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Abstract

Low specific contact resistivity (p_) of alloyed Ni/Pd/Au and nonalloyed

Ti/Pd/Au Ohmic contacts to unintentionally doped n-InAs and n’-
Ino.s3Gap37AS, which is a potential candidate for highly scaled HBTs and
MOSFETS, is reported. Contacts were formed by UV-ozone oxidation and
oxide removal with 1:1 HCI:DI water, and then deposited by either thermal
evaporation or sputtering, followed by annealing. Finally, specific contact
resistivities of Ohmic contacts were extracted using the transmission line
model (TLM).

The lowest contact resistivity of Ni contacts was 3.02 - 10 Qcm? to
unintentionally doped n-InAs after a 150 °C annealing for duration of 1 min,
while the lowest contact resistivity of Ti contacts was found to be

3.29 - 10" Qcm? to n-InAs, annealed at 300 °C. This indicates that the
alloyed Ni contact exhibited somewhat lower contact resistivity than the
nonalloyed Ti contact, but they are comparable. Furthermore, the lowest
contact resistivity of all was obtained from the alloyed Ni contact to n-InAs.
They have a narrow band gap where the Fermi level pins close to the
conduction band, which in turn gives rise to better Ohmic contacts.
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CHAPTER 1

1 Introduction

Due to their very high injection velocity [1][2], III-V compound
semiconductors are highly attractive as a channel material and a contact
layer in metal-oxide-semiconductor field-effect-transistors (MOSFETS) and
heterojunction bipolar transistors (HBTS), respectively. In particular, III- V
MOSFETs with InAs channels [3][4] as well as InGaAs channels [1][5][6]
are being extensively studied for future high speed low-supply-voltage
logic applications. In addition, InP-based HBTs with InGaAs contact layers
have been employed in many of the widest-bandwidth electron devices
[7]1[8] due to their advantages for scaling and thus potential for high speed
operation with low power consumption. As device dimensions are scaled
down to increase device bandwidths [9][10], both MOSFETs and HBTs
require low resistance Ohmic contacts. For HBTSs, emitter and base contact
resistivities must be reduced proportionally to the inverse square of the
transistor bandwidth [9]. MOSFETSs similarly require reductions in contact
resistivity proportionally to the inverse of the square of the device
bandwidth [11]. Therefore, a reduction in contact resistivity is of central
importance to the development of wide bandwidth electronics.

A self-alignment of metal contacts to source/drain (S/D) regions and
emitter/base contact layers [12][13] are desirable for IlI- V MOSFETSs and
HBTSs, respectively, to achieve low contact resistance which resembles the
salicide process in Si CMOS technology [2]. Although self-aligned
molybdenum (Mo) contacts to n-InAs and nickel germanide metal contacts
to n-GaAs have demonstrated low contact resistance [14][15], historically
there are few reports on the demonstration of a “silicide-like” contact for
[IT-V materials using direct reaction between a metal and III- V materials.
However, recently advances have been made and the existence of a stable
“nickelide” metallic phase from the reaction of nickel with InAs and
InGaAs via annealing has been demonstrated [2][4][5]. It has been reported
that a NilnAs (nickelide) phase is in thermal equilibrium with InAs [16]. In
addition, a stable low sheet resistance crystalline NilnAs forms a smooth
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and abrupt interface with InAs as reported in [4][17]. Furthermore, a
negligible Schottky barrier height at the nickelide/semiconductor (In,Ga;-
xAs, X > 0.7) is expected which in turn contributes to better Ohmic contacts
[5][18]. An abrupt and controllable Ni-InGaAs/InGaAs interface also has
been demonstrated [2][5][6].

In this work, we report a development of Ni-based Ohmic contacts to

unintentionally doped n-InAs (a carrier concentration of 5 - 10'® ¢m™) and
n*-Ing.63Gag 37As, suitable for self-aligned metallization in order to achieve
low contact resistivities. Since the contact resistivity has a strong
dependence on surface preparation prior to contact deposition [10][19][20],
we compare the effect between oxygen plasma ashing and UV-generated
ozone. Ni/Pd/Au and Ni/W/Au are deposited by thermal evaporation and
sputtering, respectively, followed by annealing for 1 min which results in
the formation of Ni alloy. A transmission line model (TLM) is utilized to
extract the contact resistivity between a metal and a semiconductor material
afterwards. Since Ti/Pd/Au contacts have been showed to form nonalloyed
Ohmic contacts with low resistance [19][21-24], Ti contacts are also
developed and compared with alloyed Ni contacts.



CHAPTER 2

2 Theory

2.1 Ohmic contacts

The purpose of this project was to study the minimum possible contact
resistivity of a metal-semiconductor contact. So it is important to know
about the metal-semiconductor contacts first. There have been extensive
studies about metal-semiconductor contacts over the past several decades
since metal-semiconductor contacts are an essential part of semiconductor
electronics and optoelectronic devices. After the Schottky (rectifying)
contact was found first by Braun in 1874 [25], Walter Schottky [26] and N.
F. Mott [27] proposed the theory on formation of a Schottky barrier which
results in the rectification behavior of metal-semiconductor contacts. In
addition, metal-semiconductor contacts can show non-rectifying (Ohmic)
behavior which is extensively used in applications of semiconductor
devices and integrated circuits.

Fig. 2. 1 shows the basic energy band diagram of a metal-semiconductor (n-
type) contact. The Schottky barrier height ¢, between a metal with work

function ¢ and a semiconductor with an electron affinity y is given by

Pp =0, X (2.1)
where y is
qx = q9, — (E.—Ey) (2.2)

and ¢ _is the work function of the semiconductor, E. is the conduction band
energy and £, is the Fermi energy level in the semiconductor.
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Fig. 2. 1. A basic energy band diagram at a metal-semiconductor (n-type) interface.

Unlike the Schottky-Mott theory which predicted a strong dependence of
the Schottky barrier height on the metal work function, the Schottky barrier
height is insensitive to the metal work function in practice. This is because
of the “Fermi level pinning”. Due to the non-ideal nature of the
semiconductor surface, there are oxides or dangling bonds on the
semiconductor surface which result in surface states within the energy band
gap of the semiconductor [28]. These surface states can appear either as
donor or acceptor surface states. For an n-type semiconductor, the donor
surface states will exist with positive charges which result in upward band-
bending near the semiconductor interface before contacting with the metal
as presented in Fig. 2. 2 (a). The surface Fermi energy is known as the
neutral level which appears ep, above the surface valence band energy.
Since there are an enormous number of surface states at the interface, the
Fermi energy can be pinned effectively after being brought into contact as
shown in Fig. 2. 2 (b). Hence this Fermi level pinning makes the Schottky
barrier height little dependent on the metal work function and only
dependent on the properties of the semiconductor [29] and the Schottky
barrier height becomes

ep, = E;—eg, (2.3)
where E, is the band gap energy of the semiconductor. Note that although
various theories have been tried to explain the origin of Fermi level pinning

[30-34], it has yet to be clearly understood.

8



Vacuum level Vacuum level

Evac """""""""""""""""""""""""""""""""" Evac 7777777777777777777777 [~
er.]
T |
E¢n EQGT: <— surface states Esn ; Eg
Metal n-semiconductor Metal F <— surface states
[ E“ ' n-semiconductor
W ;;\—‘_—— EY
W
@ (b)

Fig. 2. 2. Energy band diagram of a metal-semiconductor (n-type) with surface states
interface (a) before and (b) after contact.

Across the Schottky metal-semiconductor junction, electrons can travel
both directions, from the semiconductor to the metal and vice versa. The
difference between the two opposing current flows result in a net current
and the overall current is determined by an applied voltage V. Fig. 2. 3
illustrates three basic mechanisms for current flow; 1- thermionic emission
of electrons (the majority carrier) from the semiconductor into the metal, 2-
tunneling of electrons from the semiconductor into the metal, 3- thermionic
emission of holes (the minority carrier) from the metal into the
semiconductor [28]. Thermionic emission can occur when the carriers have
enough thermal energy to go over the barrier. For an n-type semiconductor,
the thermionic emission current of electrons is dominant compared to the
thermionic emission current of holes. Tunneling, which is a quantum
mechanical phenomenon, can occur if the barrier width (depletion width, w
in Fig 2. 2 (b)) is very small for heavily doped semiconductors which leads
Ohmic contacts. Thus thermionic emission of electrons is the dominant
contribution to the I-V characteristics for the Schottky junction. For forward
bias, the energy barrier is lowered, giving exponential increase in current.
For reverse bias, on the other hand, the energy barrier becomes higher,
giving a constant reverse bias current. Hence the Schottky junction shows a
rectifying behavior, and it is known as a Schottky diode [28].



1 <

:

Efm ---------------------------- Efs
Metal

<— surface states

n-semiconductor
E

o4, = v

3

Fig. 2. 3. Schematic of three basic mechanisms for current flow in the metal-
semiconductor junction.

On the other hand, in the case of Ohmic contacts, tunneling is a main
carrier transport mechanism. It occurs when the width of the depletion

region w becomes very thin with heavy doping concentration N in the

semiconductor close to the interface, w~N""?: electrons can tunnel

through sufficient narrow depletion region in both directions as illustrated
in Fig. 2. 4, giving a linear |-V characteristic [28]. Since Ohmic contacts
allow current to flow between semiconductors and metals easily, it leads to
a high current density at a low applied voltage which is attributed to a low
resistance. Thus, Ohmic contacts are a crucial integral part of all
semiconductor devices and find application in external wiring or circuits for
applying voltages and supplying current from external metal sources to
semiconductor materials.

Metal

n+ region n-type

n-semiconductor

Fig. 2. 4. Schematic of an Ohmic contact between a metal and an n-type semiconductor,
illustrating tunneling.

10



2.2 Contact resistance

For heterojunction bipolar transistors (HBTSs), a scaling of transistors is
continued in order to attain higher bandwidth. For scaling, contact
resistivities are presently the most serious barrier since contact resistivities
must be reduced by y’:1 in order to obtain a y:1 increase in circuit
bandwidth. y is a scaling factor. For simultaneous THz f (the cutoff

frequency) and f, ~ (the maximum oscillation frequency), a contact
resistivity less than 2.5 - 10 Q cm? is required [9].

In the case of MOSFETS, the current gain cut-off frequency f is given by

1 _ Coot Cog ¢ 2.4
;f} - ﬁ + ﬁ(Rs + Rd)gd + (Rs + Rd)cgd,t ( )
wWhere Cog, = Cog; + Coqr = Coy i + Cos r + Coq, is the total gate capacitance,

g, Is the output conductance, C,y, is the total gate to drain capacitance and
R,, R, are the parasitic source and drain resistances as shown in Fig. 2. 5

[35]. For long gate lengths, the first term in (2.4) becomes %
approximately and it is known as the intrinsic delay of the transistor

T, =Lg/v, Where v is the electron velocity under the gate. The second and
third terms in (2.4) refer to the RC delay time of the transistor [35].

source

R vV | | ~VV- R,

substrate

Fig. 2. 5. Schematic of a MOSFET showing all the capacitances and resistance in the on
state (Vgs = Vds = Vdd)'

By scaling down both the lateral and vertical device dimensions by a factor
of y:1, the device bandwidth can be increased by y:1 by reducing all the
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delays and capacitances by y°:1 while keeping all resistances, voltages and
currents constant [36]. First of all, reducing the gate oxide thickness z,,
leads an increase in the equivalent gate capacitance C,,; = C,, =~ 1/,, per
unit area. Scaling the gate width W, by y:1 keeps g ~ W,C,,v;,; and

Iy = WoCoyvini(Vy — V) constant.

As indicated in Fig. 2. 6, decreasing the gate length L, by y:1 reduces the

total gate capacitance C,, = C,,W,L, +al, by y:1 and other parasitic

capacitances Cyy, Cy and Cy, < W, are also reduced by y:1. While
reducing L,, the source/drain contact length L, is also reduced by y:1 in
proportion with the gate length. Since the source resistance

= L 4 P shonld be kept constant, the specific contact resistivity

LyaWg s
p, is required to be reduced by y’:1 [11]. As a result, ultra low resistance
metal-semiconductor contacts are essential to the continued scaling of
transistors and an Ohmic contact is a suitable option since it has very low
resistance as explained above. Therefore, we have investigated Ohmic
contacts between metals (Ni, Ti) and semiconductor materials
(unintentionally doped n-InAs, n*-IngesGags;As) and studied ways for
reducing the contact resistivity p_.

}_7 source drain
‘zz"‘c
/\V\/-
Rﬂl:

substrate

Fig. 2. 6. Schematic of a MOSFET showing the source resistance components.

[II-V compound semiconductors are highly attractive as channel materials
in metal-oxide-semiconductor field-effect-transistors (MOSFETSs) due to
their very high injection velocity [1][2]. In particular, III-V MOSFETSs
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with InAs channels [3][4] as well as InGaAs channels [2][5][6] are being
extensively studied for future high speed low power logic applications.
However, several challenges exist for realizing III-V ‘s superior transport
properties and high drain current performance. One of the most critical
challenges is source/drain (S/D) engineering to achieve low access
resistance which includes the S/D sheet resistance, the metal-semiconductor
contact resistance and the metal sheet resistance [6]. In this project, the aim
is to achieve a low metal-semiconductor contact resistance by developing
Ohmic contacts with metal contacts (Ni, Ti) on semiconductors
(unintentionally doped n-InAs, n*-Ing 63Gag 37AS).

First of all, we need to check whether n-InAs and n*-Ingg3Gag.s7As form
Ohmic contacts on metals. As shown in Fig. 2. 7 (a), since highly doped
Inos3Gaps7AS is used, the depletion width becomes very narrow which in
turn was the result that tunneling is the main current transport mechanism
although the Fermi level is pinned in the band gap and 0.2 eV below the
conduction band [31]. Hence, n*-Ing3Gags7;As forms Ohmic contact on
metals. In addition, since InAs has a narrow band gap of 0.36 eV (the band
gap of Inge3Gap 37As is 0.65 eV), the Fermi level is pinned 0.2 eV above the
conduction band [37] as indicated in Fig. 2. 7 (b). It gives a lower Schottky
barrier height, thus allowing electrons to tunnel across the Schottky barrier
easily with lower effective electron mass m". Narrow band materials give
better Ohmic contacts [38][39]. Thus, unintentionally doped n-InAs also
form Ohmic contact to metals.

InGaAs
(@) (b)

Fig. 2. 7. The metal-semiconductor contacts when using (a) n*-IngssGag 37As: Fermi level
pinned in the band gap. (b) InAs: Fermi level pinned in the conduction band.
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As a contact metal, Ni and Ti are introduced since they are easy to deposit
by thermal evaporation and sputtering. In addition, recent advances have
demonstrated that Ni reacts with InAs and InGaAs with annealing, and
forms stable NilnAs and Ni-InGaAs metallic alloy phases [2][4-6]. As
reported in [16], NilnAs (nikelide) is in thermal equilibrium with InAs.
Also as reported in [2][4], NilnAs and Ni-InGaAs are mono-crystalline and
poly-crystalline, respectively, and they exhibit an abrupt heterointerface.
Therefore, the nickel metallic alloys formed after annealing also have
Ohmic contacts on InAs and InGaAs. Unlike Ni, Ti does not form an alloy
with either InAs or InGaAs, we can compare between alloyed and
nonalloyed Ohmic contacts to InAs and InGaAs with various annealing
temperatures. However, as reported in [19][22-24], Ti starts to diffuse into
a semiconductor layer (unintentionally doped n-InAs or n*-Ing 63Gag 37As in
our case) above a certain annealing temperature which causes In
outdiffusion from the semiconductor into the contact metal stack, so the Ti
contact will exhibit degradation due to the intermixing of Au and In. In
order to improve the thermal stability of the Ti contact, TiW based contacts,
which behaved as an effective diffusion barrier, can be used instead of Ti
[19].

One of the applications of the Ni contacts on the n*-Ing g3Gag 37As that can
be found is a salicide-like metallization for InGaAs MOSFETSs [2][6]. Since
Ni directly reacts with InGaAs, self-aligned Ni-InGaAs metallic contacts
are formed to the S/D regions comprising of n*-InGaAs. In addition, self-
aligned metal S/D n-MOSFETSs using Ni-InGaAs alloy have been reported
[5]. Due to low density of states in S/D regions [40], the reduction of the
S/D resistance is one of the most critical challenges for realizing the full
potential of III-V MOSFETSs. Hence the Ni-InGaAs metallic S/D regions
using the reaction of Ni with n-InGaAs (a channel layer) have been
developed as a potential solution to reduce the resistance of S/D. However,
it suffers from a high off-state drain current since there is no channel-to-
S/D p-n junction.

In the case of Ni contacts on unintentionally doped n-InAs, nickelide has
been utilized as ultrashallow metallic S/D junctions for self-aligned II1-V
nNMOS [4]. Undoped InAs layers act as channels and ultrashallow metallic
NilnAs S/D regions are formed by rapid thermal anneal (RTA) which
shows controllable and atomically abrupt junctions.
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Ti/Pd/Au contacts are used as conventional emitter electrodes on InGaAs
contact layers for InP based HBTs [23]. Ti act as an adhesive and barrier
component and Pd block Au to penetrate into the underlying layers [21]. As
explained above, Ti diffuses into InGaAs at high temperatures and thus can
impair reliability [41]. However, the main purpose of developing Ti
contacts in this project is to compare the contact resistivities of Ti contacts
with that of Ni contacts which are alloyed Ohmic contacts.

Surface preparation plays an important role in determining the contact

resistivity. In order to obtain very low resistivities (< 10™® Qcm?), removal
of semiconductor surface oxides prior to contact deposition is crucial and
the procedures used to remove surface oxides become decisive. Since in
situ contact formation avoids air exposure to the samples after the surface
preparation, it prevents surface oxidation and contamination [10]. On the
other hand, ex situ techniques can cause a reproducible problem since the
control of time between removing surface oxides and metal deposition is
difficult even though ex situ contact formation can give low resistivities. As

reported in [21], a 4.3 - 10" Qcm? contact resistivity to n-InGaAs and
1.7- 10" Qcm? to n-InAs were obtained using in situ Ar* sputter cleaning

prior to deposition of Ti/Pt/Au metal contact stack. Also, p_ =6 - 10 Qem?
to n*-InAs was achieved with Mo contacts by in situ metal deposition. In
the case of ex situ contact formation, with H3PO, solution cleaning prior to
Ti/Pt/Au contact metal deposition by electron beam evaporation, it

provided pc=2-10'8 Qcm? for n-InAs [39]. Adam et al. obtained

7.3 107 Qcm? resistivity Ohmic contacts to n-Ing s3Gag 47As with Ti/Pd/Au
layers, removing surface oxides by UV-ozone treatment and NH,OH prior
to e-beam deposition [19]. In this project, we have used ex situ contact
formation and tried several different surface preparation procedures.

2.3 Transmission line model (TLM) analysis

The performance of metal-semiconductor Ohmic contacts is evaluated by
extracting the specific contact resistivity p. (ohm - cm?) from a
transmission line model (TLM) method. The TLM method was proposed by
Berger [42] who developed a method for obtaining p_ for planar Ohmic

contacts. Fig. 2. 8 shows the cross-sectional circuit model of the metal-
semiconductor contact for the TLM method. The voltage and current
differential equations in the contact region are
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V() = Ipi;](x)dx (2.5)

I(x) = Z—VV(x)dx (2.:6)

c

where W'is the contact width and R, is the semiconductor sheet resistance.
Here the sheet resistances of the layer under the contact and outside the
contact region are assumed to be the same. Combining (2.5) with (2.6), we
get

" R, 2.7
Vo) = 21 @)
P
The general solutions for ¥(x) and (x) are
d — x (2.8)
" B ILTRS cosh LT
(x) - W ] hi
Sin LT
sinhd Z 2 (2.9)
Ix) =1 T
- d
Sin I
OVo 1
metal é % é Pe é % é
E\N\f‘ TATATL ? TATATA TATATA .,‘V\(‘—‘r
. r, € R,
semiconductor I
L 0 d
X —>

Fig. 2. 8. Circuit diagram of the metal-semiconductor contact for the TLM method.
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where d is the contact length, 7is the current flowing into the contact and
Ly is the transfer length over which the voltage drops by 1/e along the
contact. Then the contact resistance R, at x = 0 is given by

0) PR " d (2.10)
R.= m Ty cot (L—T)

With the usual assumption of an electrically long contact d > Ly, for which
coth(Li) ~ 1, (2.10) becomes
T

and therefore

W?R .2 (2.12)
~ %

Pe

The total measured resistance Ry between two contacts separated by a gap,

Lygqp, 1s given by
oo P R (213)
T WLy oW

and Ry can be plotted as a function of different pad spacings as shown in
Fig. 2. 9. From the intersection of the y-axis,

_ P (2.14)
WL,

R,

Therefore, from (2.11) and (2.14),
p, =Ry Ly (2.15)

Then the transfer length L is then given by
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(2.16)

S

L= |=<

which also can be measured from the intersection of the x-axis for Ry =0
(= —2Ly) as shown in Fig. 2. 9. In addition, R, is found from the slope

(= R/W).

)
g
a4
g
= slope=R/W .-
z Lo
3 -7
=4 e -
-’.#f
2R, W
2Ly Pad spacing, Lg,, (nm)

Fig. 2. 9. Plot of total resistance (R;) as a function of L.
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CHAPTER 3

3 Method

3.1 Contact metal by thermal evaporation

For deposition of metal contacts, thermal evaporation and sputtering
methods were used. In this section, the experimental details of thermal
evaporation are presented.

First of all, the substrate was cleaned in a beaker with isopropanol (IPA)
and ultra sonic, which made cleaning more effective, for 15 min. We used
two different substrates; one was 50 nm undoped, but unintentionally doped

n-InAs layers, with a carrier concentration of 5 - 10'® ¢m™, grown on Si

wafers using a 250 nm highly doped InAs buffer (3 - 10" ¢m™) and the
other was 20 nm highly doped Inge3Gags7As layers grown on semi-
insulating InP wafers with 100 nm Ing53Gag47As buffer. Note that three
different doping concentrations of Sn were used and the contact resistivity
will be compared depending on the doping condition. After cleaning in an
ultrasonic bath, the substrate was rinsed with IPA from a bottle and put in a
new beaker with IPA. Then cleaning the substrate was finished after
blowing N, gas to dry.

Next, photolithography was done before metal deposition to define the
contact patterns. The sample was prebaked at 200 °C for 5 min, spin-coated
LOR 3A at 3000 rpm for 45 s and soft baked at 160 °C for 3 min, and spin-
coated S1813 at 4000 rpm for 60 s and soft baked at 115 °C for 90 s. After
that, exposure of soft UV light and development of the exposed resist was
done for two different purposes; the first exposure was done for removing
the resist at the edges of the substrate which enhanced the resolution of the
contact patterns since the resist thickness at parts close to the edges is
usually thicker than the central, and the second exposure was for
determining the contact patterns. The edge exposure was done by soft UV
exposure for 8 s with soft-contact between the substrate and mask, and
development of the exposed resist using MF 319 for 30 s. The contact
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exposure was done in a similar way; soft UV exposure for 4 s with vacuum-
contact, and development for 1 min. Before proceeding to the next step, the
sample was rinsed with water for 1 min and inspected with an optical
microscope in order to check that the contact patterns were well defined.

The next step is the deposition of the contact metal layers using thermal
evaporation. Since a lift-off technique is used after evaporation, the resist
layers were hard baked at 120 °C for 15 min in order to harden the resist to
ensure that the pattern shape would not be deformed. To minimize the
contact resistivity, the native oxide on the substrate surface was removed
using either oxygen plasma ashing for 15 s or UV-generated ozone for 1
min, and then treated with 1:1 HCI:DI water for 30 s. As reported in [43],
UV-ozone treatment not only oxidizes defective surface layers which can
be easily removed by subsequent wet etching. But also, it results in a
stoichiometric composition at the semiconductor surface after UV-ozone
oxidation and oxide removal. After that, the sample was put into the
thermal evaporation chamber, a step in which minimizing the time of the air
exposure of the sample is important to get less native oxides on the surface
of the samples. Ni (6 nm) / Pd (15 nm) / Au (200 nm) or Ti (6 nm) / Pd (15
nm) / Au (200 nm) were evaporated, where Au was used to make the
measurement easier since it is very conductive and Pd to prevent the
diffusion of Au into the Ni or Ti contacts. We have decided the thickness of
the contact metal needs to be 6 nm as reported in [4]. A schematic picture
of the sample with the evaporated metal layers is shown in Fig. 3. 1 (a).
After the metal evaporation, the resist layers were removed by the lift-off
process in which the sample was put in a remover 1165 at 70 °C in an
ultrasonic bath for about 8 min. Fig. 3. 1 (b) illustrates the sample after the
lift-off process.

= =

substrate substrate

(a) (b)
Fig. 3. 1. (a) The substrate after thermal evaporation of the contact metal layers (red — Ni
or Ti, blue — Pd, yellow — Au). (b) After the lift-off process.
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substrate substrate

(@) (b)

Fig. 3. 2. (a) The substrate with the mesa patterns by photolithography when using
negative resist (ma-N2403). (b) The sample after a wet etching with 1:1:25 H3PO,:
H,0,:DI water. The grey and light brown parts in the substrate correspond to the Si or InP
layer and the InAs or InGaAs, respectively.

The TLM structures were then isolated by developing mesa structures. In
order for that, photolithography was used to pattern the mesa structures.
One can use either a positive or a negative resist for this step and Fig. 3. 2
(a) shows the case with the negative resist of ma-N 2403 using deep-UV
light exposure for 1 min and 30 s and ma-D 332 developer for 45 s. If one
instead uses a positive resist such as S1813, soft UV exposure and MF 319
developer are needed. Note that as we eliminated resist at the edges first
when the contacts were developed, the same procedures were used for the
mesa structures; exposure of the edges, development of them and exposure
of the mesa structures. Consequently, we proceeded with a wet etching with
1:1:25 H3PO4: H,0,:DI water (3 min for InAs and 90 s for InGaAs). After
that, the resist was removed rinsing with acetone and one can find the final
sample as illustrated in Fig. 3. 2 (b) where the isolation etching step is
finished.

The final step is to anneal the sample by rapid thermal anneal (RTA) to
make the contact metals (Ni and Ti) react with the substrate (InAs and
InGaAs) and thus form a stable “nickelide” metallic phase in the case of Ni
contacts [4]. As reported [4], the InAs with the Ni contacts was treated by
RTA in N, ambient for 1 min at various temperature. Since the lowest R
was measured at 350 °C where the monocrystalline NilnAs was found, we
also decided to anneal the sample at 350 °C for 1 min [4]. In the case of the
InGaAs substrates with the Ni contacts, a Ni-InGaAs metallic alloy is found
at a low temperature of 250 °C with RTA for 1 min [2][5]. In addition, a
formed Ni-InGaAs is thermally stable between 350 and 450 °C when it was
RTA for 5 min [6]. Thus, the sheet resistance and the contact resistivity of
the Ni contacts on the InAs and InGaAs substrates were evaluated with
RTA in N, ambient at 150 — 400 °C for 1 min. The same RTA conditions
were used for the Ti contacts on the InAs and InGaAs substrates.
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In order to measure the resistance of the annealed samples, a probe station —
Cascade 11000 B which is located at Lund nano lab of the nanometer
structure consortium [44] — was used. While the current was applied
ascending from - 10 to 10 mA, the potential drops were measured for
several different gap spacings. In the case of the first TLM structure design,
there were seven different gaps ascending from 10 to 70 wm increasing by
10 um, and the width at a constant 20 um. On the other hand, in the case of
the redesigned TLM structure, three widths of 10, 20 and 30 wm were used,
and for each width, there were twelve gaps; 1, 2, 3, 4, 5, 6, 8, 10, 15, 20, 25
and 30 um.

To obtain a more precise contact resistivity, we had to measure the actual
widths and gaps after all processing steps were finished. This is because the
patterned structures on the substrate are almost always different from the
designed structures on the mask mainly due to the limited resolution of
lithography. First, for the measurement of the widths and gaps, an optical
microscope — Axio Imager M1m Zeiss [44] was utilized. However, a 100 x
magnification is the maximum which is insufficient during the
measurement of the gaps, especially for the redesigned structures since the
gap spacing becomes smaller than 10 um which goes down to 1 um. In
order to improve the resolution, we used a scanning electron microscope —
FEI Nova NanoLab 600 which produces images magnified over 2500 KX
[44]. The distances were measured with built-in software right after
obtaining images with the SEM as presented in Fig. 3. 3. We measured
several gap distances and then averaged them out. It should give a
reasonably close value to the actual gap spacing which in turn would help
to extract a more accurate contact resistivity. However, it is still not enough
to obtain an accurate gap distance using this method even if one measures
more distances than shown in Fig. 3. 3. This is because the points at the
corners of the gap show round shapes, instead of being at right angle, where
the distances are bigger than them at the middle, straight parts at which we
find the most desirable and closest distance to the structures on the mask.
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Fig. 3. 3. SEM image of the gap of 2 um with the width of 32 xm — measuring the gap
distance while taking an image with the SEM.

In order to get a more accurate measurement of the gap distance, the final
method we used was a numerical integration. Specifically we used the
Matlab program [45] to get a measure of the gap distances along the width.
The gap was measured on the SEM image at more than 20 different places
within the width. The integral for the resulting curve was given by the
Matlab program, and the integral was then divided by the width, to yield a
good estimate of the gap distance, see Fig. 3. 4. This method requires more
time to measure the distances, especially at around the corners, but would
be the optimal way of obtaining the gap distance with a higher accuracy
than the other methods mentioned above. Note that one does not have to
take many points at the middle parts since they do not vary much, but
increasing the number of data points at the corners increases the accuracy
of this method.
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Fig. 3. 4. The same SEM image as shown in Fig. 3. 3, but showing another method of
measuring the gap distance on the SEM image with the Matlab program.

3.2 Contact metal by sputtering

As another way of depositing of metal contacts, sputtering was used to
deposit Ni and Ti on unintentionally doped n-InAs and n*-InGaAs
substrates. The lift-off process has a clear advantage of an easy processing,
but it does not always give the sharpest shape of the structures. Also, our
lift-off process was incompatible with sulfur passivation (see later in
section 4.1.1.2), so we would like to compare the contact resistivity
between sputtering and thermal evaporation. In addition, sputtering allows
an in situ Ar* cleaning of the sample and deposition of metal contacts in the
sputtering chamber. As explained in the theory section, the contact
resistivity is strongly dependent on surface preparation. Thus, sputtering
would improve the contact resistivity. In this section, the experimental
details of sputtering are presented.

When developing the metal contacts by thermal evaporation, the structures

were patterned by lithography and then the metal layers were deposited. On
the other hand, for the sputtering method, deposition of the contact metal

24



should be done first instead. Before starting the deposition process, the
substrate should first be cleaned the same way as done before the
lithography step at section 3. 1. The substrate was cleaned in a beaker with
isopropanol (IPA) and ultra sonic, for 15 min. After that, the substrate was
rinsed with IPA from a bottle and put into a new beaker with IPA, and then
dried with N, gas.

As mentioned in section 3. 1, before loading the sample into a sputter
chamber, the native oxide on the substrate surface was removed using
oxygen plasma ashing for 15 s or UV-ozone oxidation for 1 min, and then
treated with 1:1 HCI:DI for 30 s. After that, the sample was immediately
loaded into the sputter chamber and Ni (6 nm) / W (60 nm) / Au (200 nm)
or Ti (6 nm) / W (60 nm) / Au (200 nm) were deposited on the
semiconductor surface as shown in Fig. 3. 5 (a). Next, lithography was
followed. In contrast to the lift-off process, only one layer of photo resist
(S1813 or ma-N2403) was spin coated and the subsequent UV exposure of
the edges and structures and the development of them were followed as
illustrated in Fig. 3. 5 (b). Soft-baking the sample at 120 °C for 15 min
hardened the patterned resist and ensured that the resist could act as an etch
mask for a next etching process.

Prior to the etching of the metal layers, the unnecessary resist, which might
still exist at undesired points, was removed using oxygen plasma for 30 s.
After that, Au was etched by stirring it in a beaker with 1:2:17 KI:I,:DI
water for 1 min and the sample was rinsed with water for 15 s. Note that
one needs to check thoroughly if the Au had been totally etched away with
the optical microscope; otherwise W cannot be properly etched at the next
step due to the blockade of the Au layer. A gold-etchant is very aggressive,
so it can easily result in over-etching of Au, so repeated short dipping of the
sample followed by optical microscope inspection is required.

51513 1

substrate substrate

(@) (b)

Fig. 3. 5. (a) The substrate after sputtering the contact metals (red — Ni or Pd, blue — W,
yellow — Au). (b) The sample after the lithography process when positive resist (51813)
was used.
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After the Au etching, W was removed with a reactive ion etching system —
Trion T2 [44] using mixture gases of Ar and SFg for 45 s. Following the W
dry etching, the resist which had acted as the etch mask were removed by
oxygen plasma for 1 min and rinsed with acetone for 1 min. Finally Ni or Ti
was etched. For Ni etching, we used H,SO4:HNO3;:CH3COOH:DI water =
1:2.5:2.5:15 for 3 min. Note that this Ni etchant also etched the InAs and
InGaAs substrates, so we added more DI water, up to the ratio presented
above, to dilute the etchant so that we had more control over the Ni etching
without etching the substrate too much. For Ti, the sample was dipped in a
beaker with 1:10 HF:DI water for 30 s and then rinsed with water for 30 s.

All this was followed by mesa structure development and annealing steps,
exactly as before, so we will skip the experimental details of them.

3.3 TLM structure design

In order to determine the accurate contact resistivity using a plot shown in
Fig. 2. 9, it is important to have a well-designed TLM structure. For the
first test, the structures shown in Fig. 3. 6 were used to find the contact
resistivity. The resistance is determined by a four point probe measurement
in which the current drives from I,,,.. to the other one while the potential
drop is measured at each V... With four point probe measurement, the
parasitic resistances, which include probe resistance as well as probe
contact resistance, are excluded during the measurement. However, in these
test structures, the measured resistance still contains the extra resistance due
to the contact metal. The metal resistance component can be removed by
measuring the potential drop at the contact edges as indicated in Fig. 3. 7,
but in the first test structures, the potential drop was measured quite far
from points close to the edges, so an error can arise when extracting the
contact resistivity [10].
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Fig. 3. 6. SEM image of the previous TLM structures.
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Fig. 3. 7. Schematic picture of four point probe measurement.
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In addition, the big difference in width between the contact and mesa
causes errors in the p  calculation as the current spreads [10] when it flows
in the semiconductor as shown in Fig. 3. 8. This is because of the error in
design of mesa and contact patterns. Thus, the TLM structures were
redesigned in order to exclude any component of metal resistance as well as
to avoid current distribution [10].

For the new structure, shown in Fig. 3. 9, the potential drop is measured at
the contact edges to minimize the metal resistance as mentioned above with
Fig. 3. 7. In addition, we designed the mesa to have a width exactly the
same as the contact width in order to prevent current spreading. To
minimize the difference in width between the contact and mesa, the mesa
widths were designed with three different widths; one the same as the
contact width and the others in a range of + 2 um to the contact width. This
is because the mesa width may not be developed as designed due to a
limited resolution during lithography. This increases the likelihood of
getting a mesa width fitting the contact width perfectly. Fig. 3. 10 shows
the entire structures and the contact widths are set to be 10, 20 and 30 um
while L,,, increases from 1 to 30 um.

WD ‘ HV ‘HFW mag | tilt —1 1 | |11 R—

*15.0 mm [10.00 kV| 128 um |2 001 x| 0 Lund Nano Lab

Fig. 3. 8. SEM image which shows the metal contact and the mesa of the first test TLM
structure.
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(a) (b)

Fig. 3. 9. SEM image of the re-designed TLM structures, showing (a) one structure and (b)
zoom-in gap area used in this work.

HV HFW |mag| tilt | 1mm
4.9 mm |10.00 kV{3.20 mm|80x[0 ° Lund Nano Lab

Fig. 3. 10. SEM image of the entire re-designed TLM structures.
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CHAPTER 4

4 Results and discussion

In this section, the contact resistivities obtained for nickel (Ni) and titanium
(Ti) contacts made to the unintentionally doped n-InAs and n'-
Ing 63Gao 37ASs are discussed.

4.1 The InAs substrate

We will first consider the results for Ni contacts, and then move on to the
Ti contacts to n-InAs.

4.1.1 Ni contacts

4.1.1.1 Previous mask

As in the first fabrication of TLM structures, we extracted the contact
resistivity using the previous mask. Ni contacts were deposited by thermal
evaporation on 50 nm n-InAs layers grown on Si wafers using a 250 nm
highly doped InAs buffer. Fig. 4. 1 shows the contact resistivity as a
function of annealing temperatures from 100 to 350 °C with 1 min of
annealing time. One can also find the specific resistivity values as well as
the sheet resistance and transfer length in table 4. 1. When looking at Fig. 4.
1, p, has the lowest value at 200 °C and starts to degrade when the
temperature rises towards 300 °C. However, it drops again at 350 °C which
make it hard to trust the data, as we expect to see that once p,_ attains its
lowest value at a certain temperature, it increases as the temperature rises.
In addition, the final structure as shown in Fig. 3. 8 can induce errors when
extracting p_ due to the current spreading. Furthermore, since R; indicates
the sheet resistance of the semiconductor layer, it should provide a constant
value, but it shows the changing sheet resistances. That is inevitable due to
the design problem of the mesa structures even though one tries to align the
contact and mesa structures perfectly. However, all the extracted L, shown
in table 4. 1, are larger than twice the InAs thickness (300 nm). Thus the
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one-dimensional current flow approximation used for resistance analysis is
valid [46].

S S AV IOD-TUS U AU NS
: : L S ‘ ;
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1 1 1 1 1 1
0 50 100 150 200 250 300 350
RTA Temperature (°C)

Fig. 4. 1. The evaporated Ni contact resistivity as a function of RTA temperature from the
TLM structures of the previous mask.

TABLE 4. 1. THE SHEET RESISTANCE R, CONTACT RESISTIVITY AND TRANSFER LENGTH Ly
AT VARIOUS ANNEALING TEMPERATURES.

Temp. (C) Rs (2) pe (2cm?) Lt (m)
25 10.14 1.13 1107 | 1.06-10°
100 9.39 1.71-107 | 1.35-10°
150 9.42 1.10- 107 | 1.08-10°
200 10.20 4.04-10% | 6.29-107
250 9.60 1.34-107 | 1.30-10°
300 8.92 137-107 | 1.23-10°
350 9.70 7.07-10% | 8.46-107

In order to determine if the reason why the data does not seem trustworthy
can be due to the mask, we decided to extract p, with another structure
which was also on the previous mask as shown in Fig. 4. 2 (a) on the right
side referring as a pattern 2. The structures of pattern 2 have the same gap
spacing as pattern 1 which is on the left side, but the width is 103 um, as
shown in Fig. 4. 2 (b), which is much bigger than the 15 um of pattern 1.
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Fig. 4. 3 shows p_ extracted from both patterns on the previous mask. It is
still hard to find the temperature dependency of p_ for pattern 2 as the
pattern 1. Since the gap width is way too wide, we do not expect to get a
better p. from pattern 2, but it gives a lower p_ at every annealing

temperature which may be due to less current spreading. In other words,
new structures on which the mesa widths will fit the contact widths were
needed to avoid errors due to current spreading.

57| WD ‘ HV | HFW | mag | tilt 500 ym 2| WD HV | HFW |mag | tilt [—Ts T
*5.0 mm [10.00 kV|1.71 mm|150 x| O Lund Nano Lab *5.0 mm |10.00 kV| 329 um | 778 x, 0 Lund Nano Lab

Fig. 4. 2. (a) An overview of the entire structures on the previous mask. (b) The zoomed-in
structures of pattern 2.
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Fig. 4. 3. The comparison of p _between pattern 1 and 2.
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4.1.1.2 Surface preparation

Before making the new mask, we investigated the effect of different
surface preparation before the metal deposition. Since the contact
resistivity can deteriorate in the presence of native oxide, it is crucial that
the native oxide can be removed effectively from the surface before metal
deposition. As the first attempt, we removed the native oxide using
oxygen plasma ashing for 15 s and then treated the sample with 1:1
HCI:DI water for 30 s. As an alternative to oxygen plasma ashing, we
chose UV-ozone oxidation for 1 min and oxide removal with 1:1 HCI:DI
water for 30 s. Fig. 4. 4 compares p_ between oxygen plasma and UV-
ozone treatment before contact deposition. The UV-ozone oxidation
improves the contact resistivity all over the annealing temperatures by

7.0 - 10" Qcm? at maximum and 9.0 - 10! Qcm? at minimum. Thus we
decided to utilize UV-o0zone oxidation and oxide removal with 1:1 HCI:DI
water as the surface preparation. Vibhor et al. reported the effect of UV-
ozone oxidation. With UV-ozone and diluted HCI, p of TiW contacts to

n-InGaAs decreased by 1.2 - 10 Qcm? compared to oxide removal with
concentrated NH,OH etch without UV-ozone [20].
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Fig. 4. 4. Comparison of the contact resistivity between O, and O3 treatment before the
metal deposition by thermal evaporation.
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Since UV-ozone treatment gives a better surface condition, we also tried
to find another method for surface oxide removal, instead of 1:1 HCI:DI
water, which could improve the contact resistivity even more with UV-
ozone. We used two different ways; the first was dipping in a beaker with
10 % (NHy),S for 10 min and rinsing with water for 15 s, and the second
was an immersion in ammonium hydroxide (NH,OH, 20.5 normality) for
15 s and drying with N, gas. However, both methods destroyed the
patterned resist completely, so it was impossible to proceed to the next
step. These two methods are incompatible with the lift-off process, so we
should investigate the effect of these methods when studying sputtered
metal contacts. Thus we conclude that when depositing the metal contacts
by thermal evaporation, the surface should be treated with UV-ozone
oxidation and removal of oxides with 1:1 HCI:DI water to obtain a good
surface condition.

4.1.1.3 Re-designed mask

Fig. 3. 10 shows the newly designed mask and the zoomed-in structures can
be seen in Fig. 3. 9. As mentioned in the method section, there are three
different widths; 10, 20 and 30 um, and twelve gaps; 1, 2, 3, 4, 5, 6, 8, 10,
15, 20, 25 and 30 um. As shown in Fig. 4. 5, the structure with the 1 and/or
2 um gap distance is not often patterned properly due to the limited
resolution of UV lithography. Although it was successfully developed, it
was usually about 1 or 2 um wider than it should have been, but we still had
enough narrow gaps which could contribute to a higher accuracy when
extracting the contact resistivity. In addition, when extracting p . from three
different widths, we found that p . from the wider widths of both 20 and 30
wm had values close to each other. On the other hand, p_ from the narrower
widths of 10 um tended to have the values which were rather far from them.
This is because the structures with the narrower widths have much more
irregular shapes as shown in Fig. 4. 6, so it makes p _extraction less reliable.
Thus we only measured the resistance on the structures with the widths of
20 and 30 um and averaged the values from them.
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Fig. 4. 5. The TLM structures from the re-designed mask showing the gap of (a) 1 um and
(b) 5 wm with the width of 30 wm.
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Fig. 4. 6. Comparison between the widths of between (a) 10 wm and (b) 30 wm with the gap
spacing of 15 um.

The averaged p_ of the evaporated Ni contacts fabricated by the re-designed
mask are shown in Fig. 4. 7. As one can see in table 4. 2, the contact
resistivity has a lowest value of 1.92 - 10™® Qcm? at 150 °C which is lower

than that from the previous mask, 4.04 - 10 Qcm? at 200 °C. However, the
difference between the data is about an order of magnitude which was
caused by a gap measurement error when using the optical microscope.
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Fig. 4. 7. The contact resistivity of Ni contacts as a function of RTA temperature from the
TLM structures of the re-designed mask.

TABLE 4. 2. THE SHEET RESISTANCE AND AVERAGE CONTACT RESISTIVITY OF NI CONTACTS

AS WELL AS ITS MINIMUM AND MAXIMUM VALUES FROM THE RE-DESIGNED MASK.

Temp. (C) | Rs(R2) | pc(2cm?) Min Max
25 7.33 291-10% | 832-10° | 5.29-10°
150 7.19 1.92-10% | 478-10° | 2.82-10®
200 7.95 734-10° | 2.54-10% | 1.42-107
250 8.03 6.85-10% | 1.94-10° | 1.10-107
350 9.00 9.23-10% | 5.19-10% | 1.33-107

Thus, we recalculated all data with another method which measured gap
distance on the SEM image with a Matlab program as explained in Fig. 3. 4.
Fig. 4. 8 and table 4. 3 show the recalculated data. The recalculated lowest

p, of evaporated Ni/Pd/Au contacts is 3.22 - 10™ Qcm? which is higher than

before, but this value is much more trustworthy since the contact resistivity
measured from two different widths are almost identical. In addition, Fig. 4.
9 shows TLM pattern resistance as a function of contact separation for Ni
contacts to unintentionally doped n-InAs annealed at 150 °C and from a
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linear regression to the data, the extracted Lt (~1.2 - 10 m) is far larger
than twice of InAs thickness (300 nm), so the one-dimensional current flow
approximation used to resistance analysis is valid [46]. Therefore, we
conclude that a 150 °C annealing for 1 min decreases the contact resistivity

of Ni/Pd/Au contacts from 4.33 - 10 to 3.22 - 10™® Qcm? and the best
contact resistivity of evaporated Ni contact on unintentionally doped n-InAs

is3.22 - 107 Qem? at 150 °C.

p (Slcmz)

i i i i i i i
0 50 100 150 200 250 300 350
RTA Temperature (°C)

Fig. 4. 8. The contact resistivity of Ni contacts as a function of RTA temperature from the
TLM structures of the re-designed mask with a SEM gap measurement.

TABLE 4. 3. THE SHEET RESISTANCE AND AVERAGE CONTACT RESISTIVITY OF NI CONTACTS
AS WELL AS ITS MINIMUM AND MAXIMUM VALUES FROM THE RE-DESIGNED MASK WITH THE
MEASUREMENT OF GAP DISTANCES WITH THE MATLAB PROGRAM.

Temp. (C) | Rs(2) | pc(R2cm?) Min Max
25 752 | 433-10° | 4.04-10° | 4.61-1078
150 7.38 | 322-10% | 3.05-10° | 3.44-107
200 754 | 242-107 | 2.35-107 | 2.49-107
250 775 | 2.56-107 | 2.48-107 | 2.64-107
350 791 | 271107 | 2.66-107 | 2.76- 107
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Fig. 4. 9. TLM pattern resistance as a function of contact separation (3-30 um) for the
Ni/Pd/Au contacts to InAs annealed at 150 °C with the linear regression of the data. The
TLM pattern width was 30 um. The inset shows the zoomed-in of the smallest spacing.

4.1.1.4 Sputtering

As another method for depositing the metal contacts, we sputtered Ni on the
InAs substrate. 6 nm of Ni was etched H,SO4:HNO3;:CH3;COOH:DI water =
1:2.5:2.5:15 for 3 min with an etch rate of 0.33 nm/sec. In order to use this
Ni etchant, we had to determine the etch rate first since we had no previous
information about that. 80 nm of Ni was blanket deposited on the InAs
substrate and completely etched away after 10 min with the Ni etchant
which yielded an etch rate of 0.13 nm/sec. Thus, in order to etch 6 nm of Ni,
the Ni should be etched for 46 s at least. In addition, the surface of the InAs
substrate was clean after 10 min of etching, which proved that it did not
etch the substrate very aggressively.

For the actual etching of 6nm of Ni, we decided to etch longer than 46 s
since we wanted to make sure there would be no Ni left. In addition, since
the Ni etchant do not etch the InAs substrate very quickly, we could safely
etch longer. Thus, we etched the Ni layer for 3 min and while etching, we
constantly checked with the optical microscope if the Ni had been etched
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properly and the surface was clean. After that, the isolation processing
followed.

Fig. 4. 10 shows the SEM images of the final sample. The sample has
irregular shapes along the edges of the structures, shown in Fig. 4. 10 (a),
and also at around the gap area; it is obvious that the thickness of the InAs
is not uniform, as shown in Fig. 4. 10 (b). First, we concluded that the mesa
isolation step did not work very well. This is because the InAs substrate
might be etched somewhat during the Ni etching, so the ordinary mesa
etching caused over-etching. Therefore we decided to do the isolation
process first and sputtered the metal layers afterwards. Apart from the gap
problem, we also decided to investigate the cross-section of the structures
where the irregular shapes appeared using focused ion beam (FIB) as well
as SEM.
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Fig. 4. 10. (a) SEM image of the sputtered Ni contacts on a sample without annealing. (b)
Zoomed-in image of the gap area.
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Fig. 4. 11. (a) Optical image of the sample after the Ni/W/Au sputtering. (b) The surface
after the Ni layer was etched away.

First of all, the mesa structures were defined and then the metal layers were
sputtered. As shown in Fig. 4. 11 (a), the metal layers look fine around the
TLM structure area, but they were crumbled on the Si area where the InAs
was etched away. As a dummy sample, we also evaporated Ni/W/Au on the
bare Si wafer where the same problem arose. Hence, we can conclude Ni
has a bad adhesion to the Si surface and the sputtered metal layers only
adhere around the TLM structures. Since the structures looked reasonable
clean, we tried to etch the metal layers and the sample after Ni etching,
which was the final etching step, the result is shown in Fig. 4. 11 (b). Since
the height of each metal layer on the Si area was not constant, the metal
layers were not etched uniformly. Especially, W and Ni were very hard to
remove, and shows up as black clogs in Fig. 4. 11 (b). W was dry etched
several extra times in order to make sure there were no W residue before Ni
etching, but the black clogs were impossible to remove even after etching
for twice as long in the Ni etchant. We conjectured that the black clogs
were Ni and W that got tangled with each other. It could happen during
developing in MF 319 since the non-uniform metal layers started to appear
during the development of the resist for the first time, which was due to
strain releasing in liquid. Thus, the Ni etchant could not etch the Ni/W
clogs and there were a lot of Ni/W clogs attached to the TLM structures
making further resistance measurement meaningless. Also, we found that
defining the mesa structures first cannot be a solution for the non-uniform
gap area.
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Fig. 4. 12. The optical microscopy image of the sample on which the FIB milling was done.

At the same time, we also investigated the cross-section of the TLM
structures in order to by simultaneous ion beam cross-sectioning and
electron beam viewing, using FEI Nova NanoLab 600 [44]. Fig. 4. 12
presents an optical microscopy image of the sample on which FIB milling
was done. The right part of the structures only shows the irregular shapes
along the edges unlike the left part, so we milled the left (marked (a)) and
right parts (marked (b) and (c)) and compared them.

Fig. 4. 13 shows the position marked (a) in Fig. 4. 12. The thickness of the
InAs substrate in the gap area looks uniform unlike what we discussed
above, so the mesa processing actually did work well and the Ni etchant did
not etch the InAs substrate. But some W residues were found near the Ni
contact. In addition, there is a slight gap between the metal layers and the
InAs substrate. It was probably caused during the Ni etching which means
that since the Ni etching time was longer than needed, the Ni was over
etched.

It is more obvious that the Ni was over etched when looking at Fig. 4. 14.
Since it was over etched, the etchant went under the Ni layer and etched Ni
unintentionally, and the metal layers were lifted up when milling by
focused ion beam. Thus, on the right part of the structures, marked (b) and
(c) as shown in Fig. 4. 12 and 14, the irregular shapes along the edges turn
out to be because the Ni was over etched.
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Fig. 4. 13. SEM image of (a) part of Fig. 4. 12.

We do not have a measurement result on the sputtered Ni contacts due to
the lack of time, but if one reduces the Ni etching time to around 1 min or
even less, we expect that one can fabricate the TLM structures with the
sputtered Ni contacts without the Ni over-etching. Also, if Ni contacts by
sputtering can be developed later, it would be interesting to see the effect of
in situ Ar* sputter cleaning since in situ surface treatment prevents surface
oxidation without exposing the samples to air. In addition, the effect of 10 %
(NH,)2S as well as NH4,OH can be studied further.

WD HV HFW‘ mag | tilt | | e—4 | |11 R— § ‘ WD HV HFW mag tit | ——a4pm—

'152mm 10.00 kV|6.40 upm| 20 000 x | 52 ° Lund Nano Lab 5.2 mm [10.00 kV[10.7 ym| 24 000 x | 52 ° Lund Nano Lab

(@) (b)

Fig. 4. 14. (a) SEM image of the area marked (b) in Fig. 4. 12. (b) The position marked (c)
in Fig. 4. 12.
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4.1.1.5 Ti contacts

We have developed Ti contacts on unintentionally doped n-InAs by
sputtering since a recipe for etching Ti has been used commonly using 1:10
HF:DI water. Fig. 4. 15 shows the contact resistivity of Ti contacts as a
function of annealing temperature for InAs samples. Also the specific
values of R, and p_ are found in table 4. 4. p_is almost constant showing a

small degradation up to 250 °C, and it exhibits a decrease from 5.95 - 10

t0 4.02 - 10" Qem? at 300 °C. Thus we do not observe a degradation of Ti
contacts up to 300 °C due to the intermixing of In and Au as explained in
the theory section. TLM pattern resistance as a function of contact spacing
for the Ti contacts to InAs annealed at 300 °C is shown in Fig. 4. 16, and

the extracted Lt (~ 1.3 - 10° m) is larger than twice of InAs thickness.
Thus the one-dimensional current flow approximation is appropriate [46].
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Fig. 4. 15. The contact resistivity of sputtered Ti contacts to InAs as a function of RTA
temperature.
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TABLE 4. 4. THE SHEET RESISTANCE AND AVERAGE CONTACT RESISTIVITY OF TI CONTACTS
TO INAS AS WELL AS ITS MINIMUM AND MAXIMUM VALUES.

Temp. (C)| Rs(Q) | pc(2cm?) Min Max
25 8.38 | 498-10° | 420-10% | 5.77-10®
200 8.44 | 5.48-10° | 491-10® | 6.05-10®
250 8.01 | 595-10% | 5.72-10® | 6.18-10®
300 8.43 | 4.02-10% | 4.02-10° | 4.02-10%

Stareev et al. reported ap_ of 1.7 10 Qem? of Ti/PY/Au contact metal to
n-InAs using in situ Ar* sputter cleaning prior to metal deposition [21]. It

exhibited lower p_ than we obtained (3.22- 10® Qcm?) which may be

attributed to in situ Ar” cleaning as well as highly doped InAs. Hence we
expect that in situ Ar® sputter cleaning prior to metal deposition would
improve the contact resistivity in our case. In addition, Shiraishi et al.

obtained p, =2 - 10 Qem? for Ti contacts to n-InAs with HsPO, solution
cleaning prior to metal deposition by e-beam evaporation [39]. It also
showed lower p_ than we observed which appeared to be due to a high

active carrier concentration (2 - 10" ¢m™) and the different oxide removal
procedure.

To conclude, the lowest p of Ti contacts deposited by sputtering is

somewhat higher than that of Ni contacts (3.22 - 10 Qcm?) by thermal
evaporation, but they are comparable.
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Fig. 4. 16. : TLM pattern resistance as a function of contact separation (3-30 um) for the
Ti/W/Au contacts on InAs annealed at 300 °C with the linear regression to the data. The
TLM pattern width was 30 wm. The inset shows the zoomed-in of the small separations.

4.2 The InGaAs substrate
This section deals with Ni and Ti contacts on the InGaAs substrates.

4.2.1 Ni contacts

In this section, we will discuss the contact resistivity of the Ni contacts
extracted from the TLM structures fabricated on the InGaAs substrate
which consisted of a 20 nm doped Ing3Gags7As layer grown on an InP
wafer with a 120 nm Ings3Gag47As buffer. In addition, three different
InGaAs substrates with three different doping concentrations of Sn were
used. Table 4. 5 shows the flow rate for Sn used when the Inge3Gag37As
layer was grown on the InP, and its correspondent carrier concentrations (n).
Note that a Sn flow of 220 sccm gives the highest n and the carrier
concentration decreases as the Sn flow increases to 300 sccm. This is
because if the doping level becomes too high, the Sn-atoms start to form
cluster instead of being discrete dopant atoms, which gives rise to a lower
doping level even if the amount of Sn in the InGaAs is higher.
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TABLE 4. 5. THE FLOW RATE OF SN AND ITS CORRESPONDENT CARRIER CONCENTRATION.

Sn flow rate | Carrier concentration n (cm™)
100 sccm 2-10"
220 sccm 5-10"
300 sccm 310"

We evaporated Ni/Pd/Au on the InGaAs substrate the same way as done for
the InAs substrate. However, we faced a new problem during the lift-off
process. As shown in Fig. 4. 17 (a), the Au layer, presented in yellow, is
removed partly and it also looks like Ni/Pd layers still remain on the surface
since the structures are shown with the traces, presented in grey, of the
metal layers. It happened several times on the InGaAs substrate with any
doping concentration. It can happen if the thickness of the LOR layer is
comparable to that of the metal layers (Ni/Pd/Au), the Au layer, as the top
layer, can be continuous film, so it can be removed with the bi-layer of
S1813 and LOR 3A at the same time. Although we are still not sure why
the thickness of LOR 3A became thinner on the InGaAs substrate even
though all parameters (spin speed, spin time etc) were exactly the same as
for the InAs substrate, we changed the bottom layer from LOR 3A to LOR
10A which forms a thicker layer with faster developing rate. LOR 10 A
with spin speed of 6000 rpm gives a thickness of 10000 A4 approximately,
compared to LOR 3A which forms 4000 A at spin speed of 3000 rpm [47].
As shown in Fig. 4. 17 (b), the TLM structures are defined well and without
the problem during the lift-off process when using LOR 10A instead of
LOR 3A since LOR 10A ensures discontinuous metal film deposition. Thus,
we had used LOR 10A as a bottom of the bi-layer when developing Ni and
Ti contacts through lift-off on the InGaAs substrates.
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Fig. 4. 17. (a) Optical microscopy image of the sample after lift-off in the case of using
LOR 3A. (b) The sample with LOR 10A.

After mesa isolation, the samples were annealed from 250 to 350 °C for 1
min as a Ni-InGaAs metallic alloy is found at a low temperature of 250 °C
with RTA for 1 min as reported in [2][5]. Afterwards, a four-probe
measurement was done and the contact resistivity of the evaporated Ni
contacts on the InGaAs substrate with two different doping concentrations
is shown in Fig. 4. 18. Also one can see the specific values of R, and p,
measured on 220 sccm and 100 sccm of Sn doping in table 4. 6 and 4. 7,
respectively. The lowest p_ of the evaporated Ni contacts on the InGaAs

substrate with 220 sccm of Sn is 8.28 - 10™® Qcm? at 300 °C and p, increases
as temperature goes up. On the other hand, the lowest p. from the InGaAs

with 100 sccm of Sn is 1.16 - 107 Qem? at 250 °C and p also increases.
Since higher doping decreases the contact barrier thickness which in turn
increases tunneling probability as well as provides a large number of
conduction electrons, the Ni contacts on InGaAs with a higher doping
concentration gives a lower p_, so one needs to use a high doping
concentration to minimize p_. Note that since there is little deviation
between minimum and maximum values, we can say that the averaged p . is

reasonably accurate. Furthermore, the extracted Ly (~ 1.4 - 10 m) is far
larger than twice of InGaAs thickness (120 nm), so the one-dimensional
current flow approximation used to resistance analysis is valid [46].
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Fig. 4. 18. The contact resistivity of evaporated Ni contacts as a function of RTA
temperature from the InGaAs substrates with two different doping concentrations.

TABLE 4. 6. THE SHEET RESISTANCE AND AVERAGE CONTACT RESISTIVITY OF NI CONTACTS
AS WELL AS ITS MINIMUM AND MAXIMUM VALUES MEASURED ON THE INGAAS SUBSTRATE
WITH 220 SCCM OF SN DOPING.

Temp. (C) | Rs(2) | pc(Qem?) Min Max
25 16.02 | 1.35-107 | 1.04-107 | 1.65-107
250 16.11 | 9.23-10% | 9.23-10% | 9.23-10%
300 16.31 | 8.28-10% | 7.79-10®° | 8.76- 10
350 16.18 | 2.24-107 | 2.07-107 | 2.40- 107

TABLE 4. 7. THE SHEET RESISTANCE AND AVERAGE CONTACT RESISTIVITY OF NI CONTACTS
AS WELL AS ITS MINIMUM AND MAXIMUM VALUES MEASURED ON THE INGAAS SUBSTRATE
WITH 100 SCCM OF SN DOPING.

Temp. () | Rs(R2) | pc(2em?) Min Max
25 1629 | 1.21-107 | 1.39-107 | 1.04-107
250 1652 | 1.16-107 | 1.16-107 | 1.16- 107
300 16.02 | 1.69-107 | 1.92-107 | 1.47-107
350 1652 | 1.92-107 | 2.20-107 | 1.64-107
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In addition, since 300 sccm of Sn flow rate gives a lower carrier
concentration than that of 220 sccm, the lowest p  from 300 sccm, which is

1.77 - 107 Qcm? at 350 °C, is higher than that from 220 sccm as presented
in Fig. 4. 19 and table 4. 8. However, p does not have a clear temperature

dependency because it goes up 300 °C and decreases afterwards which
makes the measurement data less trustworthy. Apart from the data from 300
sccm, when considering the doping concentration of 220 and 100 sccm, the

lowest p_ of Ni contacts on the InGaAs substrate is 8.28 - 107 Qem? with
220 sccm of Sn doping on the conducting layer. A 300 °C annealing for 1
min decreases the contact resistivity of Ni/Pd/Au contacts from 1.35 - 10
t0 8.28 - 10 Qcm?. Czornomaz et al. reported 1.05 - 10 Qcm? resistivity

Ni-InGaAs Ohmic contacts to n*-Ings3Gag 47As with 1 - 10'° em™ of active
carrier concentration [6]. Our value is at least a factor of 10 better than the
one reported in [6] compared to n*-Ing g3Gag 37As with 100 sccm of Sn flow

which provides 2 - 10" ¢m™ of carrier concentration.

Comparing the lowest p of the Ni contacts to the unintentionally doped n-

InAs (3.02-10° Qcm?) to that to the n'-lnggsGags7As, the later one

exhibited a higher value by 5.26 - 10® Qcm? . In other words, the Ni
contacts can achieve lower p_ on the unintentionally doped n-InAs than on

the n*-Ing g3Gag 37As which in turn means that the narrow band gap material
(InAs) appeared to form better Ohmic contacts.
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Fig. 4. 19. The contact resistivity of evaporated Ni contacts as a function of RTA
temperature from the InGaAs substrates with 300 sccm of Sn flow rate.

TABLE 4. 8. THE SHEET RESISTANCE AND AVERAGE CONTACT RESISTIVITY OF NI CONTACTS
AS WELL AS ITS MINIMUM AND MAXIMUM VALUES MEASURED ON THE INGAAS SUBSTRATE

RTA Temperature (°C)

WITH 300 SCCM OF SN DOPING.

Temp. (C) | Rs(R) | pc(Qcm?) Min Max
25 432 | 212-107 | 1.90-107 | 2.35-107
250 4.04 | 274-107 | 2.47-107 | 3.01-107
300 408 | 4.82-107 | 4.06-107 | 5.57-107
350 413 | 1.77-107 | 1.42-107 | 2.11-107

4.2.2 Ti contacts

Ti contacts were deposited by thermal evaporation on n*-Ing g3Gag 37As with
220 and 100 sccm of Sn flow rate, and its contact resistivities as a function
of anneal temperature are shown in Fig. 4. 20 and the specific values of R,
and p_ are exhibited in table 4. 9 and 4. 10. Both o measured from the two

samples show small reduction up to 350 °C, by 0.38 - 107 Qcm? and
1.02 - 107 Qcm? for 220 and 100 scecm of Sn flow, respectively. Ti contacts
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to InGaAs also do not show any degradation up to 350 °C as Ti contacts to
InAs. Since a higher doping concentration gives a large number of
conduction electrons and decreases the depletion thickness which in turn
increases tunneling probability, the contact resistivity from n’-
Ino 63Gao 37As with 220 sccm of Sn flow is lower than that with 100 sccm.
The lowest p, of Ti contacts on the n*-Inge3Gags7As  substrate is

1.01 - 107 Qem? with 220 scem of Sn doping. A 350 °C annealing for 1 min
decreases the contact resistivity of Ti/Pd/Au contacts from 1.39- 107 to

1.01 - 107 Qem?. Also, the extracted Lt (~ 1.7 - 10 m) is much larger than
n*-Ing63Gags7As thickness (120 nm), so the one-dimensional current flow
approximation is also appropriate [46]. Stareev at al. obtained

4310 Qem? resistivity Ohmic contacts to n*-IngssGaga7As with an

active doping of 5 - 10" cm™ which is the same as we used, using in situ
Ar" sputter cleaning [21]. It exhibited lower p, than we obtained

(1.01 - 107" Qem?) which may be due to in situ Ar* cleaning. Hence again
we expect that in situ Ar” sputter cleaning prior to metal deposition would
improve the contact resistivity. In addition, Adam et al. reported p_ =

73107 Qcm? of Ti contacts to n*-Ings3Gags7As with with an active
doping of ~ 3.5 10" ¢m™ using 10 min of UV-ozone and 10 s dip in
NH4OH (14.8 normality) prior to metal deposition by e-beam evaporation
[19]. Even with low doping concentration, it showed a factor of 10 lower p
than we reported which appeared to be due to a different surface
preparation. A lower concentration of NH,OH than used in our work (20.5
normality) seems to be compatible with lift-off procedure, so we expect that
longer UV-ozone oxidation and oxide removal with NH,OH can improve
the contact resistivity.

Compared to Ti contacts on unintentionally doped n-InAs, Ti contacts to n-

InAs shows lower P, by 6.08 - 10® Qem? than that of Nn*-Ing 63Gag37AS.
Once again, the narrow band gap material (InAs) forms better Ohmic
contacts to metals. In addition, the lowest p. of Ti contacts is higher than

that of Ni contacts by 1.82-10® Qcm?, so alloyed Ni contacts to n*-
Ino63Gap 37As also provide better contact resistivities than nonalloyed Ti
contacts.
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Fig. 4. 20. The contact resistivity of evaporated Ti contacts as a function of RTA
temperature from the InGaAs substrates with two different doping concentrations.

TABLE 4. 9. THE SHEET RESISTANCE AND AVERAGE CONTACT RESISTIVITY OF TI CONTACTS
AS WELL AS ITS MINIMUM AND MAXIMUM VALUES MEASURED ON THE INGAAS SUBSTRATE
WITH 220 SCCM OF SN DOPING.

Temp. (C) | Rs(R) | pc(Rem?) Min Max
25 16.03 | 1.39-107 | 1.39-107
250 1630 | 1.25-107 | 1.17-107 | 1.33-107
300 16.14 | 1.14-107 | 1.12-107 | 1.16- 107
350 16.29 | 1.01-107 | 9.66-10° | 1.05-107

TABLE 4. 10. THE SHEET RESISTANCE AND AVERAGE CONTACT RESISTIVITY OF TI CONTACTS AS WELL AS ITS
MINIMUM AND MAXIMUM VALUES MEASURED ON THE INGAAS SUBSTRATE WITH 100 SCCM OF SN DOPING.

Temp. (C) | Rs(Q) | pc(2cm?) Min Max
25 1525 | 2.96-107 | 2.96-107
250 15.14 | 2.71-107 | 2.71-107
300 1530 | 2.47-107 | 2.28-107 | 2.66-107
350 1581 | 1.94-107 | 1.94-107 | 1.95- 107
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CHAPTER 5

5 Conclusion

Using transmission line model (TLM), we extracted the specific contact
resistivities of Ohmic contacts. In order to achieve more accurate contact
resistivities, we designed the new TLM mask and adapted a more precise
gap measurement method.

Since we used ex situ contact formation, we studied different surface
preparations. UV-ozone oxidation and oxide removal with 1:1 HCI:DI

water reduced the contact resistivity by 7.00 - 10 Qcm? at most compared
to using oxygen plasma ashing instead of UV-ozone.

We developed Ni and Ti Ohmic contacts to unintentionally doped n-InAs
and highly doped n*-InggsGagazAs with three different carrier
concentrations and were able to reduce the contact resistivities of Ni and Ti
contacts through annealing. Ni formed a metallic alloy with InAs and
InGaAs, resulting NilnAs and Ni-InGaAs through annealing. On the other
hand, Ti formed a nonalloyed Ohmic contact.

For unintentionally doped n-InAs with a carrier concentration of

5-10" em™, the lowest contact resistivity was 3.02 - 10 Qcm? for the Ni
contact annealed at 150 °C for 1 min. The Ti contact exhibited the

3.29 - 10™® Qcm? resistivity Ohmic contact at anneal temperature of 300 °C.
It indicates that the alloyed Ohmic contacts were found to decrease the
contact resistivities, but it is comparable to nonalloyed Ti contacts.

For n*-IngesGagssAs, the lowest contact resistivity obtained was
8.28 - 10 Qcm? for the Ni contact made to n™-IngesGaps7As with an
electron concentration of 5 - 10" ¢m™ at anneal temperature of 300 °C. A
contact resistivity of 1.01- 107 Qcm? was obtained for Ti contact for an
electron concentration of 5- 10" ¢m™ as well. The alloyed Ni contact
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exhibited a lower contact resistivity than the nonalloyed Ti contact.
Furthermore, the lowest contact resistivity of all our results was obtained
from the alloyed Ni contact to InAs who has a narrow band gap where the
Fermi level pins close to the conduction band.

In conclusion, we have demonstrated low resistance Ni and Ti contacts to
unintentionally doped n-InAs and n*-Ingg3Gags7As via annealing which
make them a potential candidate for highly scaled HBTs and MOSFETs
which require low contact resistivities.
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CHAPTER 6

6 Future work

TLM structures

® In order to increase the accuracy of contact resistivity, gap
separations (L,,,) With 1 and 2 um between the metal pads have to
be developed which can be achieved by electron beam lithography.
Even better if TLM structures can be designed with smaller
separation than 1 um. Since extrapolation is used to extract contact
resistivity, it allows moving closer to the y-axis with increasing the
accuracy.

Ni wet etching
® Since Ni deposited by sputtering was over-etched after 3 min in
1:2.5:2.5:15 H,;SO4:HNO3:CH3;COOH:DI water, the etching
duration can be shorten.

Surface preparations

® Prior to metal deposition by sputtering, several surface preparations
can be tried such as in situ Ar® cleaning, 10 % (NH,),S and
NH4OH if Ni wet etching works well.

® Before thermal evaporation, UV-0zone oxidation duration can be
increased. Since the normality of NH,OH was too high to be
compatible with the lift-off process, it can be reduced up to 14.8, as
reported in [19].

Cross section of Ni alloy
® The future work could involve transmission electron micrograph of
the Ni alloy phase in order to observe the nickelide/semiconductor
interface and see any changes as anneal temperature increases.
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