
Chapter 1 
Introduction  

 
1.1  Introduction of Device Technology 

  Digital wireless communication system has become more and more 

popular in recent years due to its capability for both voice and data 

communication. In order to meet the system requirement, many efforts 

have been made to develop devices with high power density, high 

efficiency, and low distortion for various system applications, such as 

CDMA, PHS, etc. Gallium Arsenide (GaAs) metal-semiconductor field 

effect transistor (MESFET) and pseudomorphic high electron mobility 

transistor (PHEMT) are one of the key devices for applications in 

high-speed super computers, satellite communication, wireless 

communication system, and global positioning system (GPS).   

  In a GaAs MESFET structure, the donor impurities are doped in the 

channel layer so the mobility of the electrons in channel decay due to the 

impurity scattering effect. In order to solve this problem, HEMT structure 

was introduced. This structure utilizes materials with different energy band 

gaps to form the interfaces with conduction band discontinuity. The energy 

band discontinuity forms a quantum well structure at the interface near the 

narrow band gap material, and electrons from the dopants in the wide band 

gap material will drift into the quantum well region, which is composed of 

narrow band gap materials without impurity doping. The electrons that drift 

into the quantum well form a thin layer of concentrated carriers, which is 

called 2DEG (2 dimension electron gas). By the application of the 
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hetero-junction conception, the mobility of the electrons in the channel 

greatly increases due to the ionized donors are separated from the channel 

region. This structure which high electron mobility in the channel is called 

Heterostructure FET (HFET), Modulation Doped FET (MODFET), or High 

electron mobility transistor (HEMT).  

  The HEMT structure can provide significant performance improvements 

with higher power density, higher efficiency, better linearity, and higher 

operating frequency limit over conventional MESFETs. Hence, some of 

these modern systems can only be realized by HEMT due to the 

performance requirements. 

  The so called conventional HEMT structure is consisted of 

AlGaAs/GaAs heterostructure. The band gap discontinuity increases as the 

Al content increases, and the large discontinuity in the bandgap results in 

better confinement of the electrons in the channel. However, the DX center 

phenomenon exists while Al content is over 20%. The DX centers trap the 

electrons and influence the device performance. Besides, the electron 

mobility can be increased when InGaAs with higher indium concentration 

is used as the channel material. Because there is lattice mismatch between 

InGaAs and AlGaAs, and a pseudomorphic channel is incorporated in the 

device structure, this kind of HEMT is called pseudomorphic HEMT 

(PHEMT).  

  The amount of trapped and free electrons in the donor layer of a high 

electron mobility transistor (HEMT) will affect the current modulation 

efficiency and the current-gain cutoff frequency of the device. The donor 

layer, in a HEMT structure, should be fully depletd in the region between 

the heterojunction interface and the schottky gate to eliminate parallel 
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conduction. The donor layer is typically uniformly doped with a very high 

Si doping level of approximately 1018cm-3. A higher doping level in the 

donor layer results in a higher sheet charge density in the channel, 

providing high transconductance (Gm), cut off frequency (fT) and current 

density. However, the breakdown voltage is decreased with increasing 

doping level in the donor layer. One way of obtaining both high 2-DEG 

sheet charge density and breakdown voltage is the adoption of the δ-doped 

(also called planar-doped or pulse-doped) layer. The δ-doping layer is a 

monolayer of Si with a doping level of approximately 1012/cm2 located 

right above the spacer. The use of the δ-doping allows a lower doping level 

in the schottky barrier to improve the gate leakage current, and therefore 

increases the device breakdown voltage without sacrificing the channel 

sheet charge density. Furthermore, a short gate-to-channel distance can also 

be obtained in the δ-doped device because a deep gate recess can be 

employed in the low-doped layer, allowing the gate to 2DEG separation to 

be minimized. With the same pinch-off voltage, high transconductance 

values can be obtained over a broader gate voltage range for the δ-doped 

than for the uniformly doped HEMT structure [1.1]. The dual-δ-doped 

structure provides high carrier concentration in the InGaAs channel and 

leads to high current density and high transconductance which benefits the 

power performance of the device. 

 

1.2 PHEMT Performance Improvement by Schottky barrier layer 

 The performance of AIXGa1-XAs/lnGaAs PHEMTs for power applications 

in microwave frequencies have been improved by increasing Al mole 
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fraction. However, DX-center problems limit the X value to＜0.22. 

Although In0.49Ga0.51P lattice matched to GaAs has been investigated as an 

alternative solution, a low E△ C (0.19eV) restricts the sheet charge density 

and the ability of 2-DEG carrier confinement [1.2]. In0.5(Ga1-xAlx)0.5P/GaAs 

heterostructures are attractive for modulation-doped field-effect transistors, 

especially for the complementary MODFETs, as an alternative to 

AlxGa1-xAs/GaAs [1.3]. This heterostructure system is expected to offer 

greater carrier confinement for both electrons and holes due to the large 

band-gap discontinuity both at the conduction band and valence band. 

Recently, the use of InGaP instead of AlGaAs in the device structure has 

been very popular. The InGaP/InGaAs PHEMTs has many advantages over 

the AlGaAs/InGaAs PHEMTs. These include excellent etching selectivity 

between InGaP and GaAs, which increase the device manufacturability and 

the high energy bandgap of InGaP. In addition, InGaP does not form 

DX-center, and causes less deep level defects, which has great potential to 

improve the reliability of the PHEMTs [1.4]. Although InGaP/InGaAs 

PHEMTs has been demonstrated, it appears that the conduction band 

discontinuity is less than that of the AlGaAs/InGaAs heterostructure 

interface.  

  In this study, AI0.5ln0.5P/ln0.15Ga0.85As PHEMTs are demonstrated which 

provide a higher bandgap as shown in Figure 1 and larger EC than △ in 

AlGaAs/lnGaAs and InGaP/InGaAs, resulting in a better carrier 

confinement, higher breakdown voltage and higher schottky barrier height. 

In conventional AlGaAs/GaAs HEMTs, the deep traps in the AlGaAs 

donor layer are the sources of I-V collapse at cryogenic temperature. This 

 4



phenomenon was not found in the new AlInP/InGaAs HEMT’s [1.5]. In 

addition, the high etching selectivity between InAlP and GaAs can improve 

the threshold voltage uniformity due to better gate recess control [1.6]. 

  Recently, the enhancement-mode (E-mode) PHEMTs technology has 

attracted much attention due to its single positive voltage supply operation 

and possessing a low knee voltage suitable for low voltage operation [1.7]. 

These advantages can reduce the cost of circuit complexity and DC power 

consumption, which are beneficial to microwave power amplifier 

applications. However, the major drawback of the E-mode PHEMTs is a 

small voltage operation region caused by the limitted schottky gate turn-on 

voltage [1.8]. 

 

1.3 Gate Orientation Dependence of InAlP/InGaAs PHEMTs 

 In recent years, information and communication technologies develope 

rapidly. In the frequency region over 40 GHz, the microwave design 

technique using the distributed circuit elements is needed, because the 

electrical signals transmitted through the circuits become millimeter-waves. 

In the monolithic microwave integrated circuits (MMICs) the distributed 

circuit elements and the active components grouped are together on the 

same semiconductor substrate. In order to design the MMICs with more 

compact chip size, which is essential to reduce the chip cost, flexibility of 

the various circuit layouts is required in the semiconductor devices. 

  The electrical characteristics of the compound semiconductor field effect 

transistors (FETs) depend on the gate orientation relative to the substrate, 

which is one of the most important issues restricting the circuit layout. The 

recessed gate structure is generally used for the HEMTs. In order to achieve 
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an excellent high frequency performance with good uniformity, the 

recessed profile must be accurately controlled. However, the recess profile 

strongly depends on the gate direction, because the etching rate of GaAs is 

affected by the crystal orientation. Consequently, the electrical 

characteristic of HEMTs is assumed to be orientation dependent due to the 

difference of the recess shape. The circuit design must be carried out by 

taking into account of the orientation dependent characteristics of the 

device [1.9]. 

  The purpose of this study is to investigate the orientation dependent 

characteristics of the InAlP/InGaAs PHEMTs formed by the wet-chemical 

etching process, which is strongly related to the recessed shape. 

 

1.4 Outline of this study  

  In0.5Al0.5P/InGaAs PHEMTs are expected to have a high breakdown 

voltage, high schottky barrier height for microwave power device 

applications due to the improvement of a larger delta EC (0.45eV) and a 

wide bandgap of InAlP schottky barrier layer. 

  The low ohmic contact resistance should be investigated. In order to get 

shorter gate length, the 0.4μm optical gate should be fabricated and applied 

to the InAlP PHEMTs. The Enhancement-mode InAlP/InGaAs device was 

also fabricated. Due to the high schottky barrier height of InAlP layer, the 

high VON can reduce the gate leakage current at a high gate bias, which is 

beneficial to the breakdown voltage of the device.  

  Schottky contacts of Ti/Pt/Au, Pt/Ti/Pt/Au, W/Ti/Pt/Au on InAlP 

schottky layer were studied in this dissertation. I-V measurement, C-V 

measurement, XRD, TEM analysises were performed to examine the inter 
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diffusion of the metal semiconductor interfaces in details. The schottky 

diode degradation exhibits an increase in reverse gate leakage current, sheet 

resistance, ideality factor, and a decrease in the schottky barrier height. Ti is 

regularly used in schottky metal which provides a stable schottky contact 

and a strong bond to the GaAs. Pt is one of the metals with large work 

function. Moreover, Pt diffuses into III-V compound semiconductor 

materials easily, and forms stable compound which has higher work 

function than Pt. It can be expected that undesirable gate sinking caused by 

Pt diffusion is minimized by using W/Ti/Pt/Au gate contact. Electrical 

studies of W/Ti/Pt/Au schottky contact have shown high thermal stability 

of schottky barrier height and ideality factor for this material system. 

W/Ti/Pt/Au is a good schottky metal for long time and high temperature 

operation. We also applied the three different schottky metals, Ti/Pt/Au, 

Pt/Ti/Pt/Au, and W/Ti/Pt/Au to InAlP/InGaAs PHEMT devices and 

performed reliability tests on the devices. 
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