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Carbon-doped InGaAsBi films on InP:Fe (100) substrates have been grown by gas source molecular beam epitaxy
(GSMBE). The electrical properties and non-alloyed Ti/Pt/Au contact resistance of n-type carbon-doped InGaAsBi films
were characterized by Van der Pauw—Hall measurement and transmission line method (TLM) with and without rapid ther-
mal annealing (RTA). It was found that the specific contact resistance decreases gradually with the increase of carrier
concentration. The electron concentration exhibits a sharp increase, and the specific contact resistance shows a noticeable
reduction after RTA. With RTA, the InGaAsBi film grown under CBry4 supply pressure of 0.18 Torr exhibited a high electron
concentration of 1.6x 102! cm~3 and achieved an ultra-low specific contact resistance of 1x10~8 Q-cm?, revealing that

contact resistance depends greatly on the tunneling effect.

Keywords: InGaAsBi, electrical properties, contact resistance, rapid thermal annealing
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1. Introduction

For the increased scaling of InP terahertz devices
such as InP heterojunction bipolar transistors (HBTS)
and high electron mobility transistors (HEMTs) for high-
speed communications,l'"*l ultra-low resistance metal-
semiconductor ohmic contacts with shallow diffusion depths
and minimal lateral penetration are very important.'>-% Usu-
ally, heavily silicon-doped InGaAs cap layers have been used
as contact layers to achieve low contact resistance fabricated
by ex situ or in situ non-alloyed contacts in InP HEMTs![7-]
and HBTs.!!0-12] The efficacy of high silicon-doping concen-
trations in InGaAs cap layers to obtain contact resistance of
4x107% Q.cm” has been demonstrated because the use of
high semiconductor doping concentrations is known to pro-
mote current transport due to the tunneling effect.!'3-1>] How-
ever, it is difficult to further reduce the contact resistance by
increasing the silicon-doping concentration in InGaAs, which
can only be doped to the 19th power owing to the doping
solubility limit. Further efforts are needed to reduce contact
resistance, such as fine-tuning of surface preparation proce-
dures and various alloy-contact selection. 1!

It has been recently reported that dilute InGaAsBi, lattice-

matched to InP, is promising to be used as a contact mate-

DOI: 10.1088/1674-1056/abcf97

rial for InP terahertz devices because of its higher doping
solubility limit!!”-'8 and narrower band gap compared with
InGaAs!'?21 by virtue of bismuth being a very heavy and
large atom and the valence band anticrossing (VBAC).[?!-23]
The author’s previous work has first proved that bismuth incor-
poration into InGaAs induces extremely high n-type carbon-
doped InGaAsBi films, and its carrier concentration can ex-
ceed 10?! cm™3, which is almost two orders of magnitude
higher than the doping concentration of silicon in InGaAs.!'3]
It implies that a lower specific contact resistance of InGaAsBi
can be obtained than that of InGaAs according to the tunneling
effect.?4]

To fully make use of its potentials for high-speed elec-
tronics device fabrication, we have investigated the electri-
cal properties and contact resistance of n-type carbon-doped
InGaAsBi films with and without rapid thermal annealing
(RTA). With RTA, the electron concentration has a sharp in-
crease, and the specific contact resistance shows a notice-
able reduction. An ultra-low specific contact resistance of
1x1078 Q.cm? is observed after RTA, and the correspond-
ing electron concentration is 1.6x10?! cm™3. To the best
of the authors’ knowledge, this is the highest reported room-
temperature electron concentration for n-type III-V semicon-

ductor materials to date.
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2. Experimental details

A series of ~ 500 nm thick n carbon-doped InGaAsBi
films were grown on (100) semi-insulating InP substrate us-
ing a V90 gas source MBE system. The 7N-purity elemen-
tal Ga, In, and Bi were used as the group-III and group-V
sources. The arsenic and carbon beams were obtained by
thermal cracking of arsine (AsH3) and carbon tetrabromide
(CBry4) at 1000 °C and 70 °C, separately. The growth rates
for In;_,GayAs;_Bi, (y ~ 0.5) epilayer and Ing53Gag47As
buffer layer were approximately 1 um/h. Samples were grown
at 275 °C under different CBry4 supply pressures of 0.18, 0.15,
0.12, 0.09, 0.06, and 0.03 Torr, respectively. Growth details
can be found in Ref. [18]. Hall-effect measurements with in-
dium dots as ohmic contacts located on the sample periphery
were performed to measure the electronic transport properties
of these samples taken from half of the wafer. The portion
of the wafer coated with Ti/Pt/Au (15 nm/15 nm/270 nm) by
an electron beam evaporation was processed into transmission
line model (TLM) structures for contact resistance measure-
ment, as shown in Fig. 1. After processing, the TLM pattern
lengths and widths were verified with a scanning electron mi-
croscope (SEM). The SEM image of the TLM pattern with
mesa etching is shown in Fig. 2. The TLM pattern lengths
and widths are about 100 um and 150 pm, respectively. The
contact separations were from 4 um to 32 um. The contact
resistance was determined by TLM and a four-point (Kelvin)
probe technique and measured using an Agilent 4155C semi-
conductor parameter analyzer. The RTA process was carried
out at 200 °C for 2 min in an atmosphere of nitrogen.

270 nm ex-situ Au

15 nm ex-situ Pt

15 nm ex-situ Ti

500 nm InGaAsBi: C (n-type)

500 nm Ing53Gag47As: NID buffer

InP S.I. substrate

Fig. 1. Cross-section schematic of the metal-semiconductor contact layer
structure used for TLM measurement. Ti/Pt/Au (15 nm/15 nm/270 nm) is
deposited by an electron beam evaporation.

Fig. 2. A microscope image of the TLM pattern used for the contact
resistivity (p.) measurement, with contact width W = 150 pm.

3. Results and discussion
3.1. Electrical properties

Figure 3 shows the dependence of carrier concentration
and mobility on CBr4 supply pressure for n-type InGaAsBi
grown at 275 °C in previous work!!'8! and n-type InGaAsBi
annealed at 200 °C for 2 min duration in this work. As
shown in Fig. 3, both the net electron concentrations of as-
grown and annealed C-doped InGaAsBi films increase almost
linearly with the CBr4 supply pressure. It has been found
that the electron concentration of n-type InGaAsBi films in-
creases sharply and saturates at a maximum concentration of
1.6x10?' cm™3 under the CBry4 supply pressure of 0.18 Torr
is achieved after annealing at 200 °C for 2 min duration.
It is higher than the reported electron concentration to date

(25271 An apparent

for n-type III-V semiconductor materials.
increase in the electron mobility was observed for the an-
nealed C-doped InGaAsBi films with the carrier concentration
lower than 10'® ¢cm™3, and when the carrier concentration is
greater than 10'® cm™3, the mobility has no obvious improve-
ment. As-annealing treatment eliminates defects and improves
the electrical properties of carbon-doped InGaAsBi films and,
meanwhile, drives more C onto group-III sites as donors,
which increases the electron concentration and mobility.['8] A
possible mechanism is that as-annealing treatment eliminates
Bi-related defects,!?3% drives more Bi onto group-V sites,
and increases the number of activated carbon donors by form-
ing C-Bi bonds around the Bi-related defects.[!® Besides, a
self-compensation and the incorporation of the carbon atoms
in interstitial sites may also be part of the reasons.

& 600 —
i K
O —-as-grown | >
E/ 10211 —-+annealed 500 >
5 1400 @
T 1020} 1300 2
= =
g 1200 2
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§ 107 g 1100 B
S 3 U—-ono j0 =
B 0182 . . : )
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Fig. 3. Dependence of carrier concentration and mobility on CBr4 sup-
ply pressure for as-grown and annealed C-doped InGaAsBi films.

3.2. Contact resistance

Contact resistivities were measured on samples A, B, C,
D with four different electron concentrations varying from
1.69 x 10" cm™3 to 1 x 10! cm ™3, and the corresponding
CBry supply pressures are 0.09, 0.12, 0.15, and 0.18 Torr, re-
spectively. Resistance measurements were taken both before
and after sample annealing in an N, environment at 200 °C
for 2 min. Figure 4 shows the measured resistivity versus gap
spacing obtained from room-temperature TLM measurements
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on the n-type InGaAsBi films using the four-point probe tech-
nique. For all four samples with and without annealing, the
sheet resistance (Rg,) and specific contact resistivity (p.) were
extracted from the slope and the y-axis (resistivity) intercept
of their corresponding linear fits, respectively, as mentioned in
Ref. [31]. Figure 5 shows the Ry, values obtained from room-
temperature Hall-effect measurements of the samples with and
without annealing compared to those extracted from the TLM
measurement. All of them are in good agreement. The Ry
of the samples with and without annealing decreases with in-
creasing carrier concentration, as expected.

14 m as-deposited A ) g
o annealed A 4
12 A as-deposited B b
A annealed B
s 10 e as-deposited C b
=z o annealed C
o 8F v as-deposited D b
= v annealed D y
S 6 B
4
2
0w
9 4r b
ﬁ 3
2F o —— linear fit of as-deposited A
Zz=7 e linear fit of annealed
0 -
0 5 10 15 20 25 30 35

TLM seperation (pm)

Fig. 4. Measured resistance vs contact separation for the contacts. Con-
tact width is 150 um. The sheet resistance and contact resistance are
calculated from the slope and y-intercept of the line fit.
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Fig. 5. Sheet resistance versus carrier concentration obtained from room
temperature TLM measurements and Hall measurements before and af-
ter samples were annealed.

Figure 6 shows the dependence of the specific con-
tact resistance on the carrier concentration for as-deposited
and annealed n-type C-doped InGaAsBi films. As shown
in Fig. 6, the specific contact resistance decreases gradu-
ally with the increase of carrier concentration, revealing that
it depends greatly on the doping level. This decrease sug-
gests that the dominant electron transport mechanism is the

t.241 It has been found that the specific con-

tunneling effec
tact resistance shows a noticeable reduction after RTA, and
a minimum specific contact resistance of 1.0x107% Q.cm?
is achieved for the annealed C-doped n-type InGaAsBi film
with an electron concentration of 1.6x10?! cm™3. We spec-

ulate that as-annealing treatment eliminates Bi-related defects

in the metal-semiconductor interface and leads to the increase
of carrier concentration by activating the inactivated carbon
donors mainly by forming C-Bi bonds around the Bi-related
defects.['328] Additional ionized donors and a shallower de-
pletion at the metal-semiconductor interface exists, thereby
reducing the Schottky barrier to electrons and the tunneling

resistance, consequently decreasing the contact resistivity. 3!
C\‘E T T T ]
o —A-— as-deposited
& A\ A annealed
[}
2 10-7F K
<
&
0
g N
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e ' ' N
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(=X
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Fig. 6. Specific contact resistance as a function of the carrier concen-
tration for as-deposited and annealed C-doped InGaAsBi films.

3.3. Contact material design

To find the dependence of the specific contact resistance
on the carrier concentration and establish which of two epi-
taxial cap materials (n-InGaAsBi doped by carbon and n-
InGaAs doped by silicon) is more advantageous in respect
to ohmic contact design, the specific contact resistance as a
function of the reciprocal square root of the carrier concen-
tration for annealed Ti/Pt/Au/n-InGaAsBi:C and Ti/Pt/Au /n-

InGaAs:Si systems (%4l

/
for both contacts to InGaAsBi and InGaAs, thus supporting

are shown in Fig. 7. The experimental
Inp; vs. Ny 1/2 plots presented in Fig. 7 reveals good linearity
the expectation that the field emission is the prevailing cur-
rent mechanism. According to the tunneling model, 3! Inp,
depends linearly on the reciprocal square root of the doping
concentration. The slope of this linearity is determined by
A7 Ppn/€sm* /h, where ¢p, is the Schottky barrier height, &
is the Planck’s constant, m™* is the effective mass of the tunnel-
ing electron, and & is the semiconductor dielectric constant.
The two slopes are approximately equal, indicating that the
Schottky barrier heights and dielectric constants for InGaAsBi
and InGaAs are roughly the same. It has been demonstrated
that a small amount substitution of As with Bi in InGaAs
barely impacts the conduction band due to the valence band
anticrossing;2%34! thus, the Schottky barrier height (¢g,) be-
tween metal and n-type InGaAsBi remains almost unchanged
compared with InGaAs. As shown in Fig. 7, at the same dop-
ing concentration, the contact to InGaAs can obtain lower spe-
cific contact resistance mainly due to a better surface treatment
process. However, the contact to InGaAsBi can achieve the
lowest specific contact resistance of 1.0x10~8 Q-cm? com-
pared with InGaAs, regardless of the surface treatment pro-
cess. This is mainly because n-type carbon-doped InGaAsBi
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has a higher doping solubility limit to obtain super high n-
type doping concentration with more than 102! cm™3. By
carefully optimizing surface preparation procedures and var-
ious alloy-contact selection, the contact resistance to n-type
carbon-doped InGaAsBi can be further reduced. It turns out
to be the case that dilute InGaAsBi is suitable to be used as a
contact material for InP multi-terahertz devices.

NE 10-5 T T T T T T
é A Ti/Pt/Au/n-InGaAsBi:C
~ A Ti/Pt/Au/n-InGaAs:Si
g 10-6F :
=1
3
z
£ 10-7¢ :
kst
8
5 10-8¢ 3
o
=
s}
9 . . . . . .
2 07005 10 15 20 2.5 3.0 3.5

1/{Nq (10710 cm—3/2)

Fig. 7. Specific contact resistance as a function of the reciprocal
square root of the carrier concentration (Nq) for annealed Ti/Pt/Au/n-
InGaAsBi:C and Ti/Pt/Au/n-InGaAs:Si systems. [>4]

4. Conclusion

In summary, we have investigated the effect of rapid ther-
mal annealing on the electrical properties and contact resis-
tance of n-type carbon-doped InGaAsBi films. After RTA,
the electron concentration undergoes a sharp increase, and
the specific contact resistance shows a noticeable reduction.
An annealed n-InGaAsBi film with a carrier concentration of
1.6x10%' cm™> exhibited an ultra-low specific contact resis-
tance of 1 x 10~% Q.cm?, revealing that it depends greatly on
the doping level. From comparative studies of Ti/Pt/Au con-
tacts to n-InGaAsBi:C and n-InGaAs:Si, it is evident that di-
lute InGaAsBi is suitable to be used as a contact material for
InP multi-terahertz devices.
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