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Abstract 

The results described in this work demonstrate the comprehensive 

characterization of C-doped GaAs and Ino.53Gao.47As materials and C-doped GaAs-

based and InP-based HBT devices grown by SSMBE system using CBr4 as p-type 

dopant precursor. The characteristics of C-doped GaAs materials, such as the hole 

concentration, mobility, lattice mismatch, surface morphology, and optical properties, 

have been comprehensively investigated using various techniques, which help to gain 

me insight and understanding of the material properties. Especially, me compensation 

effects of dicaron defects have been studied. The optimization of me growth 

conditions has been carried out and discussed, which benefits the development of C-

doped GaAs as base layer of GalnP/GaAs HBT devices. Preliminary results of C-

doped GalnP/GaAs HBT devices demonstrated poor characteristics due to trap-related 

recombination. Witii better control of growth process, improved performances of 

GalnP/GaAs HBTs have been obtained. Elevated temperature properties revealed 

good material quality of these devices. C-doped InP/InGaAs SHBTs and composite 

collector DHBTs have been grown and studied, and the promising device 

performance demonstrate the potential for commercial wireless communication 

applications. The complex breakdown characteristics of composite collector DHBTs 

have been investigated. 
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Summary 

Carbon is a superior p-type dopant to beryllium or zinc in GaAs and InGaAs 

primarily because of its lower diffusion coefficient and higher electrical activity. The 

usage of carbon in the base of heterojunction bipolar transistors (HBTs) increases the 

device reliability. Carbon tetrabromide (CBr4) has become a popular choice for carbon 

doping precursors because of its high doping efficiency and relative insensitivity to 

growth conditions. Solid-source molecular beam epitaxy (SSMBE) offers the 

advantage of a hydrogen-free environment for the growth of carbon-doped ITI-V 

semiconductor layers, eliminating the passivation of carbon acceptors by hydrogen 

that is commonly observed in carbon doped GaAs (or InGaAs) layers grown by 

techniques with hydrogen rich environment. 

In the work presented in this thesis, the carbon doped (C-doped) GaAs 

materials grown by SSMBE using CBr4 as p-type dopant precursor have been 

systematically characterized using various techniques, which help to obtain the insight 

and understanding of the material properties. Especially, the compensation effects of 

dicarbon defects have been studied. The optimization of the growth conditions has 

been carried out and discussed, which benefits the development of C-doped GaAs as 

base layer of GalnP/GaAs HBT devices. C-doped GalnP/GaAs HBTs have been 

grown and fabricated successfully. The current transport mechanism studies have been 

carried out through the elevated temperature characteristics investigation. This 

provides an indirect way to assess the material quality. C-doped InP/InGaAs single 

heterojunction bipolar transistors (SHBTs) and composite collector double 

heterojunction Bipolar Transistors (DHBTs) have been grown and studied. The 

promising device performance demonstrates the potential for commercial wireless 
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communication applications. The following summarizes the major investigation 

carried out in this thesis. 

C-doped GaAs materials have been successfully grown by SSMBE using CBr4 

as p-type dopant precursor, and the materials have been comprehensively 

characterized. Sustainable and stable CBr4 flux with variation lower than 2.5% has 

been obtained. For the doping level commonly used for HBTs (~ 5xl019 cm"3), the 

memory effect is negligible. Full activation of carbon atoms incorporated into GaAs 

has been achieved at CBr4 flux level below 2.6xl0~7 torr. PL linewidth broadening and 

narrow bandgap have been observed from heavily C-doped GaAs. Reasonably good C 

pulsed doping profile has been achieved and verified by SIMS measurement on 

samples grown without the use of growth interruption. 

When the CBr4 flux exceeds 2.6xl0"7 torr, further increase in the C atomic 

concentration causes the formation and rapid increase in dicarbon defects. The 

compensating effects of the dicarbon defects induce the decrease in hole concentration, 

drop in mobility, and increase in lattice parameter. Unlike the samples grown at CBr4 

flux below 2.6x10" torr, the lattice mismatch data of the compensated samples, which 

were grown at high CBr4 flux exceeding 2.6xl0"7 torr, deviate from Vegard's Law. 

The structure of the dicarbon defects formed at high CBr4 flux needs further 

investigation. The atomic force microscopy (AFM) images of surface morphology 

show signs of growth mode transformation from 2D to 3D island formation following 

increase in CBr4 flux. The results suggest a possible relationship between increase in 

surface roughness and formation of dicarbon defects in C-doped GaAs. 

The effect of substrate temperature, growth rate, and V/m ratio on C-doped 

GaAs grown by SSMBE was investigated. Within the range of experimental 

conditions in our MBE system, substrate temperature between 560 °C -590 °C, growth 
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rate of 1 fim/h or 0.5 fira/h and V/m ratio between 18 and 25 are the optimum 

parameters for C-doped GaAs growth for HBT applications. 

C-doped GalnP/GaAs HBTs have been grown by SSMBE and fabricated using 

conventional photolithography and wet chemical etching. The preliminary results of 

the devices showed poor I-V characteristics. The temperature dependent I-V 

characteristics suggest that trap-related recombination played a significant role in the 

poor device DC characteristics. The reverse leakage current of the base-collector 

junction suggests that the dominant mechanism could be related to the SRH 

generation-recombination process. On the other hand, the reverse leakage current of 

the base-emitter junction could be dominated by carrier tunneling effects. 

With better control of the growth process, improved characteristics of 

GalnP/GaAs HBTs with base doping concentration of 4xl019cm"3 have been obtained. 

From the temperature dependent Gummel plot, the activation energies of collector 

current and base current were obtained. For the collector current, the activation energy 

is 1.4 eV, which is close to the bandgap of the GaAs base, indicates that the collector 

current is determined by drift-diffusion process. For the base current, the activation 

energy is also 1.4 eV, indicating that band-to-band recombination plays a dominant 

role in determining the base current. No trap-related recombination is observed for the 

base and collector currents, which further indicates the good base material quality for 

the HBT structures. Properties of current gain versus collector current at different 

temperatures were also investigated and analyzed. High-performance C-doped 

GalnP/GaAs HBTs with base doping concentration of 2xl019cm"3 grown by SSMBE 

using CBr4 as p-type precursor has also been obtained, which indicate the stability of 

the C-doping growth technique in our group. 

C-doped InP/InGaAs SHBTs and composite collector DHBTs have been 
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grown by SSMBE using CBr4 as p-type dopant precursor. The hole mobilities in 

C-doped Ino.53Gao.47As layers grown by our SSMBE system are comparable to those 

grown by GSMBE, MOCVD, and other groups with SSMBE data. The near unity 

ideality factors of the base and collector currents of both SHBT and DHBT indicate 

good junction qualities for both device types. The InP/InGaAs composite collector 

DHBT exhibits lower output conductance and higher breakdown voltage of 10 V, 

compared to 6 V in the SHBT. The common base characteristics show that the current 

blocking effect was reduced due to the composite collector design. The maximum 

current gain of the InP/InGaAs composite collector DHBT (current gain: 40) is 

comparable to that of the SHBT (current gain: 45). The temperature-dependent 

breakdown characteristic of the base-collector junction demonstrates the complex 

breakdown mechanisms in the composite collector DHBT. 
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Chapter 1 Introduction 

Chapter 1 

Introduction 

In this chapter, the background and motivation as well as objectives of the present 

work are firstly introduced. It is followed by the general layout of the thesis. 

Heterojunction Bipolar Transistors (HBTs) have become practical for many 

high-speed applications due to advantages in performance and cost over other device 

technologies. High gain and power efficiency in addition to excellent high frequency 

chanracteristics make HBTs attractive for a variety of applications while relaxed 

lithography requirements and smaller circuit sizes result in a manufacturable and 

commercially viable device technology. Specific applications for which HBTs are 

well suited include linear amplifiers, lower-power electronics, analog-to-digital 

converters, and optoelectronic integrated circuits (OEIC). High performance HBT-

based integrated circuits are becoming commercially available. 

1.1 Motivation 

Soon after the first demonstration of the transistor in 1947 by Bardeen and 

Brattain at Bell Labs, William Shockley described the concept of a heteroj unction 

bipolar transistor (HBT) in a U.S. patent filed in 1948 [1]. In 1957, Kroemer 

published the first theoretical treatment of HBT operation [2]. They envisioned that 

using a wider energy bandgap material in the emitter than in the base could result in 

significant improvement in transistor performance. However, practical development 

of this HBT idea was not realized until a breakthrough in semiconductor epitaxy 

technology took place in the 1970s, particularly Molecular Beam Epitaxy (MBE) and 

1 
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Chapter 1 Introduction 

Metal Organic Chemical Vapor Deposition (MOCVD). These advanced epitaxy 

techniques provide exceptional control of doping concentration and layer thickness. 

As a result, interface free of impurities and structural defects between dissimilar 

semiconductor materials could be obtained, which still presents the technical 

challenge for the development of heterostructure devices. 

For n-p-n HBTs, the doping of the base layer during epitaxy is very important 

for the performance of the device. In current art, the most commonly used p-type 

dopants in the base layer of the HBT structures are different for various growth 

systems: carbon (C) for MOCVD system; beryllium (Be) or zinc (Zn) for 

conventional MBE system. However, carbon is a superior dopant to beryllium and 

zinc due to its lower diffusion coefficient in GaAs [3,4,5]. The Solid Source MBE 

(SSMBE) system has its unique advantage in terms of safety. Therefore, material 

growth using SSMBE with carbon as p-type dopant is a promising project. The above 

motivation will be explained in detail in the following part. 

1.1.1 P-type doping issue in GaAs 

Beryllium exhibits significant diffusion [3] and surface segregation in GaAs, 

which are detrimental to the performance of devices. The diffusion coefficient for Be 

in GaAs rises rapidly for doping levels above 5xl019 cm"3, a diffusion coefficient as 

high as 2xl0"12 cm2/s was observed at 600 °C [6]. This leads to an increase in base 

transit time in a HBT structure and more carrier recombination in the emitter layer. It 

has been reported that HBTs containing beryllium show a current-induced 

degradation of their direct current (DC) characteristics during operation of the devices 

[4]. The Gummel plot of a typical fast-degrading HBT (Be-doped) before and after 

stress under bias at 200 °C is shown in Fig. 1.1 [5]. The Gummel plot of a typical 
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Chapter 1 Introduction 

slow-degrading HBT (Be-doped) at 240 °C is shown in Fig. 1.2. It can be seen that 

after some time of stress the current gain decreased and the ideal factors degraded 

greatly. Similar problems occur when Zn is used as the acceptor dopant in HBT 

structures. 

Research on carbon doping in GaAs [7,8] has demonstrated that, in addition to 

having a higher level of electrical activity, carbon also has a much lower diffusion 

I e 9 1 

coefficient of below 6x10" cm s" at 800 °C, which is more than two orders of 

magnitude smaller than that of both Be and Zn. As shown in Table 1.1 [4], the use of 

carbon as p-type dopant in die base of HBTs increases the device reliability by 

minimizing dopant diffusion into the emitter during epitaxy growth and reducing the 

current-induced degradation of device DC gain during operation. Recent report in 

1999 on the reliability comparison between Be-doped and C-doped AlGaAs/GaAs 

HBTs also shows mat the degradation induced by RTP for Be-doped HBT is due to 

the outdiffusion of Be from the highly doped base [9]. 
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Fig. 1.1 Gummel plot of a typical fast-degrading HBT under bias stress at 200 °C [5]. 3 
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Fig. 1.2 Gummel plot of a typical slow-degrading HBT under bias stress at 240 °C [5]. 

Table 1.1 Comparison of degradation of GaAs/AlGaAs HBTs with carbon (p = 

7xl019cm"3) or beryllium (p = 4xl019cm"3) doped base layers. The device 

size was 2x10 urn2, the operating temperature 200 °C and the collector 

current density 2.5xl04 A/cm3 for both types of material. We show current 

gains and junction ideality factors n before and after device operation at 

200°C for various periods [4]. 

Be doped C doped 

Initial After 2 hours Initial After 12 

hours 

Current gain 16 1.5 17 16 

Ideality factor of base-

emitter junction 

1.3 2.4 1.4 1.4 

Ideality factor of base-

collector junction 

2.0 4.5 1.3 1.3 

4 
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1.1.2 Modern epitaxial growth techniques (MOCVD, SSMBE, GSMBE, 

MOMBE & CBE) 

The most important epitaxial techniques for the growth of HBT devices are 

MOCVD and MBE. Conventional MBE usually refers to the solid source MBE 

(SSMBE). There exists other vacuum growth techniques similar to the SSMBE where 

the precursors are supplied in different ways: gas source MBE (GSMBE), and 

metalorganic MBE (MOMBE), and chemical beam epitaxy (CBE). In die SSMBE 

system, both group D3 and group V sources are solid sources; compared wim SSMBE, 

in the GSMBE system group V solid source is replaced wim gas source; in me 

MOMBE system the group DI solid source is replaced widi gas source; in me CBE 

system bom group D3 and V precursors are replaced by gas sources (hydrides or 

metalorganics~MO). 

The basic principles of MBE and MOCVD differ from the nature of sources 

used as precursors of layer constituents and from the growth reactor pressure 

[10,11,12,13]. The MBE growth is performed from the evaporation of elemental 

sources under low pressure (<10"4 torr) so mat me mean-free path of species is longer 

man the source to substrate distance and that gas phase interactions are avoided. In the 

MOCVD process, the sources are gaseous and arrive as a premixed gas flow into the 

reactor at atmospheric or slightly reduced pressure for decomposition and reaction at 

the substrate surface. The key points for all mese epitaxial techniques are: (i) accurate 

and reproducible flow or pressure control; (ii) high growm uniformity by beam 

tailoring or source premixing; (iii) efficient source switching by shutter or valve 

operation. The relationship between mese techniques and their differences concerning 

the basic components of growth equipments are summarized in Table 1.2 [10]. 

5 
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Table 1.2 Comparison of basic principles and of main components of modern 

epitaxial techniques [10]. 

SSMBE CBE MOCVD 

Pressure <10^ torr > 100 ton-

HI source Solid Gaseous (MO) 

V source Solid Gaseous (hyd./MO) 

Pumping Primary +secondary 

static 

Primary +secondary 

dynamic 

Primary 

Growth reactor Metal Metal Metal, quartz 

Source 

injection 

Evaporation cell 

+ cracker cell 

Cracker cell 

+ gas cell 

Gas manifold 

Source control Temperature Flow, pressure Flow 

Source 

switching 

Shutter Valve Valve 

Compared with MOCVD, SSMBE has the following advantages [14]: 

> No flow pattern problem encountered in multiwafer scale-up; 

> Beam nature produces very abrupt heterointerfaces and ultrathin layers 

conveniently; 

> Because MBE operates within an ultrahigh vacuum (UHV) environment, a wide 

range of analysis instruments can be used in situ to monitor the chemical and 

structural properties of the epitaxial layers, e.g., reflection high energy electron 

diffraction (RHEED); 

> MBE is compatible with other high vacuum thin film processing methods, e.g., 

metal evaporation, ion beam milling and ion implantation; 

6 
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> SSMBE offers the advantage of a hydrogen-free environment for the growth of 

carbon-doped HI-V semiconductor layers, eliminating the passivation of carbon 

acceptors by hydrogen that is commonly observed in carbon doped GaAs (or 

InGaAs) layers grown by techniques with hydrogen rich environment, such as 

MOCVD and GSMBE; 

> Most important of all, SSMBE has a unique advantage over MOCVD and CBE: 

safety. There is no toxic gas to handle, and the standard pumping facilities 

(cryopumping, ionic pumping) do not have any exhaust. Therefore, the growth 

can proceed in a strictly tight chamber: no gas inlet, no pumping outlet. 

Due to above advantages, SSMBE with carbon as p-type dopant is a promising 

project in both material growth and the device application. 

1.1.3 Current status of SSMBE carbon doping research and device applications 

The first carbon doped (C-doped) GaAs grown by SSMBE using carbon 

tetrabromide (CBr4> as p-type dopant precursor was reported in 1993 [15]. After that, 

the memory effect [16], substrate orientation dependence [17], iodine incorporation 

[18], and low temperature growth performance [19] of the C-doped materials have 

been reported. However, although there are reports on the realization of C-doped 

AlGaAs/GaAs HBTs [20] and InAlAs/InGaAs HBTs [21] grown by SSMBE using 

CBr4, the detailed characteristics of these devices and the current transport mechanism 

studies are still lacking. 

7 
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1.2 Objectives 

Due to the advantages of both the carbon as p-type dopant and SSMBE 

system, me objective of this study is to grow C-doped GaAs and InGaAs by SSMBE 

system using CBr4 as p-type dopant precursor and incorporate the materials into 

GaAs- and InP- based HBT devices for applications. The research work will focus on 

two aspects: 1) growth, characterization and optimization of C-doped GaAs and 

InGaAs materials; 2) understanding of C-doped GaAs-based and InP-based HBTs' 

characteristics and transport mechanisms. 

13 Major contributions of the thesis 

In tins work, C-doped GaAs and InGaAs materials, C-doped GalnP/GaAs 

HBTs and InP/InGaAs HBTs grown by SSMBE using CBr4 as p-type dopant 

precursor have been systematically characterized. The most important contributions of 

mis thesis are summarized as follows: 

1) C-doped GaAs and InGaAs materials have been successfully grown by 

SSMBE using CBr4 as p-type dopant precursor. The electrical and structural 

properties, and doping mechanism of C-doped GaAs materials grown by SSMBE 

have been comprehensively investigated. Especially, compensation effects due to the 

formation of dicarbon defects at high CBr4 flux have been described. 

2) The effect of different growth conditions, such as substrate temperature, 

growth rate and V/DI ratio on the properties of C-doped GaAs grown by SSMBE have 

been systematically investigated and optimum growth conditions have been obtained. 

8 
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3) C-doped GalnP/GaAs HBTs have been grown and fabricated successfully. 

Detailed DC characteristics have been investigated. The current transport mechanism 

studies have been carried out through the elevated temperature characteristics 

investigation. This provides an indirect way to assess the material quality. 

4) C-doped InP/InGaAs SHBTs and composite collector DHBTs have been 

successfully grown by SSMBE and fabricated. DC characteristics of C-doped 

InP/InGaAs SHBTs and composite collector DHBTs have been compared. Both 

devices have shown promising DC characteristics. The complex breakdown behavior 

and mechanisms involved in the composite collector DHBTs have been elucidated. 

1.4 Organization of the thesis 

The thesis was organized in the following manner: Chapter 1 provides the 

motivation of this investigation. Chapter 2 briefly summarizes the principles of HBT 

devices. A brief review of carbon behavior in GaAs and InGaAs is presented. The 

material systems investigated are also introduced in this chapter. In Chapter 3, 

experimental techniques involved in this work including SSMBE, and the material 

characterization methods, such as X-ray Diffraction (XRD), photoluminescence (PL), 

atomic force microscopy (AFM), Hall measurement and secondary ion mass 

spectroscopy (SIMS) are described. In Chapter 4, the installation of CBr4 source and 

calibration of CBr4 flux are presented. The memory effect has been investigated. 

Chapter 4 also reports the growth and characterization of C-doped GaAs layers. 

Detailed characteristics of the layers, such as hole concentration, mobility, lattice 

mismatch, surface morphology, and optical properties have been discussed. Then, the 

C-doped GaAs PN homoj unction grown by SSMBE has been successfully fabricated. 

9 
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In Chapter 5, the effects of growth conditions on the properties of C-doped GaAs 

have been investigated and optimum growth conditions have been obtained. Chapter 6 

explores the application of C-doped GaAs as the base layer for HBT devices. The 

preliminary results of C-doped base-line GalnP/GaAs HBT grown by SSMBE are 

demonstrated and analyzed. In Chapter 7, improved DC characteristics of 

GalnP/GaAs HBTs have been analyzed and elevated temperature characteristics have 

been studied. Chapter 8 describes the growth and properties of C-doped InGaAs 

layers. C-doped InP/InGaAs SHBTs and composite collector DHBTs have been 

grown and fabricated. Breakdown characteristics of the composite collector DHBT 

have been investigated. Finally in Chapter 9, conclusions of this work are made and 

some recommendations for the future work are given. 

10 
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Chapter 2 

Background 

In this chapter, a brief account of heterojunction bipolar transistor (HBT) operation 

theory is presented. The development of carbon sources for SSMBE is described. A 

brief review of carbon doping behavior in GaAs and InGaAs is presented in the third 

part of this chapter. And the material systems investigated in the thesis are introduced. 

2.1 Heterojunction Bipolar Transistor (HBT) operation theory 

In a typical HBT, the emitter is made of a material which has a wider bandgap 

than the material used for the base and collector. Due to the different bandgap energy 

of the emitter and base materials, band offsets (discontinuities) exist in the conduction 

band and valence band at the emitter-base interface, as shown in Fig.2.1. For the 

abrupt HBT shown in Fig.2.1, the hole barrier (for the backward-injection current 

from base to emitter) is larger than the electron barrier (for the forward-injection 

current from emitter to base) by a magnitude of AEV (since V12 = V34). The forces 

acting on the electrons and holes are different, favoring the electron injection from the 

emitter into the base to the hole back-injection from the base into the emitter. The 

maximum common-emitter current gain (with the "secondary" current components 

neglected), jtf^, for a wider-bandgap emitter HBT is given by, [22,23] 

DnBNELnE (AE} 
A™ = p exp —'- (for abrupt HBT) (2.1) 

DpENBWB \kT) 
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Emitter Base Collector 

Fig.2.1 Schematic band diagram of an abrupt n-p-n HBT under typical operation 

conditions. 

where DnB is the minority hole diffusion coefficient, DpE is the minority electron 

diffusion coefficient, NE is the emitter doping level, NB is the base doping level, 

LpE is the hole diffusion length in the emitter region, and WB is the base thickness. 

As Eq. (2.1) shows, even a relatively small valence band offset (AEV) at the emitter-

base junction can drastically increase the maximum current gain due to the 

exponential proportionality of Pma to AEV. On the other hand, by inspection of Eq. 

(2.1), which does not require a huge AEV though, a reasonably high common-emitter 

current gain can still be obtained even if the ratio of NE and NB is small. A lower 

doping of the emitter region (NE) leads to a smaller emitter-base capacitance, which 

in turn improves the cut-off frequency (/ ,) . A higher base doping (NB) reduces the 

12 
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base resistance, which in turn improves the maximum oscillation frequency (fmu ). 

The higher doped base also allows narrower base thickness to be used without 

sacrificing the base resistance. This in turn gives rise to lower base transit time thus 

higher / , . Both higher / , and fna values are desirable for high-speed application. 

Furthermore, much higher Early voltage is possible due to higher base doping. 

For a real HBT, me parasitic currents must be taken into consideration. The 

base current can be classified into four components, namely, a) current of holes 

injected from base into the emitter region (IBp); b) surface recombination current in 

the exposed extrinsic base region (IBsurf); c) space charge region recombination 

current (IBscr); d) neutral bulk base region recombination current (IBbM ) [24]. 

The three terminal currents of a real HBT (7e, Ib and 7C) are given [22] as 

follows: 

/ . = ' . + ' * + ' * * (2-2) 

*b = *Bp + 'Bsurf + 'Bscr "*" 'Bbulk (2-3) 

*c= *n~ 'Bscr ~ *Bbulk (2.4) 

where /„ is the current of electrons injected from emitter to the base. 

The common-emitter current gain (fi ) of an HBT is given by: 

/ I -I -I 
O _ ^_c_ _ ' n J Bscr * Bbulk / ^ C\ 

'b *Bp + *Bsurf + *Bscr + *Bbulk 

At low current level, the surface recombination current IBsurf and space charge region 

recombination current IBscr may be the most important component dominating the 

base current. At high current level, neutral base recombination current IBbulk 

dominates the base current. The current gain is limited by the minority carrier lifetime. 

13 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 2 Background 

Optimization of the material growth and device fabrication process to reduce the 

parasitic components is particularly important to fabricate HBT devices with good DC 

characteristics. 

2.2 The development of carbon sources for MBE 

2.2.1 Graphite filament 

Previously, C-doped HBTs have been grown in MBE using resistively heated graphite 

filament sources [25,26]. While high doping (5xl019 cm"3) can be obtained with a 

filament source, no high quality HBTs have been reported (current gain is below 10 

when the base doping concentration is at lxlO19 cm"3, and even lower when the base 

doping concentration increases), presumably because of the extremely short minority 

carrier lifetimes observed in those materials. At the higher doping levels required for 

HBT structures, the material quality degraded resulting in reduced HBT current gain. 

The low gain is due to the incorporation of additional nonradiative recombination 

centers during growth. Ito et al. [25] explained that the incorporation of nonradiative 

recombination centers into the GaAs base is related to chemical reactions of C atoms 

on the substrate surface during growth, such as compensation, pair formation, 

interstitial formation, and defect formation associated with carbon atoms. Although 

the C diffusion coefficient in the bulk GaAs is low enough to suppress the reactions 

between C atoms, this may not be the case on the surface. Pair formation may be 

much easier in the case of MBE, because thermally evaporated C atoms on the 

substrate surface can be very active, which is different from the case of C atoms 

dissociated from methyl or C-Cl bonds. 

14 
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2.2.2 CCU and CBr4 

The halomethanes tetrachloride (CCI4) and tetrabromide (CBr4) have become 

the favored carbon doping precursors because they are efficient sources of carbon 

acceptors and also because carbon incorporation from them is relatively insensitive to 

growth conditions. Both CCU and CBr4 have been used in GSMBE [27,28,29] and 

MOCVD [30,31,32] with good doping and device results and without degradation of 

material quality associated with the presence of halogens in the growth system. 

However, in addition to the negative environmental impact of Cl-containing 

compounds, the relatively strong dependence of growth rate on doping level and the 

incorporation of chlorine into the layer are the main drawbacks of CCI4 [33]. 

For CBr4, the lower reactivity of bromine allows for better environmental 

compatibility. Furthermore, CBr4 is a more efficient doping source. Fig.2.2 [27] 

101 

50 60 70 80 90 
Avg. Bond Strength (kcal/mole) 

Fig.2.2 Relative incorporation efficiency of carbon in GaAs from various 

halomethane doping sources as a function of the average carbon nucleus-

ligand bond strength of the precursor [27]. 
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shows the relative incorporation efficiency of carbon in GaAs from various 

halomethane doping sources as a function of the average carbon nucleus-ligand bond 

strength of the precursor. CBr4 has 150 times higher doping efficiency than that of 

CCU- The higher efficiency of CBr4 is due to the bond strength between C and Br (66 

kcal/mole) being weaker than that between C and CI (78 kcal/mole). Also, it has 750 

times higher doping efficiency than that of trimethyl gallium (TMGa), which is used 

as a source of both C and Ga for MOCVD system. Furthermore, CBr4 has a vapor 

pressure of about 400 times lower than that of TMGa. These data suggest that CBr4 

has the potential of reducing the gas pumping load at high doping levels. Therefore, 

this source is a very attractive candidate for carbon doping in MBE. We choose CBr4 

from Morton Int. as carbon source in our experiment. 

23 A brief review of carbon behavior in GaAs and InGaAs 

Carbon is of amphoteric nature. Depending on whether carbon occupies the 

group HI site or the group V site, it behaves as donor or acceptor, respectively. Fig.2.3 

shows the metal-carbon bond energy of group DJ and V elements commonly used in 

MBE [34]. According to Ito et al. [35], carbon tends to occupy sites which have 

weaker metal-carbon bond energy. This explains why it is easier to realize p-type 

doping in C-doped GaAs than in C-doped InGaAs. As shown in Fig.2.3, the bond 

energy for Ga-C is higher than that of As-C. Therefore, carbon is in favor of 

occupying the group V site (As) and behaves as an acceptor. However, the bond 

energy of As-C is higher than that of In-C, resulting in the substitution of carbon in 

the group III site and donor-like behavior. Therefore, carbon doping of InAs always 

results in n-type rather than p-type. In the case of InxGai.xAs, the behavior of carbon 
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Metal 

Fig.2.3 Metal-C bond energy for commonly used group III and V elements [34]. 
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Fig.2.4 In molar fraction dependence of carrier concentration in C-doped InxGai_xAs 

grown on (100) InP substrates [36]. 
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depends on the composition x of In. Experimental results show that for C-doped 

InxGai_xAs grown by SSMBE using CBr4 as p-type dopant precursor, carbon can be 

used as effective p-type dopant with In molar fraction up to x = 0.7 - 0.8 . Fig.2.4 

shows the dependence of carrier concentration in InxGai.xAs layers as a function of In 

molar fraction [36]. 

2.4 Material systems investigated 
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Fig.2.5 Energy bandgap vs. lattice constant of some commonly used semiconductor 

materials. 

Figure 2.5 shows the energy bandgap vs. lattice constant of some commonly 

used semiconductor materials [37]. Two main families of III-V semiconductors, GaAs 

and InP, exist based on their substrate lattice constants. The lattice matched 

AlGaAs/GaAs system has been the most common material systems for HBT 
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applications for wireless and optical communication systems. In recent years, 

GalnP/GaAs HBTs have become the focus of intense activity as alternatives to 

AlGaAs/GaAs HBTs due to their attractive features. In addition, compound 

semconductors lattice matched to InP have been developed for their high speed 

characteristics. The characteristics of the material systems investigated in this 

dissertation, GalnP/GaAs, InP/InGaAs, are briefly discussed in next section. 

2.4.1 GalnP/GaAs 

Alo,3oGao.7oAs 

(1.80 eV) 

0.24 eV 

GaAs 

J 0.13 eV 

0.19 eV 

Ino.49Gao.51P 

(1.89 eV) GaAs 

0.28 eV 

InP 

(1.35 eV) 

0.23 eV 

Irio.s3Gao.47As 

0.37 eV 

Fig.2.6 Energy band alignment between Alo.30Gao.70As/GaAs, Ino.49Gao.51P/GaAs, and 

InP/Ino.53Gao.47As. 

The ternary GalnP lattice matched to GaAs has gained increased acceptance as 

an alternative to AlGaAs as an emitter material [38]. The first advantage offered by 

Gao.51Ino.49P/GaAs devices is related to their emitter-base heteroj unction which has a 
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larger valence band offset (AEV) and smaller conduction band offset (A£f) as shown 

in Fig.2.6 a) and b). This provides the possibility of better injection efficiency 

compared with Alo.30Gao.70As/GaAs HBTs. The second advantage of GalnP/GaAs 

over AlGaAs/GaAs is the extremely high etching selectivity between GalnP and 

GaAs, which enhances the process yield. Moreover, AlGaAs is easily oxidized when 

exposed to air because of the acute reactivity of aluminum. This impacts the device 

lifetime (reliability) and is a primary cause of noise. In contrast, the base-emitter 

space-charge region recombination in GalnP/GaAs HBTs is low enough to produce a 

base current ideality factor close to 1 and nearly-ideal current-voltage (I-V) 

characteristics with constant current gain. 

2.4.2 InP/InGaAs 

In recent years, InP-based HBTs have attracted great attention because InP and 

InGaAs lattice matched to InP (Ino.53Gao.47As) have unique material properties which 

enable better device performances than GaAs-based HBTs [39]. Because of the lower 

bandgap of Ino.53Gao.47As (Eg ~ 0.75eV) than that of GaAs (Eg ~ 1.42eV) or Si (Eg ~ 

1.12eV), it is suitable as an ohmic-contact layer and as the base layer of HBTs with a 

lower turn-on voltage. Ino.53Gao.47As has a much higher electron mobility of 13,000 

cm2/Vs at room temperature which is 1.6 and 9 times higher than that of GaAs (8,000 

cm2/Vs) and Si (1,450 cm2/Vs), respectively. This results in a short base transit time 

and a low concomitant diffusion capacitance. Figure 2.7 shows the velocity-field 

characteristics of InP and Ino.53Gao.47As compared to GaAs and Si [40]. The extent of 

transient electron velocity overshoot is higher in Ino.53Gao.47As than that in GaAs due 

to the separation between the gamma conduction band minimum and the satellite 

valleys (AE(r-L) = 0.55eV, AE(r-X) = l.OOeV) being considerably higher than that in 
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GaAs (AE(r-L) = 0.30eV, AE(r-X) = 0.48eV). So Ino.53Gao.47As/InP material system 

is excellent for high-speed HBT implementation. Furthermore, a lower surface 

recombination velocity in Ino.53Gao.47As allows easier scaling down of device 

dimensions with negligible surface recombination current. The higher thermal 

conductivity of InP substrate also improves the heat dissipation capability. 

Fig.2.7 Equilibrium carrier velocity vs. electric field of various semiconductors. 

2.5 Summary 

In this chapter, a brief account of HBT operation theory has been presented. 

CBr4 is regarded as a superior carbon source for SSMBE to CCI4 and graphite 

filament. A brief review of carbon doping behavior in GaAs and InGaAs has been 

presented. And the material systems investigated in the thesis, i.e., GalnP/GaAs and 

InP/InGaAs, have been introduced. 
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Chapter 3 

Experimental techniques 

In this chapter, a brief description of the SSMBE system and growth process is 

presented to explain the crystalline film preparation and growth process. The material 

characterization techniques, such as X-ray diffraction (XRD), photoluminescence 

(PL), atomic force microscopy (AFM), Hall measurement, and secondary ion mass 

spectroscopy (SIMS) are introduced. 

3.1 Introduction to SSMBE 

MBE is one of the oldest techniques for depositing solid films and is a 

valuable tool in the development of layer structures for sophisticated electronic and 

optoelectronic devices. Pioneered by A.Y. Cho at Bell Laboratories, MBE is an Ultra 

High Vacuum (UHV) deposition technique that has evolved from a surface physics 

study tool. The unique feature of MBE is the ability to prepare epitaxial layers with 

atomic dimensional precision down to a few angstroms. This ability allows the 

preparation of novel devices with multilayered epitaxial structures, and later has 

resulted in a host of highly efficient optical and electrical devices with superior 

characteristics. These include, to mention a few, strained Quantum Well (QW) lasers, 

vertical-cavity surface emitting lasers (VCSEL's), QW infrared photodetectors 

(QWIP), high electron mobility transistors (HEMT's), HBTs and Ga203-GaAs metal-

oxide-semiconductor field-effect transistors (MOSFET's). These devices have found 

a wide range of applications in military, civilian and consumer systems. The MBE 

technique, developed originally for the AlGaAs/GaAs system, has rapidly expanded 
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to include other HI-V compounds along with group IV, II-VI and oxide materials. 

Meanwhile, to fulfill the need of producing complex heterostructures with high 

uniformity and reproducibility, various in situ real-time feedback growth control 

methods have been developed. This added capability allows the MBE technique to be 

used not only as a flexible research tool but also as a highly efficient production 

method. Currendy, many industrial establishments have adopted the MBE technique 

for manufacturing optoelectronic as well as electronic devices. 

3.1.1 The basic MBE process 

The method of MBE is, in essence, a specialized form of vacuum deposition 

witii several important characteristics [41]. The MBE growth of semiconductor films 

takes place by me reaction of molecular beams of the constituent elements with a 

crystalline substrate surface held at a suitable substrate temperature under UHV 

conditions. The molecular beams are generated from sources contained in effusion 

cells that are aimed at the heated substrate where the molecular beam flux intensity is 

accurately adjusted by the temperature witiiin the effusion cell. The thermal beams 

emanating from effusion cells travel in rectilinear paths to die heated semiconductor 

substrate, where the atomic/molecular species migrate across the surface and combine 

to form successive layers of highly stoichiometric epilayers. To initiate or terminate 

the molecular beam flux, each source is provided wim its own externally controlled 

mechanical shutter. Shutters in front of me orifices can be opened and closed wimin a 

tenth of a second, which is much shorter man the typical MBE growth rate of 1-2 

monolayer/s, resulting in abrupt interfaces in the range of one atomic layer. Therefore, 

me sequence of opening and closing different shutters determines me multiplayer 

heterostructure in terms of both composition and doping profile. 
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3.1.2 The SSMBE apparatus 

All the samples studied in this investigation are grown by SSMBE system. 

The modern SSMBE system uses a modular configuration that contains a number of 

building blocks, such as the growth chamber, the sample exchange load-lock and die 

surface processing chamber, which are all interconnected by a UHV transfer tube. A 

basic SSMBE system for HI-V compounds is shown in Fig.3.1. 

The horizontally positioned UHV growdi chamber is evacuated with a 

pumping stack that maintains a base pressure of 10"u torr. The post popular pumping 

metiiod for elemental sources is ion pumping or closed-cycle helium cryogenic 

pumping. In addition, a liquid-nitrogen-cooled shroud is used to enclose die entire 

growth area in order to minimize contamination from residual water vapor and 

hydrocarbons during epitaxy. The sample exchange load-lock permits die 

maintenance of UHV in the growth chamber while changing substrates between 

successive growth runs. 

The substrate is typically mounted on a molybdenum (Mo) substrate holder 

attached to a sample manipulator for precise positioning within die growdi chamber. 

Thermal radiation generated by resistance heating from behind the substrate holder is 

employed to heat die substrate. To maintain a stable substrate temperature, tungsten-

rhenium thermocouples coupled witii a temperature controller are used to regulate the 

input power to the substrate heater. On the back side of the manipulator there is an ion 

gauge for beam flux measurements. 
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Fig.3.1 Schematic diagram of SSMBE growth chamber. 
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In the growth chamber there is a quadrupole mass spectrometer for leak 

detection by measuring the residual gas composition in the vacuum system as well as 

calibrating the relative amount of molecular species emanating from the effusion 

cells. 

The surface flange on me growth chamber contains a viewport and several 

ports for mounting effusion cells and/or gas injectors. Each of the effusion cell ports 

is equipped with an externally controlled mechanical shutter. Ultrahigh-purity 

elemental source materials loaded in pyrolytic boron nitride effusion cell crucibles are 

used to generate the desired molecular beams. The effusion cell temperatures are 

controlled to an accuracy of ± 1 °C to provide the precise amount of beam flux. Each 

effusion cell assembly is surrounded by a liquid-nitrogen-cooled shroud to minimize 

outgassing and to eliminate cross talk between neighboring cells. To prevent rapid 

depletion of volatile group V elements and to provide a means of rapid change of 

group V beam fluxes, valved-cracking effusion cells have been developed. The 

valved-cracking effusion cell consists of a low-temperature group V source container, 

a needle valve, and a high-temperature cracking heater. 

The reflection high-energy electron diffraction (RHEED) apparatus is the most 

useful and important surface analysis instrument in the MBE growth chamber. It 

provides a very sensitive yet simple way to observe changes in the structure of the 

outermost layers of atoms in a crystal before and during growth as a function of 

growth conditions. It is possible to obtain information concerning substrate 

cleanliness, smoothness, and surface structure from the RHEED patterns. 
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3.2 Material characterization techniques 

3.2.1 X-Ray Diffraction (XRD) 

XRD is widely used not only as a routine assessment to material structures but 

also as a high sensitive tool for detailed characterization of epitaxial layers, which are 

very thin crystalline films with the same crystalline orientation as die substrate [42]. It 

is a versatile, non-destructive analytical technique. 

In a single crystal, the atoms are arranged in a regular three-dimensional array, 

which is known as the crystal lattice. The atoms within a lattice can be considered to 

be located on a series of equally spaced planes. When a monochromatic x-ray beam 

with wavelength A is projected onto a crystalline material at an angle 0B, diffraction 

occurs only when the distance traveled by the rays reflected from successive planes 

differs by a complete number n of wavelengths, which is known as Bragg's Law. That 

is: 

M = nA (3.1) 

i.e. 

nA = 2dsin0B (3.2) 

Fig.3.2 shows the path difference of the incident and diffracted X-ray beams. The 

diffracted radiation is said to have undergone the "(hid) reflection" if the planes are 

separated by a, Ih, a2/k and a3II, respectively, in the three axial directions, where 

h, k, and I are integers. Here, (hid) is the so-called Miller indices representing a 

certain lattice plane. The interplanar spacing of a (hid) reflection is then given by: 

d* - , , , . • ! • = • ( 33 ) 
ylh2/a2+k2/a2

2+l2/a2 
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Here the ax, a2, and a3 are the three dimensional lattice parameters, respectively. 

For a fixed wavelengdi X and spacing dm, a strong diffracted X-ray only occurs at a 

fixed angle. 

Fig.3.2 The diagram showing the path difference of the incident and diffracted X-ray 

beams. 

Consider the case of a lattice-mismatched epitaxial layer grown on a substrate. 

Due to the different lattice spacing, the X-ray diffraction curve will generally exhibit 

two peaks corresponding to the Bragg angles of the epitaxial layer and the substrate. 

The separation of these peaks is directly related to the difference in lattice parameters. 

For the symmetric reflections, only the lattice mismatch along the surface can be 

determined by differentiating the Bragg'd Law: 

I a d)x 
= -A6>cot6>„ (3-4) 
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where A0 is the difference of Bragg angles between the epitaxial layer and the 

substrate, which can be precisely determined by X-ray diffraction. 

To determine the lattice mismatch parallel to the sample surface, asymmetric 

reflections are necessary. For asymmetric reflections, me reflecting lattice planes are 

not parallel to the sample surface. For an arbitrary (hkl) reflection of a tetragonally 

distorted lattice with the lattice parameters ax and a,, where a± and a, are the 

lattice parameters perpendicular and parallel to the layer plane, respectively, the 

following equations are given as [43]: 

2sin0Bcos0> = (3.5) 
ax 

. . _ -Jh2+k2 A „ _ 
2sin 0B sin <p = - (3.6) 

a, 

Here q> is the angle between the reflecting plane and the sample surface. From the 

lattice parameters determined by Eq. (3.5) and (3.6), the lattice mismatch both 

perpendicular and parallel to the surface can be derived as: 

a, — a 1 ' (3.7) 
a. 

— =J ~ (3.8) 
V . a )\ as 

where as is the lattice parameter of the substrate. For a strain relaxed layer, the 

residual strain and strain relaxation ratio can also be calculated when the values of ax 

and a, are determined by Eq. (3.7) and (3.8). 

XRD measurements in this investigation were performed using Philips MRD 

high resolution X-ray diffractometer. This high resolution spectrometer system is 

equipped with a four-crystal monochromator in front of the specimen and a three-
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reflection Ge (220) channel-cut analyzer crystal for the diffracted beam, which is 

suitable not only for rocking curve measurement but also for reciprocal space 

mapping. 

3.2.2 Photoluminescence (PL) 

PL spectroscopy is a contactless, nondestructive method of probing the 

electronic structure of materials [44]. Specifically, light is directed onto a sample, 

where it is absorbed and imparts excess energy into the material in a process called 

"photo-excitation." One way this excess energy can be dissipated by the sample is 

through the emission of light, or luminescence. In the case of photo-excitation, this 

luminescence is called "photoluminescence." The intensity and spectral content of this 

photoluminescence is a direct measure of various important material properties. 

More specifically, photo-excitation causes electrons within the material to 

move into permissible excited states. When these electrons return to their equilibrium 

states, the excess energy is released and may include the emission of light (a radiative 

process) or may not (a nonradiative process). The energy of the emitted light—or 

photoluminescence—is related to the difference in energy levels between the two 

electron states involved in the transition—that is, between the excited state and the 

equilibrium state. The quantity of the emitted light is related to the relative 

contribution of the radiative process. 

The applications of PL spectrum is as the following aspects: 

> Band gap determination. The most common radiative transition in semiconductors 

is between states in the conduction and valence bands, with the energy difference 

being known as the band gap. Band gap determination is particularly useful when 

working with new compound semiconductors. 
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> Impurity levels and defect detection. Radiative transitions in semiconductors also 

involve localized defect levels. The photoluminescence energy associated with 

these levels can be used to identify specific defects, and the amount of 

photoluminescence can be used to determine their concentration. 

> Recombination mechanisms. As discussed above, the return to equilibrium, also 

known as "recombination," can involve both radiative and nonradiative processes. 

The amount of photoluminescence and its dependence on the level of photo-

excitation and temperature are directly related to me dominant recombination 

process. Analysis of photoluminescence helps to understand the underlying 

physics of the recombination mechanism. 

> Material quality. In general, nonradiative processes are associated with localized 

defect levels, whose presence is detrimental to material quality and subsequent 

device performance. Thus, material quality can be measured by quantifying the 

amount of radiative recombination. 

The PL measurements in this work were carried out using a SPEX system. Fig. 

3.3 is the schematic diagram of the PL system. The excitation source is an Ar+ laser 

with the excitation power density of ~5 W/cm and the wavelength is 514.5 nm. A 

chopper modulates the laser beam in order to process the signal by a lock-in amplifier. 

Samples are mounted in a vacuum chamber and can be cooled down to 4 K by a 

closed cycle He cryostat. The PL spectra are detected using a GaAs photo-multiplier 

tube (PMT) with a 1800 gr/mm grating spectrometer or a liquid nitrogen cooled Ge 

detector with a 1200 gr/mm grating spectrometer. 
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Fig.3.3 The schematic diagram of the PL experimental apparatus. 

3.2.3 Atomic Force Microscopy (AFM) 

AFM [45,46] is a powerful tool for high-resolution imaging of surfaces, which 

was developed quickly based on the invention of the scanning tunneling microscope 

(STM). Similar to STM, the AFM probes the sample surface using a sharp tip, which 

is several microns long and often less man 100A in diameter. The tip is located at the 

free end of a cantilever. Unlike STM, which applies bias voltage on the tip and 

monitors the tunneling current between the tip and the sample, the AFM detects the 

interatomic force between the sample surface and the tip, which rises if the tip is 

placed very close to the surface. The force can cause the cantilever to bend, or deflect, 

which can be detected by a detector. When the tip is scanned over the sample, or the 
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sample is scanned under die tip, measured cantilever deflection allows a computer to 

generate a map of surface topography. AFM can be used to study insulators and 

semiconductors as well as electrical conductors. 

In this thesis, all samples were characterized by contact mode AFM using 

Shimadzu SPM scanning probe microscope. A standard Si-iNi tip was employed for 

the surface scan. No special sample preparation was required. The detection of the 

cantilever deflection was achieved by a laser beam irradiating on the back of the 

cantilever and reflecting into a position-sensitive photodetector (PSPD). Fig.3.4 is the 

schematic diagram of the AFM. 
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Fig.3.4 Schematic diagram of AFM. 
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3.2.4 Hall measurement 

In semiconductors, when the carriers move perpendicular to the direction of 

the magnetic filed or at an oblique angle, the Lorentz force will make the carriers 

deflected from the direction of motion, which is caused by the effect known as Hall 

effect [47]. The deflection of the carrier will cause a Hall voltage. The Hall effect 

measurement is a useful tool to determine the carrier concentration and the Hall 

mobility of the semiconductor. Such measurements are extremely useful in the 

analysis of the electrical properties of semiconductors. 

In this work, the Hall measurement was carried out using a Bio-Rad system 

with Van der Pauw Hall method. The measurement was performed at room 

temperature, and the magnetic field applied was 0.32 T. Prior to the measurement, 

ohmic contacts were formed by annealing pure indium on the samples in nitrogen 

ambient at 380 °C for 60 seconds. The size of all the samples for Hall measurement 

was kept at lxl cm2. 

3.2.5 Secondary Ion Mass Spectrometry (SIMS) 

Secondary ion mass spectrometry (SIMS) [48] is a technique that measures 

elements at a surface with detection sensitivity as low as a few parts per billion. The 

technique of SIMS is the most sensitive of all the commonly employed surface 

analytical techniques. In an ultra high vacuum environment, a beam of energetic 

oxygen or cesium ions is directed to a surface to be analyzed. These bombarding ions 

force atomic and molecular particles to be ejected from the surface, a process called 

sputtering. When the primary ion strikes die sample there is a momentum transfer to 

the target atom. This occurs because the primary ion penetrates the sample surface, 

travels into the sample for some distance, and then collides with the target atom. The 
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collisions repeat until the energy transfer is insufficient to displace any more target 

atoms. The ejection or sputtering of target atoms occurs because much of the 

momentum transfer is redirected towards the surface by recoil within this collision 

sequence. This makes this method of analysis destructive because the sample is 

actually eroded, or etched on an atomic level. Since some of these sputtered particles 

carry a charge, a mass spectrometer can be used to measure their mass and charge. 

Continued sputtering measures die elements exposed as material is removed to 

construct elemental depdi profiles. SIMS instruments can produce two-dimensional 

elemental maps of the original surface or at a particular depm (after sputtering). 

3.3 Summary 

In mis chapter, a brief description of the SSMBE system and growth process 

has been presented to explain the crystalline film preparation and growth process. The 

material characterization techniques used in this thesis have been introduced. XRD is 

widely used not only as a routine assessment to material structures but also as a high 

sensitive tool for detailed characterization of epitaxial layers. PL spectroscopy is a 

contactless, nondestructive method of probing me electronic structure of materials. 

AFM is a powerful tool for high-resolution imaging of surfaces. The Hall effect 

measurement is a useful tool to determine the carrier concentration and die Hall 

mobility of the semiconductor. SIMS is a technique that measures elements at a 

surface with detection sensitivity as low as a few parts per billion. 
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Chapter 4 

Growth and characterization of C-doped GaAs 

In this chapter, the installation of the carbon source and the calibration of CBr4 flux 

are described. Material properties of C-doped GaAs are also presented in detail. The 

C-doped PN junctions have been grown and fabricated. 

4.1 Introduction 

In GaAs, the carbon impurity sits on the arsenic sublattice and introduces a 

shallow acceptor level that produces p-type GaAs with a high hole mobility [49]. 

Carbon in GaAs exhibits low thermal diffusivity and high solubility, enabling sharp 

dopant profiles at high doping levels that are appropriate for electronic devices. 

4.1.1 Brief review of C-doped GaAs grown by various techniques 

Very high carbon doping concentrations in GaAs have been obtained by 

different growth techniques. Table 4.1 shows the brief history of carbon doping in 

GaAs grown by several techniques. The highest hole concentration of C-doped GaAs 

obtained was lxlO21 cm"3. 
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Table 4.1 Development of C-doped GaAs grown by various techniques. 

Year Growth 

technique 

Maximum hole 

concentration (cm"3) 

Carbon source Reference 

1988 MOMBE 5.8xlOzu TMGa [50] 

1991 GSMBE lxlO20 CBr4 [51] 

1991 MOCVD 1.5xl020 ecu [52] 

1991 MOMBE lxlO21 TMGa [53] 

1991 SSMBE 5xl01 9 Graphite 

filament 

[54] 

1993 MOCVD lxlO21 TMGa [55] 

1993 SSMBE 1.5X1020 CBr4 [56] 

1994 CBE 6X1020 CBr4 [57] 

1997 GSMBE 5xl020 CBr4 [58] 

4.1.2 Heavy doping issue in C-doped GaAs 

It has been reported that the net hole concentration in C-doped GaAs is 

relatively low at a high total carbon concentration (>5xl01 cm'3). The main reasons 

have been found to be the following: 

> Interstitial carbon donors [59,60]; 

> For those growth techniques with hydrogen rich environment, the unintentional 

hydrogen passivation of carbon acceptors during growth and the post-growth cool 

down [61]. 

Carbon doping levels >10 cm" can be easily obtained in CBE with almost 

100% activation, good surface morphology, and with reduced hydrogen incorporation 

compared with MOCVD grown C-doped GaAs [62]. SSMBE offers the advantage of 

hydrogen free environment, eliminating the passivation of carbon acceptor by 

hydrogen [57]. 
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4.2 CBr4 source installation and flux calibration 

4.2.1 CBr4 gas handling system 

In this work, the high-purity solid CBr4 source is contained in a sealed 

stainless-steel cylinder immersed in a constant temperature bath for regulating its 

vapor pressure. The cylinder is well evacuated and the distribution line well purged 

with nitrogen before the introduction of sublimed CBr4 into the MBE chamber. CBr4 

was delivered from its container to the leak valve through gas line. The gas line was 

kept at 100 °C to prevent condensation of CBr4. A UHV leak valve is used to control 

the CBr4 flux to be injected into the growth chamber. No carrier gas was used to 

transport the CBr4 into the MBE system. As convention, the flux of CBr4 is measured 

with the beam flux monitor. Fig.4.1 shows a schematic illustration of the CBr4 gas 

handling and injection system. The maximum attainable flux of CBr4 is limited by the 

maximum conductance of the leak valve. The maximum vapor pressure of CBr4 (at 

temperature lower than 60 °C) shown from a beam flux monitor is 1.3X10"6 torr. 

Temperature-controlled 
Immersion Bath 

Fig.4.1 Schematic illustration of the CBr4 gas handling system. 
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4.2.2 CBr4 Flux control 

Initially, the leak valve position and the CBr4 flux obtained were investigated 

with the CBr4 source keeping at a given temperature. Fig.4.2 shows the CBr4 relative 

flux as a function of leak valve position at 2 °C of CBr4 source. It can be seen that 

there was no CBr4 flux when the leak valve was opened below 2 turns and it saturated 

when the leak valve was opened above 6 turns. 
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Fig.4.2 CBr4 relative flux versus leak valve open position with CBr4 source keeping at 

a given temperature. 

Then, the leak valve position and the CBr4 flux obtained were investigated 

with the CBr4 source keeping at different temperature. Fig.4.3 plots the CBr4 flux 

versus the leak valve opening position at three different temperatures. The CBr4 flux 

increases rapidly, followed by saturation, with increase in the leak valve position (i.e. 
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number of opening turns). A wide range of CBr4 flux can be obtained by increasing 

the cylinder temperature from 2 °C to 20 °C, as the valve position is varied from fully 

close to fully open. At 2 °C, the CBr4 flux ranges from ~ l.OxlO"8 to ~ 9x10"* torr, and 

at 20 °C, it ranges from ~ 6xl0"8 to ~ lxlO"6 torr. A sustainable and stable CBr4 flux is 

essential, especially for long growth time during which homogenous carbon doping is 

required. Measurement of CBr4 flux before and after sample growth shows essentially 

the same value with variation lower than 2.5%, indicating good flux stability and 

sustainability during the entire doping process. For example, a typical CBr4 flux of 

4.6xl0~8 torr only has an uncertainty of ~ O.lxlO"8 torr within the growth duration of 1 

hour. 
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Fig.4.3 Plot of CBr4 flux versus leak valve opening position at different cylinder 

temperature. 
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4.2.3 Investigation of memory effect 

The memory effect was investigated roughly through comparison between the 

unintentionally doped GaAs films grown one day before CBr4 doping as well as two 

hours and one day after CBr4 doping. It can be seen mat small memory effect existed. 

For the first batch of samples, the unintentionally doped hole concentration (after 2 

hours of CBr4 doping up to lxl020cm"3) reached 2.05xl016cm"3 as shown in Table 

4.2. However, for the doping level commonly used for HBTs (~ 5xl019 cm"3), the 

memory effect is negligible, as can be seen from the results of the second and third 

batch of samples. 

Table 4.2 Investigation of memory effect. 

Batch 1 Day before 

CBr4 doping 

CBr4 

doping 

2 Hours after 

CBr4 doping 

1 Day after 

CBr4 doping 

Hole 

concentration 

(cm3) 

(mobility) 

(cm2Ns) 

1 3.55xlOi:) 

(382) 

lxl0^u 

(20) 

2.05xl0lb 

(261) 

3.48xl0i:) 

(299) 

Hole 

concentration 

(cm3) 

(mobility) 

(cm2Ns) 

2 / 

/ 

7.5x10'* 

(44) 

6.39X1015 

(330) 

1.78x10" 

(386) 

Hole 

concentration 

(cm3) 

(mobility) 

(cm2Ns) 3 / 

/ 

3.3xl019 

(89) 

2.74xl0i:' 

(395) 

1.3xl015 

(409) 

43 Growth and characterization of C-doped GaAs 

The C-doped GaAs samples were grown using SSMBE on GaAs (100) semi-

insulating (S.I.) substrates. Initially, the GaAs growth rate was maintained at 1 /xm/h 

and growth temperature at 600 °C. The CBr4 source was kept at 2-20 °C. The As4/Ga 

flux ratio used was about 18. The thickness of the GaAs buffer layer and C-doped 
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GaAs epilayer was 1000 A and 4000 A, respectively. Conventional procedures were 

used for substrate preparation, degassing and oxide desorption. 

The C-doped GaAs materials were characterized by various methods. The hole 

concentration and mobility at room temperature were measured using the van-der-

Pauw Hall effect technique. High resolution XRD was used to measure the lattice 

parameters of the C-doped GaAs epilayers. PL measurements were performed at 4 K 

and at different temperatures to investigate the optical properties. SIMS 

measurements were conducted to provide information on atomic concentration and 

dopant depth profile. 

4.3.1 Hall results of C-doped GaAs 

The variation of hole concentration at room temperature as a function of CBr4 flux in 

our C-doped GaAs samples is shown in Fig.4.4. It can be seen that the hole 

concentration increases following increase in CBr4 flux and reaches a maximum of 

1.86xl020cm"3 at CBr4 flux of 2.6xl0"7torr. The SIMS results show that at CBr4 flux 

level below 2.6xl0"7 torr, the hole concentration and the number of carbon atoms 

incorporated into GaAs are in good agreement. This indicates that the carbon atoms 

incorporated into GaAs are nearly fully activated. However, as shown in Fig.4.4, the 

hole concentration decreases rather significantly beyond CBr4 flux of 2.6x10" torr. 

The total carbon atomic density from SIMS should have continued to increase as the 

CBr4 flux was increased above 2.6xl0"7 torr. Due to equipment and time constraint, 

SIMS data are not available in Fig.4.4 when CBr4 flux was above 2.6x10"7 torr. 

However, results from other literature show the trend that carbon atom density does 

continue to increase although the hole concentration begins to deviate from the carbon 

atom concentration at -lxlO20 cm"3 [63, 64]. And this trend is not constraint by 
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growth techniques. The C-doped GaAs samples grown at CBr4 fluxes beyond the 

maximum hole concentration exhibited spotty RHEED pattern with much reduced 

intensity. So far there have been few reports on the electrical and structural 

characteristics of highly C-doped GaAs samples [65] in terms of degradation in 

material properties and different mechanisms occurring during growth. 
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Fig.4.4 Doping concentration versus CBr4 flux. A comparison between Hall effect and 

SIMS measurement. 

Cheong et al. [63] have conducted theoretical calculations on C-doped GaAs, 

and suggested the reason for hole concentration saturation under high C doping 

conditions. The saturation in hole concentration is attributed to the compensation of 

split-interstitial C-C pairs in the form of dicarbon defects. According to their 

calculation, the defect density of the C-C pairs increases very rapidly following 

increase in the C concentration. At doping levels above 10 cm", the C-C pairs 

become the main compensating defects, resulting in significant compensation for the 
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hole carriers from CAS acceptors. The existence of such dicarbon defects in C-doped 

GaAs was first demonstrated experimentally by Wagner et al. from Raman scattering 

measurements [64]. In our case, when the CBr4 flux exceeds 2.6xl0"7 torr, further 

increase in die C atomic concentration causes the formation and rapid increase in 

dicarbon defects. Hence, the hole concentration decreases due to the compensating 

effects of die C-C pairs. The mechanism involved can be explained in detail as 

follows. 

At high CBr4 flux levels exceeding 2.6xl0"7 torr, the high density of CBr 

radicals greatly enhances the probability of collision between die CBr radicals. This 

could promote the formation of energetically more stable carbon pairs on the growth 

surface. This surface reaction can be described as [66]: 

CBr + CBr = Br2 + C-C (4.1) 

Due to the fact that the dicarbon defect behaves as a single deep level donor, the holes 

provided by carbon on arsenic sites (CASX which behave as acceptors, are significantly 

compensated. The dicarbon defect is formed by moving an interstitial carbon atom, 

which is then captured by the CAS- Therefore, there are actually two effects that could 

induce the reduction in hole concentration. On one hand, part of the CAS is 

incorporated into the C-C pair; while on die other hand, the C-C pair behaves as a 

donor. Therefore, there exists a relationship as follows [67]: 

NCiu-Ncc = NHaU (4.2) 

NCAI+2NCC=NC (4.3) 

where, Nc and Ncc are the concentration of CAS and dicarbon defects, respectively. 

NHalI is the Hall carrier concentration, and Nc is the concentration of C atoms 

incorporated into GaAs, which can be obtained from SIMS measurement. In Fig.4.4, 

the two samples with dicarbon defects are denoted as "compensated samples". 
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The hole mobility versus concentration at room temperature is plotted in 

Fig.4.5. The hole mobility ranges from 101 cm2/Vs at hole concentration of 1.02xl019 

cm" to 45 cm /Vs at 1.86x10 cm" . This data is comparable to that from beryllium-

doped GaAs reported by Hoke et al. [68]. Beyond the maximum hole concentration of 

1.86xl020 cm"3, the mobility dropped drastically to ~ 20 cm2/Vs for the two 

compensated samples, compared to the mobility at the same carrier concentration 

using a smaller CBr4 flux. 
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Fig.4.5 Mobility versus hole concentration at 300 K. The mobility data of the Be-

doped samples are from ref. [68]. 

4.3.2 XRD results of C-doped GaAs 

Figure 4.6 plots the lattice mismatch variation as function of CBr4 flux. The 

mismatch drops significantly for the two "compensated samples" due to formation of 

C-C pairs. This indicates that dicarbon defects result in increase in lattice parameter. 

The lattice mismatch versus hole concentration is plotted in Fig.4.7. From Vegard's 

Law, the lattice mismatch is given by [55]: 
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Fig.4.6 Plot of lattice-mismatch versus CBr4 flux. 
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to _ 4[JVCcb (rc - r a ) + NCti (rc - r^jQ. + v) 

a0 ' V3(2.21xl022)a0(l-y) 

where, Poisson's ratio v = 0.31, tetrahedral covalent radius of C atom rc =0.774 A, 

and tetrahedral covalent radius of As atom r^=1.20 A. r& denotes the tetrahedral 

covalent radius of Ga atom. Nc mdNc denotes the density of C atoms on As sites, 

and density of C atoms on Ga sites, respectively. Nc is assumed to be 0. 

The solid squares in Fig.4.7 are the mismatch values calculated using Eq.(4.4). 

The open circles denote the experimental mismatch data. It can be seen that the 

mismatch data of most samples agree well with Vegard's Law (Eq.(4.4)), except for 

the two "compensated samples", which were grown at high CBr4 flux exceeding 

2.6xl0"7 torr. As presented earlier, the two "compensated samples" are the ones with 

C-C pairs (dicarbon defects). To further understand the intrinsic mechanisms involved 

in Fig.4.7, a detailed discussion of the lattice structure of dicarbon defects is necessary. 

As we know, the lattice parameter of the C-C pair is larger than that of the 

substitutional carbon atom C^ [63]. Thus, compensation of the hole concentration, 

which is caused by transformation from CAS to dicarbon defect, may lead to reduction 

in lattice contraction. There are mainly two possible structures of dicarbon defects: (i) 

Cheong et al. [63] have reported that the dicarbon defects are mainly oriented along 

the [100] crystal direction. In this direction, the lattice parameter of the C-C pair is 

smaller than that of the As atom, (ii) Tan et al. [67] have reported that the dicarbon 

defects in compensated C-doped GaAs induced by the high substrate temperature are 

mainly oriented along the [111] crystal direction. In this direction, the lattice 

parameter of the C-C pair is larger than the As atom. Table 4.3 shows the size 

comparison of C atom, As atom and the C-C pairs on different crystal orientation. 
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Here, dm denotes the distance between the C-C pairs along [xxx] crystal direction 

and the nearest Ga atom. 

Table 4.3 Size comparison of C atom, As atom and the C-C pairs on different 

crystal orientation. 

rc rAs ^100 rGa **110 rCa dUi ~rGa 

Size (A) 0.774 1.20 1.12 1.356 1.548 

As shown in Eq.(4.2) and Eq.(4.3), for the compensated samples, Nc is 

larger than NHall, the lattice mismatch induced by Nc (denoted by M c ) is larger 

than the mismatch induced by NHall(denoted by MHall). For [100]-(C-C)+ pairs, the 

final mismatch should be larger than M Hall. Therefore, the mismatch data should lie 

above the Vegard's Law line denoted by solid squares. However, for [111]-(C-C)+ 

pairs, MC/u is compensated by [111]-(C-C)+ pairs. Hence, whether the lattice 

mismatch of compensated C-doped GaAs lies below or above the Vegard's Law line 

is uncertain, and it depends on the magnitude of compensation. Our results show that 

the mismatch in the two heavily compensated samples lie in the region well above the 

Vegard's Law line (Fig.4.7). Hence, our analysis finally suggests two possible 

phenomena in our samples: (i) dicarbon defects are mainly oriented along the [100] 

direction; (ii) dicarbon defects are oriented along the [111] direction, and the extent of 

compensation is small. The lattice mismatch data of compensated samples with 

dicarbon defects reported in ref. [67] are plotted in Fig.4.7 for comparison. The 

samples in ref. [67] were grown at high substrate temperature, and the dicarbon 

defects are mainly oriented along the [111] direction with high compensation level. 
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Figure 4.8 shows the XRD (004) rocking curve of a typical sample grown at 

CBr4 flux of 2.5x10" torr. A C-doped GaAs peak and some interference fringes are 

clearly observed. This indicates that the sample is of high epitaxial quality. 
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Fig.4.8 Experimental X-Ray Bragg Diffraction patterns (004 reflection) of the C-

doped GaAs grown at CBr4 flux of 2.5xl0"7 torr. 

4.3.3 A KM results of C-doped GaAs 

Figure 4.9 shows the AFM surface morphology images of C-doped GaAs 

samples grown at different CBr4 flux levels; (a) 5xl0"8 torr, (b) 2xl0"7 torr, and (c) 

4.8xl0"7 torr, respectively. For samples depicted in Fig.4.9 a) and b), the surface is 

generally smooth, with average root mean square (rrns) roughness of approximately 3 

A and 5 A, respectively. During growth, the reflection high-energy electron 

diffraction (RHEED) patterns were observed to be streaky. Clear intensity oscillations 
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in the RHEED pattern were observed; indicative of two-dimensional (2D) layer-by-

layer growth mode. In the C-doped GaAs sample depicted in Fig.4.9 c), which was 

grown at high CBr4 flux of 4.8 xlO"7 torr, the effect on surface morphology is very 

significant. The surface morphology is affected badly by the high CBu flux level, and 

mere are signs of three-dimensional (3D) island formation. The rms surface roughness 

of mis sample is - 680 A. Following our earlier discussions, at such high CBr4 flux, 

C-C pairs are formed and this greatly affects the properties of the material, such as 

reducing the hole concentration and increasing the lattice parameter. The AFM 

images suggest a possible relationship between the significant increase in surface 

roughness and formation of dicarbon defects. However, detailed physical mechanisms 

relating the effect of C-C pairs on surface morphology and growth mode requires 

further investigation. Since surface roughness has significant effect on device 

performance [69], device applications of C-doped GaAs should consider CBr4 flux 

below 2.6xl0~7 torr. An acceptable hole concentration level in the C-doped GaAs base 

layer of the HBT is 4xl019cm 3. For such hole level, CBr4 flux of 3.4xl0"8 torr should 

be adequate for HBT structure grown in our MBE system. 
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Fig.4.9 AFM micrographs of C-doped GaAs surface grown at CBr4 flux of: a) 5x10"' 

torr, b) 2*10"7 torr, and c) 4.8xl0"7 torr. 
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4.3.4 PL results of C-doped GaAs 

The 4 K PL spectra of the GaAs samples grown at different C doping levels 

are shown in Fig.4.10. The spectrum of the unintentionally doped GaAs sample 

(curve (a)) with hole concentration of 6.39xl015 cm"3 shows the usual features of band 

edge emission consisting of acceptor-bound excitons (A°-X) and band-to-acceptor (e-

A°) transitions [70]. At increasing C doping level (hole concentration > 1018cm"3), the 

excitonic features vanish, and the e-A° transition peak broadens to become two 

distinct peaks, indicated as peak 1 and 2, as shown in Fig.4.10. Peak 1 becomes 

increasingly broader and concurrently shifts to lower energy as the hole concentration 

increases. Its energy position shifts from -1.480 eV at concentration of 1.02xl019cm"3 

to ~ 1.452 eV at 6.95xl019cm~3. This effect can be attributed to band gap shrinkage 

following increase in carrier concentration. The energy position of peak 2 remained 

relatively unchanged at ~ 1.493eV. A similar phenomenon was observed in zinc-

doped GaAs grown by MOCVD [71,72] and C-doped GaAs grown by MOCVD 

[73,74]. Some controversy exists concerning the origin of peak 2 in the PL spectrum. 

Olego et al. [71] proposed that peak 2 arose from non-it conserving transitions from 

conduction band to Fermi level, which lies well inside the valence band for such 

highly-doped p-type samples. Lee et al. [73], however, related peak 2 not to 

luminescence from the C-doped epilayer, but to the S.I. GaAs substrate. Alternatively, 

Kim et al. [74] proposed that peak 1 and peak 2 are made up of two peaks arising 

from conduction band (CB) to heavy hole (HH) valence band (VB) and CB to light 

hole (LH) valence band transitions, respectively. They calculated the PL spectrum of 

C-doped GaAs with hole concentration of 9xl019 cm"3 at different temperatures. In 

our study, the PL spectrum at different temperatures was measured on a C-doped 

sample with hole concentration of 1.02xl019cm3. Figure 4.11 shows the normalized 
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PL spectra as a function of temperature. By comparison with the calculated results of 

Kim et al. [74], our results seem to support their proposed model. The contribution of 

the CB-LH transition in the PL spectra is very dominant in heavily C-doped GaAs, 

and even more so at low temperature. Following increase in temperature, the relative 

intensity of the CB-LH transition is more rapidly quenched and broadened, compared 

to that of the CB-HH transition. This results in virtual disappearance of peak 2 and 

increases the full-width at half maximum (FWHM) of its PL spectrum. According to 

this model, the transition mechanism changes from e-A at low doping level, to CB-

HH and CB-LH at high doping level (see Fig.4.10). It is coincidental that the position 

of peak 2 is close to that of e-A° transition. 
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Fig.4.10 Normalized PL spectra of C-doped GaAs samples for various doping levels. 
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Fig.4.11 Normalized PL spectra for various temperatures of a C-doped GaAs sample 

with hole concentration of 1.02xl019cm"3. 

4.3.5 SIMS results of C-doped GaAs 

The modulation control of the C doping process was investigated using a test 

structure comprising alternating 1700 A-thick C-doped GaAs layer, followed by 1700 

A-thick unintentional-doped GaAs layer. Three C doping levels corresponding to 

CBr4 flux of 2xl0"7 torr, 8.2X10"8 torr and 2.8xl0~8torr, respectively, was used in the 

test structure. The sample was subjected to SIMS measurement, which revealed a 

pulsed profile of C doping with concentration < 6xl016 cm"3 (limited by the lower 

sensitivity limit of SIMS measurement of carbon impurities) between the peaks of the 

three C doping pulses, as shown in Fig.4.12. Close agreement between the nominal 

thickness of the sample structure and the SIMS depth profile was obtained. No growth 
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Fig.4.12 Pulsed C-doping profile of a GaAs sample measured by SIMS. 

interruptions were employed during die growtii of die modulated C-doped structure. It 

is expected mat further improvement in die doping control can be achieved if growth 

interruptions are employed. Some background elements of O, Si and Br are also 

detected in the material, whose concentration is - 1016 cm"3, 1015 cm"3 and 1014 cm" , 

respectively. The Br value is comparable to mat in published literature [75]. The 

increase in O, Si and Br levels near the sample surface is probably due to surface 

contamination. 
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4.4 C-doped GaAs PN junction 

4.4.1 Epitaxial structure & schematic of the PN junction 

Using carbon as p-type dopant, GaAs PN junctions were grown by SSMBE. 

Table 4.4 shows the epitaxial structure of die PN junction. The PN junction was 

fabricated using conventional lithography and wet etch. Au/Ge/Ni/Au (28/7/8.8/84 

run) metals were deposited on the n = 5xl018cm"3 GaAs cap layer as n-type ohmic 

contact. The n-type ohmic contact was annealed at 430 °C for lOsec in a rapid thermal 

processor. The GaAs cap layer and the GaAs n-type (5xl017 cm"3) layer were etched 

to form the mesa. The p-type ohmic contact was made using Ti/Au (50/250 nm) 

metallization deposited on the p-type C-doped GaAs. Figure 4.13 shows the 

schematic cross section of the C-doped GaAs PN junction. 

Table 4.4 Epitaxial structure of the PN junction. 

Thickness (A) Material Dopant Concentration (cm"3) 

1600 GaAs Si 5xl018 

800 GaAs Si 5xl017 

800 GaAs C 5xl019 

GaAs buffer 

S.I. GaAs substrate 
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Au/Ge/Ni/Au 

GaAs n = 5x1018cm"3 

1600A 
Ti/Au 

GaAs n = 5x1017 cm"3 

800A 

Ti/Au 

GaAs p = 5x1019cm"3 800A 

S. I. GaAs substrate 

Fig.4.13 Schematic of the PN junction. 

4.4.2 Electrical properties of the PN junction 

The electrical properties of the PN junctions were measured using 

Semiconductor Parameters Analyzer. Figure 4.14 shows the typical I-V and 

breakdown characteristics of the PN junction. The turn-on voltage is about 1.16 V. 

The breakdown voltage is about 6.5 V, which is nearly equal to the calculated value. 

Figure 4.15 shows die reverse leakage currents of die PN junction at elevated 

temperature ranging from 27°C to 200 °C. As me temperature increases, die reverse 

leakage current becomes less sensitive to reverse bias and approaches die classical 

Shockley-Read-Hall (SRH) I-V characteristics, tiiat show gentle dependence on the 

bias voltage. Fig.4.16 and Fig.4.17 show die ideality factor at die medium current and 

low current, respectively. The ideality factor is 1.76 at low current as compared to 1.3 

at medium current, which indicates that die recombination current is more prominent 
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at low voltage. The good electrical properties of the PN junctions show that the use of 

CBr4 in SSMBE is promising for the growth of p-type base layer in the HBT device. 

Voltage (V) 

Fig.4.141-V and breakdown characteristic of the PN junction. 
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Fig.4.15 Reverse leakage current at different temperature. 
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Fig.4.17 Ideality factor of the PN junction at low current. 
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4.5 Summary 

In this chapter, successful installation of CBr4 source and growth of C-doped 

GaAs by SSMBE using CBr4 is reported. Sustainable and stable CBr4 flux with 

variation lower than 2.5% has been obtained. The memory effect has been 

investigated. For the doping level commonly used for HBTs (~ 5xl019 cm"3), the 

memory effect is negligible. 

Various techniques have been applied to characterize the C-doped GaAs layers. 

It has been observed that hole concentration increases following increase in CBr4 flux 

and reaches a maximum of 1.86xl020cm"3 at CBr4 flux of 2.6xl0~7 torr, beyond which, 

it decreases rather significantly. The SIMS results show that the carbon atoms 

incorporated into GaAs are nearly fully activated at CBr4 flux level below 2.6xl0~7 

torr. At room temperature, the C-doped samples showed mobility of 101 to 45 cm2/Vs 

at hole concentration of 1.02xl019cm"3 to 1.86xl020cm"\ respectively, comparable to 

samples doped with beryllium (Be). When the CBr4 flux exceeds 2.6xl0"7 torr, further 

increase in the C atomic concentration causes the formation and rapid increase in 

dicarbon defects. The compensating effects of the dicarbon defects induce the 

decrease in hole concentration, drop in mobility, and increase in lattice parameter. 

Unlike the samples grown at CBr4 flux below 2.6x10"7 torr, the lattice mismatch data 

of the compensated samples, which were grown at high CBr4 flux exceeding 2.6xl0"7 

torr, deviate from Vegard's Law. However, the structure of dicarbon defects formed 

under high CBr4 flux needs further investigation. AFM images of surface morphology 

show signs of growth mode transformation from 2D to 3D island formation following 

increase in CBr4 flux. The results suggest a possible relationship between significant 

increase in surface roughness and formation of dicarbon defects in C-doped GaAs. 
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Low temperature (4K) PL measurements show a reduction in bandgap and broadening 

of the PL spectrum following increase in the doping concentration. The main PL peak 

shifts from - 1.480 eV at concentration of 1.02xl019cm"3 to ~ 1.452 eV at 6.95xl019 

cm"3. Variable temperature PL measurements show the existence of two peaks, which 

could arise from conduction band (CB) to heavy hole (HH) valence band and CB to 

light hole (LH) valence band transitions. Reasonably good C pulsed doping profile 

has been achieved and verified by SIMS measurement on samples grown without the 

use of growth interruption. C-doped PN junctions have been grown and fabricated. 

Good I-V characteristics and ideality factors have been obtained. The results show 

that the use of CBr4 in SSMBE is promising for the growth of p-type base layer in the 

HBT device. 

The basic characteristics of the C-doped GaAs layers have been studied 

systematically in this chapter. These results not only help to obtain the insight and 

understanding of the material properties and the mechanisms involved, but also form 

the basis for further optimization and device fabrication, as described in the following 

chapters. 
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Chapter 5 

Optimization of growth conditions for C-doped GaAs 

In this chapter, the effect of growth conditions, such as substrate temperature, 

growth rate and V/m ratio on properties of heavily C-doped GaAs was investigated to 

search for optimum growth conditions based on our experimental setup. The results 

serve as a useful baseline growth process for the development of HBT devices using 

C-doped GaAs as the highly doped base layer. 

For the use of C-doped GaAs as base layer of HBTs, the quality of the base 

layer is very important. The growm conditions greatly affect the material quality. The 

growth conditions need to be optimized for the device applications. In this chapter, 

three series of samples of C-doped GaAs grown with various growth temperatures, 

growth rates, and V/m ratios have been studied. Hall measurements were used to 

characterize the samples at room temperature. The surface morphology of the samples 

was measured using AFM in contact mode. The study reveals the effect of these 

factors to the material quality of the C-doped GaAs layers, and finds the optimized 

growth condition. The optimization will benefit the design and fabrication of C-doped 

HBT device applications. 

5.1 Sample growth 

The C-doped GaAs samples were grown on GaAs (100) S.I. substrates by 

SSMBE using CBr4 as p-type doping precursor. As described in Chapter 4, the CBr4 

source was sublimed from 2-20 °C. The CBr4 flux was measured before each run by 
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using beam flux monitor, and then the same precision leak valve position was used 

during the run. Over the course of each run the CBr4 flux kept stable. The thickness of 

all C-doped GaAs samples was 2300 A in this investigation. 

5.2 Effect of substrate temperature 

To investigate the effect of substrate temperature on C-doped GaAs, two 

groups of samples were grown at CBr4 flux of 2.2xl0~8 torr and 4.6xl0"8 torr, 

respectively. At CBr4 flux of 2.2x10* torr, six samples were grown at 500°C, 530 °C, 

560 °C, 590 °C, 620 °C, and 650 °C, respectively. At CBr4 flux of 4.6xl0"8 torr, five 

samples were grown at 500 °C, 560 °C, 590 °C, 620 °C, and 650 °C, respectively. The 

growth rate (ljum/h) and V/DI ratio (18) were kept unchanged. 

Figure 5.1 plots the dependence of hole concentration on substrate temperature. 

At CBr4 flux of 2.2xl0"8 torr, the hole concentration is relatively insensitive to 

changes in substrate temperature. However, at higher CBr4 flux of 4.6xl0"8 torr, 

substrate temperature above 620 °C causes a reduction in hole concentration. Similar 

results were reported by otfier groups [66, 75], indicating the formation of C-C pairs 

at high substrate temperature. Tan et al. [67] have reported that the dicarbon defects 

formed at high substrate temperature are mainly oriented along the [111] direction. 

Regardless of the orientation direction of the dicarbon defects, they result in reduction 

of the hole concentration. Therefore, high CBr4 flux and/or high substrate temperature 

can both induce formation of dicarbon defects. However, the dicarbon defects formed 

under these two conditions may not have the same orientation. 
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Fig.5.1 Plot of hole concentration versus substrate temperature. 

Figure 5.2 plots the rms surface roughness (with error bars) as function of 

substrate temperature at two CBr4 flux levels: 2.2x10 torr and 4.6x10" torr, 

respectively. At each flux level, the surface roughness shows signs of increase at 

substrate temperatures above 590 °C. At CBr4 flux of 4.6x10"8 torr, the surface 

roughness increases drastically above 620 °C, and the highest surface roughness was 

recorded at 650 °C, within the range of substrate temperatures investigated. At CBr4 

flux of 2.2x10"8 torr, the surface roughness was the highest at 650 °C, but its value is 

~4 times lower compared to the highest surface roughness value at CBr4 flux of 

4.6xl0"8 torr. Since good surface morphology is important for HBT application, the 

substrate temperature for C-doped GaAs should be maintained between 560 °C to 590 

°C within the range of CBr4 flux investigated in our MBE system. 
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Fig.5.2 Plot of rms surface roughness (with error bars) versus substrate temperature. 

Keeping V/m ratio of 18, and substrate temperature of 580 °C, C-doped GaAs 

samples grown at 0.5 fim/h using CBr4 flux of 4.6xl0~8 torr, yield hole concentration 

of 6x10 cm" . This hole concentration is nearly the same as that in samples grown at 

1/im/h under the same CBr4 flux. The presence of the same hole concentration in 

samples grown at 1:2 growth rate ratio suggests that only half of the carbon atoms 

reaching the growth surface are incorporated. The results suggest that die carbon 

species behave like As during the C-doped GaAs growth process. This is different 

from carbon doping in CBE using CBr4 as p-dopant precursor [76], in which all 

carbon atoms reaching the growth surface are incorporated and no accumulation of 
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carbon species at the growth front occurs. In our experiment, the surface roughness is 

~ 3 A and the lattice mismatch is consistent with Vegard's Law. Thus, the results so 

far suggest that the growth rate of 0.5 /xm/h has no significant deteriorating effect on 

the material quality. 

5.4 Effect of V/III ratio 

To investigate the effect of V/ITI ratio, three samples were grown using the 

same substrate temperature of 580 °C and growth rate of 1 um/h at CBr4 flux of 

4.6xl0"8 torr. As shown in Fig.5.3, the V/IH ratio (in the range of 10 to 18) has 

negligible effect on the hole concentration and the hole mobility. However, as seen in 

Fig.5.4, the rms surface roughness results from the AFM measurements show that at 

low V/TII ratio of 10, the surface of C-doped GaAs becomes significantly rougher. 
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Fig.5.3 Plot of hole concentration and hole mobility versus V/III ratio. 
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Some PN junctions were grown using higher V/III ratio of 35, 30, and 25 and 

one with a V/m ratio less than 15. From the ideality factors of the PN junctions as 

shown in Fig.5.5 (the ideality factor data at V/m ratio of 18 was obtained from 

Chapter 4), the ideality factor became higher at V/m ratio either above 25 or below 

18. Therefore, the optimum V/m ratio for the growth of C-doped GaAs is between 18 

and 25. 

5.5 Summary 

The effect of substrate temperature, growth rate, and V/IH ratio on C-doped 

GaAs grown by SSMBE was investigated. High substrate temperature can also induce 

the formation of dicarbon defects in C-doped GaAs, which results in reduction in hole 

concentration. The surface roughness shows signs of increase at substrate temperature 

above 590 °C, indicating a possible relationship between the significant increase in the 

surface roughness and the formation of dicarbon defects, which is consistent with that 

in Chapter 4. The presence of the same amount of hole concentration in samples 

grown at 1:2 growth rate ratio suggests that only half of the carbon atoms reaching the 

growth surface are incorporated. At low V/m ratio of 10, the surface of C-doped 

GaAs becomes significantly rougher; the ideality factor of PN junctions becomes 

higher at V/m ratio above 25 or below 18. Within the range of experimental 

conditions in our MBE system, substrate temperature between 560 °C - 590 °C, 

growth rate of 1 j«n/h or 0.5 /im/h and V/m ratio between 18 and 25 are suitable 

parameters for C-doped GaAs growth for HBT applications. 
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Chapter 6 

Results of C-doped GalnP/GaAs HBTs 

In this chapter, the grown of C-doped GalnP/GaAs HBTs by SSMBE using CBr4 as 

p-type dopant precursor is reported. The preliminary results are reported and the poor 

DC characteristics studied. The carrier transport mechanisms were revealed through 

temperature-dependant investigation and the material quality was assessed. 

At the beginning of the 1990's, the commercial development of wireless 

communications was greatly encouraged and more applications were found for HBTs. 

The most notable among them was GaAs HBT power amplifier for cell phones. The 

GaAs HBT process is now the leading semiconductor technology for RF power 

products and has over 30% of the total market share up to date. 

6.1 Brief review of GalnP/GaAs HBTs 

The first GalnP/GaAs HBT was reported by Mondry and Kroemer in 1985 

[77]. This npn device was grown by MBE and had a 1500 A GaAs base layer with Be 

doping concentration of lxl019cm"3. Current gain of 30 was obtained for this device. 

The first microwave characterization of MOCVD grown C-doped GalnP/GaAs HBT 

was reported in 1991 [78]. The /, and fam were 30 GHz and 45 GHz, respectively. 

In 1993, the current gain of 2690 was reported for GalnP/GaAs HBT with a 1000 A 

GaAs base layer (Be-doped, 5xl018cm"3) grown by MOMBE [79]. The highest / , 
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and / „ , of C-doped GalnP/GaAs HBTs reported were 156 GHz and 255 GHz, 

respectively, in 1998, that were grown by GSMBE [80]. 

6.2 SSMBE growth of C-doped Ga InP/GaAs HBTs 

The GalnP/GaAs HBT structure with abrupt emitter-base junction was grown 

on (100)-oriented semi-insulating GaAs substrates in the SSMBE system. The CBr4 

flux was generated in a temperature-controlled canister, and the flux was delivered 

into me MBE chamber via a system of ultra-clean piping, as described previously in 

Chapter 4. The magnitude of the CBr4 flux introduced into the MBE chamber was 

regulated by a high precision leak valve. The C-doped GaAs base layer was grown at 

substrate temperature of 580 °C, growth rate of 1 um/h and nominal V/IQ ratio of 18. 

A 3-min growth interruption was used after the p-type base layer growth to alleviate 

possible carbon-doping memory effect, during which the CBr4 flux is terminated. 

Table 6.1 shows the layer structure of the HBT. The epitaxial layers consists 

of 5200 A n = 4xl018 cm" GaAs sub-collector, a 200 A GalnP which is inserted in 

the sub-collector to serve as etch stop layer, a 6000 A n = lxlO16 cm"3 GaAs collector, 

a 520 A p = 5xl019 cm"3 GaAs base layer, a 500 A n = 3xl017 cm"3 Gao.51Ino.49P 

emitter, a 1200 A n = 4xl018 cm"3 GaAs cap, a 400 A n = lxlO19 cm"3 InxGai_xAs 

graded cap layer (x=0-0.6), and a 400 A n = lxlO19 cm"3 Ino.6Gao.4As ohmic contact 

layer. 
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Table 6.1 Layer structure of GalnP/GaAs HBT. 

Layer Material Component Thickness 

(A) 
Dopant Concentration 

(cm3) 

Cap InxGai.xAs x = 0.6 400 Si lxl0 i y 

Cap InxGai.xAs x = 0-0.6 400 Si lxl0 i y 

Cap GaAs 1200 Si 4xl018 

Emitter Gao.51Ino.49P 500 Si 3x10" 

Base GaAs 520 C 5x10" 

Collector GaAs 6000 Si lxlO16 

Sub-

collector I GaAs 500 Si 4xl018 

Etch stop Gao.51Ino.49P 200 Si lxlO18 

Sub-

collector n GaAs 4700 Si 4xl018 

Buffer AlxGai.xAs x = 0.8 2000 / / 

S.I. GaAs substrate 

63 Fabrication of C-doped GalnP/GaAs HBTs 

In order to minimize the effects of surface recombination, which are more 

dominant in small emitter area HBTs, large emitter area (50 x 50 jun2) devices were 

fabricated in this study. The HBT devices were fabricated using conventional 

photolithography and wet chemical etching. The main steps for the fabrication of 

GalnP/GaAs HBT are: 1) formation of emitter, base and collector mesas, 2) formation 

of ohmic contacts to emitter, base and collector. The key features of each processing 

step are described as follows. 
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6.3.1 Mesa formation 

Mesa-type structure was employed for the fabrication of GalnP/GaAs HBT 

devices. A 3:1:40 mixture of UPO^HbCh^O was used to etch the GaAs and 

InGaAs layers. The etch rate was around 120 nm/minute and 150 nm/minute, 

respectively. The GalnP layer was etched using 1:1 mixture of HChl^O, which gives 

a etch rate of about 30 nm/minute. One major advantage of using the above 

mentioned etching solution is the ability to selectively etch GaAs (or InGaAs) and 

GalnP. The sequence of forming emitter, base and collector mesas is described as 

below: 

1) The GalnP/GaAs HBT structure is cleaned using acetone, isopropyl alcohol 

and DI water. After dehydration-bake in 110 °C for 30 minutes, the wafer is coated 

with photoresist, and then soft-baked at 105 °C. The emitter mesa pattern is defined 

by the mask aligner with an exposure of 20 seconds at a UV light intensity of 14.0 

mW/cm2. The wafer is then developed in me developer until the patterns are clear as 

seen under microscope. Hard bake at 110 °C is necessary to harden the photoresist to 

improve the adhesion with the mesa islands. 

2) The highly doped InGaAs and GaAs cap layers are removed using 

H3P04:H202:H20, and then HC1:H20 is used to selectively etch GalnP emitter 

stopping on the p+ GaAs base layer. The emitter etching is verified by performing I-V 

measurement of surface breakdown using a pair of tungsten probe tips. The 

breakdown voltage of Schottky diodes formed on the p+ GaAs base is much lower 

than that on GalnP emitter layer. 

3) The base is then patterned and the GaAs base and collector layers are 

etched using H3P04:H202:H20 until the GalnP etch stop layer in the sub-collector is 

exposed. After that the GalnP etch stop layer is removed using HC1:H20. The mesa 
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depth is confirmed by using a surface profiler. Finally, the collector isolation mesa is 

patterned and etched by HsPO^EfeC^I^O. 

6.3.2 Formation of ohmic contacts 

After the mesa formation, ohmic contacts must be made on the emitter, base 

and collector regions. The metallization is patterned by transferring the designed mask 

pattern to photoresist and then to the metal layer. Conventional lift-off technique is 

used in this work. This technique involves deposition of the ohmic contact metal 

layers directly on the top of the patterned photoresist, followed by lifting off 

unwanted metal by dissolving the underlying photoresist with acetone. For the lift-off 

method, it requires an overhang of the photoresist to prevent the continuity between 

the metal on the material surface and that on the photoresist, which is not only to 

allow solvent to penetrate and dissolve the photoresist, but also to prevent ragged 

edges due to peeling of the metal. An image reversal lithography process using AZ 

5214 photoresist is developed to form the overhang of the resist. After the pattern 

definition, the wafer is dipped in a HClrHfeO (1:10) solution to remove the residual 

oxide, and rinsed in DI water. Ni/Ge/Au/Ni/Au (5/25/100/20/250 nm) were used for 

emitter and collector ohmic contacts. The n-type ohmic contact was annealed at 430 

°C for 10 sees in a rapid thermal processor. The p-type ohmic contact was made using 

Ti/Au (50/250 nm) metallization. Figure 6.1 shows the SEM image of the fabricated 

GalnP/GaAs HBT. 

After fabrication, the temperature dependence of device DC characteristics 

was measured using a semiconductor parameter analyzer in conjunction with a probe 

station. 
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Fig.6.1 SEM image of C-doped GalnP/GaAs HBT grown by SSMBE. 
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6.4 DC characteristics of C-doped GalnP/GaAs HBTs 

The base sheet resistance of the GalnP/GaAs HBT was measured using die 

transmission line method (TLM). Typical TIM patterns had a width W of 100 urn. 

The TLM gaps L ranged from 5 to 25 urn. The resistance dependence on TLM gap 

size was evaluated and plotted. It is well known that the total resistance R between 

two TLM contacts with gap L is: 

R = 2Rc+^-L 
c W 

(6.1) 

where Rc is the contact resistance, RA is the sheet resistance of the base layer. Plot 

of total resistance as a function of TLM pad gap size for GalnP/GaAs HBT base layer 

is shown in Fig.6.2. 

100 

R = 2FL + slope xL 

Mum) 

Fig.6.2 Plot of total resistance as a function of TLM pad gap size for GalnP/GaAs 

HBT base layer. 
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From TLM measurements, the base sheet resistance Rsh of the GalnP/GaAs 

HBT was found to be 330 QJ . This value is inversely proportional to the base 

thickness. Using the simple expression: 

K * = ^ - (6.2) 
WB pqMp WB 

where, R^ is the sheet resistance of the base layer, pB the specific resistance of the 

base layer, p the hole concentration, q the electronic charge, and jup the hole 

mobility at room temperature. From Eq. (6.2), the hole mobility at room temperature 

of the C-doped base layer was found to be 72 cm /Vs. As previously shown in 

Chapter 4, Figure 4.5 plots the room temperature hole mobility versus concentration 

for the C-doped GaAs samples. The hole mobility ranges from 101 cm2/Vs at 

concentration of 1.02xl019cm"3 to 45 cm2/Vs at 1.86xl020cm"3. Further increase in 

CBr4 flux results in significant reduction in hole mobility due to dopant compensation 

effects. The mobility value in die HBT base layer obtained from TLM is consistent 

with that from our calibrated C-doped GaAs samples in Fig.4.5. This indicates mat the 

majority carrier mobility of C-doped base layer in the HBT structure is within me 

normal range. 

The common emitter characteristics of the GalnP/GaAs HBT device are 

shown in Fig.6.3. The offset voltage is 0.3V. The breakdown voltage is about 13V. It 

can be seen that die device exhibits good output characteristics with low output 

conductance and low knee voltage. 
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v« (V) CE 

Fig.6.3 Common-emitter I-V characteristics of GalnP/GaAs HBT. 

Figure 6.4 shows the temperature dependence of DC current gain ((3) versus 

collector current (Ic) characteristics. At 300 K, the DC gain is 30 at collector current 

density of 3200 A/cm2. At high Ic level of above lxlO"2 A, a slight degradation of P 

can be seen in the plot. However, at low Ic level of below lxlO2 A, a slight increase 

in P is observed. This can be well understood by comparing the device Gummel plots 

within temperature range from 300K to 380K. 

78 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 6 Results ofC-doped GalnP/GaAs HBTs 

c 
'as 
CD 
o a 

3 

340K 
380K 

\ 

10- 300K 
\ ^ ^ 

1 -

0.1 i 

io-' 10" 10": 10 10" 

lc(A) 

10"' 10" 

Fig.6.4 Plot of current gain versus collector current characteristics at different 

temperatures. 

Figure 6.5 shows the Gummel plots measured from 300 K to 380 K. At 

elevated temperatures, both the base current and the collector current increase. The 

current gain is influenced by competition between the base current and collector 

current. At low current level, the collector current increases more rapidly than the 

base current, which induces an increase in current gain with temperature. At high 

current level, the base current increases more rapidly than collector current, which 

induces a decrease in current gain with temperature. To further understand the carrier 

transport characteristics of the device, a detailed discussion of the base current 

mechanism and analysis of the temperature dependence of the Gummel plot is 

necessary. 
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Fig.6.5 Gummel plot of GalnP/GaAs HBT at different temperatures. 

For base current in the HBT, the effects of Shockley-Read-Hall (SRH) 

recombination, Auger recombination and radiative recombination should be 

considered [81]. In SRH recombination, an electron recombines with a hole through a 

mid-gap recombination center. This effect has been widely studied in compound 

semiconductor HBTs, because compound semiconductors generally have relatively 

large bulk defect densities. It is well known that the base current due to SRH 

recombination shows a ~(2kT)~l behavior, while the base current induced by Auger 

recombination, or band-to-band radiative recombination has a ~(kT)~x behavior. 

At 300 K, the ideality factor of the base and collector current of the device is 

1.9 and 1.1, respectively. The relatively high base current ideality factor indicates that 

the recombination current in the space charge region (SCR), which is determined by 
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the SRH recombination process, is dominant in the base current. The base current 

ideality factor increases gradually up to 3.3 at 380 K, and collector current ideality 

factor increases up to 1.3 at 380 K. Recombination enhanced defect reactions (REDRs) 

as described by Henderson [82] and modeled by Welser et al. [83] are believed to be 

the driving force behind this phenomenon. The excess base current contributed by its 

high ideality factor of n ~ 3.3, suggests the possibility of a carrier tunneling 

mechanism due to the presence of large interface defect state density. The base-

emitter turn-on voltage decreases following increase in the temperature. This decrease 

in turn-on voltage is mainly due to increase in the intrinsic carrier concentration in the 

emitter and base layers as temperature increases [84]. 

Figure 6.6 a) compares the reverse leakage current of the base-collector 

junction from 300 K to 380 K. At elevated temperatures, the reverse leakage current 

of the base-collector junction shows lower dependence on the bias voltage, indicating 

that SRH generation-recombination process [85] could be the dominant mechanism. 

The temperature dependent characteristics of the reverse leakage current of the base-

emitter junction are shown in Fig.6.6 b). The reverse leakage current of the base-

emitter junction is about 3 orders larger compared to that of the base-collector 

junction. The relatively low dependence of the base-emitter leakage current on 

temperature variation suggests that carrier tunneling from emitter to base could be the 

dominant mechanism. This tunneling current is most probably related to the presence 

of defects in the space charge region of the base-emitter junction. This gives further 

evidence that the poor material quality at the base-emitter junction could be 

responsible for the poor DC characteristics of the device. 
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Fig.6.6 Temperature dependence of: a) base-collector junction, b) base-emitter 

junction characteristics. 
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6.5 Investigation on root cause for poor characteristics of GalnP/Ga As HBT 

Further investigation found that the poor characteristics of GalnP/GaAs HBT 

was due to the actually lower V/UI ratio than the optimum range (18-25). This was 

resulted from the mechanical problem of the As shutter. Further process optimization 

is needed to improve the material quality and device performance. 

C-doped GaAs grown by SSMBE using CBr4 as p-type dopant precursor was 

used as the base layer of GalnP/GaAs HBT. Devices with base layer thickness of 520 

A showed DC current gain of 30 at collector current density of 3200 A/cm2. The hole 

mobility obtained from the base layer sheet resistance is consistent with that of C-

doped GaAs bulk layer. The temperature dependence of DC current gain versus 

collector current showed a slight decrease in current gain at high collector current, and 

increase in current gain at low collector current. The Gummel plot from 300 K to 380 

K suggests that trap-related recombinations played a significant role in the poor 

device DC characteristics. The reverse leakage current of the base-collector junction 

suggests that the dominant mechanism could be related to the SRH generation-

recombination process. On the other hand, the reverse leakage current of the base-

emitter junction could be dominated by carrier tunneling effects. Further process 

optimization is needed to improve the device performance. 
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Chapter 7 

Improved characteristics of C-doped GalnP/GaAs HBTs 

In this chapter, improved properties of C-doped GalnP/GaAs HBTs with base doping 

concentration of 4xl019 cm"3 were obtained through better control of growth process. 

The DC characterization of the device temperature-dependant performance was 

investigated and the carrier transport was studied. The DC characteristics of C-doped 

GalnP/GaAs HBT with base doping concentration of 2xl019 cm"3 were also reported. 

7.1 Growth and fabrication of C-doped GalnP/GaAs HBT with improved 

performance 

Chapter 6 has reported the poor material quality for the GalnP/GaAs HBTs 

due to lower V/DI ratio. In this chapter, with better control of the growth process 

(including shutter control) using V/D3 ratio of 25, C-doped GalnP/GaAs HBT with 

improved characteristics was grown by SSMBE. 

The C-doped GalnP/GaAs HBT structure with an abrupt emitter-base junction 

and base doping concentration of 4xl019 cm"3 was grown on (lOO)-oriented semi-

insulating GaAs substrates. Table 7.1 shows the layer structure of the HBT. 
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Table 7.1 Layer structure of GalnP/GaAs HBT with improved performance. 

Layer Material Thickness 

(A) 
Dopant Concentration 

(cm3) 

Cap In0.2Ga0.gAs 200 Si lxl0 i y 

Cap GaAs 1200 Si 4xl0 l s 

Emitter Gao.51Ino.49P 500 Si 3x10" 

Base GaAs 600 C 4xlOiy 

Collector GaAs 7000 Si lxlO10 

Sub-Collector I GaAs 500 Si 4xl018 

Etch stop Gao.51Ino.49P 200 Si lxl0 l s 

Sub-collector II GaAs 5500 Si 4xl018 

GaAs buffer 5000 A 

S.I. GaAs substrate 

The actual doping profile was measured using SIMS measurement. Figure 7.1 

shows the SIMS depth profile of the HBT structure. The Si and C levels cross at me 

GalnP/GaAs interface, indicating correct placement of the junction, in agreement with 

the electrical characteristics. The Br level was kept below 1015 cm"3. Till now there are 

no reports of me degradation of material quality associated with the presence of 

halogens in me growth system. 
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Fig.7.1 SIMS profiles of C, Si, P, and Br concentration in the GalnP/GaAs HBT 

structure with abrupt emitter-base junction and base doping concentration of 

4*1019 cm"3. The depth data in the profile are approximate values. 

The HBT devices were fabricated using the same mask set and same process 

as in chapter 6. Large emitter area (50 x 50 um2) devices were fabricated in this study 

for DC characterization. Figure 7.2 shows the schematic cross section of the 

GalnP/GaAs HBT. The devices were dipped into a diluted HF solution for 1 min (at 

room temperature) for passivation. After HF treatment, a detailed DC characterization 

of the device performance at elevated temperature ranging from 300 K to 380 K was 

carried out. The temperature dependence of device DC characteristics was measured 

using a semiconductor parameter analyzer in conjunction with a probe station. 
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Fig.7.2 Schematic cross section of the GalnP/GaAs HBT. 
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7.2 Improved DC characteristics of C-doped GalnP/GaAs HBT with base doping 

concentration of 4xl019 cm'3 

Figure 7.3 shows the Gummel plot of the C-doped GalnP/GaAs HBT before 

and after HF treatment. It can be seen that at base bias voltages below 0.9 V, the base 

current after HF treatment was greatly reduced, which indicated that the extrinsic base 

surface recombination current was greatly reduced. The base current and collector 

current ideality factors are 1.12 and 1.01, respectively. This indicated that the space-

charge region recombination current is insignificant in the base current. The base 

current is dominated by radiative recombination current and/or the Auger 

recombination current. 
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Fig.7.3 Gummel plot of GalnP/GaAs HBT before and after HF passivation. 
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The common emitter I-V characteristics at 300 K and 380 K are shown in 

Fig.7.4. It can be seen that the device exhibits good output characteristics with low 

output conductance. Base-emitter (B-E) and base-collector (B-C) junction 

characteristics measured from 300 K to 380 K are shown in Fig.7.5. The temperature 

dependence for B-E and B-C junctions behaves similarly. As the temperature 

increases, the increase of the junction leakage current can be observed. However, no 

significant changes of bias sensitivity of the leakage current was found which 

indicates that the dominated transport mechanism for the junction reverse current is 

not changed in this temperature range. 

V.. (V) CE 

Fig.7.4 Plot of GalnP/GaAs HBT common-emitter I-V characteristics at 300 K and 

380 K. 
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Fig.7.5 Temperature dependent characteristics of: a) base-emitter junction, and b) 

base-collector junction. 
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The temperature dependence of Gummel plot measured at VCB = 1 V is shown 

in Fig.7.6. It can be seen that no obvious changes of base and collector ideality factors 

are observed. As the temperature increases, the base-emitter turn-on voltage largely 

decreases. The decrease of turn-on voltage is mainly due to the increase of the 

intrinsic carrier concentration in the emitter and base layer as the temperature is 

increased [84]. 

1x10~1 

VR(V) 

Fig.7.6 Gummel plot of GalnP/GaAs HBT at different temperature. 

To gain a better understanding of the carrier transport properties in the device, 

collector and base currents in Gummel plots at different temperatures were 

extrapolated to VBE = 0 V to obtain the values of zero bias collector current Icoo and 

base current IBOO [81]. Activation energies were determined from the slope of 

Arrhenius plots of Icoo and IBOO as shown in Fig.7.7. For the collector current, the 
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activation energy is 1.4 eV, which is close to the bandgap of the GaAs base. This 

indicates that the collector current is determined by drift-diffusion process, in which 

an energy barrier same as the base bandgap should be overcome by the electrons 

before they are collected by the collector. For the base current, the activation energy is 

also 1.4 eV, which is close to the bandgap of the GaAs base, indicating that band-to-

band recombination plays a dominant role in determining the base current. No trap-

related recombination is observed for the base and collector currents, which further 

indicates the good base material quality for the HBT structures. 

-Ix-ICT 

,-15 1x10 

1x10"1 

1x1017 4 

1x1018 

S lx10"19 

8 
- IxlO^-d 
o8 

§ 1x10"21 -\ 

1x10" 

1x1023-d 

1x10"24-J 

1x10"' 

E =1.4eV 
a 

E=1.4eV 
a 

- i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1-

2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3 

1000/T(K"1) 

Fig.7.7 Activation energy plots for collector and base currents extrapolated to V B E = 0 

V. 
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A plot of current gain ({}) versus collector current (Ic) at different temperatures 

measured at VCE= 3 V is shown in Fig.7.8. At 300 K, the DC gain is 28 at a collector 

current density of 3200 A/cm2. At low Ic level, a slight increase in fi with the increase 

of temperature can be seen in the plot. However, at high Ic level, a slight degradation 

of P is observed. 

100 

CD 
~ 1 0 : 
£ 
O 

Fig.7.8 Plot of current gain vs. collector current characteristics at different 

temperatures. 

To further analyze the mechanism involved in the change of current gain, it is 

essential to correlate it with the Gummel plot at different temperatures. It can be seen 

that at high Ic level, both base current and collector current increased with 

temperature. Thus, the change of |3 is determined by the competition between base 
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current and collector current. The base current increased more rapidly following 

increase in temperature than the collector current did at high Ic level. Therefore, P 

decreased with temperature. On the other hand, we give a physical explanation. Due 

to the near unity value of base current ideality factor, it is reasonable to assume that 

bulk base recombination dominates the base current. Therefore, 

P = TelTb (7.1) 

where Te is the minority electron lifetime in the p-type GaAs base and zb is me base 

transit time [86]. The temperature dependence of the base bulk recombination 

dominated current gain will therefore depend on the temperature dependence of re 

and tb. As discussed earlier, the base current is dominated by radiative recombination 

current and/or the Auger recombination current. In radiative recombination process, it 

is known that the recombination lifetime increases with increasing temperature [87]. 

In the Auger recombination process, the recombination lifetime decreases with 

increasing temperature [88,89]. However, the general consensus is that the total 

recombination lifetime, re, decreases with increasing temperature [86,90]. On the 

other hand, for diffusive base transport, Tb is given by: Wg l2Dn. Here the diffusion 

coefficient, Dn = /u^kTIq, and ft* is the minority electron mobility in the p-type 

GaAs base of width WB . The temperature dependence of the minority electron 

mobility indicates that fxp
e is approximatesly proportional to \IT up to room 

temperature [91,92]. However, the data presented in [91,92] indicate that nP
e tends to 

become less sensitive to temperature above 300K [86]. Thus, Dn would increase or 

remain constant with increasing temperature, and hence rb would decrease or remain 

constant. Consequently, /? is expected to change with temperature according to the 
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relative rates of change of re and rb. In our device, xt decreased more rapidly than 

Tb, therefore, fi decrease at high Ic level. 

However, at low Ic region, in our device, the base current at low VBE is 

dominated by B-C junction leakage, since the values for the negative IB are close to 

those for Ic as shown in Fig.7.6. Following increase in temperature, the B-C junction 

reverse leakage current greatly increased. The increase of the B-C junction leakage 

current contributes to the reduction of the total base current as shown in the inset of 

Fig.7.6 [93]. It subsequently causes the increase of the ratio of IC/IB, i-e. P, in the low 

Ic range. 

7.3 C-doped GalnP/GaAs HBT with base doping concentration of 2x1019 cm'3 

C-doped GalnP/GaAs HBT structure with base doping concentration of 

2xl019 cm" was grown using V/DI ratio of 25. The HBT devices were fabricated 

using the same mask set. Figure 7.9 shows the Gurnmel plots of the C-doped 

GalnP/GaAs HBT with base doping concentration of 2xl019cm"3. The ideality factor 

of base current and collector current is 1.30 and 1.01, respectively. The base-collector 

leakage current of the HBT with base doping concentration of 2xl019cm"3 is nearly 

two orders lower than that of the HBT with base doping concentration of 4xl019cm"3. 

As seen in Fig.7.10, the current gain of GalnP/GaAs HBT with base doping 

concentration of 2xl019cm"3 reaches 138 at Ic = 0.1 A, which is much higher than that 

of the HBT with base doping concentration of 4xl019 cm"3. High-performance C-

doped GalnP/GaAs HBTs with different doping levels grown by SSMBE using CBr4 

as p-type precursor have been obtained, which indicate the capability and stability of 

the C-doping growth technique in our group. 
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Fig.7.9 Gummel plots of C-doped GalnP/GaAs HBTs with base doping concentration 

of 2xl019 cm"3 and 4xl019cm-3. 

100-

c 
CO 

C3 

O 
10 

V C E = 3 V 

-A-p = 2x1019cm"3 

- • - p = 4x1019cm'3 

i i l l i i n | i I I I n i i | i I I I • • • 11 i I I I i n i | 

1X10"8 1x10s 1x10"* 1X10"3 1x10"! 

ITT] r ••% r 

1x10"1 

(A) 

Fig.7.10 Current gain vs. collector current for C-doped GalnP/GaAs HBTs with base 

doping concentration of 2xl019 cm'3 and 4xl019 cm"3. 
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.—. . . 

7.4 Summary 

C-doped GalnP/GaAs HBT with base doping concentration of 4xl019cm"3 has 

been grown by SSMBE using CBr4 as p-type precursor with improved device 

performance. HF treatment greatly reduced the extrinsic base surface recombination 

current at low base bias voltages. After HF treatment, a detailed DC characterization 

of the devices in the temperature range of 300 K 380 K has been carried out. The base 

current and collector current ideality factors at 300 K were 1.12 and 1.01, respectively, 

which indicates that space charge region recombination current is insignificant in the 

base current. From the temperature dependent Gummel plot, the activation energies of 

collector current and base current were obtained. For the collector current, the 

activation energy is 1.4 eV, which is close to the bandgap of the GaAs base. This 

indicates that the collector current is determined by drift-diffusion process. For the 

base current, the activation energy is also 1.4 eV, indicating that band-to-band 

recombination plays a dominant role in determining the base current. No trap-related 

recombination is observed for the base and the collector currents, which further 

indicates the good base material quality of the HBT structures. Properties of current 

gain versus collector current at different temperatures were also investigated. At low 

Ic level, a slight increase in p with the increase of temperature can be seen in the plot. 

However, at high Ic level, a slight degradation of P is observed. The physical 

mechanisms involved were analyzed in detail. High-performance C-doped 

GalnP/GaAs HBTs with base doping concentration of 2xl019cm"3 grown by SSMBE 

using CBr4 as p-type precursor have also been obtained. Maximum current gain of 

138, as well as base current and collector current ideality factors of 1.30 and 1.01, 

97 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 7 Improved characteristics ofC-doped GalnP/GaAs HBTs 

respectively, was achieved. The above results indicate the capability and stability of 

the C-doping epitaxial growth technique in our group. 
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Chapter 8 

C-doped InGaAs and InP/InGaAs HBTs 

C-doped InGaAs lattice matched to InP, InP/InGaAs single heterojunction bipolar 

transistor (SHBT) and double heterojunction bipolar transistor (DHBT) have been 

grown by SSMBE using CBr4 as p-type dopant precursor. Material properties of C-

doped Ino.53Gao.47As, such as hole mobility, and effect of V/Dl ratio on the PL 

properties have been investigated. DC characteristics of InP/InGaAs composite 

collector DHBT have been compared with the SHBT. Furthermore, this study 

elucidates the complex breakdown mechanisms in the composite collector DHBTs. 

8.1 Introduction 

8.1.1 Applications of InP-based HBT technology 

InP-based HBTs were first marketed in military programs due to their superior 

transport characteristics. With the continuing increase of communication speed and 

capacity, InP-based HBTs have found a variety of applications, especially in the area 

of optical communication systems such as OC192 (10 Gb/s) and OC768 (40 Gb/s). 

InP-based HBTs are of great interest for the development of microwave point to point 

links with the emerging 60 GHz band and possible 90 GHz band applications. InP-

based HBTs are also of great interest in commercial wireless communications. 

Although they have not been widely adopted by commercial foundries due to 

substrate cost, concern over breakage, and possible lack of 6" wafers, the low turn-on 

voltage offered by the low energy bandgap of InGaAs made them very desirable for 
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operations at low power supply voltages without compromising power added 

efficiency. This is the key for portable electronics to extend the battery lifetime 

without sacrificing the performance. 

8.1.2 State-of-the art of C-doped lno.53Gao.47As and InP-based HBTs 

In MOCVD [94], GSMBE [95] and MOMBE [96], hydrogen atoms 

incorporated into InGaAs along with carbon reduces the hole concentration. In recent 

years, the hydrogen passivation level for C-doped InGaAs has been in good control 

with lower than 10% by GSMBE and MOMBE. The use of CBE allows the reduction 

of the hydrogen incorporation problem [97]. SSMBE offers the advantage of a 

hydrogen-free environment for the growth of carbon-doped D3-V semiconductor 

layers, eliminating the passivation of carbon acceptors by hydrogen. Table 8.1 shows 

the state-of-the art of C-doped Ino.53Gao.47As grown by different techniques. The 

highest doping level has reached 2xl020cm"3. The hydrogen (H) passivation level is 

also shown in the table. 

Table 8.1 State-of-the art of C-doped Ino.53Gao.47As. 

Growth Doping Maximum Hole H Passivation Year Reference 

Technique Precursor Concentration 

(cm"3) 

Level 

MOCVD CCI4 8xl0 i y - 4 0 % 1994 [98] 

MOMBE CBr4 8xl019 <10% 1996 [99] 

GSMBE CBr4 9xl019 <10% 1999 [95] 

CBE CBr4 2xl020 Insignificant 2002 [97] 

SSMBE CBr4 2.1xl020 No 1999 [100] 
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Record / ^ of 478 GHz [101] has been achieved by InP/InGaAs SHBT with 

a 400A C-doped base (p = 6xl019 cm"3) grown by SSMBE (IntelliEPI Inc.). Record 

/, of 509 GHz [102] has been achieved by InP/InGaAs SHBT with a 250 A 

compositionally graded C-doped base (p = 6xl019cm"3) grown by MBE (University 

of Illinois at Urbana-Champaign). Record / , + f^ = 673 GHz [ 103 ] has been 

obtained by InP/InGaAs SHBT with a 300 A compositionally graded C-doped base 

grown by MBE (University of Illinois at Urbana-Champaign). 

8.1.3 InP/InGaAs SHBT and DHBT 

InP/InGaAs single heteroj unction bipolar transistors (SHBTs) are limited by 

low breakdown voltage and high output conductance due to the high impact ionization 

rate in the narrow bandgap InGaAs collector. Double heteroj unction bipolar transistor 

(DHBT) structures, in which the wide bandgap InP is used as the collector, provide 

improvement in breakdown performance. However, due to the large conduction band 

discontinuity between the InGaAs base and InP collector, InP/InGaAs DHBTs 

typically suffer from the current blocking effect. So far various design schemes have 

been proposed to suppress the current blocking effect; such as those using a 

composite collector [104,105,106], pn-pair doping [107], InGaAsP graded layers [108] 

and staggered energy band lineup of InP/GaAsSb heteroj unction [109]. Although the 

last two approaches are ideal, as far as potential barrier due to conduction band 

discontinuity is concerned, special and complex optimization for the growth 

conditions is needed to obtain good step-graded InGaAsP or GaAsSb materials. 

Following the composite collector approach, there have been reports on the use of a 

thin n+-InP insertion layer between the p+-InGaAs base and n"-InP collector [104], and 

undoped InGaAs and n+-InP insertion layers [106]. We adopted the latter design of 
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composite collector to grow and fabricate the DHBT device using our baseline InP 

HBT process. Table 8.2 shows the state-of-the art of InP/InGaAs DHBTs. 

Table 8.2 State-of-the art of InP/InGaAs DHBTs. 

Year /,(GHz) / ^ (GHz) BVCEO Current Base doping Reference 

(V) gain (cm3) 

2001 341 — ^ 3 — 6x10iy (300A) NTT [110] 

2001 -200 -300 - 6 - 5 0 4xl019(500A) NEC [111] 

2003 >300 492 - 5 - 2 0 6xl019(300A) NTT [112] 

2003 — — >15 120 5xl018 (1000A) [106] 

8.2 Growth and characterization of C-doped Ino^Ga^As 

C-doped Ino.53Gao.47As bulk layers were grown by SSMBE on InP semi-

insulating (S.I.) substrate at 450 °C. The CBr4 flux is generated in a temperature-

controlled canister, and the flux is delivered into the MBE chamber via a system of 

ultra-clean pipes, as described previously in Chapter 4. The magnitude of the CBr4 

flux introduced into the MBE chamber is regulated by a high precision leak valve. 

The hole concentration was controlled by the CBr4 flux. 

The hole concentration and mobility were measured at room temperature using 

the Hall effect system. PL measurements were performed at 4 K using the 514.5 nm 

line of an Ar+ ion laser. 
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Figure 8.1 shows the hole mobility at room temperature for C-doped InGaAs 

layers grown by SSMBE as function of net hole concentration. As-grown data of C-

doped InGaAs grown by GSMBE [95], MOCVD [98], and SSMBE [113] reported by 

other workers is included for comparison. The hole motilities in our SSMBE-grown 

C-doped InGaAs layers are comparable to those grown by GSMBE, MOCVD and 

other groups. 

110 

Hole Concentration (cm3) 

Fig.8.1 Room temperature hole mobility vs. hole concentration in C-doped InGaAs. 

The GSMBE data are from Ref. [95], MOCVD data from Ref. [98], and 

SSMBE data (other groups) from Ref. [113]. 

The V/III ratio used for the growth of C-doped InGaAs greatly affects the material 

quality. Figure 8.2 shows the PL of C-doped InGaAs layers grown at different V/D3 

ratios of 20, 25, and 35, respectively. The same CBr4 flux was used in all the samples. 
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According to the Hall measurement results, the hole concentration remains unchanged 

at 4.5xl019 cm*3. At 4 K, the PL spectrum yields two peaks, which are due to the 

valence band splitting into light-hole and heavy-hole bands. This results in both 

conduction band to light-hole and conduction band to heavy-hole transitions [114]. 

From the point of view of material quality, the presence of defects and impurities can 

lead to nonradiative recombination centers which will decrease the PL intensity. 

Higher PL intensity indicates higher material quality, which corresponds to better 

minority carrier lifetime [115]. When C-doped InGaAs is used as the base layer of 

HBTs, the current gain is determined mainly by the minority carrier lifetime in the 

base layer. As shown in Fig.8.2, both the highest PL intensity and the narrowest 

FWHM of 50 meV were obtained at V/DI ratio of 25, suggesting this value as 

optimum for growth of C-doped InGaAs base layer for HBT application. To the best 
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Fig.8.2 4K PL spectra of C-doped InGaAs grown at different V/III ratios. 
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of the author's knowledge, there are few reported PL data from SSMBE grown C-

doped InGaAs. Therefore, for comparison purpose, the PL result from MOCVD 

grown C-doped InGaAs at 10 K as shown in Ref. [116] is used. The FWHM of then-

PL is around 47 meV at 10 K, which is comparable to the result in this work. 

S3 Growth and fabrication of C-doped InP/InGaAs SHBTs and DHBTs 

C-doped InP/InGaAs SHBT and DHBT structures were grown by SSMBE on 

InP S.I. substrate at 450 °C. To suppress the current blocking effect in the DHBT, a 

composite collector structure, which comprises 100 A undoped InGaAs layer and 50 

A n+-InP layer, is used. The epitaxial layer structures of the SHBT and DHBT are 

listed in Table 8.3 a) and b), respectively. 

Table 8.3 Epitaxial layer structure of: a) InP/InGaAs SHBT; b) composite collector 

DHBT. 

a) 
Layer Material Thickness 

(A) 
Doping Level 

(cm"3) 

Cap Ino.53Gao.47As 1400 Si: lxl0 i y 

Cap InP 600 Si: lxl0 i y 

Emitter InP 900 Si: 3x10" 

Base Ino.53Gao.47As 500 C: 2xlOiy 

Collector Ino.53Gao.47As 4000 Si: lxlO'" 

Sub-Collector Ino.53Gao.47As 4500 Si: 5xl01!i 

Buffer InP 5000 / 

Substrate 
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b) 
Layer Material Thickness 

(A) 
Doping Level 

(an3) 

Cap Ino.53Gao.47As 1400 Si: lxl0 i y 

Cap InP 600 Si: lxl0 , v 

Emitter InP 900 Si: 3x10" 

Base Ino.53Gao.47As 500 C: 2xl0 ,y 

Composite 

Collector 

Ino.53Gao.47As 100 undoped Composite 

Collector InP 50 Si: 3xl018 

Composite 

Collector 

InP 3000 Si: lxlO10 

Sub-collector Ino.53Gao.47As 4500 Si: 3xl018 

Buffer InP 5000 / 

Substrate 

The HBT devices were fabricated using conventional photolithography and 

wet chemical etching. For device fabrication, firstly, the cap layers and InP emitter 

layer were etched to form the emitter mesa. This is followed by etching of the InGaAs 

base, and collector (or composite collector) layers to form the base mesa. Next, the 

emitter and collector ohmic contacts were made using Ti/Au (50/250 nm) 

metallization. The p-type ohmic contact was also made using Ti/Au (50/250 nm) 

metallization. Both the n-type and p-type ohmic contacts were unannealed. The 

subcollector layer was etched for isolating the devices. Large emitter area (50 x 50 

\xm2) devices were fabricated for DC characterization. Figure 8.3 a), and b) show the 

schematic of the cross section of InP/InGaAs SHBT and DHBT, respectively. 
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Fig.8.3 Schematic cross section of InP/lnGaAs: a) SHBT; b) composite collector 

DHBT. 
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8.4 Study of DC characteristics of C-doped InP/lnGaAs SHBTs and DHBTs 

8.4.1 Energy bandgap analysis of InP/InGaAs composite collector DHBTs 

The InP/InGaAs DHBTs with undoped InGaAs layer and n+-InP layer as 

composite collector are analyzed from the point of view of energy bandgap. Figure 

8.4 a) illustrates the conduction band diagram of the InP/InGaAs DHBT without 

composite collector. In Fig.8.4 b), an undoped InGaAs layer is inserted between the 

InGaAs base and InP collector. The intention of the undoped InGaAs layer is to move 

the potential barrier into the reverse biased collector, where the top of the barrier lies 

below the corresponding level in Fig.8.4 a) and spatially separated from the base-

collector interface. This avoids reflected electrons being trapped in the base. In 

Fig.8.4 c), an additional n+-InP layer is inserted. The n+-InP layer forms an energy 

spike on the InP side of the base-collector heterojunction. The energy spike does not 

lower the potential barrier, but because of increased band bending, it effectively 

narrows the barrier width; thus increasing the tunneling probability of electrons into 

the collector. This avoids electrons being accumulated in the quantum well formed 

between the InGaAs and InP collectors even under high current density operation. 

Without the n+-InP layer, the I-V characteristics of the composite collector HBTs 

would suffer from bistable operation. 

8.4.2 DC characteristics of C-doped InP/InGaAs SHBTs and DHBTs 

The DC characterization of the C-doped InP/InGaAs SHBTs and DHBTs was 

carried out using a semiconductor parameter analyzer. The temperature dependence of 

device DC characteristics was measured using a semiconductor parameter analyzer 

connected to a probe station with a temperature-controlled chuck. 
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Fig.8.4 Schematic diagram of conduction band at base-collector junction of the 

InGaAs/InP DHBT: a) without composite collector; b) with undoped InGaAs 

layer; c) witii an additional n+-InP layer. 
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Figure 8.5 shows the Gummel plots of the InP/InGaAs SHBT and DHBT. The 

ideality factors of the base and collector currents for the SHBT were 1.35 and 1.1, 

respectively. In the DHBT, the ideality factors of the base and collector currents were 

1.35 and 1.25, respectively. The values indicate good junction qualities for both types 

of devices. Figure 8.6 a) and b) shows the common-emitter I-V characteristics of the 

InP/InGaAs SHBT and composite collector DHBT, respectively. No obvious knee-

shape characteristics were observed in the DHBT characteristic, suggesting that the 

current blocking effect was reduced. The composite collector DHBT exhibits lower 

output conductance, and higher breakdown voltage of 10 V, compared to 6 V in the 

InP/InGaAs SHBT. The soft breakdown behavior of InP-based SHBTs is attributed to 

the weak field dependence of the electron impact ionization coefficient in InGaAs at 

medium to low electric field [117]. 
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Fig.8.5 Gummel plots of InP/InGaAs SHBT and composite collector DHBT. 
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Fig.8.6 Common-emitter I-V characteristics of: a) InP/InGaAs SHBT; b) InP/InGaAs 

composite collector DHBT. 
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The common-base I-V characteristics of the composite collector DHBT were 

measured to further elucidate the effect of the composite collector on the potential 

spike in the B-C junction. Figure 8.7 reveals no evidence of obvious current blocking 

or switching effects, which are usually observed in conventional DHBTs. This 

suggests that the composite collector design effectively suppresses the blocking of 

electrons by the potential barrier at the base-collector junction. 
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Fig.8.7 Common-base I-V characteristics of InP/InGaAs composite collector DHBT. 

Figure 8.8 shows the common-emitter current gain (|3) vs. collector current (Ic) 

for the InP/InGaAs SHBT and composite collector DHBT. At Ic of 3x10~3 A, p was 

45 for the SHBT. For the DHBT, p was 40 at Ic = 3xl0"2 A. Although the maximum 

current gain of the SHBT and DHBT is nearly the same, the current gain at the same 
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collector current for the DHBT is lower than that of the SHBT. This suggests that the 

layer thickness of the undoped InGaAs and n+-InP layer may not be of optimal values. 

Therefore, further optimization of both the undoped InGaAs and n+-InP layer 

thickness in the composite collector structure is necessary to obtain the optimum 

current gain without compromising the breakdown voltage. 

100 

CO 

CD 
"E 
CD 

O 

10-

V = 1 V 
CE • v 

1x10" 

InP/lnGaAs SHBT 
InP/lnGaAS/lnP DHBT 

I I I I i i ' i ' I I I I I I M [ i 1—i i i i 11 

1x10 1x10^ 1x10" 

Collector Current I (A) 

1x10"1 

Fig.8.8 Common-emitter current gain vs. collector current characteristics of 

InP/InGaAs SHBT and composite collector DHBT. 
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8.4.3 Temperature-dependence of breakdown characteristics of InP/InGaAs 

composite collector DHBT 

While the electron impact ionization coefficient in InGaAs has positive 

temperature dependence [118], die temperature dependence of impact ionization 

coefficient in InP is negative [119]. In the InGaAs/InP composite collector structure, 

die dominance of die electron multiplication behavior, and its temperature 

dependence could depend significantly on die collector design [120]. To investigate 

me breakdown mechanism in our composite collector DHBTs, die temperature-

dependent base-collector currents were measured. Figure 8.9 a) plots the base-

collector currents vs. bias voltage at various temperatures for the DHBT. The apparent 

temperature-dependent breakdown behavior in the composite collector structure is 

affected by the competing temperature dependence mechanism of electron impact 

ionization coefficients in InGaAs and InP. At low reverse bias (region I), the collector 

reverse leakage current (Ico) increases with temperature. This is due to the fact tiiat Ico 

is dominated by thermal generation and impact ionization mechanisms in the InGaAs 

layer [118]. At high reverse bias (region U), die negative temperature dependence of 

electron impact ionization coefficient in InP causes a reduction in Ico witii increase in 

temperature (T < 340 K). However, as die temperature is increased further, the 

influence of the InGaAs layer in the collector becomes more pronounced, resulting in 

increase of Ico- The base-collector current vs. bias voltage characteristic at different 

temperature for the SHBT is shown in Fig.8.9 b) for comparison. Unlike mat of die 

DHBT, the reverse leakage current of the base-collector junction for the InP/InGaAs 

SHBT increases monotonously with temperature at all bias voltages. 
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Fig.8.9 Base-collector junction I-V characteristics at different temperatures: a) 

InP/InGaAs composite collector DHBT; b) InP/InGaAs SHBT. 
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8.5 Summary 

C-doped InP/InGaAs SHBTs and composite collector DHBTs have been 

grown by SSMBE using CBr4 as p-type dopant precursor. The hole mobilities in C-

doped Ino.53Gao.47As layers grown by our SSMBE system are comparable to those 

grown by GSMBE, MOCVD and other groups with SSMBE data. The near unity 

ideality factors of the base and collector currents of both SHBT and DHBT indicate 

good junction qualities for bom device types. The InP/InGaAs composite collector 

DHBT exhibits lower output conductance and higher breakdown voltage of 10 V, 

compared to 6 V in die SHBT. The common base characteristics show me current 

blocking effect was reduced due to the composite collector design. The maximum 

current gain of the InP/InGaAs composite collector DHBT (current gain: 40) is 

comparable to diat of the SHBT (current gain: 45). The temperature-dependent 

breakdown characteristic of the base-collector junction demonstrates the complex 

breakdown mechanisms in me composite collector DHBT. 
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Chapter 9 

Conclusions and future work 

9.1 Conclusions 

The results described in this work demonstrate the comprehensive 

characterization of C-doped GaAs and Ino.53Gao.47As materials and C-doped GaAs-

based and InP-based HBT devices grown by SSMBE system using CBr4 as p-type 

dopant precursor. The characteristics of C-doped GaAs materials, such as the hole 

concentration, mobility, lattice mismatch, surface morphology, and optical properties, 

have been comprehensively investigated using various techniques, which help to gain 

the insight and understanding of the material properties. Especially, the compensation 

effects of dicarbon defects have been studied. The optimization of the growth 

conditions has been carried out and discussed, which benefits the development of C-

doped GaAs as base layer of GalnP/GaAs HBT devices. Preliminary results of C-

doped GalnP/GaAs HBT devices demonstrated poor characteristics due to trap-related 

recombination. With better control of growm process, improved performances of 

GalnP/GaAs HBTs have been obtained. Elevated temperature properties revealed 

good material quality of these devices. C-doped InP/InGaAs SHBTs and composite 

collector DHBTs have been grown and studied, and the promising device 

performance demonstrate the potential for commercial wireless communication 

applications. The complex breakdown characteristics of composite collector DHBTs 

have been investigated. The conclusion can be summarized as the following: 

1) C-doped GaAs materials have been successfully grown by SSMBE using 

CBr4 as p-type dopant precursor, and the materials have been comprehensively 
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characterized. Sustainable and stable CBr4 flux with variation lower than 2.5% has 

been obtained. The memory effect has been investigated. For the doping level 

commonly used for HBTs (~ 5xl019 cm'3), the memory effect is negligible. Hole 

concentration increases following increase in CBr4 flux and reaches a maximum of 

1.86xl020 cm'3 at CBr4 flux of 2.6xl0~7 torr, beyond which, it decreases rather 

significantly. The SIMS results show that the carbon atoms incorporated into GaAs 

are nearly fully activated at CBr4 flux level below 2.6xl0"7 torr. At room temperature, 

the C-doped samples showed mobility of 101 to 45 cm2/Vs at hole concentration of 

1.02xl019cm"3 to 1.86xl020cm"3, respectively, comparable to samples doped with Be. 

Low temperature (4K) PL measurements show a reduction in bandgap and broadening 

of the PL spectrum following increase in the doping concentration. The main PL peak 

shifts from ~ 1.480 eV at concentration of 1.02xl019cm~3 to ~ 1.452 eV at 6.95xl019 

cm"3. Variable temperature PL measurements show the existence of two peaks, which 

could arise from conduction band (CB) to heavy hole (HH) valence band and CB to 

light hole (LH) valence band transitions. Reasonably good C pulsed doping profile 

has been achieved and verified by SIMS measurement on samples grown without the 

use of growth interruption. 

2) When the CBr4 flux exceeds 2.6xl0~7torr, further increase in the C atomic 

concentration causes the formation and rapid increase in dicarbon defects. The 

compensating effects of the dicarbon defects induce the decrease in hole 

concentration, drop in mobility, and increase in lattice parameter. Unlike the samples 

grown at CBr4 flux below 2.6x10"7 torr, the lattice mismatch data of the compensated 

samples, which were grown at high CBr4 flux exceeding 2.6x10"7 torr, deviate from 

Vegard's Law. The structure of the dicarbon defects formed at high CBr4 flux needs 

further investigation. The AFM images of surface morphology show signs of growth 
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mode transformation from 2D to 3D island formation following increase in CBr4 flux. 

The results suggest a possible relationship between increase in surface roughness and 

formation of dicarbon defects in C-doped GaAs. 

3) The effect of substrate temperature, growth rate, and V/IQ ratio on C-doped 

GaAs grown by SSMBE was investigated. High substrate temperature can also induce 

the formation of dicarbon defects in C-doped GaAs, which results in reduction in hole 

concentration. The surface roughness shows signs of increase at substrate temperature 

above 590 °C, which indicate possible relationship between the high surface 

roughness and the dicarbon defects. The presence of the same hole concentration in 

samples grown at 1:2 growth rate ratio suggests that only half of the carbon atoms 

reaching the growth surface are incorporated. At low V/IQ ratio of 10, the surface of 

C-doped GaAs becomes significantly rougher; the ideality factor of PN junctions 

became higher at V/III ratio above 25 or below 18. Within the range of experimental 

conditions in our MBE system, substrate temperature between 560 °C - 590 °C, 

growth rate of 1 /im/h or 0.5 /im/h and V/m ratio between 18 and 25 are suitable 

parameters for C-doped GaAs growth for HBT applications. 

4) C-doped GalnP/GaAs HBTs have been grown and fabricated successfully. 

Preliminary devices with base layer thickness of 520 A showed DC current gain of 30 

at collector current density of 3200 A/cm2. The hole mobility obtained from the base 

layer sheet resistance is consistent with that of C-doped GaAs bulk layer. The 

temperature dependence of DC current gain vs. collector current showed a slight 

decrease in current gain at high collector current, and increase in current gain at low 

collector current. The Gummel plot from 300 K to 380 K suggests that trap-related 

recombination played a significant role in the poor device DC characteristics. The 

reverse leakage current of the base-collector junction suggests that the dominant 
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mechanism could be related to the SRH generation-recombination process. On the 

other hand, me reverse leakage current of the base-emitter junction could be 

dominated by carrier tunneling effects. 

Widi better control of the growth process, improved characteristics of 

GalnP/GaAs HBTs with base doping concentration of 4xl019 cm"3 have been obtained. 

The base current and collector current ideality factors at 300 K were 1.12 and 1.01, 

respectively, which indicates that space charge region recombination current is 

insignificant in the base current. From the temperature dependent Gummel plot, the 

activation energies of collector current and base current were obtained. For the 

collector current, the activation energy is 1.4 eV, which is close to the bandgap of the 

GaAs base, indicates that the collector current is determined by drift-diffusion process. 

For the base current, the activation energy is also 1.4 eV, indicating tiiat band-to-band 

recombination plays a dominant role in determining the base current. No trap-related 

recombination is observed for the base and collector currents, which further indicates 

the good base material quality for die HBT structures. Properties of current gain 

versus collector current at different temperatures were also investigated. At low Ic 

level of below 1x10" A, a slight increase in P with die increase of temperature can be 

seen in the plot. However, at high Ic level of above lxlO"2 A, a slight degradation of P 

is observed. The physical mechanisms involved were analyzed in detail. High-

performance C-doped GalnP/GaAs HBTs with base doping concentration of 2xl019 

cm"3 grown by SSMBE using CBr4 as p-type precursor have also been obtained. 

Maximum current gain of 138 as well as base current and collector current ideality 

factors of 1.30 and 1.01, respectively, was achieved. The above results indicate the 

capability and stability of the C-doping epitaxial growth technique in our group. 
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5) C-doped InP/InGaAs SHBTs and composite collector DHBTs have been 

grown by SSMBE using CBr4 as p-type dopant precursor. The hole mobilities in C-

doped Ino.53Gao.47As layers grown by our SSMBE system are comparable to those 

grown by GSMBE, MOCVD and other groups with SSMBE data. The near unity 

ideality factors of the base and collector currents of both SHBT and DHBT indicate 

good junction qualities for both device types. The InP/InGaAs composite collector 

DHBT exhibits lower output conductance and higher breakdown voltage of 10 V, 

compared to 6 V in the SHBT. The common base characteristics show the current 

blocking effect was reduced due to the composite collector design. The maximum 

current gain of the InP/InGaAs composite collector DHBT (current gain: 40) is 

comparable to that of the SHBT (current gain: 45). The temperature-dependent 

breakdown characteristic of the base-collector junction demonstrates the complex 

breakdown mechanisms in the composite collector DHBT. 

9.2 Recommendations for future work 

InP/InGaAs composite collector DHBTs 

The InP/InGaAs DHBTs with 100 A undoped InGaAs layer and 50 A n+-InP 

layer as composite collector have shown promising results. However, the structure of 

the composite collector layers, i.e., the thickness and doping level of the InGaAs layer 

and the n-InP layer, still needs to be optimized to improve the device DC performance. 

Simulation work needs to be carried out for the optimization. Further improvement of 

the DC I-V characteristics without sacrificing the breakdown performance is expected 

for practical circuit applications after the optimization. 
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RF characteristics of GalnP/GaAs HBTs and InP/InGaAs HBTs 

With the intention of testifying the feasibility of the C-doped epitaxial material 

using CBr4 as p-type dopant precursor, and also due to the time limit, all the device 

results in this thesis were based on the DC characteristics, which were obtained on the 

large area devices. RF characteristics are also important to evaluate the merit of the 

HBT devices, which provide important information about both the epitaxial material 

quality and the device speed performance. Therefore, narrow emitter (down to lum) 

devices are needed to study the RF characteristics so as to give an overall view of the 

C-doped GalnP/GaAs HBTs and InP/InGaAs HBTs grown by SSMBE. 

Reliability characteristics of C-doped GalnP/GaAs HBTs and InP/InGaAs HBTs 

grown by SSMBE 

The work presented in this thesis is motivated mainly by the reliability of the 

HBTs. It is well known that C-doped HBTs are superior to Be- or Zn-doped HBTs in 

terms of reliability. However, up to date, the reliability studies of C-doped HBTs are 

conducted mainly on MOCVD grown HBTs, which may suffer from hydrogen effect. 

There are few reports on SSMBE grown C-doped HBT reliability issues, such as long 

term current and temperature stress properties, passivation and degradation properties, 

as well as mean-time-to-failure (MTTF) measurements. The reliability issue of both 

the DC and RF (including noise) characteristics of the C-doped GaAs-based and InP-

based HBTs grown by SSMBE need further investigation. 
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