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ABSTRACT 

Ga,,O,(G&O,) was deposited OR GaN for use as a gate dielectric in order to fabricate a 

This is the fmt depletion metal oxide semiconductor field effect transistor (MOSFET). 

demonstration of such a device in the III-Nitride system. Analysis of the effect of temperature on 

the device shows that gate leakage is significantly reduced at elevated temperature relative to a 

conventional metal semiconductor field effect transistor (MESFET) fabricated on the same GaN 

layer. MOSFET device operation in fact improved upon heating to 400OC. Modeling of the effect 

of temperature on contact resistance suggests that the improvement is due to a reduction in the 

parasitic resistances present in the device. 
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A number of GaN field effect transistors (FETs) and AIGaN/GaN heterostructure FETs 

have been reported showing excellent device breakdown characteristics’-”. To date however all 

show evidence of performance degradation due to the presence of high parasitic  resistance^.^ The 

conventional low resistance n+-cap layer structure used to reduce parasitic resistances in GaAs 

technology is generally not applied in nitride devices as it is difficult to perform the gate recess 

step. This is due to the high chemical stability of GaN which makes wet etching very difficult 

except at high temperatures or under optical t ti mu la ti on.'^"^ and the drawbacks of dry etching for 

pattern transfer, which often results in ion bombardment induced damage. This damage then 

causes a low gate breakdown v01tage.l~ 

These problems can be overcome by using a metal oxide semiconductor FET (MOSFET) 

approach of the type recently reported for GaAs and InGaAs. In the G~O,(G&O,)/GaAs 

MOSFET, the oxide films were deposited on GaAs using e-beam evaporation from a single crystal 

of G%03(G&03) in an MBE chamber. Using this approach, a mid-gap surface state density of 2 x 

10” cm-2eV-’ was obtained.” As a result, both n- and p-type enhancement mode MOSETs could 

be demon~trated.’~”~ In this study, a similar approach has been applied to fabrication of 

G%03(G&03)/GaN devices resulting in the demonstration of the first GaN MOSFET. The ef€ect 

of temperature on this device has also been investigated and compared with that of a conventional 

metal semiconductor FET (MESFET). 

The GaN layer structure was grown on c-Al,03 substrates prepared initially by 

HCl/HNO&O cleaning and an in-situ H2 bake at 1070°C. A GaN buffer ~30081  thick was 

grown at 500°C using trimethylgallium and ammonia and crystallized by ramping the temperature 

to 1040OC. The same precursors were used again to grow 2 3 pm of undoped GaN (n < 10l6 an- 

3, and an -8000%, Si-doped (n = -3 x l O I 7  ~ r n - ~ )  active layer.18 An oxide deposition technique 

similar to that previously reported for GaAs MOSFET formation was employed in this study as 

well. The sample was loaded into a solid source MBE chamber and the GaN native oxides were 

thermally desorbed at a temperature of 600°C. After oxide desorption, the wafer was transferred 
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under vacuum into a second chamber and the oxide was deposited onto the GaN using e-beam 

evaporation from a single crystal G%03(G%03) source at a substrate temperature of 55OoC.l9 The 

dielectric thickness and interface roughness were measured with X-ray Device 

isolation was achieved with CLJAr dry etching in a Plasma Therm ICP system. Ti/AI/Pt/Au and 

Pt/Tiit/Au were used as ohmic and gate contacts, respectively. 

In order to investigate the MOS-gate breakdown voltage and the breakdown field 

distribution between the gate oxide and the GaN, a depletion-mode GaN MOSFET was fabricated. 

The oxide thickness was - 200A. X-ray reflectivity was used to study the interfaces between the 

oxide and the GaN and between the oxide and the metal. Both interfaces were determined to be 

extremely smooth, as illustrated in Figure 1. The slope of the x-ray reflectivity curve at different x- 

ray incident angles can determine the roughness of the G%O,(Gd,O,)/GaN interface, as well as the 

air/G%O,(G&O,) interface. Also, the oxide thickness can be determined from the width of the x- 

ray reflectivity oscillation period. From Figure 1, the root mean square roughness of the 

Ga,O,(G&O,)/GaN and air/G%03(Gd203) interfaces were estimated to be 3A and lOA, 

respectively. This atomic level (3A) smoothness for the G%O,(G%O,)/GaN interface should 

provide a high carrier mobility and the smoothness of both interfaces should prevent localized high 

breakdown fields. 

From C-V measurement, the dielectric constant was determined to be -14.6, which is much 

higher than that of GaN at -9. The breakdown field distribution is proportional to the ratio of 

dielectric constants of gate oxide and semiconductor. In this material system, the breakdown field 

distribution between GaN and G%O,(G&O,) is 1 to 0.62. Therefore, the gate breakdown voltage 

of the MOSFET should be higher than for the Schottky gate. This improved breakdown has in fact 

been observed in our D-MOSFET where a MOS-gate voltage of > 35V was demonstrated as 

compared to the 16V of the Pt Schottky gate on the same GaN epi-layer. Figure 2 shows the drain 

I-V characteristics of a 1 x 50 pm2 gate dimension GaN MOSFET. This is the first demonstration 

of a GaN MOSFET. The device shows an extrinsic transconductance of 5 mS/mm. The high 

3 



parasitic resistance in the low drain bias region is a result of the ohmic contact not yet being 

alloyed. Figure 2 also shows the device in operation at 400°C where the parasitic resistance in the 

low drain bias region appears to be reduced significantly. The effect of temperature on the gate 

diode (dia.=500 pm) characteristics was also investigated. As expected, the Pt Schottky gate diode 

began to exhibit significant gate leakage current at around 100°C while the oxide gate still 

maintained fairly low gate leakage current even up to 200°C (Figure 3). 

In order to explain the reduction in parasitic resistance at elevated temperature, the effect of 

measurement temperature on resistance was studied in more detail. A m i  metallization was used to 

form n-type ohmic contacts on n-GaN. It was found that the sheet resistance increased as the 

measurement chuck temperature was elevated This is due to the reduction in the electron mobility 

by phonon scattering?2 However, the specific contact resistivity decreased initially as the chuck 

temperature increased, and reached a minimum at around 25BC. As the chuck temperature 

reached 300T, the resistivity then increased. 

A model was developed to explain this behavior. Total specific contact resistivity, R, is the 

sum of the ohmic contact metallization resistance, k, and the contact resistance between the ohmic 

metal and the GaN, R,. 

’ R=R,+%, 

For the thermionic emission case: 

R, = [W(a*T)lexpC(q@B)/KT)I 

where K is the Boftzman constant, a* is the Richardson constant, T is the absolute temperature, q 

is the magnitude of the electrical charge, and iD, is the Schottky bmier height. The metal 

resistance can be expressed as 

R,,, = AT3 

where A is a constant. As the sample temperature is increased initially, the thermionic emission 

current increases, therefore the specific contact resistivity is reduced. However, as the sample 

4 



. *  

temperature is further increased, the resistance from the metallization increases and becomes the 

dominant component thus causing an increase in the total resistance. As shown in Figure 4, if we 

plot RT verses l/T, a linear region is obtained in the low temperature region (<2OO0C). The 

current transport is dominated by the thermionic emission and the resistance is governed by the 

metal resistance at higher temperature (>25OoC). From the proposed model and curve fitting, the 

iDB of the TVAu contact on n-GaN is estimated around 0.3 eV. This is within the range of past 

reports, i.e, 0.2 - 0.6 eV?2-25 

In summary, a G%O,(Gd,O,)/GaN depletion mode MOSFET was fabricated for the first 

time. Analysis of the effect of temperature on the device shows that gate leakage is significantly 

reduced at elevated temperature relative to a conventional MESFET fabricated on the same GaN 

layer. The MOSFET I-V characteristics in fact improved upon heating to 400°C. Modeling of the 

effect of temperature on contact resistance suggests that the improvement is due to a reduction in 

the parasitic resistances present in the device. 

The authors gratefully acknowledge the U. S. Office of Naval Research under Contract 

No. NOOO14-98-1-0204, and DARPA/EPRI under contract MDA972-98-1-0006 for support of 

this work. Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed- 

Martin Company, for the U. S. Department of Energy under Contract DEAC04-95AL85000. 
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Figure Captions 

Figure 1. X-ray reflectivity spectrum of the dielectric/GaN interface in the D-mode device. 

Figure 2. Drain I-V characteristics of a GaN MOSFET (top) measured at room temperature and 

(bottom) measured at 400OC. 

Figure 3. Gate forward characteristics as a function of measurement temperature for (top) 

Pt/GaN Schottky and (bottom) Pt/G%O,(Gd,O,)/GaN. 

Figure 4. Total specific contact resistivity, R, multiplied by the measurement temperature, T, as 

a function of l/T. 
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