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Microstructural evidence on direct contact of Au/Ge/Ni/Au ohmic metals
to InGaAs channel in pseudomorphic high electron mobility
transistor with undoped cap layer
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Microstructural evidence on direct contact of Au/Ge/Ni/Au ohmic metals to a InGaAs channel in
AlGaAs/InGaAs pseudomorphic high electron mobility transistor with an undoped GaAs/AlGaAs
cap layer was found using transmission electron microscopy, and the results were used to interpret
the electrical properties of the contact. The lowest contact resistivity of B08® Q) cn?, obtained

at 420 °C annealing, is due to the penetration of the interfacial compoungSafand AyAl, into

the buried InGaAs channel. The direct contact of the compounds to the channel causes the reduction
of series resistances between the ohmic compounds and the channel, resulting in the low contact
resistivity. © 1998 American Institute of Physid$$0003-695(98)01138-3

The Au/Ge/Ni system, widely used as an ohmic contacthannel in the AlGaAs/InGaAs PHEMT with the undoped
to AlGaAs/InGaAs pseudomorphic high electron mobility cap layer.
transistord PHEMTs,%? forms an alloyed AuGe ohmic con- A cross-sectional view of the AlGaAs/InGaAs PHEMT
tact through the alloying reaction of the metals with the sub-used in this work is shown in Fig. 1. A double heterojunction
strate at temperatures higher than 400 °C. The reaction pretructure with a double-planar-doped layer was grown by
duces a AuGa phase and a heavily Ge-doped GaAs ¥dyer. molecular beam epitaxy on a semi-insulating GaAs wafer.
The heavily Ge-doped GaAs layer formed below the contactdhe undoped InGaAs channel was separated from the two
acts as a role in reducing the depletion layer width. Thusplanar-doped layers with undoped AlGaAs spacer layers of
electron tunneling probability at the metal/GaAs interface30 A thickness. The doping layers of the planar-doped layers
increases, resulting in the decrease of contact resistivity. in undoped AlGaAs were asymmetric. The AlGaAs/InGaAs/

Heavily doped GaAs has been used as a cap layer of thBlGaAs active layers were grown on auim-thick-undoped
PHEMTSs to achieve a good ohmic contact. The heavilyGaAs buffer layer in which GaAs/AlGaAs superlattices were
doped cap layer, however, degrades the breakdown voltagetroduced. The undoped GaA800 A)/AlGaAs (300 A)
of the device$® Thus, a double recess etching prior to gatelayers were used as a cap layer, which plays a role in pro-
metallization is often used to improve the breakdown voltagdecting the active layer from the point defects generated at
characteristics. But, the double recess etching increases the
processing steps, resulting in the reduction of reproducibility

. . . Au (1000 A)

of electrical performance in PHEMTSs. If an ohmic contact to
a PHEMT with an undoped cap layer is developed, a Ni (200 A)
PHEMT with a high breakdown voltage can be fabricated Ge (400 A)
using a single recess etching. However, no work has yet been Au (500A)
conducted on ohmic contacts to the PHEMT with an un- Undoped GaAs 300 A
doped cap layer. Undoped AlGaAs, Al=0.23 300 A

In the present study, we investigate the microstructure of n-AlGaAs, Al=0.23 500 A
the Au/Ge/Ni/Au ohmic contact to a PHEMT with an un- Si planar doping, 1.0x1072 /cm?
doped GaAs/AlGaAs cap layer in order to understand the Undoped AlGaAs, Al=0.23 30 A
interfacial reactions between the ohmic metals and the sub- InGaAs channel, In=0.2 100 A
strate during the annealing process. The microstructures in Undoped AlGaAs, Al=0.23 30A
the annealed samples are studied using x-ray and cross- Si planar doping, 1.5x10'> fcm?
sectional transmission electron microscd¥EM). The data n-AlGaAs, Al=0.23 500 A
are used to interpret the electrical properties of the ohmic AlGaAs 50A/GaAs 50A superlattice 30 periods
contacts. From this, we present microstructural evidence on Undoped Gahs Buffer 5000 A
direct contact of Au/Ge/Ni/Au ohmic metals to the InGaAs

S.1. GaAs Substrate

¥Electronic mail: jllee@vision.postech.ac.kr FIG. 1. A schematic cross-sectional view of the PHEMT structure.
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TABLE |. Electrical measurement as a function of annealing temperature — T T 1
for Au/Ge/Ni/Au on a AlGaAs/InGaAs PHEMT. 7
Annealing temperatur€C) Contact resistivity(Q cn) -
=
300 Non-ohmic E
340 3.5¢10°3 o as-dep
5 — [u) o o
380 1.1X10 8 A Al
420 3.8<10°° > . o 5800C 8
460 4.0<10°® B °‘ A
500 3.9<10°¢ 5 o .
540 4.6<10°° = aoff |8 0 489°C
A
ro 4 N o, 549°C
the subsurface of GaAs, resulting in the improvement of the . - : . -
20 40 60 80

electrical characteristié&The sheet resistance of the grown
PHEMT substrate was measured to be 3%01.

The ohmic contact resistivity was measured using theFIG 2. Change of x-ray diffraction patterns with annealing temperature for
transmission line methofTLM). An active region was de- o ] ; ' } X
fined by an etching solution of J#0O,:H,0,:H,O, on which AAL:J/,S,;FA/S'./AU on 2 PHEMTI: AU, @: frAuGa,O: AuGa, A: Aul, and
TLM test structures were patterned using photoresist. Prior
to metal deposition, the native oxide was removed using
HCI:H,0(1:1) solution, followed by a deionized water rinse :
and a dry N blow. of the sample annealed at 380 °C for 20 s. After annealing,

A layer structure of Au(500 A)/Ge (400 A)/Ni (200 the ohmic metals penetrated deep by 750 A from the original
R)/Au (1000 A was deposited in sequence on the pHEMTINterface of GaAs with the metallic layers, considering the
substrate by an electron-beam evaporator. After evaporatio)GaAs layer was located at 1130 A far from the surface of
metal lift-off was performed and the remaining metal on theth® PHEMT. Thus, the ohmic contact was formed on the
TLM test structures was annealed in the temperature range &ftyPe AlGaAs layer. A number of grains with white and
340-540 °C for 20 s under atmospheric pressure of the formdark images were observed in the alloyed region. Comparing
ing gas(10% H, and 90% N) by rapid thermal annealing. the results with those of the XRD, the grains are mainly

Microstructural analysis of the sample was carried outcOmposed of theg-AuGa phase. At this stage, the contact
after annealing using TEM. The samples were examined ugdgsistivity decreased to 2410™°Q cn. This is deeply re-
ing a JEOL systeni200 kV) equipped with a high-resolution lated to the formatlon 0oB-AuGa because its meltlng point is
pole piece and ultrathin window x-ray detectors for microd-375 °C. Formation o3-AuGa produces Ga vacancies below
iffusion.

The electrical characteristics of the Au/Ge/Ni/Au contact
are summarized in Table I. A U-shaped dependence of con-
tact resistivity on the annealing temperature is obtained.
ohmic behavior is observed at 340 °C. However, contact re-
sistivity is too high (3.5 10 3Qcn?) to be used as an
ohmic contact. The contact resistivity rapidly decreases to
1.1x10 °Qcn? at 380 °C. The lowest contact resistivity is
3.8x10 % Q cn? at 420 °C. Note that the low contact resis-
tivity obtained with the undoped cap layer is comparable to
the previously reported one obtained using a heavily doped
GaAs cap layerdoped with 1.5 10'%cm?®. The contact re-
sistivity maintains almost the same level up to the annealing
temperature of 540 °C.

Figure 2 shows x-ray diffractio®XRD) profiles in the
annealed samples, measured with a glancing angle of 1.5°, as (b)
a function of annealing temperature. Diffraction peaks corre-
sponding to Au were only observed in the as-deposited state.
The intensities of the Ni peaks were too low to be observed.
After annealing at 380 °C, the Au peaks significantly de-
creased and a new peak correspondingBtduGa was
detected. Thus, the ohmic contact formed at 380 °C is re-
lated to the formation of thgg-AuGa phase. Theg8-AuGa
was transformed to Ala at 460 °C. Note that AAl peaks,
as well as NiAs peaks, with a low intensity were detected in 20 nm
the sample annealed at 460 °C. Even after the annealing tem- o
perature increased to 540 °C, the diffraction pattern was Nngfg. 3. cross-sectional TEM micrograpte) for the sample annealed at
significantly changed. 380 °C and(b) for the sample annealed at 460 °C.
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Figure 3a) is a cross-sectional TEM micrograph image
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electron tunneling through the Schottky barri&;), the re-

undoped

R 4 AlGaAs sistance by a high—low barrieR(), and the sheet resistance
@ ] Ry Rij i in the n-AlGaAs layer R;), as shown in Fig. @&). For the
2 E annealed PHEMT at 460°C, ohmic alloys, /&a and
ohmic alloys InG:As AU,Al, penetrate into the InGaAs channel, containing the
(B-AuGa) nAGars | KN chamnel high concentration of electrons. The direct contact to InGaAs

eliminates theR, as well as theR,, and also reduces the
barrier height because the band gap of InGaAs is much lower
(b) R than that of AlGaAs. Thus, the band bending at the junction
interface occurs toward the parallel direction with the
InGaAs channel, and the consequential energy-band diagram
in Fig. 4b) can be drawn. Therefore, the total series resis-
tance between the ohmic metals and InGaAs channel de-
FIG. 4. Energy-band diagrams for the samples annef@edt 380 °C and ~ creases, resulting in the further decrease of contact resistiv-
(b) 460 °C. ity.

In conclusion, the electrical properties of the Au/Ge/

the contact, which generates free electrons by incorporatiofl/AU ohmic contact Ito the AlGaAs/InGaAs PHEMT_Withh
of Ge into the Ga vacancies. Thus, the increase of the carrié! Undoped GlaAs/A GaAs cap were mterpre:ed using the
concentration below the contact makes the contact resistivitjlcrostructura observa;uor}s by cross-sectional TEM apd X
reduction. The contact resistivity obtained is lower than thd &Y Mmeasurements. The lowest contact resistivity of 3.8
previous result for ohmic contacts AIGaAs’ X 10~ % Q) cn? obtained at 420 °C is low enough to be used as
Figure 3b) shows the TEM micrograph of the sample the ohmic contact to th(_a PHEMT with a 60_O-A—th|ck-
annealed at 460 °C. The grain size increased in comparisgfi’doPed cap layer. The microstructural observations showed
with that in the sample annealed at 380 °C, indicating that thdhat the good ohmic contact obtained is due to the formation

grain growth proceeded with the elevation of the annealingj)f the ir?terfacial cqmpounds, Aal and AuzGa,yvhich pen-
temperature. A number of pits were observed in the |arggtrated into the buried InGaAs channel. The direct contact of

grains. In addition, the ohmic alloys partly penetrated intothe ohmic metals to the InGaAs channel caused the decrease

the InGaAs channel. This directly evidences that the ohmi(9f the tOtil Se”?s res:s_tan(_:elbetween the o_hn_n(_: metals and
junction was formed at the InGaAs layer, resulting in the!"GaAS channel, resulting in low contact resistivity.
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