
Chapter 3 
Device Structure and Fabrication 

 

3.1 Device Structure 

  The InAlP/InGaAs/AlGaAs PHEMT structure was grown by 

metal-organic chemical vapor deposition (MOCVD) on a 4-in GaAs 

substrate. The device structure was composed of, from bottom to top, 

1500A GaAs buffer layer, 2150A GaAs/AlGaAs supper-lattice, 200A 

Al0.2Ga0.8As layer, followed by lower Si delta-doped layer, undoped 40A 

Al0.2Ga0.8As spacer layer, 100A In0.2Ga0.8As channel, 50A In0.52Al0.48P 

spacer, upper Si delta-doped layer, 150A undoped InAlP layer and 550A 

heavily doped n+GaAs cap layer. The epi-structure of the device is shown 

in Figure 3.1. The In0.5Al0.5P layer was used as the Schottky layer and it 

also achieved a high etching selectivity with the GaAs cap layer during the 

gate recess etch process. Heavily doped GaAs cap layer was used to reduce 

the contact resistance between metal and semiconductor. The double Si 

delta doping were separated from the active layer by a thin undoped spacer 

in order to increase the mobility of the electrons in the channel by 

decreasing the coulomb scattering effect between the ions in the donor 

layer and electrons in the channel layer. The AlGaAs/GaAs supper-lattice 

were used to reduce the leakage current between channel and substrate. 

   

3.2 Device Fabrication 

  Before device fabrication process, wafer inspection by using optical 

microscope had be done to ensure the surface morphology and defects. And 

 19



a sheet resistance measurement using four-point probe method was done to 

ensure the quality of the epi-wafer. 

 

3.2.1 Wafer Cleaning 

  The wafer were immersed into ACE and IPA for 5 minutes in order to 

remove contaminants on the wafer surface and then blown dry by nitrogen. 

 

3.2.2 Device Isolation 

  Isolation defines the electrically conductive portion of the wafer to 

specific areas. In these specific areas, the current flow is restricted to the 

desired path and the device is isolated from each other.  

  Mesa etching, ion bombardment, and selective implantation are three 

typical ways used to achieve isolation. The mesa etching is the simplest 

way. The active region of the device was covered by photo-resist layer. The 

device isolation was done by HF based-solution. According to the device 

structure, the device was etched to the undoped GaAs buffer layer which is 

usually more than 4000A in order to provide good device isolation. The 

photoresist thickness before and after etching were measured by surface 

profiling to check the etching depth. After photoresist stripped, the etched 

profile and depth were checked by SEM. 

 

3.2.3 Ohmic Contact  

After wafer cleaning by using ACE and IPA, a negative photo resist and 

I-line contact aligner were used to define the ohmic region and form 

undercut resist profiles. Then the ohmic metals Ge/Au/Ni/Ti/Au were 

deposited with the appropriate compositions by E-gun evaporation system. 
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After lift-off process, the wafer was alloyed at 450  for 30 sec in foming ℃

gas atmosphere by using RTA. The source and drain ohmic contacts were 

formed. After ohmic contact formation, the contact resistance were 

measured by transmission line method (TLM).The typical measured 

contact resistance was＜1×10-6Ω-cm2 . 

 

3.2.4 Gate Formation 

  The use of T-shaped gate is essential to improve high frequency 

performance of HEMTs. The small gate footprint forms the schottky 

contact with the underlying schottky layer, while the wider gate head 

provides a low gate resistance. In this study, the T-gate was defined by a 

tri-layer resist system consisting of PMMA/copolymer 

P(MMA-MAA)/PMMA using Deep UV contact aligner. The sensitivity of 

the copolymer to the DUV is higher than the sensitivity of the PMMA, so 

the developing time for PMMA and copolymer that were developed by 

MIBK (Methyl-iso butylketon) and IPA (isopropyl alcohol) solution are 

different. A T-shaped resist can be achieved based on the different 

developing rate of each layer in the exposed 

PMMA/P(MMA-MAA)/PMMA multi-layer resist structure. 

 

3.2.5 Selective Etching for Gate Recess 

  After patterning the T-shaped gate, the recess etch was performed using 

C.A (citric acid). The highly doped GaAs cap layer was removed by C.A. 

solution which has high etch selectivity between GaAs and the AlInP 

schottky layer. In order to get the desired recess depth, the recess process 
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was done by monitoring source to drain current after etch, and the gate was 

recessed until the current reduced to the desired target. This process is a 

critical procedure for the device fabrication and is very difficult to control. 

Selective etching can accurately control the recess process and prevents 

over etching in the fabrication. The gate metals Ti/Pt/Au were deposited by 

E-gun evaporation system. After evaporation, the wafer was immersed into 

ACE for lift-off, then rinsed in IPA for cleaning and then blown dry by 

nitrogen. Finally, OM was used to inspect the surface of the device, then 

the passivation process was performed to protect the surface of the devices. 

 

3.2.6 Device passivation and contact via formation 

  FETs are very susceptible to the surface condition, especially in the gate 

region. As the device scales down, the gate length and the spaces between 

source-to-drain and gate-to-drain are getting smaller. Under such conditions, 

the devices are very sensitive to the contaminants (such as chemicals, gases, 

and particles) and damages. The passivation layer protects the device from 

the environment contamination and the mechanical damages during process 

handing and wafer probing. The passivation layer is usually silicon nitride. 

  A Si3N4 layer was formed by plasma enhanced chemical vapor 

deposition (PECVD) to protect the gate region for enhancement of device 

reliability. The RIE (reactive ion etching) method was used to open the 

contact via of the source and drain pads for interconnections. The etching 

of silicon nitride was performed in the CF4 and O2 plasmas, the RF power 

was 80W and the pressure was 60 mtorr. 

 After device fabrication, the DC measurement was performed to 

characterize the devices, including IDS-VDS curves at different gate bias, 
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pinch-off voltage (VPO), transconductance (Gm) and gate-to-drain 

breakdown voltage (VBr). 

 

3.3 Schottky diode fabrication 

  The wafers were initial cleaned in ACE and IPA for 5 minutes 

respectively. Conventional photolithography and lift-off technique was 

used to pattern the ohmic and schottky electrodes. Fabrication of the diodes 

starts with Ge/Au/Ni/Ti/Au (700/1400/500/200/1000A) ohmic 

metallization and rapid thermal annealing (RTA) at 450℃ for 30 seconds. 

The Schottky diodes with circular gate pads in 200, 100, 50um diameter 

were patterned and aligned with pre-defined ohmic contacts. Gate recess 

etching was performed using CA:H2O=50:900 for 30 seconds to remove 

native oxides, and CA:H2O2:H2O=50:8:900 for 5minutes to remove 

n+GaAs cap layer. The gate metal examined were Ti/Pt/Au 

(600/600/1800A), Pt/Ti/Pt/Au (200/600/600/1800A) and W/Ti/Pt/Au 

(200/600/600/1800A). W film was sputtered on AlInP layer using pure W 

target. Ti/Pt/Au were deposited by E-gun evaporation. The schottky diodes 

were then stored in a N2-purged furnace under different thermal annealing 

conditions at 200℃、300℃、400℃、500℃ for 30 minutes, respectively. 

To minimize process variation, all devices were processed on the same 

wafer through gate lithography and gate recess steps. After recess etching, 

the wafer was cleaved into separate pieces and deposited with the above 

three gate metal structures.  

 

3.4 InAlP/InGaAs PHEMTs with Ti/Pt/Au, Pt/Ti/Pt/Au and 
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W/Ti/Pt/Au schottky contacts 

  The fabrication processes were the same with device fabrication 

processes until gate recess step. In order to minimize process variation, all 

devices were processed on a single sample through gate lithography and 

recess steps. After gate recess etching, the sample was cleaved into separate 

pieces for each gate metal. The gate metals were Ti/Pt/Au, Pt/Ti/Pt/Au and 

W/Ti/Pt/Au. The contact metal thickness were the same with schottky 

diode metal contacts.  

 

3.5 Characteristics and Measurements [3.1] 

  In this section, several important device parameters used to characterize 

the device was described. The DC measurements were performed using by 

Keithley 2400 source meter, HP 4142B, and Karl Suss semi-automatic 

probe station. 

 

3.5.1 Specific contact resistivity 

  The specific contact resistivity was obtained by the transmission line 

method (TLM). The distances between TLM electrodes are 3μm, 5μm, 

10μm, 20μm, and 36μm, respectively. The resistance between two adjacent 

electrodes can be express by 

R=2RC＋ W
L RS  

where R is the measured resistance, RC is the contact resistance, Rs is the 

substrate sheet resistance, W is the electrode width, and L is the space 

between electrodes. Extrapolating the data to L=0, one can calculate a 

value for the term RC. The specific contact resistivity is defined by  
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3.5.2 Breakdown voltage (VB) B

  Breakdown mechanisms and models have been discussed in many 

previously published articles. One of them showed it is dominated by the 

thermionic field emission/Tunneling current in the schottky gate contact 

area. Tunneling currents are known to increase with temperature rising 

because the carriers have higher energy to overcome the schottky barrier 

which makes two-terminal breakdown voltage is determined by 

impact-ionization, because the avalanche current decreases with increasing 

temperature. Lower avalanche current occurs at higher temperature because 

the phonon vibrations as well as carrier-carrier scattering increase with 

increasing temperature. 

  The breakdown voltage is defined as the gate-to-drain voltage when the 

gate-to-drain current is 1mA/mm. In order to measure the gate-to-drain 

breakdown voltage, the source is floating, the gate is grounded and the 

drain is positively biased. Current compliance was applied to restrict 

gate-to-drain current not much over 1mA/mm to prevent device burn out. 

 

3.5.3 Transconductance (Gm) 

  The transconductance (Gm) was measured in a way that the VDS is fixed 

at 1.5V. The value of gm was calculated by differertiating IDS vs VGS curve. 

gm=
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I 
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Transconductance is also a function of the total gate width of the device. 
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Therefore, the gate width must be known or the transconductance is 

normalized based on unit gate width, usually 1mm. 

 

3.5.4 Pinch off voltage(VP)/ Threshold voltage(VT) 

  In this study, Pinch-off voltage/threshold voltage is defined as the 

applied VGS when the IDS is 1mA/mm. VDS is fixed at 1.5V. 

  

3.6 Gate orientation  

  The gate orientation relative to the substrate used in this study is shown 

in Figure 3.2. The substrate is (100) GaAs with an orientation flat of (0-1-1) 

plane. Two types of HEMTs with the gate electrodes orientated along 

[0-1-1], [0-11] directions were formed. 
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