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ABSTRACT 

Over the extremely broad electromagnetic spectrum, the near-infrared region (0.7-

3µm) is of great interests to physicists, chemists and biologists. Coherent photo-detection 

in the near-infrared as well as visible and other wavelength regions is extremely useful in 

identifying coherent light sources from the noisy background. It has great potential to be 

applied to single-molecule detection by surface-enhanced coherent anti-Stokes Raman 

scattering. Other applications include chemical gas detection, remote sensing and 

environmental monitoring, semiconductor processing control and others.  

Indium gallium arsenide (InGaAs) based optoelectronic devices have been 

extensively investigated in the wavelength range extending from 800nm for gallium-rich 

material to 3µm for indium-rich material. A range of InGaAs alloys with bandgap 

energies in the near infrared wavelength range are investigated by solid-source molecular 

beam epitaxy (SSMBE). They include strain-free standard In0.532Ga0.468As and 

In0.532Ga0.468AsNxSby lattice-matched to InP substrates, highly strained pseudomorphic 

InxGa1-xAs/InyGa1-yAs quantum structures on InP substrates and relaxed metamorphic 

thick Inx>0.8Ga1-xAs device layers with cyclic arsenic-assisted in-situ annealed step-

graded InAlAs buffer layers on GaAs and InP substrates. An InP/InAlAs/InGaAs 

heterojunction bipolar phototransistor (HPT) is designed, simulated and fabricated. The 

electrical and optical properties, such as responsivity and spectral response, of the HPT 

are characterized. 

A compact standing-wave Fourier-transform interferometer system capable of 

coherent detection in the near-infrared region is demonstrated. A new technique of 

identifying coherent light sources using harmonic Fourier spectra analysis is developed. 

The system only includes a PZT-controlled gold-coated scan mirror and a partial-

transparent (3.8% single-path loss) InP/InAlAs/InGaAs HPT. The close-loop scan range 

of PZT-controlled mirror is 32µm. With such mirror scan length, at the harmonic 5th 

order spectrum components, the resolution of the demonstrated interferometer is 37.5cm-1 

with the free spectral range ~340nm and central spectral position at 1500nm. The system 

resolution could reach 1cm-1 with improved system design and elements selection. 
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CHAPTER 1 BACKGROUND 

1.1 Infrared and IR systems  

Over the extremely broad electromagnetic spectrum, the infrared (IR) region lies 

between visible light and microwave. The IR region is of great interest for applications in 

optical communication, remote sensing, chemical gas detection, solar cell technology, 

environmental monitoring and biological areas such as medicine and clinical analysis [1]. 

Infrared means “below red”, where infra comes from Latin meaning “below” and red 

being the visible light with the longest wavelength. IR covers a wide wavelength range 

from 700nm to 1mm and is divided into sub-regions: near infrared (NIR, IR-A) 0.7-

1.4µm, short wavelength infrared (IR-B) 1.4-3µm, mid-wavelength infrared (IR-C) 3-

8µm, long-wavelength infrared (8-15µm) and far infrared 15-1000µm. Different terms 

are used to refer to each of the IR regions based on various applications. For example, in 

the telecommunication field the interesting IR region is further divided into individual 

bands, which correspond to specific combinations of different light sources, detectors and 

fiber optical materials: 

• O    - band  1260–1360 nm  

• E    -  band  1360–1460 nm  

• S    -  band  1460–1530 nm  

• C    - band  1530–1565 nm  

• L    - band  1565–1625 nm  

• U    - band  1625–1675 nm 

The NIR region from 700nm to 2.5µm covers most of the NIR IR-A and SWIR 

IR-B regions and is very important for optical non-destructive evaluation and inspection 

[2]. Compared to visible light and X-ray analysis, IR techniques have advantages because 

of the relative transparency of tissues and cells under IR illumination. Optical techniques, 

such as coherent anti-Stokes Raman spectroscopy (CARS) have demonstrated sensitivity 

at the single-molecule level with surface-enhanced techniques and non-invasive 

characterization capability [3, 4]. 
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1.1.1 IR Detectors 

A general IR system includes IR light sources (S), detectors (D), and often a 

component for transforming the light from multiple light sources or dispensing the light 

to multiple detectors (T). The light sources and detectors are essential for extending the 

wavelength of interesting applications in specific IR regions. Of all the possible materials 

with IR region emission and absorption, semiconductor materials have been widely 

investigated due to the fact that semiconductors are both very efficient sources and 

detectors and able to cover a wide range of wavelengths from the ultra-violet to the 

infrared. There are two groups of IR detectors, energy detectors and photon detectors (as 

shown in Table 1-1) [5]. Energy detectors respond to the temperature change under IR 

illumination due to a change in the property of the materials. They are normally low-cost 

and useful for single detector applications, such as fire detection and automatic light 

switch systems. Photon detectors link the signal to the free electric carrier generation 

through the interaction of incident photons and bound electrons. In the detector’s history, 

PbS was the first to be successfully demonstrated with IR sensitivity out to 3µm in 

1940’s. Later, silicon became the dominant material in the semiconductor industry mostly 

because its stable natural oxide is a nearly perfect insulator and enables complex 

processing. Silicon detectors have also been widely used in the visible and NIR region 

below 1.1µm. It was well known that detectors with very high performance can be 

fabricated from Si, Ge, GaAs, InSb, InGaAs and HgCdTe (also known as MCT for 

mercury cadmium telluride) [6].  

Inherent bandgap engineering techniques in compound semiconductor device 

technology make semiconductor IR detectors superior for many applications. For 

example, InxGa1-xAs detectors can cover a wide range from 700nm to 3µm by changing 

the composition from gallium-rich (x<0.5) to indium-rich (x>0.5). In addition to the 

composition control of semiconductor materials, quantum structures, like quantum well 

(QWIP) [7] and quantum dot (QDIP) [8] systems enable changes in the effective bandgap 

of the active materials and have been utilized in modern IR sources and detector systems. 

The detector performance is often the most critical factor of any IR SDT system. 

The interesting parameters of an IR detector include [9]: spectral response to define the 
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wavelength range of interest, detectivity to define the detector signal-to-noise ratio, 

responsivity to define the detector electrical signal output, response speed and frequency 

response to determine the system frequency, dark resistance to determine the dark current 

without any illumination, linearity to determine the range of irradiation over which the 

signal is linear to irradiance, effective optical area, field of view, package and so on. It is 

clear that sophisticated device structure design is as important as, if not more than, 

improving the material quality of active absorption regions. 

Table 1-1: IR detector type and material systems [5]. 

Photon 

Detectors 

 Energy 

Detectors 

 

Intrinsic, PV - MCT Bolometers - Vanadium Oxide (V2O5) 

 - Si, Ge  - Poly-SiGe 

 - InGaAs  - Poly-Si 

 - InSb, InAsSb  - Amorph Si 

Intrinsic, PC - MCT Thermopiles - Bi/Sb 

 - PbS, PbSe Pyroelectric - Lithium Tantalite (LiTa) 

Extrinsic - SiX  - Lead Zirconium Titanite 

(PbZT) 

Photo-emissive - PtSi Ferro-electric - Barium Strontium 

Titanite (BST) 

QWIP - GaAs/AlGaAs Micro 

cantilever 

- Bimetals 

P-I-N (three regions corresponding to p-type doped, intrinsic and n-type doped) 

photodiodes, MSM (metal-semiconductor-metal) detectors and bipolar phototransistors 

are three examples of the wide-range of detector families featuring easy fabrication 

processes and high performance for particular applications. Different from the linear 

responsivity of PIN and MSM detectors, phototransistors are known to be nonlinear 

devices with their electrical output signal not linearly proportional to the incident 

irradiance except over a limited “small signal” operating range. Recent developments in 
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micromachining technology make it possible to integrate IR light sources and detectors 

into a miniaturized sensing system-on-chip. InGaAs, compared to other semiconductors, 

is the most promising candidate for such purposes because of the mature InP technology 

developed for optical communications [10]. 

1.1.2 Coherence and coherent detection  

NIR coherent photon detection is the main application of this dissertation. In 

chemistry and biology sensing and analysis, it is essential to distinguish coherent light 

waves with multiple wavelengths from a very noisy background [1]. For example, CARS 

is a very special coherent detection technique which has drawn a lot of attention recently, 

especially for the analysis of non-treated (non-tagged or non-stained) specimens [3]. 

“Coherence is the property wherein corresponding points on the wave-front are in phase” 

(D. J. Horowitz, Electronics Engineers handbook). The coherent feature of waves 

corresponds to the capability of forming immovable interference patterns. There are two 

kinds of coherence in nature, temporal coherence and spatial coherence. Spatial 

coherence is the coherent nature of light as a function of different positions at the same 

wave-front of point light sources (for example, stars) and has been developed into 

coherent imaging techniques in astronomy [11]. Temporal coherence is related to 

frequency and phase of the wave-front. The coherence of a light source is directly related 

to the linewidth of the emission and the coherence length, l, can be estimated from Eq. 

(1-1) [1], 

λ
λ
∆

=
2

l                            (1-1) 

For example, light emitted from a laser diode (highly-monochromatic with fixed 

phase difference among all the waves) is highly coherent and the coherent length can be 

larger than 1cm, while light emitted from a LED (light-emitting diode, not-highly 

monochromatic and random phase difference) has low-coherence and the coherent length 

on the order of a few µm (as shown in Fig. 1-1). Also shown in Fig. 1-1 is non-coherent 

white light from a lamp with multiple frequencies and random phase changes. For a 
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normal laser light source used in CARS microscopy, at a wavelength of 830nm and 

linewidth around 2GHz, the coherence length will be, 

mcl 15.0/
2

=∆=∆= νλ
λ  

 Coherent light sources are also very useful in the holography, which was first 

demonstrated with a coherent spectral line from a mercury-vapor lamp before the laser 

was even invented. Another example of coherent light sources is the Raman lines in 

CARS microscopy. 

 

Figure 1-1: Light waves from different light sources: (a) a laser (coherent light 
source); (b) a LED; (c) a white light lamp [1]. 

1.1.3 Spectrometer  

A general spectrometer in a SDT system is capable of identifying different 

spectrum components of the incident light with a specific combination of D (detectors) 

and T (transform components) [1]. A spectrum typically corresponds to the intensity 

pattern for specific individual frequency components. Important characteristics of the 

spectrometer include resolution, throughput and multiplexing [12].  

The resolution of the spectrometer is the capability of the SDT system for 

identifying the frequency difference of two light waves: λ∆ , the wavelength 

difference, λ
λ
π
∆=∆ 2

2k , the wave-number difference (
λ
π2

=k ), or 
λ
λ
∆

=ℜ  (all of these 

a 

b 

c 
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definitions will be used on particular conditions). The system’s power of collecting 

photons is defined as “throughput”. It is highly dependent on the design of the system 

structure, and is related to the area and solid angle of the entrance aperture. The 

multiplexing factor of the spectrometer describes the capability of detecting multiple 

wavelength components simultaneously. Multiplexing spectrometers are also called 

“transform” spectrometers, employing transform mechanisms to identify simultaneously 

detected multiple wavelength components. Non-multiplex spectrometers incorporate a 

monochromator (a grating or a prism) which only sends a single position-dependent 

frequency light beam to the detector and the spectrum is generated by scanning the 

monochromator at a given rate. A Michelson spectrometer (shown in Fig. 1-2) is the most 

popular type of multiplex spectrometer. It is capable of high resolution spectral analysis 

with very broad frequency coverage. Light beams pass through the 50/50 beam splitter 

and are reflected by the fixed mirror and the movable mirror, respectively. An 

interference pattern forms at the detector where the two beams interfere with varying 

phase versus the position of the scanning movable mirror. This pattern is called an 

“interferogram” and normally has a burst feature (a very large magnitude) at the position 

where the beams reflected by the two mirrors experience equal distances from the 

incident surface of the beam-splitter to the detector plane. Fourier transforms can be used 

to analyze such interferograms. 

 

Figure 1-2: Michelson spectrometer [1]. 

Obviously a Michelson spectrometer is capable of spectrum analysis for both 

coherent and non-coherent light sources (white light interferometry is one example). The 

advantages of Michelson interferometry are as follows [12]. The multiplex (Fellgett) 
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advantage comes from the fact that the incident light with all frequencies reaches the 

detector simultaneously, increasing the measurement speed M times, and the signal-to-

noise ratio is M  times better than a monochromator, where M is the total number of 

resolution elements in the spectrum. The optical throughput (Jacquinot) advantage is 

related to the solid angle and the effective area of the light beams, which are greater for a 

Michelson spectrometer than those of a monochromator. Fourier transform infrared 

(FTIR) spectrometers can cover a wide range of infrared wavelength and have been 

commercially available since 1960’s. 

 

Figure 1-3: Standing-wave Fourier-transform interferometer (folded Michelson 
spectrometer) 

As mentioned previously, low-resolution coherent detection is of great interest for 

most field applications. The folded Michelson spectrometer (shown in Fig. 1-3) 

eliminates the 50/50 beam splitter and combines the two mirrors (fixed and movable) into 

one scanning mirror [13]. The number of functional optical components is reduced from 

four to two, the scanning mirror and a partially transparent detector. The incident light 

beams pass through the detector with negligible absorption and are reflected by the 

highly reflective and conductive mirror. For coherent light sources, a standing wave light 

field can be formed by the forward and backward light beams. By scanning the mirror 

(effectively moving the detector in the immovable standing-wave light field), the 

interference pattern of the coherent light beam and a delayed version of itself is sampled 

by the detector using a square window in the spatial domain. Generally the resolution of 

the spectrometer only depends on the free travel length of the reflective mirror (the width 
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of the sampling window). In chapter 4, a new spectrum analysis technique will be 

investigated and higher resolution can be achieved for a fixed mirror travel length. 

Compared to a normal FTIR spectrometer, the key point of the standing-wave 

FTIR (SWFTIR) interferometer is the partially transparent photo-detector, which should 

introduce negligible absorption loss of the incident light beams, but at the same time, 

provide a large enough electrical output signal for Fourier transform and spectrum 

analysis. There have been a lot of efforts making miniaturized spectrometer systems 

using surface and bulk micro-machining techniques [14-16]. Miniaturized SWFTIRs 

have been demonstrated with silicon-based micro-electric-mechanical system (MEMS) 

electrostatic mirrors and thin film photodiode detectors [17-19]. On the other hand, the 

system structure of SWFTIRs make them suitable for array applications in the field of 

hyperspectral sensing and imaging (shown in Fig. 1-4). 

 

Figure 1-4: Spectrometer arrays with standing-wave transform interferometer 
structure for hyper-spectral sensing and imaging applications. 

1.2 Semiconductor and Molecular Beam Epitaxy 

Since high performance light sources and detectors are essential for a reliable IR 

SDT system, semiconductor materials with good qualities are highly desirable for device 
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fabrication. Molecular Beam Epitaxy (MBE) has been extensively investigated in the past 

three decades since A. Y. Cho at Bell labs in 1968 first demonstrated the capability of 

using molecular beams (modern solid-source MBE mostly uses atomic beams instead) to 

grow semiconductor materials with high crystal quality. The term of MBE was named 

two years later by Cho [20]. Although at that time the material quality grown by MBE 

was inferior to that grown by liquid phase epitaxy, MBE was believed to be one of the 

most promising methods to realize atomic layer control of single crystal semiconductor 

material growth. Another growth technology developed almost in the same era was Metal 

Organic Chemical Vapor Deposition (MOCVD) and later generally named as Metal-

Organic Vapor Phase epitaxy (MOVPE). MOVPE has been widely utilized in the 

semiconductor industry mostly due to its better capability for multi-wafer growth and 

batch production. Recently, commercial MBE systems have demonstrated similar 

capabilities for multi-wafer growth in a production line [21]. Compared with MOVPE, 

MBE is more appropriate for research and development purposes because the growth 

parameters (chamber pressure, beam fluxes, temperature) are relatively independent 

instead of highly correlated with each other in MOVPE, so the optimization of growth 

can be more easily done. Readers interested in more details about the history and 

development of MBE technology should refer to the review articles in references [22-24]. 

Benefiting from four important technology improvements in a relatively short 

period, MBE became an effective high-quality material growth technique and resulted in 

tremendous successful developments of various electrical and optical devices. First, high-

vacuum technology developed very rapidly and the background base pressure can reach 

the level of 10-10Torr (~10-8Pa) after several stage pumping and baking. Also key to 

achieving high-vacuum was the system design to provide an isolated growth chamber 

which is isolated from the sample loading chamber and transfer-tube to minimize the 

impurity levels carried with the substrates, holders, etc., during introduction into the 

MBE growth chamber. The second milestone was the development of high-temperature 

MBE system components. The next important improvement was low-defect epi-ready 

substrates, sample preparation methods and optimization of growth conditions. The last 

improvement was the development of high-purity source materials, substrates and 

Pyrolytic Boron Nitride (PBN) crucibles that eliminated the introduction of undesired 
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impurities and contamination during the growth period. The technology progress 

involved combining significant improvements over a broad range of different 

interdisciplinary fields. The developments in in-situ monitoring and controlling of the 

growth process, and in-situ and ex-situ characterization enabled researchers to 

continuously improve their understanding of the physics and real processes of epitaxial 

material growth [25]. 

1.2.1 Instruments, general principles, and techniques 

 

Figure 1-5: Three-chamber MBE system: growth chamber, transfer tube and load 
lock. 

Fig. 1-5 shows a schematic diagram of the MBE system used in this dissertation. 

General MBE systems have most of these common features. Growth chamber, transfer 

tube and load lock are isolated by gate-valves and the ultra-high vacuum is maintained by 

a combination of ion-pumps and liquid-helium cryo-pumps. Liquid nitrogen flows in a 

large shroud inside the growth chamber to keep the base pressure in the 10-11Torr range. 

An alcohol and water mixed coolant at –10°C flows in the source flange in order to 

minimize cross-interference or contamination of neighboring source cells. There are four 

basic types of source cells, small trumpet effusion cells for indium, SUMO effusion cells 

for gallium and aluminum, a needle-valved arsenic cracker cell, and dopant effusion cells 

for beryllium and silicon. As shown in Fig. 1-6, a substrate car rotation control system 

rotates the substrate around 10 revolutions per minute (rpm) to improve the epi-layer 

growth uniformity across the substrate surface. In-situ control systems include a residual 

gas analyzer (RGA) and reflective high-energy electron diffraction (RHEED). An ex-situ 
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optional optical reflectivity setup in the transfer tube is used to measure the thickness of 

epi-layers without taking partially grown samples out of the high-vacuum environment. It 

could also be used to monitor the grown film layer thickness for precise structure growth, 

for example, distributed Bragg reflector (DBR) mirrors in vertical cavity surface emitting 

lasers (VCSEL). 

 

Figure 1-6: Growth chamber of the MBE system: (from left to right) source flange 
with cells, RHEED gun and fluorescence screen, view port and gate valve to transfer 
tube. (From www.snow.stanford.edu) 

The substrate preparation process is essential for high-quality material growth. A 

two-step thermal cleaning method has become the widely used procedure after 

commercial epi-ready substrates were available. The substrates normally come inside a 

nitrogen sealed package and have epi-ready surfaces which have mono-layer oxide top 

layers in order to protect the surfaces from contamination. The first step of baking (GaAs 

substrates at 350°C and InP substrates at 250°C) eliminates most of the water vapor 

incorporated during the loading process. The second step of thermal cleaning and 

deoxidization in the growth chamber further cleans the residual organic contamination 

and thin oxide protection layer on the surface of the substrate. The congruent temperature 

(alloy elements evaporate in equal proportions) of GaAs and InP are 580°C and 510°C, 



 

 12

respectively. Since it is not very easy to directly measure the surface temperature of the 

substrates, the deoxidization process has to be monitored by indirect methods. Reading 

through the thermal couple (TC) at the backside of the substrates is dependent on the 

substrate type (doping, polish, vendor and manufacture date) and mounting method. So 

other temperature measure methods are necessary at least for calibration procedures. An 

IR pyrometer is normally very useful for high-temperature measurement. Newer models 

of IR pyrometer could measure temperature as low as 300°C. Metal-semiconductor 

eutectic points are another reference useful for the whole calibration curve of TC and real 

temperature. For example, the eutectic point of silicon and aluminum is 570°C. 

During the heating process of cleaning and deoxidization of the substrates, arsenic 

or phosphorous (for GaAs or InP substrates) will evaporate, so it is very important to 

have background arsenic or phosphorous overpressure (normally at the level of 10-6Torr) 

to inhibit the decomposition of substrates and so minimize the thermal damage to the 

substrate surface. For the thermal cleaning and deoxidization of InP substrates, arsenic 

overpressure can be used to stabilize the surface although it has more effect than 

inhibiting the decomposition process. Arsenic is more actively oxidized than 

phosphorous does. The thin oxide layer on the surface of InP (InOx and POx) will change 

to AsOx, and then deoxidize even more easily [27, 28]. On the other hand, the exchange 

of arsenic and phosphorous will leave a very thin layer of InAsP on the surface after 

long-time thermal treatments. An appropriate buffer layer of InP (or InGaAs) will reduce 

the effects of such a thin layer [29].  

Since MBE is basically a stoichiometric process of the reaction of molecular 

(atomic) beams of the constituent elements with a crystalline substrate surface, the 

precise control of the substrate temperature and source fluxes are very important for high-

quality material growth by MBE [24]. Research on the kinetic processes in MBE has 

shown that for most compound semiconductors, the sticking coefficient of the group-III 

atoms is close to unity under normal growth conditions, while the sticking coefficient of 

group-V atoms is negligible unless group-III atoms are present and increases with the 

atom coverage [25]. Based on this fact, the composition control of ternary and quaternary 

materials with a single group-V element is only dependent on the ratios of group-III beam 
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fluxes. However, the growth control for materials with more than one group-V element is 

more difficult due to the non-unity sticking coefficient of group-V elements. In order to 

realize monolayer control of the epi-layer growth, the fluxes of all the source cells have 

to be controlled with precision better than one percent. The precise control of source 

fluxes is realized by feed-back loop control of the source temperatures within ±0.1°C 

(Eurotherm power and controller modules). Despite the precise flux control before the 

epi-layer growth, in-situ closed-loop control is necessary for particularly complex 

structure growth (for example, quantum-cascade lasers) because of the flux drift due to 

source material loss during growth [30]. Different ex-situ methods described below were 

used to characterize the material quality and pre-calibrate the relationship between the 

source fluxes and growth rates.  

High resolution X-ray diffraction (HRXRD), atomic force microscope (AFM), 

scanning electron microscope (SEM), tunneling electron microscope (TEM), secondary 

ion mass spectrometry (SIMS) and Rutherford back scattering (RBS) are several of the 

characterization techniques for assessment of structural qualities and composition 

analysis of epi-grown films. Photoluminescence (PL), deep-level transient spectroscopy 

(DLTS) and optical absorption are commonly used as characterization techniques for 

assessment of optical qualities and defect estimation. 

1.2.2 Heteroepitaxy and lattice engineering  

MBE is a powerful materials growth technique to epitaxialy grow ultra-thin layers 

with the same (homoepitaxy) or different (heteroepitaxy) materials from the substrates 

(shown in Fig. 1-7). High quality homojunction devices can be fabricated by doping the 

homoepitaxy layers. On the other hand, heterojunction devices with heterostructures, 

especially double heterostructures, can be fabricated using heteroepitaxially grown 

materials and are the research subject of more than two thirds of the semiconductor 

physics community (Z. I. Alferov, Nobel Lecture, 2001 [31]). Heteroepitaxy generally 

involves the issues of both lattice constant and energy band engineering. For the growth 

of different materials on substrates with the same or close lattice constants (for example, 

In0.532Ga0.468As on InP, AlAs on GaAs), the growth front will be smooth and defect-free. 
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Generally speaking, heteroepitaxy includes at least two lattice constants and the lattice 

mismatch (which may be as high as 16%, growth of GaN on sapphire Al2O3) between the 

two materials is the origin of misfit strain and later defects during the epitaxial growth.  

 

Figure 1-7: Homoepitaxy and heteroepitaxy (including lattice matched, strained and 
relaxed systems) [32]. 

As-grown layers with significant lattice-mismatch usually have rough surfaces 

and a high defect density. The defects incorporated into the layers include misfit 

dislocations at the layer-substrate interface, threading edge dislocations propagating to 

the outer surface of the layers, and other defects resulting from the strain and growth-

condition dependent mechanisms (shown in Fig. 1-8). Among all the defects, misfit 

dislocations (MD) and threading dislocations (TD) are of great interest to both theoretical 

and experimental research because they are detrimental to device performance and may 

be controlled by optimizing the growth parameters. It is always beneficial to have a 

buffer layer with the same or close lattice constant to that of the device layers. Buffer 

layers function as a lattice transition from the substrate to the top device layers, providing 

a smooth and significantly lower defect density growth front, leaving strain-related 

defects behind. 

In the history of MBE heteroepitaxial materials growth, single step buffers, 

multiple-step buffers, superlattices, and compositionally graded buffers have been 

utilized for different particular applications [33, 34]. Metamorphic growth with a step-

graded buffer layer was later identified as one of the most successful techniques in many 

applications. This has been especially true in silicon technology (III-V on silicon, SiGe, 
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and silicon-on-insulator) and the “virtual substrate” technique has been extensively 

investigated [35]. 

 

 

Figure 1-8: Defects in heteroepitaxy [32]. 

1.3 Indium Gallium Arsenide  

On the diagram of bandgap energy versus lattice constant (shown in Fig. 1-9), 

InGaAs is a very important semiconductor material with a lattice constant 5.6533-

6.0583Å and bandgap energy of 0.3-1.4eV [36, 37]. The lattice constant of InGaAs with 

53.2% indium has the same lattice constant as InP, so it can be coherently grown on InP 

substrates defect-free without introducing misfit dislocations. In0.532Ga0.468As is also 

called “standard” InGaAs, compared to the wavelength-extended InxGa1-xAs on InP 

substrates (x>0.532) and on GaAs substrates (normally x<0.3). Strained and non-strained 

InGaAs of the same composition have different bandgap energies due to the effect of 

lattice strain on the band structure. 

The lattice constant of InxGa1-xAs is, 

)1(405.00583.6 xa −−=                                                                       (1-2) 
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and the bandgap energy of InxGa1-xAs for unstrained InxGa1-xAs on (001) GaAs with HH-

LH (heavy hole - light hole) splitting = 0 is, 

eVxxxEg
2)1(4.0)1(7.0324.0)( −+−+=                                                 (1-3) 

 

Figure 1-9: Diagram of bandgap energy versus lattice constant [37]. 

For strained InxGa1-xAs on (001) GaAs with small x (<0.2) with HH-LH = 

0.42xeV, the bandgap energy is, 

)(45.011.143.1)( 2 eVxxxEg +−=                                                   (1-4) 

For Inx+0.532Ga0.468-xAs grown on (001) InP substrates, the bandgap energy of 

unstrained material with HH-LH splitting = 0 is, 

)(45.005.175.0)( 2 eVxxxEg +−=                                                 (1-5) 

and that of the strained material with HH-LH = 0.42xeV is, 

)(45.063.075.0)( 2 eVxxxEg +−=                                                (1-6) 
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For applications in the NIR region out to 2.5µm (bandgap energy of 0.5eV), 

relaxed (no residual strain) InGaAs needs to have an indium content more than 80%. On 

the other hand, strained InGaAs (coherent thin layer and defect free) has very good 

electrical and optical qualities for high-speed transistors (high electron mobility transistor, 

HEMT) and lasers [38]. The electron mobility of InGaAs (53.2% In, 13800 cm2/Vs at 

300K and 70000 cm2/Vs at 77K) makes it among the best materials available for high-

speed electrical devices [39]. 

 

Figure 1-10: Congruent sublimation temperatures for ternary III-V materials [25]. 

The growth of high quality InGaAs lattice matched to InP substrates involves 

sophisticated calibration of the growth rates of indium and gallium (refer to section 1-2). 

Fortunately the growth rates are dependent only on group-III fluxes for materials with a 

single group-V element. For example, there will be 0.14% lattice mismatch for indium 

content change of only 2% in InGaAs. For ternary materials growth, several factors have 

to be monitored. Phase separation and lateral composition modulation have been 

identified long ago for alloy semiconductor materials growth [36, 40]. The MBE growth 

window (mainly substrate temperature, growth rate and group-V to group-III flux ratio) 

for high-quality material of ternary alloys is generally smaller than that of binary 

compounds. For example, the MBE growth of lattice matched InGaAs prefers a lower 

growth temperature and larger V/III flux ratios compared to GaAs growth, while the 

MBE growth of lattice matched InAlAs prefers a higher growth temperature and 
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relatively smaller V/III flux ratios. The substrate temperature for growing high quality 

materials is generally related to the congruent sublimation temperatures (as shown in Fig. 

1-10). It is noticed that the congruent sublimation temperature of InGaAs decreases as the 

indium content increases. 

1.4 Summary 

This dissertation is organized as follows: Chapter 2 describes the MBE growth of 

InGaAs-based, lattice matched material systems on InP substrates and mismatched 

material systems on InP and GaAs substrates, characterization of material properties and 

analysis of defect control; Chapter 3 focuses on photodetection device design, fabrication 

and characterization, including p-i-n photodiodes and n-p-n heterojunction bipolar 

phototransistors; Chapter 4 demonstrates a new technique of Fourier spectrum harmonic 

components analysis and the realization of a compact standing-wave Fourier-transform 

interferometer using a PZT-controlled scan mirror and a partially transparent 

photodetector; Chapter 5 summarizes the contribution of this dissertation. 
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CHAPTER 2 INGAAS-BASED MATERIAL SYSTEMS: GROWTH 

AND CHARACTERIZATION 

High quality semiconductor materials are essential to the fabrication of IR sources 

and detectors for a high performance SDT IR system. InGaAs based material systems 

grown by solid-source MBE are investigated for NIR detection. The general principles, 

instruments and operation procedures of MBE have been described in chapter 1 and this 

chapter will focus on the materials growth and characterization of the structural and 

optical properties. The ultimate goal is to grow high quality materials for light sources 

and detectors in the NIR region out to 2.5µm. Three different material systems are 

studied, including lattice-matched InGaAs and InGaAs(NSb) material systems grown on 

InP substrates, highly strained pseudomorphic InxGa1-xAs/InyGa1-yAs materials system 

with quantum structures grown on InP substrates, and relaxed metamorphic thick 

In(x>0.7)GaAs device layers grown on InP and GaAs substrates. 

2.1 Lattice-matched material systems on InP substrates 

InP and GaAs substrates are extensively used for the growth of III-V 

semiconductors by MBE or MOVPE. Four-inch InP substrates and six-inch GaAs 

substrates have been commercially available with epi-ready quality surfaces [1]. The 

lattice constant of GaAs is 5.6533Å and that of InP 5.8688 Å. On the diagram of bandgap 

energy vs. lattice constant (Fig. 1-9), InP substrates are shown to be more flexible for the 

growth of materials sensitive in the near IR region out to 2.5µm. The fast development of 

InP technology in the fields of optical and wireless communications have enabled 

extensive investigation of lattice-matched (LM) material systems epitaxially grown on 

InP substrates, including In0.532Ga0.468As, In0.523Al0.477As, (In0.532Ga0.468)x(In0.523Al0.477)1-

xAs, In1-xGaxAsyP1-y ( yx 468.0= ), GaAs0.5Sb0.5, and others [2-7]. 

2.1.1 InGaAs and InAlAs 

In0.532Ga0.468As and In0.523Al0.477As are among the most important materials which 

lattice-match to InP substrates. With precise composition control, the layer thickness of 
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both materials is not limited. In addition, InP, In0.532Ga0.468As and In0.523Al0.477As produce 

high-quality buffers for further epitaxial material growth by burying residual 

contamination and defects which are on the surface and in the substrates. 

Our GEN-II MBE system is equipped with a GaP sublimation source, providing a 

phosphorous overpressure environment and growth of thin InP buffer layers. The volume 

of the GaP cell is very limited and the sublimation efficiency is not high enough for thick 

phosphide layer growth [8]. Although it would be ideal to deoxidize the substrate in a 

phosphorous overpressure atmosphere, an optimized deoxidization process can also be 

relatively successful in arsenic overpressure atmosphere [9-11]. There are several 

temperature points that are important to keep in mind for high-quality material growth: P2 

desorbs from InP substrates at ~300°C, P4 desorbs at higher than 650°C, In desorbs at 

~500°C, the InP sublimation temperature is ~360°C, and the surface oxide decomposes at 

~500°C. At a substrate temperature of 300°C, the InP substrate will desorb P2 and 

thermal damage (for example, a rough surface) occurs if there is no group-V element 

overpressure to prevent it from happening. Generally an arsenic overpressure 

environment on the order of 10-6Torr is used to protect the surface from thermal damage, 

and then the substrate temperature was ramped at a rate of 15°C/min to ~600°C with the 

RHEED monitoring the deoxidization process. Since arsenic atoms are more active than 

phosphorous atoms, the exchange of atomic sites in InP substrates with arsenic atoms 

helps the deoxidization process. The main oxide materials found on InP substrate 

surfaces include: InOx, POx, In(OH)3, InPO4 and In(PO3)3, which will change to AsOx 

and decompose during the deoxidization process [10, 11].  Although it is generally 

accepted that the deoxidization and surface reconstruction temperature is 510°C, the 

thermal couple (TC) temperature used to monitor the growth is dependent on various 

factors including: substrate doping type, mounting method, vendor and freshness of the 

substrates, loading environment and others. 
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 a   b 

        

c   d 
Figure 2-1: RHEED patterns during the InP deoxidization process and InGaAs epi-
layer growth: surface reconstruction (2×4) with two-fold (a) and four-fold (b), 
starting of epi-layer growth (c) and after several monolayer of InGaAs growth (d). 

During the deoxidization process monitored by RHEED, Kikuchi lines, bright 

spots, bright streaks, and bright (2×4) surface reconstruction patterns (As-rich two 

manifold and group-III-rich four manifold, shown in Fig. 2-1 (a) and (b)) appear 

sequentially at different stages with increasing substrate temperatures. After clear (2×4) 

surface reconstruction patterns were identified, the InP substrate was cooled quickly to 

the growth point (TC 500°C for InGaAs and TC 525°C for InAlAs on n-type Sn-doped 

InP substrates, TC 520°C for InGaAs and TC545°C for InAlAs on semi-insulating Fe-

doped InP substrates). If the source fluxes were carefully calibrated and the lattice 

constant of the grown materials is exactly matched to the InP substrates, two-dimensional 

growth will be the starting mode and the RHEED patterns maintain their streaky features 

from the beginning of the growth. Actually the lattice mismatch of the grown materials to 
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InP substrates can only be controlled to no better than 3.4×10-4 on condition that the 

source flux be controlled with 1% precision. So normally at the very beginning of the 

growth, spotty RHEED patterns will be first observed partly because of the thermal 

damage during the deoxidization process and partly due to the lattice mismatch between 

the epi-layers and the substrates. The thermal damage at the surface of the substrates can 

be healed by atomic diffusion [12], so if the lattice mismatch is below a threshold value 

(an empirical estimation from the material investigation in this dissertation is around 

0.15%, corresponding to indium content deviation about 2%) the RHEED patterns will 

return to their initial streaky appearance after several monolayers of growth of either 

InGaAs or InAlAs and keep this streaky feature thereafter (as shown in Fig. 2-1 (c) and 

(d)). Generally speaking, the RHEED pattern is surface-roughness dependent and streaky 

patterns normally represent an atomically smooth surface. 

Fig. 2-2 shows the X-ray diffraction (XRD, Philips X’Pert) rocking curve of three 

InGaAs layers grown on InP substrates with the same layer thickness of 500nm and same 

arsenic-overpressure environment during the deoxidization process. The compositions of 

the three epi-layers were calculated from the XRD simulation (X’pert epitaxy) as 

In0.470Ga0.530As, In0.513Ga0.487As and In0.533Ga0.467As. Correspondingly, the mismatch 

strain between the layers and the substrates are -0.43%, -0.13% and 0.01%, respectively. 

The lattice match condition of epi-grown InGaAs and InAlAs layers can be controlled at 

the level of 5.0×10-4 with good reproducibility.  

Digital grading superlattices (DGS) of In0.532Ga0.468As/In0.523Al0.477As can be 

grown on InP substrates and pseudo-substrate buffer epi-layers because of the lattice-

match features of both materials. The digital growth technique is realized by computer-

automated motion control of all the related source shutters. DGS structures of 

InGaAs/InAlAs can be used to build graded heterojunctions and act as transition layers to 

enhance the Schottky barrier of MSM detectors to reduce the dark current without 

degrading the carrier collection efficiency. The growth scheme of a typical DGS structure 

is shown in Fig. 2-3. This DGS has 19 periods of InGaAs/InAlAs (ratio of thickness 

change from 19:1 close to the InGaAs side to 1:19 close to the InAlAs side). The 

thickness of each period is 10nm and that of the total DGS layers is 190nm. Also shown 
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in the figure is the effective conduction and valence band structures based on mini-band 

theory. 

 

Figure 2-2: XRD rocking curve of InGaAs layers grown on InP substrates ((100), 
ω/2θ (004) scan) with different compositions from highly mismatch to lattice-match 
conditions. 

The structural quality of the DGS sample can be characterized by XRD rocking 

curve (shown in Fig. 2-4). The composition of the InAlAs layers is intentionally adjusted 

off lattice-match condition with 0.17% misfit strain, and the composition of InGaAs 

layers fulfills the lattice-match condition on InP substrates (mismatch less than 5×10-4). 

Optical characterization methods, such as room-temperature photoluminescence and 

optical absorption (transmission) are used to characterize the optical quality of the 

material qualities of DGS samples (shown in Fig. 2-5 and 2-6). Application of DGS in 

the device design will be described in the next chapter. 
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Figure 2-3: DGS structure as a transition layer between InGaAs and InAlAs layers. 

 

 

Figure 2-4: XRD rocking curve of DGS sample (top curve) and simulation (bottom). 
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Figure 2-5: Room-temperature photoluminescence of DGS sample, the emission of 
substrate peak deviate from InP substrate (1.34eV, 925nm) due to off-calibration of 
the PL system at that wavelength. Second harmonic response of grating in the 
spectrometer is shown and InGaAs emission peak asymmetry comes from the 
responsivity drop of the detector beyond 1.6µm.  

 

 

 

Figure 2-6: Room-temperature optical absorption (transmission) measurement of 
the DGS sample with absorption edge at 1.6µm, minibands absorption effects shown  
in the inset diagrams and InP substrate absorption at 925nm: (inset diagrams) (a) 
details at 1000-1500nm; (b) curve features with the removal of linear background. 
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2.1.2 InGaAs(NSb)  

GaInNAs/GaAs has been extensively studied as a substitute material system for 

InGaAsP/InP in the pursuit of lower cost and more efficient lasers in optical 

communications [13, 14-16]. There were several theories explaining the mechanisms of 

bandgap narrowing for nitrogen incorporation in GaAsN or GaInNAs [17-19]. One of the 

generally accepted explanations is that the incorporated nitrogen atoms distorted the local 

crystal structures because of the very small atomic size and overlapping wavefunctions 

correspond to a localized level in the conduction band and anti-crossing of the conduction 

band, and localized level produce bonding and anti-bonding bands, which effectively 

reduce the bandgap energy of the alloy [18]. With additional antimony atoms 

incorporated in the active region, the crystal and optical quality of dilute nitride layer can 

be significantly improved and the operating wavelength can be extended further from 

1.3µm to 1.55µm which covers the entire S-C-L bands of long-haul optical 

communications [20, 21]. Since the incorporation of nitrogen atoms and antimony atoms 

corresponds to different strain conditions, more lattice-matched materials can be grown 

on the InP substrates. According to Vegaard’s law, the lattice-match condition for 

Ga0.47In0.53NxAs1-x-ySby/In0.53Ga0.47As/InP is that x:y equals to 1:2.56.Dilute nitride and 

antimonide grown on InP substrates can be sensitively emitting or absorbing photons in 

the wavelength range of NIR out to 2.5µm. 

The relevant samples were grown in a Varian Gen-II MBE system-V, which is 

different from the system-I described before in this dissertation. System-V is equipped 

with indium and gallium SUMO-cells (Applied Epi, Veeco). By controlling the 

temperatures of both the tip and base zones of the cells, stable source fluxes can be 

maintained during the MBE growth to keep the composition of lattice-match condition on 

InP substrates. The arsenic source is a precisely controlled needle-valve cracker with the 

sublimation region set to 390°C and the cracking zone set to 800°C. The antimony source 

is a non-valved cracker cell with two heating zones which are maintained at idle 

temperatures when not used. During epitaxial layer growth, the flux of arsenic is 

monitored by the needle-valve position, and the flux of antimony is controlled by the 

sublimation zone temperature (450-490°C) while the cracking zone temperature was kept 
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at 850°C. The nitrogen source is a modified SVT plasma source with the highest rf-power 

of 300W and ultra-clean nitrogen gas flow up to 20sccm (standard cubic centimeter per 

minute). 

The surface cleaning process was the same as described earlier: the substrate was 

first heated to 300°C quickly and then ramped to 600°C (TC, corresponding to the real 

substrate temperature around 510°C) with a ramping rate of 20°C/min in an arsenic-

overpressure environment with arsenic beam equivalent pressure (BEP) flux of 10-6Torr. 

After a 2×4 surface reconstruction pattern was clearly recognized by RHEED, the 

substrate was cooled quickly to TC500°C and an In0.53Ga0.47As buffer layer was grown, 

followed by the test structures. The structure of the samples is shown in Fig. 2-7, 

including the capping layer, the cladding layer and the buffer layer LM-InGaAs. The 

thickness of the thin layer of Ga0.47In0.53NxAs1-x-ySby was between 20nm and 50nm. There 

was a transition layer of LM-InGaAs after the buffer layer growth with the substrate 

temperature gradually cooled down to 370-390°C. The nitrogen plasma was ignited 10-

15 minutes before the single quantum well (SQW) layer growth. The use of a transition 

layer reduces non-radiative defects in the SQW layer because of the operation instability 

of plasma cells when first ignited. The background N level at a growth rate of 0.5µm/hr 

was around 0.15% when the plasma was ignited and shutter was closed. 

Table 2-1: Growth conditions for three test samples with same N cell condition. 

sample Indium Gallium Arsenic Antimony 
1 1.42×10-7Torr 

0.167µm/hr 
8.80×10-8torr 
0.148µm/hr 

3.5×10-6torr 5.88×10-8torr 

2 2.20×10-7torr 
0.257µm/hr 

1.36×10-7torr 
0.228µm/hr 

5.4×10-6torr 0 

3 2.20×10-7torr 
0.257µm/hr 

1.36×10-7torr 
0.228µm/hr 

5.4×10-6torr 7.68×10-8torr 

 

Three different samples were grown (as shown in Table 2-1 and Fig. 2-7): sample 

1 has a GaInNAsSb SQW layer thickness of 50nm and both of the cladding and capping 

layers 150nm, samples 2 and 3 have the same SQW thickness of 20nm for GaInNAs 
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(sample 2) and GaInNAsSb (sample 3) with cladding and capping layer thicknesses of 

80nm. The gas flow (10% of 20sccm) and rf-power (300W) of the nitrogen plasma cell 

were kept the same for the growth of all three samples and the flux ratio of group-

V/group-III was between 15~20. 

 

Figure 2-7: SQW samples grown by MBE. 

The solubility of nitrogen atoms in bulk semiconductor materials is theoretically 

expected to be very low [22, 23]. However, it was found that up to 14.8% N could be 

incorporated in GaAsN layers without phase segregation for particular growth conditions 

[24]. Due to the different bond strength of InNAs and GaNAs, phase segregation was 

expected to happen for either high nitrogen concentration or non-optimized growth 

conditions [25]. Since phase segregation would severely degrade the material quality, it 

was essential to optimize the growth conditions for dilute nitride growth. As mentioned 

previously, the operating condition of the nitrogen plasma cell was kept the same for the 

growth of all the samples so that the optimization of stability, plasma beam intensity and 

purity (free of ions) of the plasma cell would be independent of the growth conditions. 

The N content in the QW region was controlled by changing the growth rate (determined 

by group-III elements, as described in Chapter 1) and was dependent on the substrate 

temperature during growth. The incorporation of nitrogen atoms in the QW was basically 

a meta-stable process, so low growth temperature (more than 100°C below the normal 

LM-InGaAs growth) was preferred to achieve relatively smooth growth surfaces.  
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Figure 2-8: High-resolution XRD rocking curve of sample 1 with the thickness of 
SQW 50nm, measurement and simulation curves matched well. 

XRD rocking curves and SIMS depth profiling analysis were used to characterize 

the composition and structural quality of sample 1 (shown in Fig. 2-8 and 2-9). The 

nitrogen and antimony content were identified to be 3.5% and 3%, respectively. The 

composition of the SQW in sample 1 was characterized to be 

Ga0.47In0.53N0.035As0.935Sb0.03 and there was a tensile strain of 0.9% to the cladding layers 

and the InP substrate. No evidence of phase separation (XRD peaks of GaN, InN, GaAs, 

InAs, GaSb, or InSb) can be found in the wider Omega scan (not shown) in the XRD 

measurement. The positions of peaks in the XRD rocking curve measurements were 

dependent on both of the material composition and strain. For materials with multiple 

group-III and group-V ingredients, it would be possible to get the same XRD simulation 

with different compositions. So XRD can only be regarded as a reliable material 

characterization method when combined with other characterization methods, for 

example, SIMS or RBS. Fig. 2-9 shows that it was not a trivial effect that indium atoms 

segregate with a higher ratio in the QW at the top surface of growth front.  
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Figure 2-9: SIMS depth profiling analysis of sample 1, inset figure showing the 
nitrogen and antimony content in the QW region. 

The N composition (N%) was inversely proportional to the growth rate (gr, in 

µm/hr) of group III (In+Ga) for the growth of GaInNAs on GaAs in Eq. (2-1),  

InGa

GaAs

grgr
AN
+

=%                                                       (2-1) 

where AGaAs is a growth and system dependent constant and one best fit of different 

samples with various growth conditions leads to a nitrogen incorporation factor A~1.0 

[25,26]. However, it would be a different story for growing samples 2 and 3 with both 

nitrogen and antimony in the QW region. During the growth of SQW samples, the 

RHEED patterns showed that nitrogen atoms roughen the surface (streaky for InGaAs 
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layer growth which turn into a spotty pattern when the nitrogen plasma source shutter 

opened for QW growth), while additional antimony atoms in another growth run showed 

a smoother surface. XRD rocking curve measurements of samples 2 and 3 showed more 

fringes clearly recognizable away from the peak position (Fig. 2-10), with incorporated 

antimony atoms, improving the crystalline quality of the QW. In addition, antimony 

atoms partially compensated the strain induced by the nitrogen atoms in the quinary 

material and increased the nitrogen incorporation content (shown in Fig. 2-10 XRD 

rocking curve and 2-11 SIMS analysis). 

 

Figure 2-10: XRD rocking curve of samples 2 & 3 for three different QW 
compositions, InGaAsSb (a), InGaAsN (b) and InGaAsNSb (c), simulation of (c) 
gave two different material compositions. 
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Figure 2-11: SIMS analysis showed N% increased in the case of antimony atoms 
present during the QW growth. 

As shown in Fig. 2-11, with about 3% (mole fraction) Sb in the GaInNAsSb layer, 

N content increased from 1.6% (sample 2) to 2.1% (sample 3). Comparing the results of 

sample 1 and samples 2&3, the relationship between the N content and group III growth 

rate in Eq. (2-1) would still hold for the growth of GaInNAsSb on InP with one additional 

factor, CSb, in Eq. (2-2), 

InGa

SbInP

grgr
CAN
+
⋅

=%                                     (2-2) 
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where the constant factor AInP=0.8 and the nitrogen incorporation enhancement factor 

with 3.0% Sb was CSb~1.3. 

It was known that the nitrogen incorporation was independent of indium 

composition during the MBE growth of GaInNAs layers on GaAs substrates with indium 

less than 30% [21]. However, in the MOVPE growth of GaInNAs on GaAs, it was found 

that the segregation of indium atoms on the surface changed the surface reconstruction 

and affected the nitrogen incorporation during the growth [27]. SIMS analysis of sample 

1 in Fig. 2-9 showed that the indium composition was different in the QW layers of 

GaInNAs and GaInNAsSb from that in the lattice matched buffer and cladding layers. 

From the raw SIMS data of, the indium ion count decreased by a certain amount (3.5% in 

sample 1, 1.5% in sample 2 and 2.1% in sample 3) while no corresponding increase was 

observed for gallium atoms. Since the source temperatures of indium and gallium were 

precisely controlled during all the layer growths, there must be some inter-correlation 

effects of N and In atoms, either during the layer growth of QW layers or in the SIMS 

analysis. Such an effect should also be expected in the growth of GaInNAs(Sb) on GaAs 

substrate. But since the cladding layers are either GaAs or GaAsN without continuous 

indium references, the change of indium content was small and might have been just 

overlooked in the past. Moreover, it is unlikely that the ion counting of nitrogen atoms 

and indium atoms in SIMS are correlated. Therefore, one of the explanations would be 

that randomly incorporated nitrogen atoms in the unit cell of InGaAs statistically change 

the cell infrastructure (a mixed state of Zinc-Blende and Wurt-zite cell) and the effective 

composition of the unit cells.  

Photoluminescence (PL) measurements are a sensitive method for the 

characterization of the optical quality of MBE grown materials. From the wavelength and 

full-width-half-maximum (FWHM) linewidth of the PL emission peaks, the types and 

density of defects incorporated in the active region could be estimated. The pumping light 

source of the PL setup was an Argon-ion green laser with operation output power of 

100mW at the sample surface. A group of different detectors (Si, Ge, standard InGaAs 

and wavelength-extended InGaAs) covered a wide range of wavelength from 600nm to 

2.6µm. The 0.5m (optical path) spectrometer in the setup had three exchangeable gratings 
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with central sensitive wavelengths at 600nm, 1µm and 1.6µm, respectively.  There was 

also a liquid-helium cooled cryostat sample stage for low-temperature PL as low as 25K 

except for the room-temperature PL measurement capability.  

From chapter 1, we know that defects are normally generated from the 

heteroepitaxial growth of lattice-mismatched strained layers. On the other hand, the low 

growth temperature of GaInNAsSb SQW layers and high flux ratio of group-V/III 

introduced a large amount of point defects.  Different from most of the defects related to 

misfit dislocations and threading edge dislocations, point defects can be healed by post-

growth rapid thermal annealing (RTA) [28]. Fig. 2-12 shows that the intensity of PL 

emission peaks of cladding layers (LM-InGaAs at ~1.7µm) and SQW layers (GaInNAs at 

~1.95µm or GaInNAsSb at ~2.05µm) all increased with increasing annealing 

temperatures from 600°C to 720°C. The decrease of intensity for annealing at the 

temperatures higher than 720°C was due to the inefficient cover protection against 

arsenic desorption from the samples. The partially relaxed GaInNAsSb layer of sample 1 

(with nitrogen content of 3.5% and tensile strain of 0.9%, thickness of SQW 50nm) had a 

high concentration of non-radiative defects that quenched the photoluminescence. The 

low temperature used in the growth of GaInNAs(Sb) introduced extra defects in the layer 

even with the help of surfactant antimony atoms. Post-growth annealing reduced the non-

radiative defects formed during the nitride layer growth and the optimized annealing 

conditions would be between 680°C and 720°C for 1 to 10mins with a maximum 

ramping rate of 200°C/sec. 

The blue shift of the PL emission peaks of annealed GaInNAs(Sb) samples grown 

at low temperature and annealed at high temperature, which have been both 

experimentally and theoretically explained by the nearest nitrogen neighbors changes in 

GaInNAs/GaAs pseudo-cell structures [29], were not clearly observed for the SQW 

structures grown on InP substrates. One of the possible reasons is that the additional 

antimony atoms in the QW layer grown on InP substrates reduces the strain instead of 

increasing the already highly compressive strain of GaInNAsSb QW layers grown on 

GaAs substrates, which reduces the driving force for changes in the nearest nitrogen 

neighbors during annealing. The influence of non-radiative defects on the intensities of 
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PL emission peaks were expected to be reduced for low temperature measurements (as 

shown in Fig. 2-13).  

 

Figure 2-12: RTPL of sample 2 (SQW with GaInNAs of N%=1.6%) and sample 3 
(SQW with GaInNAsSb of N%=2.1% and Sb%=3.0%). 

In summary, InGaAs/GaInNAsSb/InGaAs SQW structures with good crystalline 

and optical qualities were successfully grown on InP substrates with RTPL emission 

beyond 2µm. Nitrogen content was inversely proportional to the growth rate of group III 

ingredients. Antimony atoms enhanced the nitrogen incorporation and acted as surfactant 

to improve the material qualities.  

 



 

 39

 

Figure 2-13: LTPL measurements for SQW structures of samples 2 and 3 and both 
of the samples were annealed at 720°C for one minute, where the features around 
1.9µm come from the water absorption in the air. 

2.2 Pseudomorphic growth of highly-strained InGaAs 

In addition to the lattice-matched materials systems, highly strained materials 

systems can also be grown on InP substrates with high quality. As mentioned before, 

defects would be generated if the thickness of the lattice mismatched layers exceeded the 

critical thickness, hc, (in Eq. (2-3)), called the Matthews’ critical thickness, over which 

the strain would be compensated by misfit dislocations (MD) [30]. 
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where 2ab =  is the magnitude of the Burgers vector (a is the lattice constant of the 

film), ν is the Poisson’s ratio and for most of the semiconductors ν=0.2(0.3), θ is the 

angle between the MD line and Burgers vector, 
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angle between the Burgers vector and a line that lies in the interface of film and substrate 

normal to the MD line and is related to the defect type, α is the core cutoff parameter. For 

example, the growth of InGaAs layers on InP substrates has relevant parameters: 4~α , 

5.0cos =λ , 2.0=ν , o60=θ , 
o

Aas 8688.5= . The calculated theoretical critical 

thickness of InGaAs film on InP substrates is shown in Fig. 2-14. 

 

Figure 2-14: InGaAs film critical thickness on InP substrate. 

The dependence of critical thickness on the film strain varied for different growth 

conditions [31]. It is possible to grow thin layers with effective thicknesses greater than 

the critical thickness limit (metastable, supercritical) by applying specific growth 

techniques. Compared to metamorphic growth of lattice relaxed material, pseudomorphic 

growth of highly strained layers had better misfit dislocation control and has proven to be 

more appropriate for specific device applications, like HEMT, for high speed electronic 

components [32]. 

2.2.1 Strain-balanced InxGa1-xAs/InyGa1-yAs superlattice 

Stain-balanced growth techniques have been extensively applied in the MBE 

growth of lattice-mismatched material systems [30, 33]. It can be applied to the growth of 

wavelength-extended InGaAs quantum structures on InP substrates (shown in Fig. 2-15). 

Material 1 and 2 have two different indium content, one larger than 53.2% and the other 

smaller than 53.2%, with compressive and tensile strain, respectively. When Eq. (2-4) is 
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satisfied, thick layers of material 1 and 2 can be coherently grown (no relaxation 

happens). 

s

s
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1  and chtt <21 ,                                                   (2-4) 

 

Figure 2-15: Strain-balanced growth. 

Two gallium cells in the SSMBE system (I) gave an extra freedom for the growth 

of InGaAs layers with different composition. Ten periods of tensile-strained (In%=0.41) 

and compressive-strained (In%=0.67) InGaAs were successfully grown as superlattices 

on (100) InP substrates. Both layers had strain with a magnitude of %8.0=ε to the InP 

substrates, and the layer thicknesses was 20nm each in one period, smaller than the 

critical thickness calculated from the theoretical models above.  

TEM pictures (shown in Fig. 2-16) showed smooth interfaces between the two 

material layers in the superlattice. The contrast comes from the composition of different 

indium content, layers with higher indium content being darker. The total thickness of 

In0.67Ga0.33As (or In0.41Ga0.59As) was 200nm, much thicker than the calculated critical 

thickness. XRD rocking curve measurements (ω/2θ (004) scan) showed good structural 

quality (shown in Fig. 2-17 with very narrow width of satellite peaks compared to the 

simulation results). 
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Figure 2-16: Cross-section TEM (XTEM) picture of strain-balanced superlattice 
InxGa1-xAs/InyGa1-yAs (x=0.41 and y=0.67) grown on lattice-matched InGaAs/InP. 

 

 

Figure 2-17: XRD rocking curve of InxGa1-xAs/InyGa1-yAs superlattices: 
measurement curve with narrow satellite peak features (top) and simulation curve 
(bottom). 
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Figure 2-18: RTPL of InxGa1-xAs/InyGa1-yAs (x=0.41 and y=0.67) superlattice. 

 

Figure 2-19: Room-temperature optical absorption of the superlattice with 
absorption edge at around 1.95µm (In0.67Ga0.33As), 1.7µm (In0.53Ga0.47As), and 
features between 1.8-1.9µm due to the minibands absorption of the superlattice. 

Room-temperature photoluminescence (Fig. 2-18) and optical absorption (Fig. 2-

19) were used to characterize the optical qualities of the strain-balanced superlattice. One 

of the RTPL emission peaks of strain-balanced In0.41Ga0.59As/In0.67Ga0.33As superlattices 

was at 1.94µm with an effective FWHM width of 120nm (40meV). There was another 

peak around 1810nm which can be explained by the mini-band theory for superlattices. 

The relatively strong PL intensity and narrow width of the peaks revealed the good 
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optical quality of the superlattice. The absorption coefficient of the superlattice structure 

was estimated to be 2.4x103cm-1 at 1.9µm. 

2.2.2 Fractional monolayer superlattice In0.53Ga0.47As/InAs 

 

Figure 2-20: XTEM of FMS SQW with LM-InGaAs cladding layers. 

Different from the strain-balanced superlattice growth, a fractional monolayer 

super-lattice (FMS) of In0.53Ga0.47As/InAs (1:3 in layer thickness ratio) can be grown as a 

quantum well layer with standard InGaAs cladding layers. The total QW region is thicker 

than the critical thickness (supercritical), but remains strained. Compared to GaAs/InAs 

superlattices [34], the strain between adjacent layers in LM-InGaAs/InAs superlattices is 

smaller and thus the growth can be controlled more precisely. Single quantum well and 

multiple quantum well structures were grown and characterized. RHEED patterns were 

used to monitor the coherent growth of the superlattices. Before the growth of the 

quantum well, streaky RHEED pattern features were recognized. When the FMS growth 

started from the InAs layer, the streaky RHEED pattern became weak and blurry, but still 

kept the streaky features. During the growth of the following LM-InGaAs layers, the 

RHEED pattern became bright and sharply streaky again similar to the RHEED pattern 

before the FMS growth. The quantum well thickness was controlled to assure coherent 

growth of all layers. It was known that low growth temperature was preferred for highly 

strained metastable film layers, so the substrate temperature was cooled 20°C lower for 

the growth of the FMS quantum well compared to that of the LM-InGaAs cladding 

layers. Ten periods of superlattice were grown with a thickness of each period 0.68nm, of 
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which the LM-InGaAs layer is 0.17nm (half monolayer) and the InAs layer is 0.51nm 

(shown in Fig. 2-20). 

 
Figure 2-21: XRD rocking curve of FMS-SQW with effective indium content 88%. 

 

Figure 2-22: XRD rocking curve of 3 FMS-MQWs, measurement curve (blue) and 
effective 3-MQWs simulation curve (red) match well. 

XRD rocking curve measurements (Fig. 2-21 and 2-22) verified that the effective 

indium content in the FMS-QW layer was 88% (In0.532Ga0.468As : InAs = 1:3). The 

effective bandgap energy can be calculated using Eq. (1-7) for strained In0.532+xGa0.468-xAs 

grown on (001) InP substrates, eVxxxEg 585.045.063.075.0)( 2 =+−=  (correspond to 
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the wavelength of 2.12µm). Single and multiple quantum wells were grown using the 

FMS growth technique with good structural qualities. Theoretically atomic level ordering 

in III-V alloys could reduce the effective bandgap energy [35]. Different from the 

spontaneous atomic ordering in ternary material alloys (for example, (InAs)x(GaAs)1-x), 

FMS introduced intentional atomic ordering  in the SQW layer. However, the bandgap 

energy narrowing effect is always very small and hardly observed by normal 

characterization methods. RTPL measurements provide an estimation of the optical 

qualities of the grown quantum well structures and the emission peaks in the PL spectrum 

can be used to determine the bound energy states of electrons in the quantum well. The 

TEM picture of the FMS-SQW in Fig. 2-20 shows clear waviness and non-uniform 

thickness of the QW layer. The roughness at the top interface between the QW and 

cladding layer reflects the effects of indium atom segregation. The thickness fluctuation 

was on the order of 1nm (3-4 monolayers), small for bulk growth or thick layer growth 

but showing clearly observable effects in photoluminescence.  

 

Figure 2-23: RTPL of FMS-SQW In0.53Ga0.47As/InAs 1:3 with QW layer 6.8nm. 

Compared to the RTPL of the strain-balanced superlattice (Fig. 2-18), the FMS-

SQW sample showed higher carrier confinement and greater peak broadening (FWHM) 

from the PL measurements. RTPL had an emission peak at 2.05µm and spread from 

1750nm to 2400nm (shown in Fig. 2-22). The thickness fluctuation of the quantum well 

partly contributed significantly to the peak broadening. On the other hand, low-

temperature grown FMS-QW contained a significant amount of defects that could only be 
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partly healed by post-growth annealing at 735°C for only one minute. Based on the 

observation of RTPL, we assumed that at least some of the defects introduced by low-

temperature grown, highly strained FMS-QW were point defects and optimized growth 

conditions could lead to better material quality.  

2.2.3 Conclusion  

In summary, wavelength-extended InGaAs with high (or effectively high) indium 

content were pseudomorphically grown on LM-InGaAs/InP substrates using strain-

balanced superlattices and fractional monolayer superlattices. Photoluminescence and 

optical absorption measurements demonstrated the possibility of using such material 

systems to fabricate optoelectronic devices active at a wavelength region beyond 1.7µm 

[36, 37]. 

2.3 Metamorphic growth of relaxed InGaAs 

In the previous two sections, lattice matched and strained InGaAs based materials 

and quantum structures demonstrated NIR emission and absorption in the wavelength 

range beyond that of the standard InGaAs at 1.7µm. Because of the strain influence on 

the splitting of heavy-hole and light-hole bands in the valence band (Eq. 1-7 of Chapter 

1), the bandgap energy of pseudomorphic strained InGaAs would not be smaller than 

0.554eV (corresponding wavelength of 2.24µm). For the growth of GaInNAsSb on InP 

(or LM-InGaAs), a mole fraction of nitrogen atoms as high as 3.5% would be required to 

reach a bandgap energy of 0.5eV (wavelength of 2.5µm). Even with the surfactant effect 

of antimony atoms present, compensating the strain and smoothing the growth front 

surface, such high nitrogen content would increase the degree of difficulty in MBE 

growth due to the problem of phase segregation. In order to reach NIR region as far as 

2.5µm, relaxed InGaAs with indium content ≤ 80% must be considered for the active 

regions. The lattice mismatch between the device active regions of Inx>0.8GaAs and 

substrates is more than 1.84% and 5.73% for the layers grown on InP and GaAs 

substrates, respectively. During the epi-layer growth, when the thickness of mismatched 

layers is thicker than the critical thickness defined by Eq. (2-3), dislocations will typically 
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form to accommodate the relaxation of strain between the substrate and the grown film 

layers. A high density of various defects (as shown in Fig. 1-8) would generate, 

accumulate and propagate into the active regions if no special material growth techniques 

were accomplished for the metamorphic growth of relaxed InGaAs [38, 39]. Theoretical 

models based on energy equilibrium provide guidance on various mechanisms for 

reducing the misfit and threading dislocations and monitoring defect propagation into the 

highly mismatched layers [40-42]. 

2.3.1 Threading Dislocation reduction and defect control 

Generally the density of TD is inversely proportional to the thickness of buffer 

layers, which means very thick buffer layers have to be grown in order to achieve high 

quality device layers with TD densities at the level of 106cm-2. On the other hand, thermal 

design criteria for high-power devices and integration of optical systems on chip make a 

relatively thin buffer layer highly desirable to isolate the active device layers from 

incorporating misfit dislocations and other defects [43]. In addition to low densities of 

TD in the layers, smooth surface morphology of the growth front is also very important in 

reducing interface scattering effects for high speed and efficient devices, such as HEMT 

[44]. Several theoretical models have been proposed to reduce the TD densities in 

mismatched layers grown on TD-free substrates. TD reduction mechanisms include: the 

annihilation or fusion of TDs and arrest of TD by other dislocations, the blocking of TD 

by MD, and the annihilation of TD by interacting with another TD [40-42]. As shown in 

Fig. 2-24, the gliding motion of threading dislocations is influenced by the thickness of 

mismatched layers and the interaction of TDs, which is represented by the annihilation 

radius rA.  

Different schemes of buffer layers have been investigated for the growth of highly 

mismatched films on various substrates, including single-composition buffer layers, 

linear graded buffer layers, superlattice layers and step-graded buffer layers [45-47]. 

Step-graded buffers have been theoretically and experimentally identified as the best 

scheme. As for the growth of wavelength-extended InGaAs on InP substrates, various 

buffer materials including InAsP, InGaAs, InAlAs, and InGaAlAs, which have shown 
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different level of performance as metamorphic growth buffers [45-48]. It was noticed that 

under certain growth conditions, anion-based buffer layers (for example, InAsxP1-x) 

demonstrated better quality than cation-based buffer layers (for example, InxAl1-xAs) 

partly because of the difference in the bond strengths between In-As (1.41eV) and Al-As 

(1.98eV) [48]. However, the growth of InAsP by MBE involves the use of phosphorous 

and introduces extra difficulty in composition control (non-unity sticking coefficient for 

As and P). On the other hand, InAlAs buffer layers have higher bandgap energy than 

InAsP buffer layers and so play an important role in reducing leakage current and 

enhancing the device performance [43]. It would thus be useful to find the optimized 

growth conditions for the growth of highly mismatched InGaAs device layers on InP or 

GaAs substrates with a metamorphic InAlAs buffer. 

 

Figure 2-24: TD motion corresponding to the thickness of strained layers: (a) 
blocking by a MD, (b) TDs out of the interaction range rA (annihilation radius 
approximately 50-100nm for most III-V semiconductors), (c) TDs within the 
annihilation radius, (d) annihilation of two TDs [41]. 

2.3.2 Sample growth and in-situ monitoring  

All the samples were grown in the same GEN-II SSMBE system-I equipped with 

effusion cells for indium, gallium and aluminum, and an arsenic needle-valve cracker 

cell. In-situ reflective high-energy electron diffraction (RHEED) was used to monitor the 

substrate oxide blowoff and the growth process [49]. Two of the most important growth 

parameters, substrate temperature and growth rate, were pre-calibrated by at least two 
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different but consistent methods. Similar to the processes mentioned previously, the 

substrate temperature was calibrated to the thermal couple (TC) temperature using a 

combination of silicon-aluminum eutectic point, pyrometer, and the sublimation 

temperatures of GaAs (580°C) and InP (510°C). The growth rates were calibrated by ion-

gauge measured beam-equivalent pressure, optical reflectivity spectroscopy and ex-situ 

step-profiling after selective wet-etching mesa-definition. The thick InxGa1-xAs (x>0.8) 

device layers grown on the InyAl1-yAs metamorphic step-graded buffers have a lattice 

constant close to that of the buffer layers. For the growth of InGaAs on InP substrates, y 

changed from 0.52 to 0.82, while for the growth on GaAs, y changed from 0 to 0.8. The 

grading step scheme was chosen to insure 2-D growth mode all through the growth. 

 

Figure 2-25: Substrate temperature change over the time evolution during the 
growth of LM-InAlAs buffer, metamorphic InAlAs graded-buffers and thick 
InGaAs device layers. 

The surface of epi-ready Sn-doped n-type (or Fe-doped semi-insulating) InP 

substrates were prepared by a two-step thermal cleaning (refer to chapter 1 and section 

2.1 in this chapter) and the substrate ramping rate was 20°C/min with an arsenic over-

pressure of 2.0×10-6Torr during the entire growth. After clear (2×4) surface 

reconstruction RHEED patterns were observed, the substrate was ramped down to 

TC520°C for lattice-matched In0.523Al0.477As layer growth. The first InAlAs layer was 

200nm thick and acted as a growth buffer. The composition control for lattice-match 

condition was critical to achieve a smooth growth front surface. The surface cleaning of 
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GaAs substrates was very similar with the growth of GaAs and AlAs layers as growth 

buffers to eliminate the influence of defects and residual contamination of the substrates. 

After the growth of a lattice-matched layer (LM-InAlAs on InP, or AlAs/GaAs on 

GaAs), the substrate was cooled down to 380°C to start the growth of the metamorphic 

buffer layers (shown in Fig. 2-25 with the temperature evolution only for the growth on 

InP substrates, while it was very similar for the growth on GaAs substrates). For growth 

on InP substrates, the buffer layer consisted of five steps with each step 250nm thick and 

a 6% indium content increase from bottom to top (shown in Fig. 2-26). For growth on 

GaAs substrates, the buffer layer consisted of eight steps with each step 250nm thick and 

10% indium content increase. The composition change of the neighboring InAlAs layers 

was realized by changing the temperature of the aluminum cell during the cyclic 

annealing of the graded layers.  

 

Figure 2-26: Sample structure with InGaAs device layer and the metamorphic 
linearly step-graded buffer layers. 

The in-situ thermal annealing and the following cool-down process of each step in 

the graded layer were essential to achieve high-quality smooth interfaces. Growth 

temperature and annealing processes were critical for the metamorphic growth of the 

step-graded buffer layers. The substrate temperature for the growth of each step layer 

decreased from TC380°C to TC340°C, and the in-situ annealing temperature decreased 

from TC540°C to TC500°C with an annealing time of 20 minutes for each step. The thick 

(1µm) InGaAs device layers had a slightly smaller lattice constant compared to the very 
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top step layer of the buffer in order to compensate for the residual strain in the buffer 

layers. Another capping layer of InAlAs was grown on top of the InGaAs device layer. 

RHEED was used during the growth of the step-graded layers to monitor the 

annealing process and the growth of the thick InGaAs layer. The RHEED pattern became 

blurry, although still identifiable as streaky, during the low-temperature growth of each 

step layer. During the in-situ annealing process, the pattern became brighter and clearer 

with (2×4) surface reconstruction patterns and restoring the streaky features. Since the 

substrate was rotating during the growth, streaky patterns were clearer on the two 

perpendicular positions which were identified as <110> directions. All samples grown 

with metamorphic buffer layers using the cyclic in-situ annealing method showed mirror-

like surfaces. Under illumination of grazing incident intense light, line structure features 

could be easily recognized along the [ 110 ] direction. 

2.3.3 Surface morphology and evolution 

The surface morphology of samples with metamorphic step-graded buffer layers 

was characterized by AFM with both 0° scans (along [011] direction), 90° scans (along 

[ 110 ] direction) and 45° scans. By combining all three scans, we could identify the line 

features along both [011] and [ 110 ] directions, which are the so-called “cross-hatch” lines 

typical of lattice mismatch heteroepitaxy. 

As shown in Figure 2-27 (d), in a relatively large range of scan across the surface 

area of 50×50µm, the effective RMS roughness was 2.968nm, which is a factor of two to 

three times better than previously reported results [45-48, 50]. If we consider a local area 

as small as 5×5µm (the typical area a transistor might occupy), the best RMS roughness 

was as low as 1.521nm, compared with that reported by Hudait for the growth of an 

800nm-InGaAs device layer with continuous four-step graded buffer layers for a total 

thickness of 2.7µm, the RMS surface roughness was 7.3nm for InAlAs buffer layers and 

2.2nm for InAsP buffer layers [48]. 
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Figure 2-27: AFM for InGaAs grown on InP substrates with metamorphic InAlAs 
buffer at different substrate temperature: T(a)>T(b)>T(c), (d). 

 

Figure 2-28: AFM for InGaAs samples grown on GaAs substrates, left miscut (001) 
substrate with 4° toward [110]A, right (001) substrate. 

The RMS surface roughnesses of samples here with InAlAs buffer layers using 

the cyclic in-situ annealing method were comparable to those in [48] with InAsP buffers. 

However, the surface morphology was very dependent on substrate temperature, growth 

rate, annealing temperature and substrate type for the growth of step-graded buffers (as 

shown in Fig. 2-27 and 2-28). Low substrate temperature and high growth rate were 

essential to achieve smooth surfaces by reducing indium droplet formation and inhibiting 
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the diffusion of surface atoms. On the other hand, the surface morphology and relaxation 

were affected by substrate orientation and the growth of buffer and device layers. 

2.3.4 Strain relaxation and characterization 

High-resolution X-ray diffraction (HRXRD) is a sensitive measurement for 

characterizing the structural qualities of epitaxial films grown on substrates. HRXRD 

rocking curve (RC) measurements have been used in the previous investigations of 

lattice-matched and pseudomorphic structures on InP substrates, characterizing the 

material composition and structural qualities [51, 52]. For films with unknown 

composition, the use of XRD is limited in estimating the relaxation of films since XRD is 

dependent on both. Other characterization methods, like SIMS, combined with the 

rocking curve or the RSM measurements of HRXRD, can accurately estimate the 

composition and relaxation of device layers, as well as each step of the metamorphic 

buffer layers. As shown in Fig. 2-29, the XRD rocking curve of In0.835Ga0.165As (0.94µm) 

grown on InxAl1-xAs metamorphic step-graded buffer layers (8-steps with a total 

thickness of around 2µm) on GaAs substrates shows clear grading steps and good 

structural qualities of both device layer and buffer layers. Using the composition analysis 

results from SIMS (Fig. 2-30), the relaxation of each step layer and the device layer can 

be estimated. However, due to the interference effects and calibration difficulty in SIMS, 

the absolute calibration on composition analysis can only be within a range of 5%. Based 

on the results of HRXRD and SIMS, the metamorphic buffer layers were fully relaxed 

(100% relaxation) and the device layer was closely lattice matched to the top buffer layer. 

The FWHM width of the peak of a thick In0.835Ga0.165As device layer grown on a 

GaAs substrate (overlapping with the top step-graded buffer layer) in the ω-2θ scan was 

123arcsec and that in the ω scan was 1230arcsec. For the growth of Inx>0.8GaAs on InP 

substrates with metamorphic InAlAs buffer layers, the FWHM width of device layer in 

the ω-2θ scan was only 63arcsec and that in the ω scan was only 540arcsec (not shown 

here). Generally speaking, the peak width broadening of the XRD rocking curves comes 

from scattering by defects, local disorder structure or phase separation of grown films 

[53]. As mentioned before, the indium content changes in the samples grown on GaAs 
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and InP substrates were 40%/µm and 24%/µm, respectively. It was not surprising that 

highly mismatched InGaAs device layers grown on InP substrates had better material 

qualities than those grown on GaAs substrates. 

 

Figure 2-29: XRD rocking curve (ω-2θ) of sample grown on GaAs substrate. 

 

Figure 2-30: SIMS depth profiling of the same sample as above grown on GaAs 
substrate. 
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In addition to the HRXRD rocking curves, reciprocal space map (RSM) is capable 

of unveiling the relative lattice tilt and estimating the residual strain in the layers versus 

the substrate [54, 55]. Two types of RSM scan, symmetric (004) scans and asymmetric 

(224) scans, are generally used in III-V material characterization. The (004) scans are 

sensitive for estimating the lattice tilt of layers to the substrate, and (224) scans are 

sensitive for characterizing the relaxation and residual strain of the layers themselves 

relative to the substrate. Fig. 2-31 shows the RSM scheme of substrates (asub) and film 

layers grown strained, partly relaxed and fully relaxed with and without a lattice tilt of α, 

which can be calculated by Eq. (2-5) using the peak position displacement (∆qy and ∆qz). 
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and the lattice mismatch misfit can be calculated by Eq. (2-7), 
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where ν is the Poisson coefficient. 

The relaxation rate of the layers grown on the substrate can be estimated by Eq. 

(2-8), taking into account the residual strain, εr, of the grown-film with an expected 

strain, ε. 
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where af and as are the lattice constants of the unstrained film and substrate, respectively, 

aXRD is the lattice constant of film measured from the rocking curve. 

 

 

Figure 2-31: RSM diagram for (004) symmetric and (224) asymmetric scans, shown 
are substrate and films peaks under different scenario, strained, partly relaxed, 
fully relaxed and partly relaxed with lattice tilt [55]. 
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Figure 2-32: RSM of InGaAs(device layer)/InAlAs metamorphic buffers grown on 
InP substrates for both (004) and (224) scans. 
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Figure 2-33: RSM of InGaAs (device layer)/InAlAs metamorphic buffers grown on 
GaAs substrates for both (004) and (224) scans. 
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 Fig. 2-32 shows the RSM (004) and (224) scans for InGaAs device layers with 

five-step graded metamorphic buffer layers. The reciprocal lattice units (rlu) in the RSM 

scan normally denote λ/2d or 1/d (λ is the X-Ray wavelength and d is the spacing 

between diffracting crystal planes, 222/ lkhad ++= ) depending on the set options. 

Here a simple method of representation is chosen as 1/Þ. The peak positions of the InP 

substrate and InGaAs device layer were (4.8327, 5259.8868)×10-4 rlu and (7.3181, 

5156.2665)×10-4 rlu on the (004) scans, (3722.2961, 5253.9571)×10-4 rlu and (3681.0708, 

5132.3543)×10-4 rlu on the (224) scans, respectively.  The lattice title calculated by Eq. 

(2-5) was 0.021° (76 arcsec). The perpendicular misfit ( ) %54.1/ =∆ ⊥aa , and the in-

plane misfit ( ) %86.0/ 110 =∆ ><aa , so the lattice mismatch was 1.65% (the [100] Poisson 

ratio for InxGa1-xAs is 0.31+0.04x) while the expected lattice misfit for In0.8Ga0.2As on 

InP was 1.85%. The relaxation rate of the InGaAs device layer was estimated to be 90%, 

and those of the five-step graded InAlAs buffer layers were estimated to be 100%, 100%, 

100%, 93%, and 82%, respectively. Similarly, from the RSM (004) and (224) scans of 

the sample grown on a GaAs substrate (shown in Fig. 2-33), the eight-step graded 

metamorphic buffer layers as well as the device layer (overlapping with the last top 

buffer layer) were clearly identified (same sample as that in Fig. 2-29 and 2-30). The 

lattice mismatch between each step layer was 0.72% (compared to that of the sample 

grown on an InP substrate, only 0.43%), all the buffer layers were fully relaxed for a 

layer thickness of 250nm.  

The effectiveness of the cyclic annealing step-graded buffer layers to prevent the 

TDs from propagating into the top layer is clearly shown in XTEM pictures in Fig. 2-33. 

The density of TDs in the top InGaAs device layer was estimated to be around 5×107/cm-

2 by comparing XTEM pictures at different locations. It was clearly observed that TDs in 

the step layers bent over at the interfaces and annihilated each other. 
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Figure 2-34: XTEM of InGaAs device layer grown on InP substrate with five-step 
graded InAlAs buffer layers (the first step was missing during the mechanical 
sample preparing process. 

2.3.5 Optical characterization 

RTPL measurement was used to characterize the optical quality of the InGaAs 

device layers grown on the cyclic annealed step-graded metamorphic InAlAs buffer 

layers on GaAs and InP substrates. The RTPL setup was described previously in this 

chapter. The samples had an In0.82Al0.18As capping layer to provide additional carrier 

confinement in the InGaAs layers. As shown in Fig. 2-34, the sample grown on InP had a 

higher PL peak intensity than that of the sample grown on a GaAs substrate. Both 

samples have similar FWHM for the PL emission peaks of around 70meV.  

From the optical absorption (transmission) measurement (as shown in Fig. 2-35), 

the absorption edge for the InGaAs device layer grown on GaAs substrates showed an 

absorption edge at ~2.5µm and the absorption coefficient at 2.45µm was estimated to be 

~3300cm-1. 

250nm
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Figure 2-35: RTPL of samples grown on InP and GaAs substrates. 

 

Figure 2-36: Optical absorption of InGaAs device layers grown on GaAs substrates 
with step-graded metamorphic buffer layers. 

2.3.6 CONCLUSION 

In summary, high-quality In0.8Ga0.2As thick (1µm) layers were grown on InP and 

GaAs substrates by SSMBE with photoluminescence and optical absorption sensitive 

wavelength around 2.5µm. The thick InGaAs device layers were grown on cyclic in-situ 

arsenic-assisted annealed step-graded metamorphic InAlAs buffer layers. Low 

temperature growth, followed by high-temperature thermal annealing, was essential to 

achieve almost fully-relaxed step layers with smooth surface morphology. As the indium 

content increased from lattice-matched buffer layer to the top metamorphic grown step-
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graded layer, it was beneficial to decrease the growth temperature correspondingly. The 

formation of two different types of dislocations, α dislocations gliding along [011] 

direction and β dislocations gliding along [ 110 ] direction, could be balanced. Cyclic in-

situ annealing step-graded buffer layers could be promising to fabricate InGaAs/InAlAs 

based HEMTs and thermal photovoltaic cells which need high-quality materials with 

bandgap energies less than 0.6eV. 

2.4 Summary 

In this chapter, MBE techniques are developed to investigate various InGaAs-

based material systems. Various intrinsic layers are grown on InP and GaAs substrates: 

(In0.532Ga0.468As)x(In0.523Al0.477As)1-x and In0.532Ga0.468AsyNxSb2.56x are lattice-matched 

to InP substrates; InxGa1-xAs/InyGa1-yAs strain-balanced superlattices (MQW) and 

In0.532Ga0.468As/InAs (1:3) fractional monolayer superlattices are pseudomorphic, highly 

strained on InP substrates; thick device layers of Inx>0.8GaAs are lattice-matched to the 

relaxed metamorphic InAlAs buffers on InP and GaAs substrates. In-situ process 

monitoring and ex-situ material quality characterization are used to help extend the 

emission and absorption wavelength range to beyond 2µm for the application of 

photodetection in NIR region. 
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CHAPTER 3 DEVICE DESIGN, FABRICATION AND 

CHARACTERIZATION 

In the previous chapter, material systems based on InP and GaAs were 

investigated with photoluminescence and absorption over a wavelength range extending 

as far as 2.5µm. As discussed in chapter 1, detectors are the most important components 

in a SDT IR system and the overall system performance, such as sensitivity, responsivity 

and frequency response depend almost entirely on the performance of the detectors. Not 

only the material quality, but also the device structure and optimized design determine 

the detector performance. Detectors fabricated using the materials systems studied so far 

cover the entire wavelength range of interest and would fulfill most applications in the 

fields of telecommunications, non-invasive specimen analysis, environmental gas 

detection and hyper-spectral imaging and sensing. In this chapter, the design, fabrication 

and characterization of photodetection devices for application to a standing-wave 

transform spectrometer will be discussed. 

3.1 Detector and linearity 

Of the two types of detectors, energy detectors and photon detectors (chapter 1), 

we are more interested in photon detectors for applications requiring high performance 

photodetection. There are many photodetectors based on related operating mechanisms, 

such as photoconductors, p-n junction photodiodes, p-i-n photodiodes, Schottky barrier 

diodes, avalanche photodiodes, phototransistors, intersubband quantum well and quantum 

dot photodetectors. For application to the NIR standing-wave transform spectrometer, the 

most important aspects of performance of detectors include: the spectral response, 

responsivity (detectivity) and linearity. The spectral response is directly related to the 

material selection of the active absorption region (longest wavelength of light detected is 

λ(µm)=1.24/Eg(eV) where Eg is the bandgap energy of the material) and the last two 

depend on the structure design and fabrication processes. For the sake of system 

simplicity, p-i-n photodiodes and phototransistors will be the focus of this chapter and the 

differences in the two detectors come mostly from the different device structures. 
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3.1.1 p-i-n photodiode 

Photodiode detectors are based upon junctions formed by different doping regions 

of either the same (homojunction) or different (heterojunction) materials. p-n junction 

photodiodes and p-i-n photodiodes are two similar device structures that are normally 

operated under reverse bias for high collection efficiency of photon-generated free 

carriers. For a p-n photodiode, the output current in the detector includes both the diode 

dark current and photocurrent. The ideal reverse bias diode dark current saturates and is 

independent of the diode bias in Eq. (3-1) [1], 
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where all terms have the normal meaning, q the electron charge, Dp, Dn, the diffusion 

coefficients for holes and electrons, Lp, Ln the diffusion lengths of holes and electrons, 

and τ⋅= DL where τ is the carrier lifetime, pn0 (np0) the hole (electron) concentration 

in the absence of any electric field or optical injection in the n (p) region. The 

photocurrent for a p-n photodiode is dependent on the illumination intensity (negative 

sign refers to the bias voltage direction) in Eq. (3-2), 
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where G0 is the optical generation rate, 
lA

hP
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η
/

0 = , η is the quantum efficiency 

(fraction of incident photons generating electron-hole pairs), Popt/hν the photon flux, and 

l the thickness or vertical dimension of the detector. 

A p-i-n photodiode uses an intrinsic region (particularly in this dissertation, the 

intrinsic region is also a quantum well, and the doped cladding layers have wider 

bandgap) to enhance the responsivity. The total photocurrent consists of two parts: 1) 

drift current and 2) diffusion current. The current densities of drift component jdr and 

diffusion component jdiff are [1], 
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where Iopt/hν is the photon flux per second, ηi the internal quantum efficiency in the 

intrinsic region, α the absorption coefficient, W the intrinsic region thickness, R the 

surface reflection loss, and so the quantum efficiency η is, 
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Both the p-n and p-i-n photodiodes are basically linear photodetectors, the 

photocurrent is linearly proportional to the light intensity of the incident light power until 

very high intensity levels are reached. 

3.1.2 Phototransistor  

A phototransistor includes three regions, collector (C), base (B) and emitter (E). 

For an npn phototransistor, the base is a thin highly p-type doped region and the other 

two are relatively thick n-type doped. The operating condition for such a phototransistor 

is the same as normal bipolar transistor, i.e. the B-E junction is forward biased and the B-

C junction is reverse biased [2]. Silicon npn phototransistors have been commercially 

available for a very long time. Considering our specific applications, a hetero-junction 

bipolar phototransistor (HPT) will be favored instead of a homojunction silicon 

phototransistor. A HPT with heterojunction only for B-E junction is called a single-HPT 

(SHPT) and when both B-E and B-C junctions are heterojunctions, the device is called 

double-HPT (DHPT). 

For a general npn bipolar junction transistor (BJT) with homojunctions for both 

B-E and B-C junctions, the common-emitter small-signal current gain can be estimated 

by Eq. (3-5), 
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where Xe is the emitter thickness, W the base thickness, Ne, Nb the impurity (dopant) 

concentrations in emitter and base, respectively, Dn the electron diffusion coefficient in 

the base (p-type doped) and Dp the hole diffusion coefficient in the emitter (n-type doped). 

For a heterojunction bipolar transistor (HBT), the current gain can be increased 

dramatically because of the bandgap discontinuity between the emitter and the base 

region (emitter has wider bandgap than the base), 
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where vnb (vpe) are the effective velocities of electrons (holes) in the base (emitter) region, 

∆Ev is the valence band discontinuity at B-E junction (for example, InP/InGaAs junction 

∆Ev=0.37eV and correspondingly, the incremental factor for HBT gain, 

exp[∆Ev/kBT]~106 at 300K). 

 

Figure 3-1: Current components in Npn heterojunction bipolar (photo)transistor 
[3]. 

Above rough estimation of the current gain can be extended to include parameters 

important to characterization of real devices in different operation modes (Fig. 3-1). In 

the forward active mode (compared to the reverse active mode mostly only useful for 

parameter extraction), current components in the device satisfy Eq. (3-7), 
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where all the current components have the normal meanings, Ine, Inc the electron 

component of the emitter and collector current, respectively, Ipe the hole component of 

the emitter current, Ire the recombination current in the depletion region of B-E junction, 

Ibr the recombination current in the neutral base region, and Igc the generation current in 

the depletion region of B-C junction. 

In the low injection regime (diffusion current dominant), the current gain β can be 

estimated to be the ratio of the electron component of emitter current 

( )/exp( thBEne VVI ∝ , Vth=kBT/q) and the recombination current in the B-E junction 

( )/exp( thBEre nVVI ∝ , where empirical number n>1). With the increase in the forward 

emitter-base voltage VBE (correspondingly an increase of collector current), the diffusion 

current increases faster than the recombination current, thus the current gain increases 

( ( )( ) )/11(/11/ n
c

nVV Ie thBE −−⋅ ∝∝ ) to the limiting value set by Eq. 3-5 and Eq. 3-6. In the 

regime of high injection (the number of electrons injected into the base greater than the 

Gummel number, defined as the total number of acceptors in the base region), the current 

gain decreases ( cI/1∝ ) as the collector current increases. Taking into account the 

limiting factor of base transport, common-emitter gain ( )22 WLnbT ≈β , where Lnb is 

the electron diffusion length in the base and W the base width, the current gain of BJT 

(HBT) increases with an increase of Ic at low injection levels, saturates to the maximum 

value at moderate injection levels and then decreases due to high-injection effects. The 

Kirk effect (high-field region shift from B-E junction to B-C junction due to the carrier 

injection into the collector region) is another source of the decrease of common-emitter 

current gain. 

The HPT is basically not much different than a HBT except that the photocurrent 

generated in the base (and B-C junction) region itself is the input signal instead of electric 

current from the circuit. Different from the short circuit small-signal current gain of a 

HBT, the optical gain is of more interest in describing the HPT device function. In a 
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SHPT with photon absorption in the base and B-C junction region, the photocurrent 

(primary) is, 
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while a detailed analysis of HPT gives the expression of collector current in Eq. (3-9) [4], 
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where the first two terms are related to the general photocurrent and the last term is 

related to the phonon-excited dark current ( )
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For a typical HPT with a very thin base ( 25.0/ ≤nLW ), the photocurrent in Eq. 

(3-9) takes the form of Eq. (3-8) with high carrier collection efficiency at the B-C 

junction. From Eq. (3-9) we can see that the photocurrent and the phonon-excited dark 

current are both amplified (1+β) times by the transistor action. From the earlier 

discussion of current gain dependence on collector current, it should be no surprise that 

there is a similar dependence on the illumination level, thus the output current will not be 

linearly proportional to the incident light intensity. The quantum efficiency in the base 

region, η, can be simplified as 
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The optical gain of a HPT is highly dependent on the base width, doping levels 

(shown in Fig. 3-2 [5]), material qualities (especially recombination centers due to 

defects in the B-E junction) as well as the illumination level (corresponding to different 

level of collector current). Eq. (3-9) ignores the recombination current in the 

heterojunctions, so the optical gain of a HPT considering the non-ideal heterojunction 

due to recombination, tunneling and avalanching, the internal optical gain can be 

expressed in Eq. (3-11) [3] (refer to Fig. 3-1), 
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Figure 3-2: Scaling law of Npn HPT on the optical gain and small signal current 
gain, as well as the photocurrent density in the device (dependence on the collector, 
bottom two figures, total photocurrent density (no symbol), component in the quasi-
neutral base (ý), B-C space charge region (û) and collector region (ü)) [5]. 
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If the illumination level is low (VBE small, Ine+Ipe<Ire), the optical gain keeps a 

constant small value independent of the collector current; if the illumination level is 

moderate (Ine+Ipe>Ire but Ine+Ipe<βIre), then the optical gain is dependent on the collector 

current; if the illumination level is high (Ine+Ipe>βIre), the internal optical gain is only 

dependent on the current gain of HBT. 

From above analysis, a HPT has a different design criteria and different operating 

regions from a HBT. A HBT is always biased so that the device provides excellent linear 

amplification in a relatively broad constant gain region (~100) between recombination 

limit and high-injection limit regions. For a HPT, the optical gain region corresponds to a 

light level down to zero, so the small-signal current gain β can be even less than 1 in the 

recombination-limiting region for low-level illumination. Because the extremely high 

possible gain (106) due to the bandgap discontinuity in valence bands is possible and 

desirable for the design of HPT, the high injection region can be reached with very low 

photocurrent. So the linear operating region is significantly reduced for a HPT compared 

with that of a HBT. The operating region of a HPT transits from the recombination-

limiting region to the high-injection limiting region within only a relatively small range 

of illumination levels. 

In summary, the p-i-n photodiode detector is a linear detector, with output current 

linearly proportional to the incident light intensity and dark current extremely low with 

no-bias-voltage operation mode. The npn phototransistor is a non-linear photodetector 

and the optical gain is not constant for a wide range of illumination levels. We will make 

use of this unique property of HPT in the next chapter. 

 3.2 Device design and fabrication 

For photodetection applications, Si, GaAs and InP based material systems are 

possible choices covering a wide wavelength range from visible light to the NIR region. 

Because of the high absorption coefficient and mature technology on material growth and 

device fabrication, detectors fabricated on GaAs and InP substrates will have much 

higher quantum efficiency and better performance than Si detector. In this chapter, 
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lattice-matched material systems will be the main focus including AlGaAs/GaAs and 

InP/InGaAs/InAlAs structures. As discussed in chapter 1, the photodetection devices in a 

standing wave Fourier-transform spectrometer (folded Michelson spectrometer) need be 

partially transparent with a very thin active region, so quantum-well like structures will 

be utilized for both the p-i-n photodiode and npn DHPT. The system performance related 

design on the device structures will be described in chapter 4.  

3.2.1 AlGaAs/GaAs p-i-n photodiodes 

The lattice constant of AlAs is 5.6611Å, which is very close (~0.14%) to that of 

GaAs 5.6533Å. So the material system of AlGaAs/GaAs is generally regarded as a 

lattice-matched materials system on GaAs substrates. Several general parameters of the 

AlxGa1-xAs/GaAs system are important for the p-i-n photodiode detector design, 

including bandgap energy of AlxGa1-xAs (1.424+1.247x)eV for x<0.45 or 

(1.9+0.125x+0.143x2)eV for 0.45<x<1.0; bandgap discontinuity of valence band 

∆Ev=0.4∆Eg; absorption coefficient and refractive index of intrinsic GaAs, which are 

shown in Fig. 3-3. 

 
Figure 3-3: Absorption coefficient (α) and refractive index (n) of intrinsic GaAs [6]. 

The samples were grown in the Gen-II MBE system-I and the general growth 

process was described in chapter 2. After surface deoxidization and thermal cleaning, a 

thin GaAs buffer layer was grown, followed by an Al0.85Ga0.15As etch-stop layer (high 

wet-etching selectivity over GaAs) for subsequent substrate removal, a n-type doped 

(500nm, Si-doping level 5×1017cm-3) and intrinsic (50nm) Al0.3Ga0.7As layer followed by 
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the absorption active region, intrinsic GaAs (55nm, the layer thickness design criteria will 

be discussed in chapter 4), intrinsic (50nm) and p-type doped (250nm, Be-doping level 

5×1017cm-3) Al0.3Ga0.7As, and a very thin capping layer of highly doped GaAs for 

protection of the AlGaAs layer and Ohmic contact enhancement. The full structure is 

shown in Fig. 3-4. 

 

Figure 3-4: AlGaAs/GaAs p-i-n photodiode layer structure, mesa definition, 
substrate removal and flip-chip bonding for the integration purpose [7]. 

The mesa structure of the photodiode (1mm×1mm) can be fabricated by routine 

lithography and etching process. The processing details are described in Appendix A. The 

plasma etching of GaAs and AlGaAs layers generates steep side-walls with ion damage. 

Wet-etching (H2SO4:H2O2:H2O 1:8:40) is a simpler process and gives smooth slope side-

walls. The Ohmic contacts for both the p-type doped GaAs and n-type doped AlGaAs 

regions have the same shape of coplanar ring contacts, p-contact of 

Ti(25nm)/Pt(25nm)/Au(100nm), n-contact of Au/Ge with Ge weight ratio of 12%. 

Because of the band alignment of GaAs and contact metals, post-evaporation alloy 

annealing (415°C for 30s) is always needed to further reduce the contact resistivity for 

good Ohmic contacts. 
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3.2.2 InP/InGaAs/InAlAs DHPT 

The MBE growth of lattice-matched (LM) material systems, including 

In0.532Ga0.468As, In0.523Al0.477As and (InGaAs)x(InAlAs)1-x, has been described extensively 

in chapters 1 and 2. The bandgap energies of LM-InGaAs, InAlAs and InP are 0.75eV, 

1.46eV and 1.35eV, respectively. Bandgap discontinuities of InGaAs/InP (∆Eg=0.6eV) 

junction are ∆Ev=0.6∆Eg=0.36eV and ∆Ec=0.24eV, while that of InGaAs/InAlAs 

(∆Eg=0.71eV) junction are ∆Ev=0.21eV and ∆Ec=0.5eV. From Eq. (3-6) we can see that 

the selection of InP/InGaAs as the E-B junction for a HBT (HPT) is favorable due to the 

large valence band discontinuity. In this section, LM-InGaAs is mostly chosen as the 

active absorption region and the optical properties are shown in Fig. 3-5. 

 

Figure 3-5: Absorption coefficient and refractive index of intrinsic LM-InGaAs [6]. 

 Since the bandgap of base (LM-InGaAs) is 0.75eV, an InP(Emitter) 

/InGaAs(Base and Collector) based HBT (HPT) will have low turn-on voltage and small 

breakdown voltage due to the high impact ionization rates at low fields. Thus a DHPT 

with the structure of InP(E)/ InGaAs(B)/InAlAs(C) is a better device design for low turn-

on voltage and higher collector breakdown. However, since the carrier collection 

efficiency is severely degraded by the energy barrier at the abrupt junction, a graded 

junction design is necessary to improve device performance. From chapter 2.1, the 

graded B-C junction can be realized with a digital graded superlattice (DSL) 

(In0.532Ga0.468As)x(In0.523Al0.477As)1-x, where x decreases from 1.0 (base side) to 0 

(collector side) (as shown in Fig. 3-6). 
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Figure 3-6: DHPT with (a) abrupt B-C junction, and (b) graded B-C junction, with 
energy barrier at B-C junction removed by DSL. 

The theory of HBTs and HPTs was clear for a long time before the materials 

technology achieved sufficient maturity so that a real device could be fabricated. This 

was pushed by the needs of long wavelength communications applications [8, 9]. From 

Eq. (3-9) and (3-11), the material quality (defect control and the reduction of junction 

interface recombination centers) determined the optical performance of HPTs to an 

extremely important level. An InP/InGaAs phototransistor was first fabricated in the early 

1980’s [8, 9], but the performance has been improved significantly over the past two 

decades due to the outstanding accomplishments in crystal growth technology (such as 

MBE and MOVPE), processing technology (Inductively Coupled Plasma and RIE dry 

etching and sub-micron lithography) and extensive improvement in device design [10-

12]. Two different device structures, an emitter-up structure and a collector-up structure, 

which correspond to different illumination directions, were both investigated in this 

chapter. It has been noticed that material systems with binary layers grown on ternary 

alloys normally have better material quality than those with ternary layers grown on 

binary compounds. For application of NIR detection in the standing-wave Fourier-

transform spectrometer (next chapter), an emitter-up device structure was utilized to 

minimize the difference of output current due to back- and front-illumination by the 

incident and reflected light beams forming the standing-wave interferogram. 

All the samples were grown on InP substrates in GEN II MBE system-I with the 

growth processes described in chapter 2. A GaP sublimation (decomposition) source was 
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used to grow the InP buffer and emitter regions. Much attention has to be paid to 

precisely control the LM layer composition. The growth rate of the InGaAs layer was 

0.58um/hr and the rate of the InAlAs layer was 0.59um/hr, where the slight difference of 

growth rate coming from the lattice match condition of the two materials to InP. The 

layer structure of the collector-up HPT is shown in Fig. 3-7 with DSL graded junctions 

for both B-E and B-C junctions. The conduction and valence band diagram for the DSL 

was shown in Fig. 2-3. It consists of 19 periods (×10nm) of 

In0.532Ga0.468As/In0.523Al0.477As with each period consisting of a layer of InGaAs ranging 

from 0.5nm to 9.5nm and a corresponding layer of InAlAs ranging from 9.5nm to 0.5nm. 

 

Figure 3-7: Epi-layers of collector-up Npn InP/InGaAs/InAlAs DHPT, mesa 
structure and Ohmic contact. 

Compared to RIE and ICP-RIE dry etching, wet etching of mesas produce 

smoother sidewalls with a less steep slope. Although it is well known that steep sidewalls 

are critical for sub-micrometer transistors, the surface recombination on the sidewall is 

not dominant for large mesa-devices. For the sake of simplicity, an all-wet etching 

process was favored for the phototransistors fabricated in this chapter. H2SO4:H2O2:H2O 

(1:1:40) was used to etch through the collector and base since the etchant almost perfectly 

selective-etches InGaAs/InAlAs over InP, and the emitter can be easily exposed by a 

second single step wet etch (as shown in Fig. 3-7). At room temperature, the etch rate of 
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InGaAs/InAlAs by such an etchant is close to 200nm/min depending on the relative 

thickness of InGaAs and InAlAs layers. In order to guarantee etching completely all 

though the collector and base regions, twenty percent over-etching was performed for the 

mesa definition. After the mesa etching, the entire sample was passivated by dipping into 

a buffered oxide etchant (BOE, HF:H2O 1:6) for a very short time, followed by rinsing in 

deionized water for one minute. A thin layer of SiNx was deposited by plasma enhanced 

chemical vapor deposition. Device performance analysis showed that the surface-

passivated phototransistors have lower dark current (low surface recombination velocity 

of InGaAs is 5000cm/s, compared to that of GaAs 106cm/s) and do not degrade as much 

as unpassivated devices do in the air. Part of the degradation comes from the oxidation 

process of InGaAs and InAlAs surfaces in air. For large devices, the sidewall slopes 

make no difference if the exposed surface has been passivated. 

For two-terminal DHPT with a floating base, the processing is rather simple. 

After the collector/base mesa etch, Au/Ge (weight ratio around 88:12) n-type Ohmic 

contact for emitter and collector can be done in one step. Annealing is not always 

necessary for n-type contact on InGaAs and InP due to the band structure of metal-

semiconductor interface (energy barrier of n-InGaAs/metal is only 0.25eV, and that of p-

InGaAs/metal is 0.5eV). Post-evaporation alloy annealing at 400-450°C for 30 seconds 

will always help to further reduce the contact resistivity. For three-terminal DHPT with a 

defined base potential, the etch-stop on the base is rather difficult since the base width is 

always thinner than 100nm and a two-step etching process is needed. Au/Ti/Pt was 

normally used as p-type Ohmic contact on InGaAs. If the p-type doping was not high 

enough, annealing is needed to achieve good conductivity while it is well known and 

characterized by tunneling electron microscopy that metal can penetrate into the 

underlying layer by as much as tens of nanometers during the annealing process [13]. But 

for the case of a base contact in a three-terminal phototransistor, the base doping was 

always high enough to avoid annealing and thus eliminate the metal penetration problem. 

Improved device performance of a three-terminal HPT compared to a two-terminal HPT 

has been demonstrated. 
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The fabricated DHPT is packaged by a standard wire-bonding method in a 24-pin 

DIP package with customized window opening (hole with diameter 5mm) on the 

backside for transmission applications. 

3.3 Device characterization 

Both the p-i-n AlGaAs/GaAs photodiode detector and npn InP/InGaAs/InAlAs 

DHPT fabricated previously are two-terminal devices. The photodiode is operated 

without any voltage bias across the anode and cathode. The DHPT is operated in a 

forward active mode with E-B forward biased and B-C reverse biased. With a floating 

base, the operation of a DHPT is no much different than a normally reverse-biased 

photodiode. For the purpose of device characterization, a HP4165 semiconductor 

parameter analyzer, an 810nm laser source for the GaAs-based photodiode and a 1550nm 

laser source for the InGaAs-based DHPT were used in the electric and optical 

measurements. 

The AlGaAs/GaAs photodiode is designed for the wavelength range from red 

(AlGaAs cladding layers still transparent) to 870nm (GaAs absorption edge). The 

fabricated device (1mm×1mm) had a low dark current of 3nA with a 2V reverse bias 

voltage and the single pass responsivity at 810nm was 34mA/W. The absorption 

coefficient of intrinsic GaAs at a photon energy of 1.53eV (wavelength 810nm) is about 

1.2×104cm-1. With an intrinsic region thickness of 55nm (single pass optical absorption 

about 6.4%), refractive index of AlGaAs(GaAs) close to 3.65 (reflection loss of 49%), 

the calculated responsivity is, 

( ) WmA
n

ne d /32
1

21 2 =
+

− −α                                        (3-12) 

while the internal quantum efficiency is 85% and the internal responsivity ( hce /λη ) is 

1.1A/W. 

The HPT dark current consists of the leakage current of the base-emitter and base-

collector junctions with open loop current gain of the transistor. For a high gain 
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transistor, the device suffers large dark current (Eq. 3-9). The dark current performance 

of the phototransistors depends on the fabrication process, material quality and the device 

structure. It was noticed that different phototransistors on the same wafer through the 

same fabrication process had different dark current densities. One possible explanation is 

that defects formed during the material growth are randomly distributed across the wafer 

surface and different sizes of devices incorporate random number of defects. A 

phototransistor with an InP-emitter-up structure was fabricated by selective wet-etching 

InP over the InGaAs(base). In an emitter-floating condition, the phototransistor acted as a 

normal p-i-n photodiode and the dark current across the B-C junction 5.28×10-7A/cm2 

with device area 1mm×1mm. For the normal forward active mode of the DHPT with the 

base floating, the dark current density of the phototransistor was 3.68×10-4A/cm2 and the 

relatively constant current gain under different E-C bias was about 700. 

 

Figure 3-8: I-V characteristics of SHPT and DHPT. 

SHPT InP/InGaAs and DHPT InP/InGaAs/InAlAs were fabricated and compared. 

The detection efficiency was characterized by measuring the HPT collector current under 

illumination by a broadband light source with different power levels as shown in Fig. 3-8. 

In order to compare the two sets of data from the SHPT and DHPT, the collector current 

of DHPT was exaggerated to reflect the thickness difference of the InGaAs absorption 

region. DHPT has much lower dark current density than SHPT because the B-C 

heterojunction has much lower leakage current [14]. 



 

 84

 

Figure 3-9: I-V characteristics of DHPT with large C-E voltage bias. 

The responsivity performance of the phototransistors was characterized by 

illuminating the device with a laser beam at the wavelength of 1550nm and power of 

100µW (Gaussian beam waist width around 2.8mm). Taking into account the surface 

reflection loss and the finite absorption region length, we estimated that the internal 

current gain of the HPT was about 3000 at a collector-emitter bias of 1V, and the internal 

quantum efficiency is close to 100%. The overall responsivity of DHPT with 1mm×1mm 

mesa structure is around 19A/W. By applying high voltage across the collector and 

emitter, the phototransistors died with non-reversible avalanche breakdown. The 

breakdown voltage was observed to vary wildly among different device sizes. 

InP/InGaAs SHPTs suffer from low breakdown voltage because of the low breakdown 

voltage of InGaAs. InP/InGaAs/InAlAs(InP) DHPTs have higher breakdown voltage 

because InP and InAlAs have smaller ionization rates than InGaAs. There is no 

observable difference in the breakdown voltage characteristics between graded and 

abrupt junction HPTs (as shown in Fig. 3-9). 

Fig. 3-10 illustrates the behavior of a defective DGHPT. The photon current gain 

was at a maximum with collector-emitter bias of 2.7V. It was believed that particular 

defects were incorporated in the heterojunctions and a reversible carrier path was 

established at higher bias. It was believed that InGaAs/InAlAs interface has high 

probability to incorporate several types of defects, which may play different roles in the 
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current-voltage characteristics and need further study in the device design and fabrication 

processes [15]. 

 

Figure 3-10: I-V characteristics of a defective DHPT. 

The spectral responsivity of a DHPT (emitter-up structure) was characterized 

using monochromatically filtered white light source. The measurement results are shown 

in Fig. 3-11. The photocurrent difference between front and back illumination is partly 

due to substrate free-carrier absorption, but mostly comes from the light intensity 

difference at the E-B junction interface under the two illumination conditions. The 

theoretical analysis in section 3.1 only considered illumination from the emitter side, so 

that the light intensity at E-B junction was the highest in the quasi-neutral base region. 

For illumination from the collector side, the light intensity is highest at the C-B junction, 

so even though the integral light absorption in the base region is the same, independent of 

the illumination direction, the output currents for the two light illumination cases are 

different. In the next chapter, we will use this fact to compensate for the single pass loss 

in the base region to form a standing-wave light field. 
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Figure 3-11: Spectral responsivity characterization of a DHPT with emitter-up 
structure. 

From the conclusions in section 3.1, when the HPT is operated over a broad 

intensity range, it is a nonlinear photodetector with an output current that is not linearly 

proportional to the incident light intensity. This property is clearly shown in Fig. 3-12. 

The collector saturation effect, corresponding to the decrease of the optical gain, was due 

to the high-level injection effects described in section 3.1. 

 

Figure 3-12: Collector current characteristics with different incident laser powers. 

Since a DHPT with a very thin base region is particularly interesting for our 

applications, let us review the base width effect again from another view different from 

Eq. 3-10 and Fig. 3-2. Eq. 3-5 is rewritten here as, 
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For a very thin active region width of wb, the photon absorption ratio is, 

b
w wer b ⋅≈−= ⋅− αα1 , and the collector current for a specific illumination light power in 

the constant gain region can be simplified as Eq. (3-13), 

peb

nbee
DN

DwNP
rGPj

α
η ≈⋅⋅⋅∝                                       (3-13) 

It is interesting to note that within this approximation, at a specific illumination 

level and moderate C-E voltage bias, the collector current density is independent (or very 

weakly dependent) on the thickness of base region. This is a highly desirable 

characteristic for the applications requiring very low absorption loss. A DHPT with a 

quantum-well like structure in the NIR region with a very thin base region can be 

integrated into a compact system operating over a broad wavelength range from 800nm 

to 2500nm. 

3.4 SUMMARY 

In this chapter, a linear photodetector (AlGaAs/GaAs/AlGaAs p-i-n photodiode) 

and a nonlinear photodetector (InP/InGaAs/InAlAs npn DHPT) were theoretically and 

experimentally investigated. Based on the analysis and characterization of device 

performance, they are suitable for various applications in the fields of optical 

communications and sensing technology. Specifically, both of them will be utilized and 

compared in the standing-wave Fourier-transform spectrometer system in the next 

chapter.  
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CHAPTER 4 STANDING-WAVE FOURIER-TRANSFORM 

INTERFEROMETER 

As described in chapter 1, FTIR is one of the most important multiplex 

spectrometer systems for detecting photons with different wavelengths simultaneously 

[1]. Much effort has been put in realizing compact FTIR [2], and the solution of standing-

wave Fourier transform spectrometer (interferometer) (SWFTIR) by integrating silicon 

MEMS mirror and thin-film photodetectors was recently realized with good system 

performance [3-5]. This chapter will propose and realize a new technique utilizing 

harmonic Fourier spectra created by the non-linear properties of a HPT to improve the 

system resolution.  

4.1 Fourier transform and harmonic spectra components 

Fourier transform theory was proposed by Jean B. Joseph Fourier in 1882 and has 

been applied to many fields, such as signal processing. It has become a very powerful 

technique for spectrum analysis. For a periodic signal, f(t), with a period of T in the time 

domain and angle frequency,
T
πω 2

0 = , it can be described by a Fourier series in Eq. (4-1), 
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The general form of the Fourier transform between f(t) and F(ω) in the time and 

frequency domains, respectively, can be described in Eq. (4-2), 

∫
∞

∞−
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1)(                                                 (4-2) 

For an ideal sinusoidal signal with frequency ω0, the Fourier spectrum will be a δ-

function (infinite magnitude and infinitesimal width) at ω0 and -ω0. In reality the signal 
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cannot extend infinitely in the time domain and sampling an ideal sinusoidal signal by a 

time window results in a change of the Fourier spectrum. The Fourier transform will be 

the convolution of the ideal sinusoidal spectrum and a sinc-function (Fourier transform of 

a square sampling window). When the signals are distorted from an ideal sinusoid, higher 

order (harmonic) spectral components will appear. Fig. 4-1 shows that periodic square 

waves and symmetrical triangle waves only have odd-number harmonic components 

while asymmetrical triangle waves have all orders of harmonic components. The Fourier 

spectrum of sampling a distorted sinusoidal signal will include sinc-function at high-

order harmonic components with the same linewidth determined by the width of the 

sampling window. 

Let us consider two scenarios sampling a light wave by a partially transparent 

linear detector: (1) for a traveling wave )(
0~ kztjeEE −− ω  , the detector signal is constant, 

0

2)(
0~ IeII kztj =−− ω ; (2) for superposition of incident and reflected light waves with 

same frequency, ( ))()(
0~ kztjkztj eeEE +−−− + ωω , an immovable sinusoidal interference 

intensity pattern of the light fields (“interferogram”) can be sampled by the detector, 

( )kzIeeII kztjkztj 2cos1
2
1~ 0

2)()(
0 +=+ +−−− ωω . Two such immovable sinusoidal (or 

distorted versions for nonlinear detector) interference patterns with different frequencies 

(ω0 and ω0+∆ω) and fixed phase (“coherent”) will form an immovable interference 

pattern. The resolution of the system aiming to distinguish them depends on the extension 

range of the interference pattern defined by the sampling window width, ∆L. For 

sinusoidal waves, the resolution needed to distinguish the two waves is 0.6/∆L (compared 

with the full width half maximum FWHM width of sinc function as 1.2/∆L), which 

means that the spectrum will be clear enough to identify each frequency only if the 

frequency difference ∆ω>0.6/∆L (as shown in Fig. 4-2). As mentioned above, the Fourier 

spectrum of distorted sinusoidal waves has higher order harmonic components with the 

same FWHM width of 1.2/∆L. Since the frequency difference of the nth order harmonic 

component is n∆ω, the resolution of the system need only satisfy n∆ω>0.6/∆L, with n 

times resolution improvement, although decreasing the signal level as shown in Fig. 4-3. 
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Figure 4-1: Fourier transform of periodic signals (top), sampling sinusoidal and 
distorted signals with a square window (bottom). 
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Figure 4-2: In order to distinguish two waves with different frequencies by sampling 
with a fixed window width: (from top to bottom) single sinusoidal wave with 
normalized frequency 1, two sinusoidal waves with frequencies 1 and 1.02, two 
sinusoidal waves with frequencies 1 and 1.025, two sinusoidal waves with 
frequencies 1 and 1.1. The sampling window has a fixed width of ∆L= 25, 
0.6/∆L=0.024. 
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Figure 4-3: Harmonic components in Fourier spectrum up to 5th order. 

There is another degree of freedom for the analysis of waves at multiple 

frequencies, relative phase difference. The interference pattern in a specific sampling 

window is dependent on the phase differences. A Mathematica model Eq. (4-3) shows the 

Fourier transform using normalized frequency, a relative frequency difference ratio, x, 

and a phase difference, ϕ 

[ ]dttxteF
L

tj∫
∆

− +⋅⋅+⋅=
0

)2sin(2sin
2
1)( ϕππ
π

ω ω                        (4-3) 

As shown in Fig. 4-4, adjusting the phase difference between two waves will 

move the interference pattern in the sampling window. With the incorporation of an 

envelope node (at the center of the sampling window of the figure bottom), the Fourier 

transform is able to distinguish the two frequency components. The peak separation in the 

spectrum is related to both phase and frequency differences. If the envelope node of the 

interference patterns moves exactly to the central sampling window with a specific phase 

term, the peak separation is  1/∆L+∆k, with ∆L the sampling window width and ∆k the 

frequency difference. 
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Figure 4-4: Waveforms and Fourier spectra of two ideal sinusoidal waves with 
different frequencies normalized to 1 and 1.005 with sampling window width of 
∆L=25, (from top to bottom) a phase difference ϕ=0, 3π/4, 13π/16, and 7π/8. The 
frequency difference of the two waves is 0.005, <<0.6/∆L=0.024. The improvement of 
the resolution of the system is at the cost of signal magnitude, and the peak 
difference in the bottom spectrum equals to 1/∆L+∆k with all the peak FWHM 
width of 1/∆L. 
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4.2 Standing wave FTIR design 

A standing wave may be formed by the forward light and backward light within a 

distance less than the coherent length of the incident light sources. Since the distance 

between the detector and the scan mirror cannot be reduced beyond limits set by the 

processing technology and the operating conditions, the standing-wave FTIR should be 

targeted to be a spectrometer for distinguishing highly coherent light sources. 

 

Figure 4-5: Scheme of a standing-wave transform spectrometer, the intensity of the 
standing-wave light field being sampled by a thin partially transparent detector. 

4.2.1 Optical model  

The wave function of the standing wave formed by the incident waves and 

reflected waves can be described in Eq. (4-1),  

tjeEE ω
0= , 

λ
π2

=k , πνω 2= , 
λ

ν c
=                                   (4-1) 

where k, ω, λ, ν have normal meanings, wavenumber, angular frequency, wavelength and 

frequency, respectively, and the magnitude is position dependent in Eq. (4-2) (with the 

origin at the mirror surface, as shown in Fig. 4-5, the reflection at a highly conductive 

mirror surface introduces an extra phase shift of π) [3],  
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b

jkz
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where Ef0 and Eb0 are forward and backward components of the light waves, both being 

complex. The intensity of the standing wave can be described by Eq. (4-3),  
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where the last two terms in Eq. (4-3) represent the interference between the forward and 

backward light waves. The absorption of photons in the detector active region can be 

described by Eq. (4-4), 
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where Popt is the power of incident light, α the absorption coefficient of detector active 

region materials, gopt the generation rate of carriers upon illumination, A the area of the 

detector active region, h Plank constant and ν frequency of the incident photons. The 

photocurrent from the detector in the standing wave light field can be determined by Eq. 

(4-5), 
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where C0 is a constant incorporating the incident light power and other system related 

parameters, t the thickness of detector active region, x the detector position shown in Fig. 



 

 97

4-5, other parameters having the normal previous meanings and the extra phase term for 

simplicity ϕ  is: 
kteek
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−+⋅+
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4.2.2 Detector absorption region thickness 

The last term in Eq. (4-5) is the interference of forward and backward light wave 

components. The system sensitivity (SEN) and contrast (CON) can be defined in Eq. (4-6) 

considering the different light field intensity components, 

specklecontot III +=  

specklecon IISEN +=  

inc

speckle

I

I
CON

⋅
=

2
                                                  (4-6) 

 

Figure 4-6: The dependence of sensitivity and contrast on the absorption layer 
thickness for a linear photodetector, shown in the left diagram is the precise model 
and rough model without considering the power loss in the absorption region. 
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4.2.3 Tolerance analysis 

The interference pattern contrast is dependent on the system parameters (as shown 

in Fig. 4-7), including both the absorption region thickness and tilt deviating from a 

perfectly perpendicular plane in the standing waves. 

 

Figure 4-7: Influence of detector tilting on the signal contrast. 
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The dependence of contrast on the detector tilt angle is shown in Fig. 4-8, where 

the best contrast can be achieved only within a range of tilting angle of no more than 6 

arcsec. For discrete components system, such optical path alignment is not a trivial job! 

However, for a compact standing wave transform spectrometer with integrated thin-film 

photodetector fabricated by silicon micro-electric-mechanical-system (MEMS) 

technology [4, 5], the system alignment is guaranteed by the selective etching of 

precisely defined crystallographic planes in the fabrication processes. 
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Figure 4-8: Dependence of the interference pattern contrast on the detector tilt 
angle. 

4.2.4 Fabry-Perot effect 

The previous discussion ignored all surface reflections except from the scanning 

mirror surface. If we include light reflection at the outer surface of the detector (the 

surface incident light beams first reach), the detector will then be effectively located in a 

Fabry-Perot cavity defined by the scan mirror and detector outer surface as shown in Fig. 

4-9. 

 

Figure 4-9: Fabry-Perot cavity formation, dash line corresponds to the detector 
absorption region, ρ, σ the amplitude reflection and transmission of each mirror, 
ρ2=R and σ2=T. 

The amplitude at the detector absorption plane (x) can be expressed in Eq. (4-8), 
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which can be easily summed in Eq. (4-9), 

[ ]kdjkxj
kdj

jkx
i ee
e
eE

xE 2
2

2
2

21

1

1
)( −−

− +
−

= ρ
ρρ

σ
                                  (4-9) 

It is thus easy to measure the light intensity at the detector absorption plane, 
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If the detector surface is coated with a perfect anti-reflection (AR) coating, 11 =σ , 

01 =ρ , there is no Fabry-Perot cavity formed and Eq. (4-10) will be simplified to Eq. (4-

5). For the parameters in our system, reflection on the InP (or InGaAs, InAlAs) is about 

50%, 71.01 =σ , 71.01 =ρ , 02 =σ , 12 =ρ , mx µ400= , nm1550=λ , the light intensity 

at the detector absorption region versus the mirror displacement is shown in Fig. 4-10. It 

is not surprising to find the resonances in the light intensity as the mirror scans across 

specific positions. These resonances also effectively contribute to the generation of high-

order Fourier-components in the detector response, even with a linear detector. 

 

Figure 4-10: Light intensity at the detector absorption region versus the mirror 
position. 
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4.3 SWFTIR setup 

The SWFTIR setup has only two major components, one partially transparent 

photo-detector and one scan mirror (silicon MEMS mirror or a PZT-controlled mirror). 

The incident light comes from a fiber port output of a 3dB in-line fiber combiner (Oplink 

Model # SWFC 5250P002214), which combines coherent light sources from a tunable 

laser (1500-1580nm) and three different laser diodes (“1” MQW-DFB Excelight 1546nm 

Ith=10mA, “2” PL15B002FC11-S-0 Pdld 1549nm, and “3” PL13B002FC11-S-0 Pdld 

1312nm) for the demonstration of spectral resolution. 

The partially transparent thin-film photodetector is a double hetero-junction 

InP/InGaAs/InAlAs bipolar phototransistor (DHPT) with an emitter-up mesa structure. 

The DHPT detector is operated in its nonlinear region to distort the sinusoidal light field 

intensity of the standing wave in order to utilize the Fourier transform harmonic 

components analysis introduced in the previous section in this chapter. The bias voltage 

across the emitter and collector was kept at 2.5V and the base was floating. The emitter 

surface and mesa walls were passivated by PECVD (plasma-enhanced chemical vapor 

deposition) deposited SiN, which prevents oxidation and degradation of indium based 

semiconductor materials exposed to air. If the thickness of the SiN passivation layer was 

precisely controlled to be one quarter of the central wavelength of the incident coherent 

light sources, the SiN layer could act as an AR coating. The DHPT was wire-bonded on a 

custom-made butterfly 24-pin electronic package with open transmission window on the 

backside. Fig. 4-11 shows the photo-current output of the DHPT after conversion to a 

voltage signal by measuring the voltage across a resistor between the emitter and ground. 

In the spectrometer setup, the DHPT was illuminated from the back (collector side) by 

the collimated incident light beams. The emitter is closer to the mirror side, and 

correspondingly the back-reflected light from the scan mirror illuminated the DHPT from 

the front (emitter side) and hence higher effective optical gain. Thus the loss of light 

intensity by the absorption in the base region is compensated by the higher HPT gain for 

light reflected from the mirror surface. In addition, reflections at the interfaces between 

different materials were reduced to the minimum degree. 
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Figure 4-11: The scheme of standing-wave Fourier-transform spectrometer, shown 
light field intensity does not consider the refractive difference of InP, InGaAs and 
InAlAs, and the DHPT circuit shows the floating base and sampling of RE. 

The gold-coated highly reflective mirror was mounted on a lead zirconium 

titanate (PZT) piezoelectric controlled stage. Both the packaged DHPT and PZT-

controlled scan mirror were mounted on high-precision optical mirror mounts (New 

Focus 9807) with a tilting resolution of 107 µrad (22arcsec) per 5° screw rotation. The 

PZT stage (Piezosystem jena PZ38SG) has a feedback loop controlled scan range of 

32µm (z direction) with a control voltage of 10V (internal operating voltage 100V), and a 

free scan range up to 42.8µm with an operating voltage of 150V. The relationship 

between the displacement and voltage control was calibrated by the vendor as well as the 

hysteresis protocol and linearity (Appendix B). 

The modulation control voltage to the PZT stage was produced by a function 

signal generator and a symmetrical triangle wave was used. The Fourier-transform of the 

interference patterns was performed in-situ using a PC-controlled oscilloscope. The 

influence of the nonlinearity of the DHPT on the interference pattern is shown in Fig. 4-

12, illustrating the distortion of a sinusoidal waveform. Based on the analysis of the F-P 

cavity set by the scan mirror and detector surfaces in Eq. (4-10) and Fig. 4-10, we can see 

that the nonlinear property is actually a combination of the F-P mode and nonlinear 

DHPT detector. 
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Figure 4-12: Interference pattern from the DHPT with the scan mirror 
displacement, the coherent light source is a tunable laser with wavelength of 
1500nm and output power of 1mW. 

4.4 Optical measurements 

A SWFTIR based on a linear thin-film photodiode detector (silicon and 

AlGaAs/GaAs) and silicon-MEMS-mirror was characterized in references [4-7]. The 

system resolution was dependent on the free scan length of the MEMS mirror and was 

estimated from the FWHM width of the spectrum peaks. The MEMS mirror scan length 

was ∆L=52.6µm, and the peak FWHM peak was 4.3nm for an incident laser source 

λ=633nm and 7.5nm for a laser source λ=866nm, both of which were close to the 

theoretical value of 0.6/∆L =96 cm-1. In the following section, we will use the HPT 

detector and harmonic spectrum technique to improve the spectrometer resolution beyond 

this 0.6/∆L limit. 

4.4.1 Single frequency light source 

Fig. 4-11 shows the waveform of the interference pattern from the DHPT 

sampling the standing wave formed by a single frequency laser (1500nm, 1mW, 

linewidth less than 2GHz). Due to the Fabry-Perot effects and the nonlinearity of the 

operating mode of the DHPT, the Fourier spectrum of the interference pattern shows high 

order harmonic components with wavenumbers of 6667cm-1 (1st order), 13334cm-1(2nd 

order), 20000cm-1(3rd order), and 26668cm-1(4th order). 
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Figure 4-13: Waveform and Fourier spectra of a single wavelength laser source. The 
bottom figure shows the four harmonic components with wavenumbers: 6667cm-1 
(1st order), 13334cm-1(2nd order), 20000cm-1(3rd order), and 26668cm-1(4th order). 

Calibration of the SWFTIR system can be done independently by two methods: 

one is to use the pre-calibration data of the PZT-stage, the other is to use a reference light 

source with a precisely known frequency. Most of the systematic error comes from 

scanning the PZT-controlled mirror because of small nonlinearity and hysteresis effects. 

The second method is important for identification of multiple wavelength light sources 

and will be discussed in the next section. From the calibration data from the vendor, the 

sensitivity of the PZT (PZ38SG) is ηPZT= 0.3097V/µm, the modulation signal of the PZT 

control is υmod (on the order of 1V/s), the wavelength of the light sources can be 

calculated from the interference patterns and Fourier spectrum by Eq. (4-8), 
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where fn is the Fourier spectrum peak position collected from the PC-controlled 

oscilloscope. The calculation results from the raw Fourier spectrum data shows the 

wavelength of the light source as nm
mVHz

msV 1486
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λ , comparing to 

the known wavelength 1500nm, the difference being ~1%, which is within the PZT scan 

error range. 

4.4.2 Multiple wavelength light sources 

Compared to the absolute frequency of the light sources, the frequency difference 

of multiple wavelength light sources is of more interest for coherent photodetection. Fig. 

4-12 shows the waveforms and Fourier spectra of the interference pattern from the DHPT 

in the SWFTIR system distinguishing light sources of two frequencies, one from the 

tunable laser at 1500nm, another from laser diode 3 (1312nm, noted as “1300nm” in the 

figure for simplicity). The peaks in the spectra are identified as two groups, one from the 

tunable laser and the other from the laser diode 3. The frequency of the tunable laser was 

taken as a calibration reference to calculate the frequency of the peaks in the other group. 

The error between the calculation result (1/7600cm-1=1316nm) is very close to the OSA 

measured wavelength of 1312nm. 

Based on the harmonic Fourier spectrum analysis in section 4-1, the resolution of 

the SWFTIR for a mirror scan length of ∆L=32µm would be: 0.6/∆L=187.5cm-1 at the 1st 

order fundamental, 0.6/(2∆L)=93.8cm-1 at the 2nd order harmonic, 0.6/(3∆L)=62.5cm-1 at 

the 3rd order harmonic, 0.6/(4∆L)=46.9cm-1 at the 4th order harmonic, and 

0.6/(5∆L)=37.5cm-1 at the 5th order harmonic. In order to verify the resolution analysis, 

the SWFTIR system was used to distinguish the combined light sources of laser diode 2 

(MQW-DFB 1546nm, 6468cm-1) and the tunable laser (1500-1580nm, 6329-6667cm-1). 

As shown in Fig. 4-13, Fourier spectra for the multiple coherent light sources 

demonstrate the resolution at different harmonic orders. 
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Figure 4-14: Waveform and Fourier spectrum of the interference pattern for light 
sources with two frequencies (6670cm-1 taken as reference, 7600cm-1 calculated from 
the calibration data). 

The frequency of laser 2 (1546nm, 6468cm-1) was taken as reference to calibrate 

the measurement results, the three frequencies calculated in Fig. 4-13 were 6610 cm-1, 

6562 cm-1, and 6535 cm-1, respectively. Compared with the set points of the tunable laser 

(1500nm, 1520nm and 1535nm, correspondingly 6667 cm-1, 6579 cm-1, and 6515 cm-1), 

the error range is less than 0.5%. 
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Figure 4-15: Fourier spectra for multiple wavelength coherent light sources: as the 
frequency difference was reduced from 50nm to 30nm and 15nm, the harmonic 
order at which one can distinguish the two frequencies changes from the 2nd order to 
3rd and 4th order. 
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4.5 Summary 

This chapter investigates theoretically and experimentally a compact standing-

wave Fourier-transform spectrometer using the non-linear properties of a HPT detector 

and a new technique of harmonic spectrum component analysis to improve the system 

resolution. The demonstrated system shows a resolution 37.5cm-1 for the 5th order 

harmonic spectrum component with a mirror scan range of 32µm and should be 

achievable over a wide spectral range of 950-1700nm determined by the InGaAs-based 

DHPT detector. At the central wavelength of 1550nm, such a SWFTIR system utilizing 

the harmonic spectrum analysis technique has a system resolution of ℜ = λ
λ
∆ =172 and 

∆λ=9nm. At the central wavelength of 633nm similar SWFTIR system with nonlinear Si-

based thin-film detector utilizing same harmonic spectrum analysis has a system 

resolution of ℜ = λ
λ
∆ =422 and ∆λ=1.5nm. For future system resolution improvements, 

the available PZT (or MEMS mirror) scan range could be as long as 1.5mm, the 

harmonic spectral components could be selected out to 10th order, and thin-absorption-

layer nonlinear photo-detectors (HPT) can be interchangeable within a broad range 

covering the whole near infrared region. Such SWFTIR array system could cover the 

entire NIR region with a resolution of 1cm-1. 

The limitation of harmonic Fourier-spectrum analysis is the correlation of system 

spectral resolution and free spectral range (FSR). Aliasing effects in the harmonic 

spectral components limit the free spectral range of the system. For a signal with central 

wavenumber of k (=1/λ) and spectral range of ∆k, at the nth (n>1) harmonic order the free 

spectral range can be determined by (n-1)⋅(k+∆k/2)=n⋅(k-∆k/2), ∆k=k/(n-1/2); when n=1, 

∆k=2k/3. On the other hand, the spectrum power at the nth harmonic order is dependent 

on the spectra envelope shape determined by the sampling transfer function. For example, 

the central wavelength is 1500nm for the demonstrated system in this chapter, and the 

FSR at the 5th harmonic order is 1481cm-1 (~340nm). 
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Let us make an interesting comparison between the traditional bulky FTIR 

systems and SWFTIR systems utilizing harmonic spectral analysis technique (H-

SWFTIR) proposed in this chapter as a conclusion (shown in Table 4-1) [8].  

Table 4-1: Comparison between traditional FTIR and H-SWFTIR. 

 FTIR H-SWFTIR 

Dimension 0.1-1m 5cm (discrete components) 

0.1-1mm (MEMS) 

Resolution Varies 0.01-10cm-1 1, 10-100cm-1 

Price $10,000 for resolution 1cm-1 Cheap  

Array capability no yes 
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1. P. R. Griffths, “Fourier transform infrared spectrometry”, Science, New series, 222 
(4621) 297-302, 1983 

2. C. P. Bacon, Y. Mattley, R. DeFrece, “Miniature spectroscopic instrumentation: 
applications to biology and chemistry”, Review of Scientific Instruments, 75 (1) 1-
16, 2004, and a large amount of references therein. 

3. D. A. B. Miller, “Laser tuners and wavelength-sensitive detector based on absorbers 
in standing-waves”, IEEE J. Quantum. Electron. 30 (3) 732-749, 1994 

4. H. L. Kung, “Miniaturized optical wavelength sensors”, PhD dissertation, Stanford 
University, 2003 

5. S. R. Bhalotra, “Adaptive optical micro-spectrometers and spectra-selective sensing” 
PhD dissertation, Stanford University, 2004 

6. S. R. Bhalotra, H. L. Kung, J. X. Fu, N. C. Helman, O. Levi, D. A. B. Miller, J. S. 
Harris, Jr., IEEE Lasers and Electro-Optics Society 2002 Annual Meeting, Glasgov, 
Scotland (November 10-14, 2002). Paper ML5. 

7. D. Knipp, H. Stiebig, S. R. Bhalotra, E. Bunte, H. L. Kung, D. A. B. Miller, 
“Silicon-based micro-Fourier spectrometer”, IEEE Trans. Electron. Devices, 52 (3) 
419-426, 2005 

8. Commercial FTIR systems see: http://www.jascoinc.com/products/s_ftir_raman.html, 
resolution of a FTIR for gas analysis applications see: 
http://www.irgas.com/Application%20Notes/IAN-05-05%20FTIR20Resolution.pdf,  
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CHAPTER 5 SUMMARY 

SWFTIR systems utilizing harmonic spectral analysis technique have been 

demonstrated with improved resolution in near-infrared region for applications of 

coherent photodetection. 

This dissertation has focused on three areas: InGaAs-based semiconductor 

materials systems investigated by SSMBE with active regions out to beyond 2µm; design, 

fabrication, and characterization of photodetectors in NIR region; implementation of a 

SWFTIR. 

(1) High quality semiconductor material is essential to high-performance IR 

systems. MBE materials growth technique with optimized operating conditions is capable 

of achieving high quality semiconductor materials, including strain and defect free thin 

films lattice-matched to the substrate, highly strained pseudomorphic quantum structures, 

and relaxed low defect density device layers on metamorphic buffers. 

(2) Thin-film photo-detectors are designed, fabricated and characterized. 

The difference in design criteria for HBT and HPT (especially for the applications in this 

dissertation) is identified. A group of detectors, including p-i-n photodiode detector, 

MSM photodetector and npn phototransistor, has been utilized in applications such as 

spectral shaping and spectrum identification. 

(3) Based on the nonlinearity properties of Fabry-Perot cavity and 

phototransistor, Fourier-spectrum analysis technique using harmonic order spectral 

components is applied to the implementation of compact standing-wave transform 

interferometer (spectrometer). The system resolution is improved at high harmonic order 

spectral components with a reduced FSR. The demonstrated SWFTIR system has a 

resolution of 37.5cm-1 with a FSR of 340nm. 

Future work related to this dissertation may include: 

(1) We need to extend the applications of above InGaAs-based materials 

systems in the wavelength region of 2-2.5µm for both NIR light sources and detection 
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devices. With further optimized MBE growth conditions, it maybe possible to fabricate 

lasers (LED) using the low defect-density device layers on metamorphic buffers; 

(2) We maybe able to integrate the MEMS scan mirror (from bulk 

micromachining), or a tunable filter (surface micromachining), and the thin film detector 

(including linear and non-linear photo-detectors) to make a micro-interferometer with 

improved system resolution; 

(3) We need investigate the influence of anti-reflective (AR) and high-

reflective (HR) coating of the detector surfaces (both front and back sides) on system 

performances. For an AR-coating detector, no cavity is formed between the scan mirror 

and the light sources; for a HR-coating detector, a Febry-Perot cavity is formed between 

the scan mirror surface and detector surface. We may further improve the system 

resolution without degrading the FSR aspect by introducing extra nonlinear property of 

the system; 

(4) We may expand the applications of such coherent NIR system into 

hyper-spectral sensing, objects identification sensor and other fields which require array 

construction. 
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APPENDIX A: Fabrication process for a HPT (same as mesa 

photodiodes) 

(1) Lithography: 

Yield enhancement systems (YES) oven: standard program 30mins; 

Laurel: using Shipley3612 photoresist, 3000rpm, 30s, resist-film layer ~1.6µm reached; 

Karlsuss: after pre-bake 90°C for 30s, soft contact, exposure (CI1, 15mW/cm2) for 1.4s, 
post-bake 115°C for 1min; 

Developer (LDD26W) for 2mins till exposed area clean, DI water rinse for 1min; 

Hardening bake: at 90°C for 10mins. 

(2) Etching: 

Dry etching (plasma quest) AlGaAs/GaAs, etch rate ~250nm/min: 

Process pressure ~5mTorr, BCl3 ~50sccm, Cl2 ~7.4sccm, Ar ~75sccm, chuck T 
~20°C, backside He ~10sccm, ECR power ~400W, RF power ~50W. 

Wet etching (varies due to temperature and humidity flucturation):  

H2SO4:H2O2:H2O (1:1:40) selective etching InAlAs/InGaAs over InP: ~250nm/min; 

H2SO4:H2O2:H2O (1:1:20) selective etching InAlAs/InGaAs over InP: ~450nm/min; 

H2SO4:H2O2:H2O (1:8:40) etching AlGaAs/GaAs: ~1.0µm/min; 

H3PO4:HCl (9:1) etching InP: ~220nm/min; 

HCl:H2SO4:CH3COOH (1:1:2) etching InP: ~300nm/min. 

(3) PE-CVD (STS) and dry etching of standard SiNx: 

Deposition rate ~77A/s: silane (2%) ~1143sccm, ammonia ~20sccm, RF power ~11W, 
high:low time ratio ~5:2, chamber pressure ~550mTorr, chuck temperature ~350°C, 
load ~35.0%, tune ~60.0%. 

Dry etching (Drytek 4) ~550A/s: CHF3 ~100sccm, O2 ~4sccm, RF power ~100W, 
pressure ~100mTorr, over-etch ~20%. 

 

Other related processes, such as Ohmic contact, metal lift-off, surface passivation, 

and others, can be found in chapter 3. 
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APPENDIX B: PZT properties 
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