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A recessed gate AIGaN/GaN modulation-doped field-effect transist@DFET) has been grown

on a sapphire substrate by metalorganic chemical vapor deposition. The two-dimensional electron
gas mobility as high as 9260 éf s with the sheet carrier density 480%cm 2 was measured

at 4.6 K for the AlGaN/GaN heterostructure on the sapphire substrate. The recessed gate device
showed the maximum extrinsic transconductance 146 mS/mm and drain-source current 900 mA/mm
for the AIGaN/GaN MODFET with a gate length 24m at 25 °C. At an elevated temperature of

350 °C, the maximum extrinsic transconductance and drain-source current were 62 mS/mm and 347
mA/mm, respectively. ©2000 American Institute of Physids$s0003-695(000)01401-7

AlGaN/GaN modulation-doped field-effect transistors GaN nucleation layer, a 2.Bm-thick undoped GaN layer, a
(MODFETS are useful for devices operating under high-10-nm-thick A} ,Ga, 7N spacer layer, a 20-nm-thick
power, high-frequency and high-temperature conditions due™-Al, ,Ga, 7\ layer with Si doped to ¥ 10*¥cm™3, and a
to large sheet carrier density, small gate leakage, and largg-nm-thickn™-GaN layer with Si doped to % 10*°cm™3
breakdown voltagé? It is substantial to improve the two- For the growth of undoped GaN layer, the flow rates of;NH
dimensional electron ga@DEG) mobility and reduce the and TMG were 5/min and 69umol/min, respectively. The
parasitic source resistance for fabrication of high-flow rates of NH, TMG, and TMA were 5//min, 29.5
performance AlGaN/GaN MODFETs. However, the ymol/min and 5.2umol/min, respectively, for the growth of
Al,Ga _,N/GaN heterostructures grown on sapphire exhib-Al,,(Ga, ;N layers. The Al content in the HbGay 7N
ited Iower 2DEG mobilities than those on SiC because ofayer was determined by the double crystal x-ray rocking
13.8% lattice mismatch between sapphire and &afa  curve measuremeli scar). The mesa isolation and the gate
minimize the parasitic source resistances, the recessed gatscess etch were formed by use of reactive ion etctRif)
process has been applied for the GaN-based FETEhe  in a BCL plasma at the rf power of 10 W and a chamber
transconductances of 41 mS/mm for the GaN metal-pressure of 3 Pa. The drain-source ohmic contacts were ob-
semiconductor field-effect transistdMESFET) with the  tained with Ti/Al (25 nm/150 nmannealed at 900 °C for 60

gate length () 1.3 um and 45 mS/mm for the AlGaN/GaN s, The gate metallization was done by vacuum evaporation of
MODFET with L,=0.4um were reported by use of the re-

cessed gate process. On the other hand, we have shown that )
the conventional GaN MESFET exhibited the maximum Ti/Al EVTL/A%O Ti/Al
transconductance of 33 mS/mm for the gate length ph2° epth:~>0 nm

Thus, previous devices do not show the sufficient perfor- *
/ ~1019 ¢m3

mance although they were fabricated by use of the recesse
. n*t-GaN (20 nm)
gate process. Further advances in performance of AlGaN

GaN MODFETSs are expected to occur with improvements in n*-Alj 56Gag 74N \[1/(20 nm) ~1018 cm3
2DEG mobility at the AIGaN/GaN heterointerface with low

source resistance. In this study we have achieved the trans i-Algy 26Gag 74N spacer layer (10 nm)
conductance as high as 146 mS/mm for the AlGaN/GaN

MODFET with the gate length of 2.4m on sapphire by use i-GaN (2.5 um)

of the high-quality AIGaN/GaN heterostructure and recessec
gate process.

Figure 1 shows the cross-sectional structure of the
Al ,Ga 7AN/GaN MODFET grown on a0001) sapphire
substrate by metalorganic chemical vapor deposition

(MOCVD). The epitaxial layers consist of a 30-nm-thick FIG. 1. Cross-sectional structure of recessed gatg,dBk,7N/GaN
MODFET grown on sapphire by MOCVD. The gate length and width were
2.1 and 15um, respectively, and the channel openisgurce to drain dis-
dauthor to whom correspondence should be addressed; electronic maitancé was 10um. The mesa isolation and the gate recess etch were formed
egawa@mothra.elcom.nitech.ac.jp by use of reactive ion etching in a Bgblasma.

GaN nucleation layer (30 nm)

sapphire substrate
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FIG. 2. 2DEG mobility and sheet carrier density as a function of temperaf|G, 3. Drain-source curreip,g characteristic of recessed gate AlGaN/GaN
ture for AlGaN/GaN heterostructure on sapphire grown by MOCVD. MODFET at 25 °C as a function of the drain-source voltagg. The gate
biasesVggs was changed from 1.5 te 6.5 V in steps of-2 V.

Pt/Ti/Au (10 nm/40 nm/100 nm The separate photolitho-

graphic steps were used for the etch and gate metal depogjrevious results  of gpma=45MS/MmM  and | pgmax
tion. The gate Iength and width were 2.1 and[ﬂfﬁ, respec- =135mA/mm for the recessed gate MODFET W'”b
tively, and the channel openingource to drain distante =0.4,m.® Furthermore, the AlGaN/GaN MODFET was
was 10um. The distance from the gate metal to the recesgested at high temperatures in order to study the performance
edge was 2um. The anneal step to remove the surface damat high temperatures. Thiys—Vps characteristic of the
age was not used in the fabrication of the recessed gaig§GaN/GaN MODEET at 350 °C is shown in Fig. 4. With
AlGaN/GaN MODFET. The Hall effect measurements at thejncreasing temperature, thg,m. decreased from 146
magnetic field of 0.4 T were performed for the AlIGaN/GaN mS/mm at 25 °C to 62 mS/mm at 350 °C. The decrease in the
heterostructure using the Van der Pauw Hall method. transconductance at high temperatures is probably due to the
Figure 2 shows the electron mobility and sheet carriefeduction of 2DEG mobility. The threshold voltage de-
density in the AlGaN/GaN heterostructure as a function ofcreased from-12.1 V at 25 °C to—17.1 V at 350 °C for the
temperature. Above 100 K, the electron m0b|||ty decreaseq;aN MESFET on Sapphir%However, the threshold volt-
rapidly and the sheet carrier density increased weakly withyges of the AlGaN/GaN MODFET were6.8 and—7.1 V at
an increase in the sample temperature. At lower tempergs and 350 °C, respectively. Note that the temperature de-
tures, where the ionized impurity scattering would be ex-pendence of the threshold voltage is very weak for the
pected to dominate, the electron mobility and the sheet caiz|GaN/GaN MODFET. As shown in Fig. 4, the AIGaN/GaN
rier density were independent of the temperature. Th@ ODFET showed the gootips—Vps characteristics up to
electron mobility of 1100 cfiV s with the sheet carrier den- 350 °C even though the transconductance was reduced. After
sity of 6.8< 10'*cm~? was measured at 300 K. The electron measurements at elevated temperatures up to 350 °C, the de-

mobility as high as 9260 cffVs was obtained for the yjice was tested again at 25 °C. No observable changes were
AlGaN/GaN heterostructure with the sheet carrier density ofeyealed in the ps—Vpg characteristics.

4.8x10*cm 2 at 4.6 K. These results indicate that the high-  |n conclusion, we have improved the characteristics of
quality AlIGaN/GaN heterointerface has been grown on sap-
phire by MOCVD.

Figure 3 shows the drain-source currégg characteris- 10 Le/Wg = 2.1 jm/15um
tic of the AlGaN/GaN MODFET as a function of drain- Asz=-£v @350°C
source voltageVps for the gate biase¥ g ranging from
+1.5t0—6.5 V at 25°C. The maximum extrinsic transcon-
ductancegmax @and | psmax @S high as 146 mS/mm and 900
mA/mm were obtained for the recessed gate AlGaN/GaN
MODFET with Lq=2.1um, respectively. The MODFET
exhibited the modulation characteristic with pinchoff at a
threshold voltage of approximately-6.8 V. The reverse
voltage was about 45 V at the reverse current density of 1 R
mA/mm. The relative low reverse voltage of the recessed ;;r Vgg=-10V
gate device is due to the damage by the RIE in a3BClI
plasma. We estimated that the source resistance was approxi- 0 5 10 15 20
mately 6.1 Omm and the calculated maximum intrinsic Drain voltage (V)
t.ranscondUCtance 0 o =1335 ms./mm' In spite of rela- FIG. 4. Drain-source curreihhs characteristic of AlIGaN/GaN MODFET at
tive long gate length, the MODFET in this study showed thezsg oc as a function of the drain-source voltaggs. The gate biase¥s

superior characteristics when it was compared with thevas changed from 1.0 te' 7.0 V in steps of-2 V.
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