measurement is used to study the optical gain characteristics

in n+ tensile-strained germanium. Optical bleaching effect, the reduction of absorption under

carrier injection due to the raise of the population inversion factor (> -1), is observed at

direct band gap energy in n-type doped germanium films and the degree of bleaching increases

with the increase of doping concentration, confirming the theory of the doping dependence on

the optical gain shown in Chapter 2. To confine the injected carriers for further increase of the

injection level, a micro-mesa structure of germanium with 1 x 1019 cm - 3 doping concentration

is fabricated. Net gain, population inversion with inversion factor > 0, is observed from this

germanium mesa. A peak gain of 50±25 cm - 1 at 1605 nm is calculated from the experimental

data, which is the first report of observing net gain from direct band-to-band transition in

germanium.

In Appendix D, a multi-resonance photonic crystal design is explained. Two approaches,

the different order of resonance from one resonator and the resonance splitting from two

strong coupled resonators, are analyzed to accomplish the enhanced photon detection at

multiple wavelengths using one photonic crystal device. Following this second approach, an
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amorphous silicon based photoconductor pixel, with the ability to detect enhanced signals

from two wavelengths of 630 nm and 730 nm respectively, is fabricated and characterized. The

design is optimized for high detectivity and low cross-talk between two wavelengths, and the

detectivities as high as ' 1010 cm.Hz1/2W - 1 are measured for both resonance wavelengths.

7.2 Future Work

All the experimental findings on the optical properties (PL, EL, and optical gain) of tensile-

strained n+ Ge in this thesis work precisely follow the theoretical predictions in Chapter 2.

The agreement between the experiments and our model encourages the next step of making

a germanium laser. In order to achieve such integrated silicon-based laser, the "holy grail"

of silicon photonics, we need to work on the following tasks.

According to our theoretical modeling in Chapter 2, in order to achieve over 102 cm - 1 net

material gain from Ge, mid-10 19 cm - 3 n-type doping concentration is required. In Chapter 3,

we have shown the active phosphorus doping concentration reaches a limit of 1-2 x 1019 cm - 3

well below the solubility limit of over 1 x 1020 cm - 3 . Further study is needed to investigate

the mechanism of such limit. Two possible aspects are worth looking into in the future: the

activation of dopants and the in situ doping process. For the first reason, since post-thermal

annealing is always preformed to activate the dopants, and the in situ doping at slow growth

rates in our case tends to form substitutional doping, the partial activation of dopants is very

possibly a compensation effect at equilibrium. A secondary ion mass spectrometry (SIMS)

study can be used to measure the total dopant concentration and examine the existence

of partial activation. On the other hand, if the current doping is limited by the in situ

doping approach, other doping methods can be considered. Since we have proven that the

n+ Ge prepared by ion-implantation has worse optical properties due to lattice damage, solid

diffusion is a likely a better alternative approach. For example, spin-on-dopant is a promising

candidate which has been widely used in doping Si. How to further increase the n-type doping

concentration is a very important issue for making a Ge laser with desired performance. The

limit of doping found in this work is also an interesting subject in material science.

With the current doping limit of 1 - 2 x 1019 cm - 3 , we have demonstrated the net gain
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of 50 + 25 cm - 1 from a Ge mesa structure. Therefore, we can begin to design resonators for

lasing demonstration in the next step. I shall first estimate the cavity Q factor required for

such resonators using

Ao 27rn
Q A 2 (7.1)

AAFWHM aA

where n is the refractive index and a is the resonance cavity loss. If we assume a cavity loss

less than 20 cm - 1, the cavity Q factor is calculated to be larger than 7000.

Such high Q factor is difficult to achieve for a micro-resonator such as microdisk or

microring due to high optical scattering loss result from the high refractive index contrast

between Ge and its surrounding materials (e.g. air or SiO 2 ). In addition, the faceting effect

of small Ge devices discussed in Section 3.4.1 introduces further optical loss that reduces Q

factor. If the active n-type doping concentration can be further increased in the future, the

requirement of the resonator Q factor can be much relaxed and a micro-resonator will be the

preferable choice owing to its small footprint.

However, higher Q factor can be achieved in a larger resonance cavity. In order to demon-

strate laser, we can design a long waveguide edge emitting resonator. The Ge/air interface

at both ends of the waveguide resonator forms the mirrors which will be prepared by die

cleaving and mechanical polishing. If the mirrors are perfectly polished and perpendicular to

the waveguide propagation direction, the mirror optical loss is the transmittance of Ge/air

interface which can be easily calculated to be 0.45 for each mirror. Then the minimum length

required for such resonator is about 500 Mm. This type of waveguide resonator can be either

optically pumped or electrically pumped. For optical injection, the pump laser light is fo-

cused on top of the entire waveguide region using some cylindrical lens system, and the Ge

lasing light will be measured laterally from one of the ends of the waveguide. For electrical

injection, a Si/Ge/Si heterojunction structure can be used to inject electrons and holes into

Ge following the design rules in Section 5.5.

A vertical cavity resonator may also be a feasible design. The high reflectivity dielectric

Bragg mirror (DBR) can be deposited on top of Ge to form top mirror. The bottom mirror

may be deposited on the backside of a double-side polished (DSP) Si substrate. In order to

confine photons in the thick Si substrate layer, a deep etching may have to be used to isolate
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the device region. Some advanced resonator designs like those discussed in Appendix D may

also be applied in this vertical cavity case for some applications.

Figure 7.1: Schematic of the integration of a Ge laser and a Si waveguide.

If a discrete Ge laser is demonstrated successfully, the next step will be integrating Ge

lasers with Si waveguides on chip for electronic-photonic integration applications. One of the

possible integration scheme is shown in Fig. 7.1, similar to the approach used in the integra-

tion of Ge photodetector with waveguides [57]. It can be seen the edge emitting Ge laser is

butt coupled to a Si taper which transmits light evanescently to a silicon waveguide below.

The entire system is fabricated on a silicon-on-insulator (SOI) substrate. Other integration

schemes also exist such as a top-down coupling between an amorphous Si waveguide and a

Ge microdisk laser. It will take a lot of efforts to accomplish such integrated devices, but

the effort will be paid off by huge demands for a on-chip silicon laser in silicon photonics

applications.
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Appendix A

Fermi Level and Carrier

Concentration Calculation

The Fermi level at equilibrium and the quasi-Fermi levels at quasi-equilibrium (e.g. steady

state) are important parameters for semiconductors. The carrier (electron or hole) concen-

tration in a semiconductor is a function of the Fermi level, thus the process of solving the

Fermi level in a semiconductor or a semiconductor device is the process of solving the elec-

tronic states in the whole system. In Chapter 2, such calculations are used to calculate the

optical gain characterisitics of tensile-strain n+Ge under carrier injection. In this appendix,

the process of calculating the Fermi level and carrier concentration for both non-degenerate

and degenerate semiconductors is explained. All symbols used in the following equations are

listed in Section A.3.

The Fermi level at equilibrium is calculated based on the electric neutrality of the semi-

conductor:

no + N- = po + N, (A.1)

where no, po, Nf, and N- are generally functions of the Fermi level Ej, thus the Fermi level

can be solved numerically and no, Po can be calculated subsequently.

At quasi-equilibrium, two quasi-Fermi levels exist upon excess carrier injection. Therefore,
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two equations are used to solve the electron quasi-Fermi level and the hole quasi-Fermi level:

n = no + An
(A.2)

p = po + Ap

where, no, Po are calculated from Eq. A.1, and An and Ap are usually calculated using the

carrier (and photon) rate equations of the system* and are assumed known variables in this

discussion.

To solve (quasi-) Fermi level, the expressions of the carrier concentrations as a function

of (quasi-) Fermi level are substituted into the equations above. These expressions are dif-

ferent for non-degenerate semiconductors (Boltzman statistics, approximation for low carrier

concentration) or degenerate semiconductors (Fermi statistics).

Since the equilibrium condition can be seen as a special case of quasi-equilibrium condition

with An = Ap = 0 and n = no, p = po, we only give the expression of n (p) as a function of

Ef, (Efv). At equilibrium, E1 = Efe = Ef,.

A.1 Carrier Concentration

A.1.1 Electron Concentration

The square root density of states (DOS) for the quadratic conduction band is

pc(E) = 47rc h2 ) vE - E , (A.3)

where, the double degeneracy of spin is considered. Thus the electron concentration in the

conduction band is

f POc(E) 1 -E dE degenerate case
n - +exp( ) kB (A.4)

ff 0 pc(E) exp(- fcBT) dE non-degenerate case

*The rate equations also implicitly contains quasi-Fermi levels, thus An, Ap, Ef, Ef, are solved from the
equation systems composed of rate equations and the carrier equations.
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By substituting the expression for DOS, we have

n = Nc F1/2

exp

(Ec-Ef,

_ Ec-Ef,

degenerate case

non-degenerate case

N (= 2M ( 2rmkBT
3 /

2

h2

and,

Fj (x)
r(j + 1) o

is the Complete Fermi-Dirac Integral.

A.1.2 Hole Concentration

Similarly, the DOS for the quadratic valence band is

pv(E) = 47M, 2 3 / 2

Therefore the hole density in the conduction band is

t dt
exp(t - x) + 1

VE -E.

Efv -Ev
kBT)

p = Nv (-

Iexp -

degenerate case

EkBT non-degenerate case

If multiply non-degenerate valleys, e.g. the direct F valley and the indirect L valleys

in Ge, are considered, multiply square root DOSs and band edge energies are used in the

equations above.
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(A.6)

(A.7)

(A.8)

where,

(A.9)

= 2M (27mkTh2 )3/2
N, = 2Mh2 (A.1O)



A.2 Ionized Doping Concentration

The simplest model for the ionization of the dopant levels is the assumption of complete

ionization meaning

Nd = Nd
(A.11)

N- = N

This is the most commonly used assumption and is valid in most of the cases in the calcu-

lations. But only part of the dopants is ionized if the Fermi level approaches the band edge

with high carrier concentrations.

For a simply A function donor level, we have

N+ - Nd (A.12)1 + Ddexp (Ef-Ed

For high concentration of dopant, an impurity band may form in the band gap. If the

impurity band is assumed to be a Gaussian shape function, we can calculate N+ using

N f Pd(E- Ed) dE (A.13)
S I + DdexpE-EBT

where,
(E- Ed) = Nd r exp ln 2 Ed)2  (A.14)

Edh xpr Edh2

and, Edh is the half width at high maximum (HWHM) of the Gaussian shape donor band.

Similarly, for a A function acceptor level, we have

Na- Nd (A.15)
1 + Da exp kBT)

For a Gaussian shape acceptor band, we have

N(E =- (E E) dE (A.16)1 + Daexp E-EfIT
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where,

Na I n 2 (E - Ea)2
Pa(E - Ea) = exp - In 2 Ea

and, Eah is the HWHM of the Gaussian shape acceptor band.

A.3 Symbols

symbols

no

An

n

po

Ap injected excess

P

m;

mo

pc(E)

pv(E)

Ec

Ev

Ef

Ef c

Efv

My

Nc

Nv

Nd

Na

N+

descriptions

electron concentration at equilibrium (cm - 3 )

injected excess electron concentration (cm - 3)

total electron concentration (cm - 3 )

hole concentration at equilibrium (cm - 3 )

hole concentration (cm - 3 )

total hole concentration (cm - 3 )

effective electron mass of density of states (g)

effective hole mass of density of states (g)

rest mass of electron (g)

density of states for conduction band (cm- 3 /eV)

density of states for valence band (cm-3/eV)

conduction band edge (eV)

valence band edge (eV)

Fermi level at equilibrium (elV)

electron quasi-Fermi level (eV)

hole quasi-Fermi level (eV)

number of equivalent valleys in the conduction band

number of equivalent valleys in the valence band

effective density of states of the conduction band

effective density of states of the valence band

active donor concentration (cm - 3 )

active acceptor concentration (cm - 3 )

ionized active donor concentration (cm - 3 )
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N- ionized active acceptor concentration (cm - 3 )

Dd Degeneracy of the donor level

Da Degeneracy of the acceptor level
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Appendix B

Modified Transfer Matrix Method

(TMM)

The transmittance and reflectance calculation of a stack of thin film layers are used in a

number of cases in this work, the method of the calculation is discussed in this appendix.

The transmittance/reflectance of such thin film stack is not simply calculated by the

multiplication of that of each interface, because the interference of light influence the light

intensity in the stack when the wavelength of the light is comparable to the thicknesses of

the layers. Thus the transmittance/reflectance strongly depends on the wavelength due to

the interference condition and very different light intensity distribution exists for different

wavelength (i.e. photon energy). Since the behavior the of photon in the stack structure is

analogical to that of electron in a crystal lattice, the multiply thin film structure is also called

one-dimensional (1-D) photonic crystal sometimes.

B.1 TMM for Multilayer Transmittance/Reflectance Calcu-

lation

Transfer Matrix Method (TMM) is a commonly used approach to calculate the transmit-

tance and reflectance of the multi-layer stack. It is widely used in optical filters and other

optical devices design [1614]. The method is obtained from the boundary conditions of the
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electromagnetic wave (light) at each interface.

t, + j+ xj+l

Figure B.1: Schematic of the electric field of the incident light at j/(j+l) interface of a
multi-layer stack.

Let us consider the interface of the jth and the (j+1l)th layers as shown schematically in

Fig. B.1. The electric fields for transmitted light (propagating downwards) and reflective light

(propagating upwards) at the j/(j+l1) interface (in Layer j and in Layer (j+l1) respectively)

and at the (j+l)/(j+2) interface (in Layer (j+l) respectively) are shown in the figure and

denoted by the symbols used in the following equations. For a plane wave light, the electric

(and magnetic) field is perpendicular to the propagation direction, thus the electric field can

be described by two components: s-wave (electric field perpendicular to the incident plane)

and p-wave (electric field parallel to the incident plane). These two components are denoted

with a subscript s or p in the following equations.
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The boundary conditions at the interface determined from the Maxwell's equations are

(Ej - Ej+l) x ez = 0

(Dj - Dj+l) . ez = 0
(B.1)

(Bj - Bj+l) 0 ez = O

(Hj - Hj+l) x ez = 0

For the case of a linear material and the plane wave incidence, which is valid for the cases

in this work, D, B, H can all be expressed in terms of E:

D = eE = con2E

B CE = 1nE (B.2)

H = 1B = COnE

where n = nr + ik is the complex refractive index of the material, and nr and k are the

refractive index and the extinction ratio which is related to the absorption coefficient by

a = 47r/Ak.

Substituting these relations to the boundary condition, we obtain

Ej,s Ej+l,s

M, E,s = M +,
E i',s E j+l,s 

(B.3)

Ejp Ej+l,p
M +j,p EM ,

where,

1 1

1 cos Oi - cos0j
A/ (B.4)

cos O cos n

n n.

ti P
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and 0 satisfies Snell's law

nrj sin ¢. = nr(j+l) sin Oj+l. (B.5)

For non-magnetic materials, relative permeability ~ = 1, which is used in the following

discussion.

The propagation the light (transmitted and reflective) within the (j + 1)th layer relates

the electric field of at the j/j + 1 interface and j + 1/j + 2 interface in layer j + 1 side:

Lj +1 
E'3+ 1  =L Ej+1

Jk t l!t~
where,

L exp(i)

0

(B.6)

(B.7)
0

exp(-ib)

and
2ir

S = -- nijt, cos 4j

which is same for both s-wave and p-wave.

We define Tj as the transfer matrix of the jth layer as

cos6
3

T, = MjL,M- = ios

iuj sin 6j

i/uj sin 6j

cos 6

S= nr cos 4j for s-wave
ujcos forp-wave

n 3 /c o s oj for p-wave

(B.9)

Combining Eq. B.3 and Eq. B.6 and substituting Tj, we can obtain

Ej+ = Mj+1-T3, 1+ME. (B.10)

We denote the 1st layer is the incidence medium and the mst layer is the finally transmitted
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medium, by multiplying the above expression of each layer, we have

Em Mm- 1  T M1 •(B.11)

( m j=m-1 E l

We denote E' 1 = rE1, Em = tE 1, where r and t is the complex reflectivity and transmissivity

of the electric field, and E'm = 0 since there is no reflective light in the transmitted medium.

Thus the equation can be re-written as

0 j=m-1 rEj

and r, t can be calculated from this equation.

We denote
2

T =Mm1 TJ TM1

3=m-1

therefore,

Tf2 = (B.13)
Tf22'

and

t - T Tf22 - Tf12Tf 21 ITf I
Tf22  Tf 22

The reflectance and transmittance of the light intensity R and T, which are the quantities

measured in the experiment, can be calculated from r and t:

R = r 12 (B.15)

T = nrm t 12, (B.16)

nrl

where, nrm and nrl are real refractive indices for the mth layer and the 1st layer respectively.

If the incident light is perpendicular to the stack surface, the reflectance and transmittance

for both s-wave and p-wave are the same. While if the incidence angle is not 900 from the

surface, results for s-wave and p-wave are generally different and the final results are linear
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combination of the two.

B.2 Modification for an Noncoherent Thick Layer

Transfer matrix method (TMM) considers that the light is completely interfered in each layer

of a stack, which is not always true in some cases. A typical exception is the involvement

of a very thick layer, the thickness of which is much larger than the wavelength and greater

than the coherence length of the incident light, thus the reflective light doesn't interfere with

the transmitted light in the layer.

A very common example, met in this work a number of times, is the multi-layer materials

on Si substrate. Si substrate is very thick (600-700 ym ) compared to the wavelength of the

light we used and is also generally thicker than the coherence length of the light source we

used to measure the reflectance and the transmittance spectrum. The wavelength-tunable

light source for these applications is usually either a halogen lamp with a monochromator

or a semiconductor tunable laser. The halogen lamp is very close to a black body, therefore

the coherence length is very short (typically a few ym). The tunable laser generally has

longer coherency, but in order to achieve a considerable wavelength range of tunability, an

external cavity is usually used, which dramatically decrease the coherency. Therefore, the

thickness of Si substrate is generally larger than the coherence length of the light source, and

a modification to the TMM is required to deal with Si substrate based stack.

If the Si is highly absorbed in the interested wavelength range, the TMM model can still

be used with some considerations. The transmittance in such wavelength range is zero since

the thick Si substrate absorbs all the light, thus the Si can be used as the last layer in the

TMM calculation and the reflectance of the stack can be accurately calculated using the

TMM.

However, Si does not has an appreciable absorption in a wide range of 1.2-5 pm, thus the

non-coherency of the Si has to be considered for reflectance/transmittance studies of the Si

substrate based multi-layer stack. A lot of research in this work is investigated within this

wavelength range, i.e. the wavelengths near Ge direct band edge (1400-1700 nm), therefore

a modified TMM approach has been studied and is presented in this section.
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Figure B.2: Comparison of the transmittance calculations with coherent and non-coherent Si
substrate consideration and the experimental data for a Ge-on-insulator stack.

A comparison of the transmittance calculations with coherent and non-coherent Si sub-

strate consideration is shown in Fig. B.2. This is a Ge-on-insulator sample with Ge/SiO 2 /Si

(substrate)/SiO2 layer structure and the experimental transmittance is measured with a HP

(Agilent) 81640A semiconductor tunable laser and an optical power meter. We can see,

without the consideration of the non-coherency in Si substrate, the calculated transmittance

spectrum has many sharp peaks due to the dense interference in the thick Si substrate layer,

which is completely unobserved in the measured data confirming our above discussion on

coherency. On the other hand, by considering the non-coherency in Si substrate layer, the

calculated result matches the measured data very well, underlying the importance of this

modification to standard TMM model. The details of this approach are presented as follows.

We denote the kth layer is the thick layer with non-coherency property, thus from the

TMM discussion above, we know the relation between the 1st layer (incidence medium) and

the kth layer without considering any layers below the kth layer is

(0) 21 1
S = Mk - 1  TT M = Ta. (B.17)

0 (j)=k-1 () r (o)
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Here, the electric field of the incident light is assumed to be 1 since only the ratios (re-

flectance/transmittance) of the electric field are concerned. The superscript number in the

parenthesis denotes the number of propagation of the light in the kth layer along the same

(reflective or transmitted) direction. Similarly, we have

r() Ta21, and (B.18)
Ta22

t(0) Ta (B.19)
Ta22

Thus the light intensity in the kth layer right below the k - 1/k interface is

nl k

When light propagates to the interface k/k + 1 the intensity changes to

nk t (0) 2 e _7k 2

where, 'yk = (2rr/A)kktk cos( k). Thus the electric field at this point t(O)e - 7k is served as the

incident light for the stack below kth layer.

The relation between the kth layer and the mth layer (transmitted medium) is

(
)

b k+1 (t(0) ek t (0) e-Yk

=Mm Tj Mk k Tb(1) k (1) (B.20)
0 j=m-1 M rk k

and we have

1 )  Tb21 t0) e-k, and (B.21)
Tb22

t = ITb t(o)e-k = atto )  (B.22)
Tb22

where,

at= ITb e7k (B.23)
Tb22

The reflective light at k/k + 1 interface in the kth layer propagates to the k - 1/k interface
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and the electric field becomes to be

Tb21 t (0) e-2k (B.24)
Tb22

and served as the incident light to the layers above the kth layer. But this light does not

interfere with any previous light in the layers since it is no long coherent. Thus the transmitted

light to the 1st layer can be expressed by

T e-2k = Ta (1) . (B.25)

Thus we have

r() - 1 Tb21 t(0 )e-2k 0), and (B.26)
Ta22 Tb22 k

t(1)_ Ta12 Tb21 (0) -27k = t (0) (B.27)
Ta2 2 Tb22 k

where,

r 1 Tb21 e-2yk ,and (B.28)
Ta22 Tb22

S Ta12 Tb21 -2-1. (B.29)
Ta22 Tb22

Combining Eq. B.22, B.26, and B.27, we have the expression for any order the reflectance

and transmittance

r) = art-1) = ar3j- t) , and (B.30)

t (j ) = cto ) = atj-l1 t( ) .  (B.31)

The total reflected or transmitted electric field is not the summation of all these electric

fields at different orders since they are not coherent. But the reflected and transmitted light

intensity is the summation of all these intensities, thus we have

o2() oo a22 [ 12
S (0) 2 

r (j) 2  r(0) 2 2 0)2 2(j-1)_ Ta2T r Ta (B.32)

j=1 -=1 Ta 2 2 1 - - 32 Ta22
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and
T rm t(j) 12 nrm 2t(0)2 (-1) rm t (B.33)T Z= _,t t 2  _ 2
nr1 j= = 1 1 - 12 a22 (33)

where Eq. B.18 and B.19 are used in the above expression and nrm and nrl are the same as

in Eq. B.16.

B.3 Light Intensity Distribution and Absorption in Layers

The light intensity distribution and the light absorption in a layer are also important subjects

which are required to design some complex stack structure such as the dual resonance photonic

crystal stack in Chapter D. The calculation of these two quantities are discussed in the section.

When we finished transfer matrix calculation as described in the previous sections, we

obtain the reflected electric field of the first layer E'. Therefore, the electric field of any

specific layer k can calculated by

Ek 2 El
= Mk - 1  T M1 (B.34)

Ek Mj=k-1 Etl

where Mk are defined in Section B.1. And we denote the Ek = Ek and E'k = Ek for the

following discussion.

We let the z-axis perpendicular to the layers pointing from incidence medium to the

transmitted medium. For an arbitrary position z in the kth layer, the electric field can be

calculated by

Ek(z) = Ek exp( r nk(z - dk)) + E' exp(- 2 7 nk(z - dk)), (B.35)

where, dk is the z-axis coordinate of the kth interface, and z point satisfies dk < z < dk+l.

The power flux (Poynting vector) is used to described the light intensity since it is directly

related to the absorption process. The power flux at z is

S(z) = nrk|E(z) 2 cos k. (B.36)
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The absorption in a certain layer can be calculated using energy conservation: the ab-

sorbed energy is equal to the net energy flux (Poynting vector) into the layer. Thus the

absorption in the kth layer can be expressed by

Iabs = nrk(IEk 2 - IEk 
2 ) COS k - rk(I Ek exp( nktk ) - |E'exp(-- nktk )) cOS k

(B.37)

= (1 - exp(--aktk))nrkE k 12 COS k + (exp(aktk) - 1)nrkIE|2 COS Ok, (B.38)

where ak = nik is the absorption coefficient of the material of the kth layer.
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Appendix C

Absorption Coefficient Calculation

from Transmittance

In Chapter 6, the optical bleaching and the net gain observed from the epitaxial germanium

are represented by the reduction of optical absorption and negative absorption respectively,

which are calculated from the transmittance spectrum in the pump-probe measurement.

Therefore, to precisely determine the absorption spectrum from the transmittance spectrum

is important and the approach is discussed in this appendix.

The optical absorption of tensile-strained Ge is unknown, since the band structure is

modified by the tensile strain, but it is related to the absorption of intrinsic bulk Ge through

the Kramers-Kronig (K-K) relations. The absorption of bulk Ge is well documented thus

contributing to precise determination of absorption of strained Ge. In the following two

sections, the numerical K-K relation calculation and the determination of the absorption

from the transmittance are discussed respectively.

C.1 Numerical Calculation of Kramers-Kronig Relations

The Kramers-Kronig relations are not physical laws, but mathematical properties, connecting

the real and imaginary parts of any complex function which is analytic in the upper half plane.

By applying the properties to permittivity c = Cr + iei of a material, the relations can be
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rewritten as:

r - 1 = iP -(s:W -dw(.

ri= -P00- O -w

The refractive index n and absorption coefficient a of the material can be expressed by the

permittivity: : 2 EI+ERE
2 

(C.2)

The K-K relationship is applied for the whole frequency domain (-oo to 00) which makes

the direct calculation of the integral difficult, since, usually, only a portion of the permittivity

spectrum known for a given material. However, the w' - w term in the integrated function

imposes the function is only significant in a small range near w, therefore allowing us to

consider the integral in a finite region and calculated by the discrete Fourier transform (DFT)

method.

The approach described below follows the work in Ref. [135].

The Fourier transform of a given function x(t) is

X(w) = F(x(t)) = x(t)e-iwtdt, (C.3)

and the reverse transform is

x(t) = F-(X(w)) = - j X(w)ei" t .dw (C.4)
27 -oo

For numerical calculations, the discrete Fourier transform is used:

N-1

Xk = Xne-2ri k, (C.5)
n=O

and
N-1

Xn =N Xe 'J, (C.6)

k=O

where, n, k = 0,...,N - 1.
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To prepare of the DFT on K-K relations, we first let

E(t) - 6(t) = p(t) + q(t) = F- 1 (E(w) - 1),

where, p(t) and q(t) is the even and the odd contribution, respectively.

It is easy to prove

E(-W) = E*(w).

Therefor, p(t) and q(t) are real functions and it can be proved

p(t) = sgn(t)q(t) (C.9)

Since Er - 1 and Ei are band-limited, i.e. significantly nonzero only within the frequency

range [-wj, wi], they can be expressed by the Fourier series:

00

e(w) - 1 - re- 
2 Wl

n= -00

(C.10)

and rn will be determined by:

2wl a

1 f i1
2w -ws

2Wl o2w J
2w,1 -000

wi

2i7rz Wn-

((w) - 1)e 7 dw

dwe " j (p(t) + q(t))eiwtdt

dt(p(t) + q(t)) e n)dw

2xr
dt(p(t) + q(t))27r6(t - 2n)

W1

21
-rn)
Wi

(C.11)

(C.12)

(C.13)

(C.14)

(C.15)
2q

+ q( n))
Wi

7r 27
Pn = -p( n),

LWj LJ1

Ir 2r
n = -q( -n).

W1 W1

(C.16)

(C.17)
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From Eq. C.9, we have

Pn = sgn(k)qn (C.18)

Thus Eq. C.10 can be re-written as:

00
i 2rn 2Tn

E(w) - 1 = (pne-, + iqe- W ). (C.19)
-00

Therefore,
00 00

Er(0) - 1 = pne-2 W = 2 pncos(27r n) (C.20)
n=-o0 n=1

00 00

E =(w) E -iqne-2 = 2 pn sin(27r n) (C.21)
n=-oo n=1

Thus by knowing Pn or qn, we can calculate the permittivity. In practice, they are

calculated from the discrete, measured real part or imaginary part of the permittivity or the

complex refractive index. We can apply equation (C.20) and (C.21) for discrete Er or Ei data.

Let's say we measure N/2 (assuming N is an even number) evenly distributed data in the

frequency range [0, wi]. We can safely let

Er(O) = Ei(O) = 0 (C.22)

Thus we have the discrete Fourier series:

N/2

(k)- 1 = Wne (C.23)
n=-N/2

where wk = kw , k c [-N/2, +N/2). The Eq. C.23 can be re-written as

N/2 N-1 N/2-1 N-1

rk -l= P p-ne 2 iNk = P n-Ne-2 n -  + E Pne -2i = ne-2 N

n=-N/2 N/2 n=O n=O

(C.24)

Similarly,
N/2-1

(k) = -iqne , (C.25)

n=-N/2
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and
N/2-1 N-1

ik E - iqn-2 k= 1-iqn-2rie k (C.26)

n=-N/2 n=O

Using Eq. C.6, we obtain
N-1

Pn = rke n, (C.27)
k=O

and
N-1

- iq~ E ike n. (C.28)
k=0

The K-K relation is usually applied to the difference between the modified and the original

permittivity:
N-1

Apn  N A 27re 2r - 
N (C.29)

k=O

- iAqn = E =cLke 2 ( n  (C.30)
k=0

N-1

AErk = Pn N-2p i k (C.31)
n=O

N-1

Acik = ne-2 (C.32)
n=O

Using the above equations and Eq. C.2, we can obtain the relations between An and Aa.

Therefore, the change of n can be calculated from the change of a, and vice versa.

C.2 Absorption Calculation

The epitaxial Ge-on-Si samples discussed in Chapter 6 are double-layered structures. The

incident light passes the Ge film many times instead of one time due to the reflection from

the air/Ge, the Ge/Si, and the Si/air interfaces, which causes interference in the Ge thin film.

Therefore, the transmittance can not be calculated from the product of the transmittances of

the air/Ge, the Ge/Si, and the Si/air interfaces. A modified transfer matrix method (TMM)

with consideration of the non-coherency of the thick Si substrate layer, which is discussed in

Appendix B, is adopted in the transmittance calculation.
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The refractive index n(A) and the absorption coefficient a(A) of the tensile-strained n +

Ge films are related by the following equation system composed of two equations (We call

them TMM equation and K-K equation respectively in the following text):

Aindicent = TTMM(n, a)Atrans

n = fK-K( 0a)

where Aincident and Atrans are matrices containing the incident and the transmitted electric

field intensities, TTMM is the transfer matrix connection the incident and transmitted fields,

and fK-K is K-K relations connecting n and a.

Therefore, the two unknown variables n and a can be solved from the two equations.

Since the two equations are both non-linear equations, an iterative approach is used.

The iterative self-consistent solution of the absorption coefficients from the transmittance

data is achieved in the following way. We denote the absorption coefficient and refractive

index of bulk Ge at wavelength A as ao(A) and no(A), respectively. In the first iteration, we

substitute the refractive index of bulk Ge no(A) into the TMM equation as an initial trial

solution to solve al(A), then we use the newly derived first order a l(A) to calculate the first

order ni(A) using the K-K equation described in the previous section.

Since the refractive index is changed to ni(A) from no(A), the TMM equation is no longer

satisfied. Therefore, ni(A) is substituted back into the TMM equation to solve the second

order a2 (A), and the same step repeats to obtain higher orders of n and a. This process is

iterated back and forth until n(A) and a(A) satisfy both equations with appropriate precision.

The iteration process is illustrated in Fig. C.1. The transmittance calculated by the

TMM equation using initial ao(A) and no(A) of bulk Ge clearly deviate significantly from

the measured transmittance data, as shown in Fig. C.1 (c). As the iterative regression goes

on the calculated transmittance spectrum moves closer to the experimental transmittance

data, as indicated by the data at an intermediate step of the iterations in the figure. After

final convergence, the transmittance calculated from the final a(A) and n(A) matches the

experimentally measured transmittance data.

A C++ program with graphical user interface (GUI) is developed to numerically imple-
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Figure C.1: Initial (using the optical parameters of bulk Ge), intermediate, and final iterative
regression results for (a) absorption coefficienct, (b) refractive index, and (c) transmittance.
The final absorption coefficients and refractive index completely matches the experimental
transmittance data, and they also satisfy Kramers-Kronig relation.
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ment this iteration process, as shown in Fig. C.2.

Figure C.2: Screenshot of the C++ program used to solve the absorption from the measured
transmittance spectrum.
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Appendix D

Multi-Wavelength Enhancement in

Photonic Crystal Resonator

This appendix includes my work on some advanced resonator designs which can be used

in both light emission and photo sensing applications. The designs involve one-dimensional

(1-D) photonic crystal (PhC) made of multi-layer structures capable of multiply wavelength

resonance enhancement capability. The concept of the multiply resonance is first explained

both qualitatively and quantitatively based on simulations. To verify the concept, an amor-

phous silicon based, dual-wavelength (630 nm and 730 nm) resonance enhanced photocon-

ductor has been fabricated. Design, fabrication, and characterization of this photoconductor

are discussed.

D.1 Multi-Resonance Photonic Crystal Cavity Design

The motivation of this multiply resonance enhancement design stems from the needs for

simultaneous detection of multiply wavelengths in the same device. A lot of applications

fit this category such as multi-chemical detection, temperature determination, multi-spectral

imaging, spectroscopy, and so on.

Fig. D.1 shows some examples of these applications that multiply resonance design can

be applied to. Different chemicals have different characteristic light emission wavelengths

under excitation, as shown in Fig. D.1(a), thus a device resonantly sensing light at multiply
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(b) Cc)

Figure D.1: Illustrations of the possible applications of multiply resonance design in (a)
chemical sensing, (b) imaging, and (c) temperature determination.

wavelengths can be used to identify a certain type of chemical. Imaging applications need

photodetection at three primary colors: red, green, and blue (RGB), as shown in Fig. D.l(b).

The determination of the temperature of a hot object also requires detection at several

different wavelengths so as to calculate temperature using the black body emission model, as

shown in Fig. D.l(c).

Traditionally, multispectral detection capability has been achieved by several methods,

including spatial registration, i.e. color filter array [1. ; , 1I7], temporal registration (mechan-

ical filter wheel) [138], tandem structure [139], and quantum well photodetectors [140, 141].

The first two methods complicate the pixel design and raise the issue of system reliability.

In a tandem detector, the top detector serves as a passband filter for the bottom detector.

The problem associated with this design is that only certain spectral bands are accessible due

to limited material choices. Despite their high leakage current, quantum well detectors are

capable of multispectral detection by varying applied bias. However, the time multiplexing

involved prohibits simultaneous detection of different wavelength within a single pixel [142].

The multi-resonance design discussed in this chapter does not have these drawbacks and is a
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promising alternative in these applications.

Besides, the same concept of the resonator design discussed here can be readily applied

to light emission applications such as a multi-wavelength laser cavity design.

There are a couple of approaches to achieve multiply resonance using 1-D photonic crystal

design. We discuss two approaches here: using different resonance orders of one resonator

and using multiply strong coupled resonators. Although the simulation is performed for two

resonance wavelengths, the same concept can be used for more wavelengths.

The resonator discussed in the following section is designed at visible wavelength range

in order to compare the results from the amorphous silicon based photoconductor discussed

in the next section. However, the design is not constrained to specific wavelength, so it can

also be useful in infrared applications.

D.1.1 Multi-Resonance using Different Resonance Orders

The simplest, most commonly used 1-D photonic crystal is a thin film stack composed of

two alternating materials. Both materials are dielectrics and transparent in the working

wavelength range. The thicknesses of the two materials are designed to be a quarter of the

resonance wavelength in the material, i.e. vacuum wavelength A0 divided by the refractive

index of the material.

S Si-rich SJN
SiO 2

Si substrate

Figure D.2: A simple 1-D photonic crystal, or dielectric Bragg reflector (DBR) design with

Si-rich Si nitride (SRN) and SiO2.
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Fig. D.2 shows an example of such stack composed of alternating Si-rich Si nitride (SRN)

and SiO2 layers. When the incident light is illuminated from the top of the stack, the

reflected light intensity can be calculated using a transfer matrix method (TMM) explained

in Appendix B.

2nd order PhC 1st order PhC
band gap band gap

H Lt

0.8

3 06

S04

02

0
200 300 400 500 600 700 800 900

Wavelength (nm)

Figure D.3: Calculated reflectance spectrum of the SRN/Si0 2 DBR.

The calculated reflectance spectrum is shown in Fig. D.3. We can see that there is a

broad wavelength range of high reflectivity (close to 100%) centered at A0 . This wavelength

range is called photonic bandgap of 1-D photonic crystal in analogy to electronic band gap

in semiconductor crystals. Photonic bandgap is a result of the interference of light in DBR

layers. Since such film stack serves as a high reflectivity mirror within the photonic bandgap,

it is also called a dielectric Bragg reflector (DBR).

In Fig. D.3, we can see another narrower photonic bandgap at a shorter wavelength which

is one third of A0 , because the phase interference condition is the same at this wavelength

compared to A0 . This photonic bandgap is called the second order photonic band gap while

the one centered at A0 is then called first order photonic bandgap for distinction. Theoreti-

cally, there are infinite number of photonic bandgaps with center wavelength satisfying

1 1 1-Ao (_ + 1)A1  -- ( + n)An. (D.1)
2 2 2

In practice, only a couple of low orders can be observed because the wavelength for high
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orders is so short that the materials become no longer transparent.

SSi-rich S$.
d SiO

defect layer

Si substrate

Figure D.4: A l-D photonic crystal composed of Si-rich Si nitride (SRN) and SiO 2 mirror
layers and a SiO2 defect layer.

What makes I-D photonic crystal more interesting is the introduction a so-called defect

layer which has a different thickness. Fig. D.4 shows such a structure modified from the

previous DBR structure by increasing the thickness of one SiO2 layer by twice. The rest of

the layers are called mirror layers sometimes to distinguish themselves from the defect layer.

2nd order resonance
223 nm

1-
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200
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Figure D.5: Calculated reflectance
defect layer.

spectrum of the SRN/Si0 2 photonic crystal with one SiO2

The reflectance spectrum for this photonic crystal is calculated again and shown in Fig.
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D.5. Unlike the spectrum without the defect layer, a sharp low reflectivity resonance peak

exists at the center of each photonic bandgap as a result of the interference condition change

in the defect layer. The first order resonance wavelength is equal to A , the second order

resonance wavelength is one third of A , and so on.

CD 120
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• 40

0 200 400 600 800 1000 1200 1400 1600 1800 2000
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0 200 4 00 60 800 1000 1200 140 16m 1800 20
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Figure D.6: Calculated light
one SiO 2 defect layer.

intensity distribution in the SRN/SiO2 photonic crystal with

The light intensity distribution at the resonance wavelength is calculated for this photonic

crystal following the approach in Appendix B. From the distribution, we can see a strong

enhancement of light in the defect layer, e.g. over 100 times for the 1st order resonance in

this case. Therefore, this defect layer is usually replaced by an photo sensitive material which

absorbs the light at this wavelength and generates photocarriers. A photoconductor using

this approach is much more sensitive than using the same material and thickness without

DBR.

The difference in light intensity distribution between the first order and the second order

resonance is the number of the wavelength period in the defect layer. The first order resonance

only has one peak while the second order resonance has three, which is schematically drawn

in Fig. D.7 again. Therefore, we can insert two thin active layers into the positions shown
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Active Layer 1 Active Layer 2

Defect Layer

Figure D.7: Schematic light intensity distribution of the first and second order resonance in
the SiO 2 defect layer.

in the figure to detect two resonance wavelengths, i.e. active layer 1 absorbs A1 = Ao/3 and

active layer 2 absorbs A0 .

In spectroscopy applications, the wavelength composition of the incident light is unknown.

The spectral analysis requires the minimization of the cross-talk between the sensing at A0o

and A1. One solution is to choose the material in active layer 2 with little absorption at A0

since both resonance has a maximum at the position of active layer 2. Another way is to use

algorithm to differentiate the absorption at two wavelengths after carefully calibrating the

absorption at two wavelengths for each layer.

D.1.2 Multi-Resonance using Strong Coupled Resonators

In the previous section, an dual-wavelength resonance photonic crystal using different reso-

nance orders is presented. There are two issues in this design: the large cross-talk between the

two resonance mode and the large separation of the two resonance wavelengths (Ao and Ao/3).

We show another design in this section with less cross-talk and closer resonance wavelengths.

Fig. D.8 shows a photonic crystal design with two defect layers instead of one. The two

SiO 2 defect layers are separated by a normal quarter-wavelength SRN mirror layer. These

two defect layers are strongly coupled in an analogy to two closely placed quantum wells as

shown schematically in Fig. D.9.
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Si-rich N
mm SiO,

two defect layers
Si substrate

Figure D.8: A 1-D photonic crystal composed of Si-rich Si nitride (SRN) and SiO2 mirror
layers and two SiO2 defect layers.

Figure D.9: Schematic quantum well analogy for a photonic crystal with two defect layers.

In analogy to quantum well, the resonance wavelength (or photon energy) is like the

electron energy level allowed in the quantum well *. When the two identical quantum wells

are separated far away from each other, the energy levels of both quantum well are equal

as shown in the above part of the figure. When the two quantum wells are located closed

enough, i.e. strongly coupled, the electronic wave function is affected by both quantum

well potentials and the one energy level becomes two separated ones, one of which is higher

than the original energy and the other is lower. The two electrons in the two quantum well

system occupy these two separated states respectively, also a reflection of the Pauli exclusion

principle that no two identical fermions may occupy the same quantum state simultaneously.

These two quantum states (energy levels) are called bonding state (energy) and anti-bonding

*First order resonance can be thought as fundamental energy level and higher orders resonances are higher
energy levels. Only first order resonance of the photonic crystal is considered in this section.
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state (energy) respectively.
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Figure D.10: The calculated reflectance spectrum of the SRN/SiO 2 photonic crystal with two

SiO 2 defect layers.

Similarly, in the strongly coupled two defect layers of the photonic crystal, one resonance

wavelength becomes two wavelengths, one of which is longer than A0 while the other is shorter.

However, the position of the active layers can not be chosen as the defect layers (or

within the defect layers), because both resonance wavelengths have maxima in the defect

layers, which can be seen from the calculated light intensity distribution at two resonance

wavelengths (748 nm and 635 nm ) in Fig. D.11. Instead, we should replace the layers

adjacent to the two defect layers with active materials. In Fig. D.11, we can see that

Layer 1, left to the first defect layer from the left, has an intensity maximum at 748 nm but

minimum at 635 nm, on the other hand, Layer 2 sandwiched by the two defect layers has an

intensity maximum at 635 nm but minimum at 748 nm. Therefore, by replacing these two

layers with active materials, we can enable enhanced absorption at two wavelengths in two

different layers with little cross-talk .

It is to be noticed that the quarter-wavelength mirror layers and half-wavelength defect

layers are not the optimal design of this strong coupled photonic crystal. In order to minimize

the cross-talk, we have adjusted the layer thicknesses in the design discussed in the next
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Figure D.11: The calculated light intensity distribution in the SRN/SiO2 photonic crystal
with two SiO 2 defect layers at two resonance wavelengths (a) 748 nm and (b) 635 nm.

section.

D.2 Amorphous-Si Photonic Crystal Photoconductor

Based on the bonding/anti-bonding dual resonance photonic crystal design, an photoconduc-

tor has been designed by using amorphous Si layers as active materials. The photoconductor

has been fabricated, and it is capable of dual wavelength enhanced detection at 630 nm and

730 nm.

As we mention earlier, multispectral detection capability has been achieved by several
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methods, including spatial registration, i.e. color filter array [13i, 137], temporal registration

(mechanical filter wheel) [138], tandem structure [1 39], and quantum well photodetectors

[110, 141]. In addition to all the drawbacks for these designs mentioned in the previous

section, all the aforementioned methods necessitate the engineering of lattice-matched single-

crystalline materials in order to reduce dark current, which requires high-cost and complicated

material growth facilities such as Molecular Beam Epitaxy (MBE) or Metal-Organic Chemical

Vapor Deposition (MOCVD). Therefore the use of amorphous Si in this photoconductor

design dramatically reduces the cost for frication as well.

Si-rich 5iN
SiO2

- a-Si
"a-Si layer 1

h-Si layer 2

Si substrate

Figure D.12: Schematic of amorphous Si based 1-D photonic crystal photoconductor with

dual-wavelength detection with resonant cavity enhancement (RCE).

Fig. D.12 shows the photonic crystal design of the amorphous Si based photoconductor,

which is very similar to the design in Fig. D.8 except for the replacement of amorphous Si

layers. Three amorphous Si layers are used, while only two of them, denoted as a-Si layer

1 and a-Si layer 2, are electrically contacted for detecting photocurrent at two resonance

wavelengths respectively.

The refractive indices for SiO 2 and Si rich Si nitride (SRN) used in the simulation are

1.45 and 2.26, which are nearly constant in the interested wavelength range. SRN instead

of stoichiometric Si 3 N4 is used in the stack design in order to maximize the stack refractive

index contrast and thus large photonic bandgap is obtained. The use of amorphous Si reduces

fabrication cost and simplifies device processing by eliminating the complicated single crystal

growth process. Meanwhile, amorphous Si exhibits higher absorption compared to their

crystalline counterpart in the wavelength range we investigated.
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Figure D.13: Fabrication flow of the amorphous Si based 1-D photonic crystal photoconductor
and the top view microscopic image of a fabricated device.

The photonic crystal photoconductor pixels were fabricated through the procedure in

Fig. D.13. The whole photonic crystal stack was deposited on a 6" Si (100) substrate using

Applied Materials Centura 5200 Plasma Enhanced Chemical Vapor Deposition (PECVD)

with the deposition temperature of 400 OC for SiO 2 and Si-rich Si nitride and 350 oC for

amorphous Si.

Then the stack is patterned using an Electronic Visions EV620 mask aligner lithography

system with a contact mask and 10 mW/cm 2s high-pressure mercury lamp exposure (all

lithography processes in some following steps were deployed with the same system and pa-

rameters). The whole area except for the device region was etched using an Applied Materials

AME 5000 reactive-ion etching (RIE) system with Halocarbon 14 (CF 4 ) plasma to expose the

mirror layer right above the amorphous Si layer 1. Another patterning and plasma etching

was performed to expose the mirror layer right above the amorphous Si layer 2 in part of the

area as shown in the Step (3) in Fig. D.13. Then the etched area was patterned again for

the contact regions and a buffer oxide etching (BOE) was used, for high etching selectivity
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between SiO2 and Si, to etch the mirror layer in the contact regions (Step (4)).

Finally, Al(0.2%Si) pads were sputtered on the surface followed by a patterning and an

etching using Lam Rainbow 9600 Metal Etch System to form ohmic contacts through SiO2

windows. The top view microscopic image of a fabricated device is shown in the figure. We

can see the two pairs of contact pads are connected to amorphous Si layer 1 and 2 respectively

to form two independent photocurrent measurement circuits.

metal

Si substrate

(a) (b)

Figure D.14: (a) Design schematic of the dual-wavelength amorphous Si photonic crystal
photoconductor. (b) the top view microscopic image of a fabricated photoconductor pixel.
(c) High resolution cross-section TEM image of a photonic crystal pixel showing the excellent
thickness uniformity and smooth interfaces of the photonic crystal stack. [1.7]

The entire fabrication process is compatible with standard Si complimentary metal ox-

ide semiconductor (Si-CMOS) technology, which projects significant cost reduction for mass
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production. In order to verify the quality of the stack layers, a high resolution cross-section

Transmission Electron Microscope (TEM) image of pre-processed structure was taken and is

shown in Fig. D.14 (c), in which bottom SiO 2 /SRN mirror stack layers as well as three thin

amorphous Si layers with uniform thicknesses and smooth interfaces can be seen clearly.

Based on the concept of the dual-resonance due to two strongly coupled defect layers, we

optimized the stack design so as to maximize the detectivity (D*) of the photoconductor as

well as to minimize the cross-talk of the absorption between the two resonance wavelengths

in the two amorphous Si layers.

632 nm

O3 0.70.8 babsorbed by

0.6 a-Si layer 1

0 6 - design simulation S ayer 1

Sexperimental data 728 nm
0-5

0 620 640 660 680 700 720 740 760 780 800
Wavelength (nm)

Figure D.15: Experimental data and transfer matrix simulation result of the reflectance of
the photonic crystal stack, showing two resonant peaks at 632 nm and 728 nm, which are
selectively absorbed by the amorphous Si layer 1 and 2, respectively. [ 7]

The two resonance wavelengths of the optimized design were 632 nm and 728 nm respec-

tively which can be seen from the two resonant peaks in the reflectance spectrum in Fig.

D.15. The experimental reflectance spectrum of the photonic crystal stack measured using a

Cary 5E UV-Vis-NIR dual-beam spectrophotometer shows a very good match to the simu-

lation result, which verifies the model and implies the excellent thickness and the refractive

index control during the film deposition process. The quality factors of the two peaks shown

in this dual-resonance spectrum is relatively less than that in the spectrum of the dielectrics-
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only stack shown in Fig. D.10, because the introduction of the amorphous Si layers changes

the refractive index periodicity of the original photonic crystal and the absorption of the

amorphous Si affects the light interference.

The fabricated device was electrically characterized using a HP 4145A semiconductor pa-

rameter analyzer. A fixed voltage (10 V) was applied to the photoconductor and the output

current was monitored. A halogen lamp coupled with a Jobin Yvon (Division D Instruments

SA) grating monochromator controlled by Optical Science Prop-11 wavelength scanner was

used as the light source. Selective multispectral response was observed at resonance wave-

length where only one photoconductive layer exhibited photocurrent. Detectivities were

calculated using equation

D*= (D.2)
NEP '

where, A is the photoconductor pixel area, B is the signal bandwidth, NEP is noise equivalent

power. Both shot noise and Johnson noise are considered to calculate the NEP, while the

Johnson noise is relatively less due to the high resistance (> 1010 Q) of the thin amorphous

Si layers.

As can be seen in Fig. D. 16, the detectivities as high as 2.6 x 1010 cm.Hz 1/2W- 1 at 632 nm

and 2.0 x 1010 cm-Hz 1/ 2 W - 1 at 728 nm are obtained for the amorphous Si layer 2 and layer 1,

respectively. The measured resonance absorption peaks are significantly broadened due to two

major effects. The various incidence angles of non-collimated light through optical lens shift

resonant peaks so as to increase the absorption peak bandwidth. The other effect is the fairly

broad bandwidth of the incident light when we tuned the grating monochromator slit wider

to enhance incident optical flux. Given the amorphous nature of the photoconductor and the

unoptimized electrode pad spacing, these detectivity figures compare favorably to state-of-

the-art commercial photodiodes made of single-crystalline Si, which feature a detectivity of

, 1011 cm.Hzl/2W-1.

In conclusion, we demonstrate an amorphous Si based photoconductive pixel that utilizes

photonic crystal structure for dual-wavelength resonance enhancement. Wavelength-selective

absorption based on mode discrimination from the strongly coupled two defect layers is

achieved, and excellent agreement on reflectance spectrum between theory and experiment
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Figure D.16: Detectivity spectra at 1OV of the first two amorphous Si photoconductive layers
showing wavelength selectivity. Detectivities are calculated from data measured using a
tungsten halogen lamp monochromator. The various incidence angles of non-collimated light
through optical lens corresponding to various resonant peaks and the fairly broad bandwidth
of the monochromator light and account for the measured absorption peak broadening. [ 17]

is presented. The detector shows detectivities as high as 2.6 x 1010 cm-Hzl/ 2W- 1 at 632 nm

and 2.0 x 1010 cm.Hzl/2W- 1 at 728 nm, corresponding to two resonant modes in the photonic

crystal structure.
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