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Abstract: Ni/AlGaN/GaN rectifying diodes test structure was fabricated, representative of the 
gate element of heterostructure FET (HFETs) with annealed ohmic “back contacts” and HFET 
devices of various geometries. Electrical measurements on TLM pads test produced a contact 
resistivity of 2.0 10-3 .cm2, a barrier height of ~1.1 eV for the rectifying diodes, a sheet charge 
density of ~1.1 1013 cm-2 at the AlGaN/GaN interface, and a conduction band offset of 0.27 eV. 
These values are in close agreement with those reported by other researchers. The HEMT devices 
yielded a drift mobility of ~511 cm2/s and a transconductance of 10 – 25 mS. 
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I. INTRODUCTION 
Gallium nitride (GaN) possesses several outstanding physical properties, which make it 

particularly attractive for solid-state device applications. In particular, the GaN based material system is 
of great interest for blue/green light-emitting diodes (LEDs), laser diodes, UV photodetectors, and also 
for the realization of high frequency and high-power electronic devices for operation at elevated 
temperatures. As a wide direct bandgap material (Eg  3.4 eV), GaN has a very high breakdown field 
(approximately 3 MV/cm) [1, 2], high saturation velocity, ( 2  107 cm/s), and high sheet charge 
concentration in the AlGaN/GaN interface. The high breakdown field allows GaN-based devices to be 
biased at very high drain voltages (Vbreak-down = 50 – 500 V) depending on the application of the device. 
The high saturation electron velocity contributes to a higher current density since, ssqnI max , where 
q is the electronic charge, sn  is the sheet charge density, s  is the electron saturation velocity, and also 
a high operating frequency, since effst Lf / .   

The existence of the AlGaN/GaN heterostructure leads to a high sheet charge density  
(ns = 1 1013 /cm2), which contributes to a high maxI ; whereas the high electron mobility 

15001200(   cm2/V.s) contributes to a low on-resistance, since channel resistance is  related to 
Eqns/1  at low electric fields. These physical properties of GaN translate into fundamental 

performance advances in the area of high power, high frequency power transistors for RF applications 
covering over a 75 GHz band.   
  Group-III nitrides exhibit fairly high bond strength and very high melting temperatures. The large 
bond strength could possibly inhibit dislocation motion and improve reliability in comparison to other 
II-VI and III-V materials [3]. In addition, the nitrides are resistant to chemical etching and should allow 
GaN-based devices to be operated under harsh environments.  
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An ideal heterojunction consists of a semiconductor crystal in which there exists a plane across 
which the identity of the atoms constituting the crystal changes abruptly. In reality, the ideal structure is 
approached quite closely in some systems such as molecular beam epitaxy (MBE) grown 
AlxGa1-xAs/GaAs heterojunctions with essentially atomically abrupt interfaces [3, 4]. 
 In the reported work, isotype heterojunctions between unintentionally doped n-type AlGaN and GaN 
are considered. When two n-type semiconductors with different bandgaps and work functions are 
brought into contact, in order to establish an equilibrium, electrons flow from the wider to the narrower 
bandgap material resulting in an alignment of the Fermi levels with associated band bending and band 
discontinuity, as indicated in Figure 1. These electrons accumulate in a narrow region of lowest energy 
– a quantum well – at the interface between the two semiconductors forming a “sheet” of charge, 
generally referred to as two-dimensional electron gas (2DEG). Electrons in the 2DEG exhibit much 
higher mobility than the bulk material forming the heterostructure as they are physically separated from 
the donors in the material causing minimal impurity scattering.  

                                                              

Figure 1. Band discontinuity in a unipolar heterostructure 
 

The sheet charge density at the AlGaN/GaN interface is further enhanced due to spontaneous 
polarization arising from the asymmetry existing in the AlGaN and GaN crystal structure and also by 
piezoelectric polarization due to strain at the heterointerface [4]. The total charge at the AlGaN/GaN 
interface can exceed 1  1013 cm-2, which is roughly five times higher than the AlGaAs/GaAs 
heterostructure. This high density 2DEG in the AlGaN/GaN system has been successfully employed as 
the conducting channel in the fabrication of a class of high performance field effect transistors, 
commonly referred to as high electron mobility transistors (HEMTs) [5-9].   
 

II. METHODOLOGY 
Test structures were fabricated using two sets of photo masks. The first, a set of three masks for 

the fabrication of Ohmic and rectifying contacts, the second set, a set of five masks designed as a part of 
the present study, was used for the fabrication of HFET devices. The fabricated devices on the 
heterostructures were electrically characterized.  

For the study of ohmic contacts, rectangular pads measuring 100 m  400 m with unequal 
spacing (3 m, 5 m, 10 m, 15 m, 20 m, 25 m, 30 m, 35 m, 40 m, 45 m) between contacts 
were used, as shown in Figure 2. This enabled the measurement of the resistivity using the transfer 
length method (TLM). Contact resistivity was obtained from plots of measured resistance between two 
adjacent pads as a function of pad separation.  

 
 
 

2DEG 
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Figure 2. A schematic diagram of TLM contact pads used for the measurement  

of the contact resistance 
 

Schottky contacts used for the study of rectifying characteristics consist of two set of circular 
contacts of varying diameters (set 1: 100, 200, 300 and 400 and set2: 150, 250 and 350 m) surrounded 
by 15 and 25 m wide ring-shaped ohmic contacts with probing pads. The first mask defines the 
ring-shaped ohmic contacts. The second mask defines circular Schottky contacts within the area 
bounded by the ring-shaped ohmic contacts. The third mask defined the contact pads. Additional 
thickness of Au was deposited on the contact pads. 

The samples used for this research were MBE grown material obtained from SVT Associates, 
Eden Prairie, Minnesota. The heteroepitaxial film of Al0.2Ga 0.8N/GaN on sapphire consisted of 20 nm 
unintentionally doped Al0.2Ga0.8N grown on 1 m unintentionally doped GaN, with donor concentration 
of 15101 cm-3 [10]. As grown GaN film show n-type characteristics. Native point defects and 
nitrogen vacancies are thought to be primarily responsible for the n-type characteristic of the as grown 
films. The "2 diameter wafers were diced into 5 mm  5 mm samples by the vendor.  The as-received 
samples were cleaned in acetone and methanol and rinsed in deionized (DI) water.  This removed 
organic contaminants from the sample. Samples were then treated in a buffered oxide etchant (BOE) 
solution for 5 min. to remove oxide film that might have been present on the surface of the sample.   

A multi-layer Ti/Al/Ni/Au (15/60/35/50 nm) metallization was chosen for ohmic contact. This 
multi-layer metallization was chosen in order to obtain low specific contact resistivity, good surface 
adhesion and long life-time [11]. Schottky contact was defined by lift-off of Ni/Au (20/180 nm). Device 
fabrication was completed with a deposition of a passivation layer. The Ti layer was deposited to help in 
the formation of n+ - GaN interface and provide a good adherence to the surface. Au layer was for 
preventing the oxidation of the Al and a better conductivity of the metal layers, and Ni layer was utilized 
for reducing of the Au/Al intermixing.  
 

III. RESULTS AND DISCUSSION 
From resistance measurement using TLM pads, contact resistivity of ohmic contacts and sheet 

resistivity of the AlGaN/GaN film were determined. The barrier height of the rectifying Ni/AlGaN/GaN 
contact was determined from I-V and C-V measurement. Capacitance-voltage measurements were also 
used to determine conduction band discontinuity, polarization charge and sheet charge density and the 
carrier concentration profile at the AlGaN/GaN interface. Device parameters such as transconductance 
and drift mobility were extracted from the measurement on the AlGaN/GaN fat FET devices. 

Multi-layer TiAlNiAu contacts in the as-deposited state were semi-ohmic. An anneal treatment 
at a temperature of 850 oC for 30 sec. in N2 ambient was performed in order to form the ohmic contacts. 
The Ti anneal forms TiN interfacial layer resulting in N vacancies in the GaN thereby causing an increase 
in the donor concentration.  

 

Z 
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Sheet resistance of about 3.38 x 106 /sq, contact resistance of about 12 x 103  and contact 
resistivity value of 3 x 10-3 cm2 were extracted from the plot of total resistance as a function of the pad 
separation. 

Current-voltage characteristics of the Ni/AlGaN/GaN rectifying contacts were plotted and 
analyzed. For the contact diodes where thermionic emission is the dominant current conduction 
mechanism, the current density can be expressed as [12]: 
 ]1)/[exp(  kTqVJJ S , or  )/exp( nkTqVJJ s  for qkTV /3 ,      
 (1) 
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and n is the ideality factor given by 
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 (3) 
T is the temperature, V the applied voltage, and A* the effective Richardson constant. The theoretical 
value of the effective Richardson constant is given by [13]: 

 3

2*
* 2

h
kqmA 

   ,      

 (4) 
where h is the Planck’s constant and m*, the effective mass. For a given “x”, the effective mass is 
estimated by linear interpolation from the theoretical value m* = 0.35mo for AlN and m* = 0.22mo for 
GaN [14, 15]. 

A linear plot of the I-V characteristics obtained from Ni/AlGaN/GaN Schottky contacts for 
various diameters showed a turn-on voltage between 2.3 and 2.7 V. The 400 m device indicated a 
reverse leakage current of 1.6  10-11 A/cm2 at –2.0 V, respectively. 

Semilogarithmic plot of the forward characteristics of the contacts, as shown in Figure 6 
exhibited a linear region with an ideality factor ~1.0, indicating that current conduction is dominated by 
thermionic emission. Calculated ideality factors and barrier height using equations 3 and 4 are values are 
summarized in Table 1. 
 
Table 1.  Ideality factors and barrier heights 

Schottky Contact, 
m 

Reverse current          Ideality factor, n 
IR, at –2V, A/cm2 

Barrier Height, b, eV 
 

100    9.8  10-13                        1.0 1.0 
200    7.2 10-13                         1.0 1.0 
300    2.18 10-12                       1.0 1.0 
400    1.6 10-11                         1.0 0.8 
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Figure 3. Semilogarithmic plot of the forward characteristics of Ni/AlGaN/GaN Schottky diodes 
Capacitance – voltage (C – V) characteristics of the Schottky contacts 

 
Capacitance-voltage measurements were obtained for the Ni/AlGaN/GaN rectifying diodes using an 
HP4284 LCR meter with 5 mV peak-to-peak voltages at a frequency of 1 MHz. Results obtained are 
shown in Figure 4. These C-V plots were used for the determination of conduction band discontinuity, 
polarization charge density, sheet carrier concentration and apparent carrier distribution profile at the 
AlGaN/GaN interface.    
 

 

 

 

 

 

                          

 

 
 
The capacitance of a Schottky contact is given by [13]:  
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Figure 4. Capacitance - voltage plot for Ni/AlGaN/GaN rectifying contacts      
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where Vbi is the built in potential, A, the area of the Schottky contacts, NB, the background doping 
concentration. Equation 6 can be rewritten as  
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A plot of the inverse capacitance square (1/C2) versus reverse bias voltage (V) is shown in Figure 8. The 
straight line in Figure 5 is given by: 
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The slope of the plot of /C2 vs. V is given by: 
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From the graph in Figure 6, the built-in potential, depletion width, apparent carrier concentration and 
sheet carrier concentration can be determined. The apparent carrier distribution n* is given by [16] 
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The depletion width, w is given by: 
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For n-n unipolar heterostructure it was assumed that 

NNN GaNAlGaN   and 
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Current-voltage data of circular gate, -gate, fatFET HEMT and Schottky diode have been collected 
with an HP4155A and plotted. With gate voltage, VG from 0 to –4 at a step of –0.4 V and gate-to-drain 
voltage of up to 50 V, a drain current greater than 4.3 mA was obtained. For an n-channel mode 
transistor, a negative potential on the gate is required to turn the transistor channel off. A plot of the 
drain current as a function of drain voltage is shown in Figure 6. The I-V curves show a linear region 
where the drain current varies linearly with the applied grain voltage. This region is also known as the 
ohmic region (with Vds<<Vd,sat). The HFET devices have typical I-V characteristics for GaN as they 
exhibit some high field effect at the larger gate voltages. From the plots in Figure 10, transconductance 
and drift mobility values were estimated. At both high and low frequencies, the output drain current of a 
transistor is characterized by a current generator gmVgs, in parallel with the output conductance gd [14, 
15]. The transconductance gm in a device is given by: 
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where d(x) is the drift mobility at a depth x and n(x) is the carrier concentration, w the width and l the 
length of the channel.  
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Figure 5. 1/C2 vs. V plot for 400 m rectifying contact 
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Transconductance can also be given by: 
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where RC is the channel resistance and RT is the total resistance. From above relationships, 
transconductance of ~10 – 25 mS were obtained for the curves that exhibited a low field effect. The 
threshold voltage of -2.97 V was extracted. The average carrier concentration over a thickness of   2.3 
10-8cm was determined to be n  8.5 1018cm-3.   A drift mobility of approximately 511 cm2/Vs was 
estimated.  
 

IV. CONCLUSION 
 Field effect transistors were fabricated on MBE grown films of Al0.2Ga0.8N/GaN 

heterostructure.  A specific contact resistance of 1.33  10-2 .cm2 and a sheet resistance of 5.49  103 
/cm2 was obtained for sputter deposited TLM pads which consisted Ni/Au (200/1500 Å) for p-AlGaN 
and Ti/Au (200/1500 Å) AlGaN/GaN.  The contact resistance was high, but that was expected as the 
substrate was undoped.  However, the sheet resistance was three orders of magnitude lower than the 
results reporter by Awaah for the same material system [10].      
 Rectifying contacts were obtained by depositing Ni (1500 Å) on the n-GaN. Ideality factors 
extracted from the current – voltage measurements were ~1.0, indicating that thermionic emission was 
the dominant transport mechanism. A barrier height of ~0.9 eV was determined for the Ni/n-GaN 
rectifying contact from I-V measurements. Analysis of C-V characteristics yielded an apparent carrier 
concentration of 1.02  1017 cm-3 and a sheet carrier concentration of 9.08  1011 cm-2. These values are 
in good agreement with those reported by other researchers and the manufacturer of the substrate.  

 Fabricated AlGaN/GaN HFET devices exhibited transistor behavior with transconductance 
values ranging from 1.22 to 9.3 mS/mm.  The threshold voltage was -2.97 V and a channel mobility of 
484 cm2 /V·s was obtained from the calculated transconductance.  The n-GaN MESFETs fabricated on 

Figure 6.  ID vs. VD characteristics of AlGaN/GaN HFET (10 µm) 
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anneal treated substrates yielded transconductance values between 0.05 and 0.13 mS/mm.  These 
devices achieved low saturation currents but no cut-off.   
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