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Abstract

Abstract

The subject of my master theses was to find a metallisation scheme that was best suited

for p-type and n-type ohmic contacts to respectively p-doped Indium Gallium Arsenide

(InGaAs) and n- doped Indium Phosphide (InP) materials. It is to be expected that using

one metallisation scheme for both contacts will imply some sacrifice.

An ohmic contact can be seen as a connection from the chip to the outside world. A good

ohmic contact should not perturb the device performance, have a small voltage drop and

has to be mechanical strong. To achieve this, ohmic contacts had to be independent from

frequency, temperature stability, no aging effects, and good morphology and finally have

as low as possible contact resistance.

An ohmic contact is characterized by its "specific contact resistance Pc " with the

dimension [Qcm2
]. For comparing these metallisation schemes to each other the specific

contact resistance is used. This parameter gives the quality of an ohmic contact and can

easily be determined and compared with other schemes. To determine this quality of the

ohmic contact the Line Transmission Method (TLM) was used.

Ohmic contacts were fabricated on p-doped InGaAs and n-type n-doped InP. Five

different metallisation schemes were deposited for both contacts. Before alloying the

ohmic contacts were measured and almost all the contacts had ohmic behavior.

The TiJPt metallisation scheme shows the best ohmic contact for the p-type contacts with

best values of specific contact resistance of9.76xlO-7 Qcm2
. For the n-type ohmic

contacts the metallisation system Ge/NilAu shows the best results, with a specific contact

resistance of2.2 x10-7 Qcm2
. Choosing a metallisation system for both contacts, the

Ti/PtiAu system would be the best. Both contacts have then the same contact resistance

and the contact resistance is relatively low.

Some experiments with etching of SiNx with different settings where done. From the

results can be concluded that etching of SiNx causes surface damage. This implies to

higher specific contact resistance.
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Chapter 1. Introduction

1 Introduction

Ohmic contacts to n-type InP and p-type InGaAs materials have been widely investigated

and reported during the last twenty years because of the essential role in the performance

of electronic and photonic devices. Ohmic contacts to InP-based materials are essential

for electronic devices such as Field Effect Transistors (FET) and High Electron Mobility

Transistors (HEMT), as well as for optoelectronic devices such as laser diodes, VCSELs,

SOAs and a wide range of photonic circuits.

Within the OED group numerous Ph.D. students are working on fabrication and

characterisation of InP-based photonic integrated circuits. Those complicated circuits

require several processing steps. In order not to extend the number of steps, one

metallisation scheme is used for contacting as well n-InP as p-InGaAs. This report

describes the results of my assignment to optimise the metallisation schemes for ohmic

contacts on n-type InP and on p-type InGaAs.

To do this, we investigated different metallisation schemes on each material system.

Afterwards the best two schemes were applied on both materials. It is to be expected that

using one metallisation scheme for both contacts will imply some sacrifice.

The quality of an ohmic contact is frequently characterised by the specific contact

resistance pc (Qcm2
) or by the contact resistivity Rc (Qmm). The last term is only valid

for uniform current density and a homogeneous contact surface.

The first part of this report will give a theoretical overview of ohmic contacts and how

they work and how they can be made on InP based materials. The second part will give

the experimental results of the contacts optimisation. In the final part some conclusions

and recommendations will be given.
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Chapter 2. InP based materials systems

2 InP based materials systems

InP has become an important semiconductor material because of its unique combination

of electrical and optical properties, e.g. high electron mobility, high saturation velocity

and radiation tolerance. The primary application of InP and related alloys in the

semiconductor industry is in the fabrication of opto-electronic devices or light wave

devices such as SOA, lasers and a wide range of photonic circuits.

2.1 Bonding and crystal structure

III-V compound structures such as InP and InGaAs crystallize in the cubic zinc blende

structure, which is closely related to the diamond cubic structure. Each atom of group III

is bonded to four atoms of group V and vice versa. The four bonds form a re~lar

tetraedre.

(b)

wave vector
<111>

300 K E
p
=l 34 eV

E( =1.93 eV
E;(=2.19 eV
E~=O_11 eV

Split-o" band

Energy

1X-valley

<100>

(a)

Figure 2.1 (a) Zinc blende structure. (b) Calculated energy band structure ofInP in two
principal directions in the Brillouin Zone.
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Chapter 2. InP based materials systems

2.2 Energy band structure

The energy band structure of solid materials consists of a valence band (Ec) and a

conduction band (Ev). For most semiconductors, the valence band structures are similar,

consisting of a heavy hole (hh) and a light hole (lh) bands, because of their large and

small effective masses. The split off band is also related to the valence band. The

mobility and reflective mass of electrons in a semiconductor strongly depend on the band

gap structure of the semiconductor. The calculated energy band structure of InP is shown

in figure 2.1b [7]. Both the valence maximum of the valence band and the minimum of

the conduction band occur at k=O. So InP is a direct band gap semiconductor. The k-band

structure of InGaAs differs from that of InP.

2.3 Material properties

Table 2.1 gives a sort overview of some properties of the two used material systems. The

values for the properties of Inl_xGaxAs that are shown in table 2.1, were calculated or

measured for x=0.47 at room temperature (300K) corresponding to a lattice-matched

layer to InP.

parameters at 300K loP IOO.53GaO.47As

Number of atoms [cm5
] 3.96e22 3.98e22

Eg [eV] 1.35 0.757

a [A] 5.8687 5.8687

Nc [cm-5
] 5.72eI7 2.1e17

Nv [cm-J
] 1.14e19 2.ge17

Jln [cm2Nsec] 4600 8900
I

J..lp [cm2IVsec] 150 300

A * [A/cm2K2
] 71.98 61.9

A [nm] 918.5 1519.9

EdF/cm] 12.61 13.9

Table 2.1 Properties ofInP are obtainedfrom M Levinshtein [5] and the properties of
Ino.53Ga0.47Ash are obtainedfrom A. Katz [7].
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Chapter 3 Ohmic contacts

3 Ohmic contacts

3.1 Introduction

The tenn "ohmic contact" refers to a metal contact that obeys Ohm's Law. According to

Sze [3], an ohmic contact is a metal-semiconductor contact that has a negligible contact

resistance relative to the bulk resistance of the semiconductor. Also, a satisfactory ohmic

contact should significantly not perturb device perfonnance, and should have a small

voltage drop relative to that of the active region of the device. In effect, the ohmic contact

allows the device communication with the outside world. It is trivial to point out that

since all electronic devices require current to operate, the ohmic contact is an important

parameter of any device. Ideally the current through the ohmic contact should be a linear

function of the applied voltage. An ohmic contact is characterized by its specific contact

resistance (Pc), given as Qcm2
, which should be as low as possible.

This chapter will briefly discuss how ohmic contacts are working and how to measure

them, for seek ofcomparison.

(b)

Eg

._. ._._._._._._.EF
I--....L----- E

y

p-type semiconductor

1--+----1-- Ee

x-direction

metal

Eo···················..································ .v

Figure 3.1 (a) Perspective view ofa metal to semiconductor contact. (b) energy band
diagram ofa metal to semiconductorjunction

3.2 Energy band diagrams

A perspective view of a metal to semiconductor interface is shown in figure 3.I.a. Also

the energy band diagram ofan ohmic contact is shown in this figure3.I.b.
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Chapter 3 Ohmic contacts

When the metal is in contact with a semiconductor, a band bending will occur, because of

the difference in metal work function (lPm) and the semiconductor work function (lPs).

Also the two Fermi levels in the two materials must be equal at thermal equilibrium. In

addition, the vacuum level must be continuous without any dislocations.

........····················l·······················l·····Eo

EO··············l···············.... qX qlPs

q~ Ec

_-...L----- Ey

metal n-type semiconductor
(a)

Eg
E

F
"*'7777777:,.,..+ 0 0_- - -- 0 EF

____----L.__ E
y

metal p-type semiconductor
(b)

Figure 3.2 (a) a n-type metal-semiconductor (b) a p-type metal-semiconductor

At zero applied bias, the energy difference between the metal work function and the

semiconductor work function is zero, or the work function difference (lPms) is zero.
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Chapter 3 Ohmic contacts

Figure 3.3 shows a simple model for a metal semiconductor contact. This model neglects

surface and/or interface states. When a metal is in contact with a n-type or a p-type

semiconductor, the two Fermi levels will line up at equilibrium. For a metal with a small

work function, the valence band of a p-type semiconductor must bend downward, which

will create a barrier for hole conduction and result in a poor ohmic contact.

For a metal with a large work function, the valence band of a p-type semiconductor will

bend upward, which will reduce the barrier for holes conduction and result in an

improved contact.

Ec

Eva.c

Accumul ati on

(B)

I
Eva.c

~m E
c

-----T~========== EF
Ev

I~
----t-::::::==========- EF

Ev

~D .eplet:lon

(A)

Figure 3.3 Simplified metal/p-type semiconductor contact model:

(A) Small workfunction leads to interface barrier andpoor contact.

(B) Large workfunction leads to reduced interface barrier and improved contact.
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Chapter 3 Ohmic contacts

3.3 Current transport mechanisms

In a metal-semiconductor junction the majority carriers are responsible for the current

transport. This current transport in a metal-semiconductor contact can take place in three

ways.
Current

(1)

(2)

'-r----.. Ec
~~{,~~~~' ----._._---- _._-_._.---._.. EF

·.'·,'·,·'N/.//;.-:>:>:",:.,>~

(3)

--- Ev
~--

metal n-type semiconductor

Figure 3.4 Current transport mechanisms across a n-type metal-semiconductor contact

The possible current transport mechanisms are:

1) Transport of electrons from the metal over the potential barrier into the

semiconductor. Two processes exist: thermionic emission and diffusion.

These are the dominant processes for lightly doped material operated at room

temperature (Thermionic Emission TE).

2) Quantum-mechanical tunnelling of electrons through the barrier. For a heavily

doped semiconductor operated at low temperature. (Thermionic Field

Emission TFE).

3) Charge carrier generation in the space charge region. This process is due to

the presence of generation-recombination centres in the band gap.
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Chapter 3 Ohmic contacts

3.3.1 Thermionic Emission

In a conducting material, the electrons are governed by Fermi-Dirac statistics. The

baseline electron energy is the Fermi Energy, and at low temperatures all the electrons

are at or below this level. As temperature is increased, the distribution function for the

electrons develops a high energy 'tail'. Some of these electrons have sufficient energy to

pass over the surface potential barrier between the material and the vacuum. This process

of increasing the temperature of a bulk material to increase the number of electrons,

which can leave the material, is called thermionic emission. The thermionic emission

current density is determined by the 'work function' of the material, which is basically the

magnitude of the surface potential.

TE

TFE

Figure 3.5 The band diagram ofan n-type ohmic contact with his Fermi-Dirac probility
and the thermionic emission process for an n-type ohmic contact and the electron
concentration.

The free ionised electrons that can be used for thermionic emission can be calculated with

the following steps.
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Chapter 3 Ohmic contacts

First the electron density with energies above qX must be determinate. That can be

obtained from the following equation.

(3.2)

Where fF{E) the Fermi-Dirac probability function and gc(E) is the density of quantum

states in the conduction band. The total electron concentration per unit volume in the

conduction band is then found by integrating equation 3.1 over the specified conduction

band energy area.

Where Nc is the effective density of states in the conduction band and Vbi is the difference

between the conduction band energy and the Fermi level (EI)'

3.3.2 Field emission or tunnelling

The second transport mechanism is quantum-mechanical tunnelling of electrons through

the barrier. When carriers do not have enough thermal energy to reach the top of the

barrier, they have the probability to penetrate into the barrier by quantum mechanical

tunnelling.

If the temperature is raIsmg, the electrons are excited to higher energIes and the

tunnelling probability can be increased. This is due to the fact that at higher temperatures

the energy of the carriers are much higher so the potential barrier becomes lower for

emission and so the depletion region becomes shorter.

10



Chapter 3 Ohmic contacts

When the semiconductor material is heavily doped, the depletion region will be smaller

and hence the probability of tunnelling can be increased.
-r---------.-----------r--Eo

QX
Electrons tunnel
through narrow
depletion region

1'\oIIIf--_a

~-T-------'L.-EcI

-n:,'777:0'n~0'n"7'7f-._.-.-.-.-._.+.-.-.-.-.-.-.-.-.-.- EF

metal n-type semiconductor

Figure 3.6 Energy band diagram ofa metal and n-type semiconductor after contact.

We conclude that a tunnelling ohmic contact is obtained if the semiconductor is heavily

doped. Normally the doping of the semiconductor is determined by other considerations,

such as its function in a device. To form a tunnelling contact to a lightly doped

semiconductor, a thin heavily doped layer of the same conductivity is formed over the

lightly doped semiconductor. This heavily doped layer can be formed either by ion

implantation or by direct doping during epitaxy.

3.4 The Schottky contact

A Schottky contact is created at a metal-semiconductor interface. A typical Schottky

contact has a large barrier height and a low doping concentration, that is less then the

density of states in the conduction band or valance band. The potential barrier formed at

the interface depends on the work functions of the two materials. The work function is

defined as the energy difference between the vacuum level and the Fermi level (EF). The

work function is denoted by qepm for a metal and q(X+ VbJ for a semiconductor, where X,

the electron affinity of the semiconductor, is the difference in energy between the bottom

of the conduction band, Ec, and vacuum level.
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Chapter 3 Ohmic contacts

The parameter <Pbn is the barrier height of the semiconductor contact, the potential barrier

seen by electrons in the metal trying to move into the semiconductor. This barrier height

is known as the Schottky barrier and is given by

(3.4)

When the metal and the semiconductor are in contact, a charge will flow from the

semiconductor to the metal. Before contact the Fermi level in the semiconductor was

above that in the metal. In order from the Fermi level to become a constant through the

system in thermal equilibrium, electrons from the semiconductor flow into the lower

energy states in the metal. Positive charged donor atoms remain in the semiconductor,

creating a space charge region. This space charge region can be calculated as follows.

The electrical field distribution (£) in the space charge region is determined from

Poisson's equation.

(3.5)

(3.6)

If we assume that the semiconductor doping concentration is uniform, than by integrating

the previous equation we obtain than. The electrical field can be written as

W N
e(x) == f~x

o e s

Ie (x)! == qNAW - x)
e s

(3.7)

It becomes clear from formula 3.7 that the electrical field distribution strongly depends

on the doping concentration Nd• The depletion region can be derived as follows.

(3.8)

Where V is the forward (Tj-) or reverse bias (Vr). So fmally the space charge region (W) is

found.

2e s(Vb; - V)

qNd

(3.9)
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Chapter 3 Ohmic contacts

3.5 The ohmic contact

An ohmic contact, according to Sze [3] is defined as a metal-semiconductor contact that

has a negligible contact resistance relative to the series resistance of the semiconductor.

Typical current -voltage characteristics of an ohmic contact and of a Schottky contact are

shown in figure 3.7.b.

0.75

0.4

::j
-0.41
0.&

(a) (b)

Figure 3. 7 Current- Voltage characteristics of(aJ an ohmic contact (bJ and a Schottky

diode.

3.5.1 Current density at an ohmic contact

Paragraph 3.4 explains that there are three current transport mechanisms. For semi

conductors that are low doped, thermionic emission dominates the current transport

mechanism. This is due to the fact ofa large depletion region (W) equation 3.7. Therefore

the thermionic emission is the main transport for low doping metal-semiconductor

contacts.

13



Chapter 3 Ohmic contacts

This current-voltage characteristic shows a diodic curve given by equation 3.10.

(3.10)

Where Js is the reserve-saturation current density and is given by

(3.11)

The parameter A· is called the effective Richardson constant for the thermionic emission.

• 2A* = 4nqmll k
h3

(3.12)

In the case of a highly doped semiconductor, the depletion region becomes smaller and

the probability of tunnelling increases. Here dominates the thermionic emission and the

thermionic field emission. The tunnel current is proportional to the depletion region (W)

as given in equation 3.13.

J ~ ex~_ 2W 2m"(q~~ - QV)] (3.13)

With the depletion width (W) given in equation 3.9, mn is the effective mass, andi is the

reduced Planck constant. If we substitute equation 3.9 into equation 3.13, then the current

is given by:

[
4.J;;;:;:(ep BII - V)]

J ex: exp - r;:r
nVND

(3.14)

14



Chapter 3 Ohmic contacts

The equation 3.14 shows that the current for thermionic emission and field emission

strongly depends on the doping concentration. That means for contacts on highly doped

materials the tunnel current transport mechanism dominates.

To arrive at a universal expression for the current density in the three different current

transport mechanisms.

n=l (TE) (3.l5-a)

'v ( 'V]J = Jse nkT 1- e kT 1<n<2 (TFE) (3.l5-b)

n>2 (FE) (3.15-c)

Where the Js is reserve-saturation current density (equation 3.11)

3.5.2 Specific contact resistance

The figure of merit for ohmic contacts is the specific contact resistance (Pc), defmed as

(
aJ )-1

Pc = - ncm2

av v=o
(3.16)

Where V is the voltage across the barrier and J is the current density trough the barrier.

The current density depends on the ruling transport mechanism.

For a homogeneous contact area A with a uniform current density, the contact resistance

Rc can be defined by

R =~
c A (3.17)

The current transport mechanisms that are of interest in ohmic contacts are thermionic

emission (TE), thermionic field emission (TFE) and the field emission (FE). For metal

15



Chapter 3 Ohmic contacts

contacts on low doped semiconductors, the thermionic emission current dominates and

the current transport is then

P = _k_eXp(qrpBn) Qcm 2

c qA*T kT
(3.18)

For metal contacts on highly doped semiconductors, the barrier width becomes very

narrow, and the tunnelling current becomes dominant.

The formulas 3.19 and 3.20 are describing the specific contact resistance for n-type and

p-type ohmic contacts if the current transport mechanism is a field emission.

P = exi 4g;: If>Bn I Qcm 2

C l h ~J

(4g;: If>~ I 2

Pc = eXPl h ~NA ) Qcm

(3.19)

(3.20)

The equation shows that for highly doped material the specific contact resistance depends

strongly on the doping concentration and varies exponentially with the factor

If> Bn / ~N D for n-type contacts and with If> Bp / ~N A for p-type contacts.

3.6 Transfer length method

The Transmission Line Model (TLM) test patterns are commonly used for assigning the

electrical quality of planar ohmic contacts. For purposes of measuring and comparing the

electrical performance, the specific contact resistance is the most measured and quoted

parameter. However it's important to know the contact resistance, for comparing

metallisation schemes, but the TLM method gives also other electrical parameters such as

the sheet resistance.

In following paragraphs two measuring methods are explained: the Linear Transmission

Line Method (LTLM) and the Circular Line Transmission Method (CTLM).

16



Chapter 3

3.6.1 LTLM

Ohmic contacts

A schematic diagram of a semiconductor material with ohmic contact pads prepared for

TLM analysis is shown in figure 3.8. It can be seen that the sample is first mesa etched

usually to a semi-insulating substrate or to a depth where there is a natural depletion layer

such as between n+ and p+ material. This is done in order to restrict the current flow

between the metal pads. Those, of finite width (W) and length (s), are then deposited on

the mesa at a linearly increasing pad spacing, L, such that Ll < L2 < L3.

Figure 3.8 Schematic diagram ofa semiconductor material with ohmic contact pads
preparedfor TLM analysis.

The measurement is carried out as follows: A constant current is passed between two

adjacent pads through two probes; a second set of probes are then used to measure the

voltage drop using a digital volt meter enabling the total resistance between the pads to

be obtained. Separate current source and digital voltmeter are preferred to a single ohm

meter because of the latter relatively low impedance which may give rise to inaccuracies.

17



Chapter 3 Ohmic contacts

The process is repeated and the total resistance is plotted on a linear graph as a function

of pad spacing. A current (1) flow from one contact pad to the other pad introducing a

voltage drop V; equal to

(3.21)

(3.22)

Where Rsh stands for the sheet resistance of the semiconductor material. The voltage drop

Vi can be exactly measured using the four probes.

For determining the value of2Rc, the total resistance Rt,i=2Rc+Rsh(L/Wc) is plotted as a

function of the distance Li between two adjacent contacts. With linear extrapolation of

the experimental data the 2Rc can be determined at Li=O (figure 3.9). The slope dRJdLj is

equal to the RshlW.

Figure 3.9 A typical LTLM measurement plot to determine 2Rc and Lx.

Note that the external resistance of the measurement system, the probe resistance, is

assumed to be negligible. This assumption can be made if we make use of the four-point

probes measurement technique. This technique makes uses of two outer probes to pass

the current (1) and two inner probes to measure the potential difference (V). In addition, a

high impedance voltmeter is used to avoid affecting the current.

18



Chapter 3 Ohmic contacts

The Rc is usually given in the dimension of Qrnm. This dimension can be obtained by

multiplying the measured contact resistance in ohms with the length (d) of the contact

pad in millimetres so that Rc [Qmm]=Rc [QI d [mm]

R '" RshL(
c W

c

L =~( 2

(3.23)

(3.24)

(3.25)

Other general equations of the LTLM technique are equations 3.23, 3.24 and 3.25. These

equations where obtained from [10].

Figure 3.10 Typical circular test pattern according Marlow and Das.

3.6.2 CTLM

Processing TLM patterns require two lithography steps: one step for etching the mesa and

the second for the metallisation. Circular TLM has been introduced and now widely used

as it simplifies the processing by skipping the mesa step. The Circular Transmission Line

Method (CTLM) eliminates also the errors that are introduced by the lateral current

crowding and gap effects, which are present in the LTLM structures.

In the past many different configurations for circular test patterns were developed. In this

work we used the Marlow and Das patterns shown in figure 3.10.

19



Chapter 3 Ohmic contacts

In principle, the current flow through any metal-semiconductor interface is described in

the following two-dimensional linear differential equation:

v 2v - eV = 0

with

The principal solution ofequation 3.26.b for circular patterns is:

(3.26.a)

(3.26.b)

(3.27)

In and Kn are Bessel function of the n-other. This leads to the inner and the outer

resistance (Re) of the ohmic contact pad

(3.28)

(3.29)

Ifwe take the circular pattern described as the Marlow and Das, shown in figure 3.9, the

total resistance (RT,eir) can be written as:

R . = Rsh In[!!l) Router (0 R) Rinner (R 00)
T,Clrc 21r R

o
+ C '0 + C 1,

(3.30-a)

(3.30-b)

Where Rgap denotes the resistance of the gap between the inner and the outer contacts and

the last two terms are given by equations (3.28), (3.29) respectively.
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Ifwe also assumed that Rsh=Rsh,c we find then:

r ~o ji),1I 1- K - I
R _ Rsh Iln(!!l)+~ 0 L( +~ 0 L( I

T,circ - 2 I R R (R) R (R) I1r I 0 0 I _0 , K, -' I I
L ' L( l Lt ) J

(3,31)

When Ro>>Lt (in practice it is enough to require that Ro>4Lt ) we can use the

approximate expression for the Bessel functions as described in the appendix B to show

that Io(x)/I] (x) and Ko(x)K](x) approximate to unity for x» 1.

Equation 3.31 with s=RrRothen becomes:

R'h r ( R,) (1 1)1R . ",-'- In -- +L --+- I
T,c"c 2 R ( R R1rL ,-s ,-s 'J

(3.32)

The transfer length (L t) can now be determined by at least squares fit of experimental data

to equation 3.31 or 3.32. This fit also yields a value for Rsh. The specific contact

resistance (Pc) can then be calculated using the following equation

(3.33)

In addition, it can be observed that for 2nR]»s equation 3.32 can be further simplified

to obtain the same form as equation 3.34 with Wc=2nR] andL=s

(3.34)
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For determining the specific contact resistance the following steps had to be done.

• Measure RT of the ohmic contacts with the four-point-probe method.

• Linear correction of the measured data with correction factors (appendix B).

• Simple extrapolation to get the parameters 2Rc and Lt.

• Calculation of the specific contact resistance (Pc) with the equation 3.33

A typical CTLM plot is shown in figure 3.11. The measured data is plotted as function as

of the gap spacing (s).
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40

...........- total resistance (W)

____ corrected values for linear fil IN)
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-- linear (corrected values for linear fit (W))

3020
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,-----~""B-+------____,___----____r------_,_______-----,----
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,......,
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Figure 3.11 Typical CTLMplot with the measured values and corrected values.
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4 Experimental results

The two epi-structures that were used during this project for investigating ohmic contacts

came from JDS Uniphase. For all the samples that were processed during this project, the

contact resistance was measured and optimisation of temperature dependence of the

alloying process was carried out.

4.1 Technology

For making ohmic contacts some basics of technology has to be done. That is discussed

in this paragraph. The processing steps that I did were: Chemical wet selective etching,

photolithography, deposition of metal layers and Rapid Thermal Annealing (RTA).

4.1.1 Description of the epi-structure.

The Layers stack of the two used epi-structures is shown in figure 4.1. The top layer, the

lnP 100nm layer is meant for protection of the underneath layers. The samples

investigated during this project are p-doped Ino.53Gao.47As with a doping range of 1

1.5xlO19cm-3.

Figure 4.1 Layer stack ofthe wafer from JDS Uniphase.

Before any processing the InP top-layer was etched away. First the oxide must be

removed with a H3P04:H20 (1: 10) solution and after that etching of the InP is done in a

HC1:H3P04 (1 :4) solution. The etching rate of this etch is nearly 0.8 J.1m1min.
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4.1.2 Lithography

If the InP top layer is removed with chemical etching, photolithography with the CTLM

mask can be done on the p-InGaAs layer. First a thin layer of photo resist was spinned on

the surface of the p-InGaAs layer during 30 seconds at 5000rpm, followed by a prebake

at 95°C for 5 minutes. This pre-baking is important for a successful lift-off. Afterwards

the sample is exposed to UV 300 light during one second. This step is called flood

exposure as it is carried out without the use of a mask. Hard baking of the sample for 5

minutes at a temperature of 105°C is the next step. This is also an important step for the

lift-off. Now the CLTM mask is used, and the sample is exposed for 25 seconds to UV

300 light. After developing the sample during 110 seconds in a developer solution (AZ

developer:H20 1: 1) the sample is ready for the metallisation.

2.5&06 ,----------------~----___,

2.0&06

~ 1.5E-06

e
CJ
a--'" 1.0E-06
a.

....
--

..

······.···AICRO
.......Leyhold...

.'
-.

10·- : p-type
.: Ni/AII

5.0E-07 ............................................... ">:,. . ~:1 ,..

n-type GelNilAu-·- I I-. . ,

r-----t------+------;--------,----------,-------+--,--------i---

o 50 100 150 200 250 300 350 400 450
Temperature

Figure 4.2 The specific resistance (Pc) as a function ofthe annealing
temperature obtained using the Leybold and the AIReO e-beam.

4.1.3 Metallisation

In the OED cleanroom two e-beam evaporators are available: the Leybold and the Airco.

The first samples were metallised using the first machine (Leybold). Due to a technical

problem with this machine the AIRCO system was used for the other samples. Figure 4.2

shows a comparison of the specific contact resistance as a function of the annealing
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temperature obtained with the same metallisation (NilAu for the p-type and Ge/NilAu for

n-type) using both evaporators.

Table 4.1 gives an overview of the used metallisation schemes. These metallisation

schemes were applied to both materials: p-InGaAs and n-InP.

Metallisation scheme Thickness [nm]

Ti/Pt 25/75

Ti/PtiAu 60175/100

Ni/Au 20/200

Ge/]~i/Au 100/25/50

Table 4.1 overview ofthe processed metallisation schemes.

After the metallisation and the lift-off an annealing step follows.
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Typical RTA profile

25 50 75 100 125 150 175 200 225 250
time [sec]

4.1.4 Alloying or annealing

Alloying was done in a Rapid Thermal Annealer (RTA). This RTA can heat-up the

sample in a very sort time. This heating is done with halogen lamps and controlled by a

thermocouple mounted on a graphite holder. A typical RTA cycle that was used is seen

figure 4.3.

There are four different types of stages in aRTA run.

• A delay block

• The ramp block (heat up)

• Steady-state block

• The ramp block (cool down)

In the delay block the lamps are off and gas is flowing through the system. Delay blocks

are used most frequently at the beginning of a cycle after the door closes and at the end of

a cycle, just before the door opens. The initial delay purges the heating chamber before

wafer heating begins. This includes two cycles of vacuum alternating with purging.

350

300

250
0'
e... 200
a.
E 150
~ 100 +---'cccccccccccccccc +

50

0+-----.----+----,------+----,------;-------,------,----.--------.
o

Figure 4.3 The RTA profile of30sec@325°C.

After the first delay block the sample is pre-heated slowly up to 100°e. Subsequently the

sample is heated in a few seconds up to 325°e. Now the temperature will stay continuous

during 30 seconds. After this stage the sample is cooled down to a temperature of about
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70-80°C. After the cooling down the second delay block can start. The second delay

allows time for the wafer to cool and to purge the process gasses still in the chamber. To

compare all the metallisation schemes Rapid Thermal Annealing (RTA) was done with

the same settings, namely heating for 30 seconds at the temperature of 325°C. Some

samples were annealed with more different temperatures in a range between 300C and

400C.

4.1.5 Discussion of the experiments

4.1.5.1 Four-point probe method

For measuring the ohmic contacts the four-point probe technique was used. This

measuring technique, described in paragraph 3.6.1, allows to neglect the probe resistance

so the influences of the external circuit (probes and wiring) can be eliminated. The set up

for measuring the total resistance contacts consists of a HP6625A system DC power

supply and a probe station with four tungsten probes. The HP6625A is able to pass

current (l) through the probes to the contacts and to the semiconductors. The

measurements were done by using the Lab-view program. This set up is shown in figure

4.4. HP6625A

'-+--f V l---+....,

Figure 4.4 Schematic overview ofthe measuring set up for the total resistance Rr.

The measurement set up can be calibrated and the measured values for the total resistance

(Rt,cir) are accurate within 1%.
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4.1.5.2 Comparison ofLTLM and CTLM

Figure 4.5 shows a comparison between LTLM and CTLM measurements. One can

notice a larger spreading of the results using LTLM as compared to CTLM using the

metallisation scheme Ti/Pt 25nm175nm on p-InGaAs.

0.32

0.3

0.28

0.26

0.24

0.22

0.2

LTLMvsCTLM
I

i
f

I ..
I•
~ 1I- ......

1 I
j •

I~ j

•-i-' ·
....

• LTLM
- ____ CllM

Rc [nmm]

6.E-06

5.E-06

4.E-06

3.E-06

2.E-06

1.E-06

O.E+OO

Figure 4.5 Measurement results ofthe Rcand Pc with the LTLM en CTLM methods.

This spreading may be due to the mesa etching. As CTLM requires only one processing

step instead of two steps for LTLM and as CTLM shows less spreading of the results we

have proceeded further in our investigation using CTLM only.

4.1.5.3 Fitting the CTLM results

An important issue is the accuracy of the specific contact resistance (Pc) that is calculated

from the linear approximation of the experimental CTLM results and the fitting

procedure of the exact expression for the total resistance (Rr,cir). In the fitting calculation

the values of the inner ring (Ra) and the gap spacing (s) are required. After processing

these values may differ from the mask dimensions.

Therefore after each fabrication the values of the gap spacing (s) and inner ring (Ra) have

to be determined.
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4.2 p-contacts to p-doped InGaAs

4.2.1 Introduction

An ideal ohmic contact to p-type materials occurs when the work function of the

semiconductor lPs is smaller than the work function of the metal lPm.

metal p-type semiconductor

Figure 4.6 Energy band diagram ofan ideal metal andp-type semiconductor contact

after contact.

Metal work function plays an important role in controlling contact resistance properties.

The work function is defined as the energy to move an electron from the Fermi level of

the metal to the vacuum. lPm, which is given in electron volts, ranges from 2 to 6 eV for

various metals. Figure 4.6 shows that the barrier height <PEp can be found as:

(4.1)

This is the ideal situation where no surface states occur in the band gap. However in

practice the measured value of the barrier height is lower than the theoretical value. The

barrier height of the Inl_xGaxAs system can be obtained from the following equation [7].

I/J Bn = 0.95 - 1.90x + 0.90x 2 (4.2)
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The investigated InGaAs system has x=0.53 as value for the Indium content. So the

barrier height for the p-type Ino.s3Gao.47As system is 0.51 eV.

Table 4.2 gives you a sort overview of the barrier heights <PBp and the metal function <Pm

for several metals.

Metal cIlBo(eV) cIlm (eV)
Au 0.70 4.82
Pd - 4.98
Pt 0.13 5.34
Ti 0.63-0.68 4.33
Ni 0.56 5.02
Table 4.2 Barrier heights and metal function ofdifferent metals [27].

Because of the low barrier, holes can easily flow in both directions across the barrier.

With a highly doped semiconductor this problem can be solved. Another way of solving

this problem is to deposit a metal that can act as a p-type dopant in the semiconductor.

During alloying, the metal atoms will diffuse into the semiconductor material. When a

metal atom has one electron less than the lattice atom it replaces, an extra hole is created.

In this way also a highly doped region can be created underneath the contact. This type of

contact is called diffusion contact.

4.2.2 Ohmic metallisation schemes

According to literature, the most used metallisation schemes for p-type InGaAs ohmic

contacts are shown in table 4.3.

Metalization scheme
Anneal

Doping Pc Reference
[nm] [cm-3] r ncm21

Ti/Pt[50/75] 30sec@450°C 1.5xlOl
'J 3.4xlO-1S [2], [16]

Ti/Pt/Au [50/60/500] 30sec@450°C 5.0x101lS 5.5xlO-7 [2], [15]
Ti/Pt [50/60] Not annealed 5.0xlOl1S 1.6x10-4 [17]

30sec@450°C 9.0x 10-6

Zn/Au Yes 7.0xI0-6 [81
Au/Zn/Au [20/30/150] 60sec@350°C 2.0x10 1

'J 1.Ox10-) f21]
Pd/Zn/Pd [3/20/20] 120sec@400°C 2.0x10 1lS 3.0xlO-4 [22]

Table 4.3 Different metallisation schemes for p-InGaAs from literature.
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The metallisation schemes that were found in the literature have a specific contact

resistance (Pc) between 3xl0-4 Qcm2 and 3.4xlO-8 Qcm2
• The doping levels in the

semiconductors are generally quite high so that many of these contacts are ohmic without

annealing or they require very short annealing time at low temperatures to become ohmic.

4.2.3 Measurements and results

This section discusses the measurement results of contact resistance of all p-InGaAs

samples. For the p-type ohmic contacts the samples 157-48-01; 157-48-02; 157-48-04;

157-48-08; 157-48-10; 157-48-12 and 157-48-14 were used. The samples 157-48-01 and

157-48-04 were metallised in the Leybold while all the other samples were metallised in

the Airco. This was due to the technical problem encountered with the Leybold. To

compare the two evaporators, the samples 157-48-08 and 157-48-14 (isn't 157-48-01)

were used. On these samples the Ge/NilAu metallization has been evaporated. The

samples 157-48-04 and 157-48-14 could also been compared, these samples have a

NilAu metallisation.

For all of the samples the average specific contact resistance (Pc) is measured with the

four probes method. Also optimisation of time and temperature dependence of the alloy

process was carried out.
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Sample 157-48-1

The first sample 157-48-1 was used to compare the to two methods of measuring (LTLM

versus CTLM). On this sample ohmic contact with the structure of CTLM were made.

__ Total resistance [0]
__ Corrected values for linear fit [0]

Calculated values for Rt,cir[0]
Linear approximation

504020 30
Gap spacing (S) [Jlm]

10

p-type Ti/Pt 250A/750A RTA:30sec@325°C Ar

4 =0.95 J.lm

Rsh=206.00
Rc = 0.195 Omm

Pc = 9.76E-7 (ocm2
)

30
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..........
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Figure 4.7 Plotted CTLM measurement results and the linear approximation.

During the whole process there were no problems. The metallisation Ti/Pt of this sample

was done in the Leybold and alloyed during 30sec at 325°C. An average value for the

specific resistance was found of 9.76xlO·7 Qcm2
. So it is a very good contact compared

with value of3.4xIO·8 that was found in the literature [2,16].
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Sample 157-48-2

The second sample was used for making the LTLM structures for both contacts on the

same wafer. This can be done using a selective etching ofthe InGaAs layer on a large

part of the sample till the n-InP layer. Afterwards performing LTLM on this sample will

allow us to investigate both contacts (p-InGaAs and n-InP) simultaneously.

05/16 10,31
IU'.1 1M
L 25.nm
R - 615.nm

¥i" 'PiA
,Avg 235.nm
TIR 595.nm
Ra 270.nm -0.2
lilli' ..

L~;:R O.Oum
-0.4

Area 2.5390
SCAN MENU 1

Utrl . s/Utrl

10000 .2 -0.6
; 2000.2 1"1_

80 5 25
SCAN t=40sec -0.8

DIR.-)
STYLUS 3mg

220 368um LE

Figure 4.8 The height difference between the p-InGaAs side and the n-InP side on the
LTLMsample measured with the Tencor plot.

After exposing the n-InP on the sample a photolithography step with the mesa mask was

carried out. After photolithography selective etching of p-InGaAs was performed to etch

the mesa on the InGaAs and similarly a selective etching ofn-InP has been carried out to

etch the mesa in the InP part of the sample. Subsequently a critical photolithography step

for the metallisation contacts is done. This was very difficult due the level difference in

the sample between the InGaAs and the InP areas. Finally a metallisation of Ti/Pt

[25/75nm] was done.
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It becomes clear in figure 4.9 that the ohmic contacts on the n-InP side are very bad and

hence the results are not significant. The obtained specific contact resistance for p

InGaAs was 4.08xlO-6 Qcm2 after annealing for 30 seconds at a temperature of 325°C in

Argon ambient. According to the literature this is an average value [2,16,17]

Figure 4.9 A top view ofthe made ohmic contacts. On the left side ofthe sample are the
contacts for p-InGaAs and on the right side the contacts for n-InP.

Sample 157-48-4

The next sample was the 157-48-4 and it was contacted with the Ni/Au [20A/200A]

system. This sample was before annealing ohmic with calculated specific contact

resistance of 1.98x10-6 Qcm2
• Then this contact was annealed 30 seconds at a

temperature of 325°C and a specific contact resistance of 1.08x10-6 Qcm2 was found.
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Figure 4.10 CrLM measurement results and the linear approximation.
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Sample 157-48-8

Due to the problem encountered with the Leybold this sample was metallised in the Airco

using Ge/Ni/Au [1000AJ250A/500A] Only after annealing the contacts become ohmic

(fig 4.11). The sample was cleaved, before annealing, into four pieces and each piece was

annealed under different conditions.

Figure 4.11 I-V characteristic ofGe/Ni/Au contact on p-doped InGaAs before annealing.

After annealing 30 seconds at different temperatures all the contacts become ohmic. The

lowest value of9.52xlO-7 Qcm2 was obtained at a temperature of 400°C.

TrCj Pc {o.em2l
20 Not ohmic
300 4.93xlO-t>
325 1.03xlO-6

330 4.70xlO-t>
400 9.52xlO- 1

Table 4.4 Specific contact resistance ofthe GeINilAu metallisation after 30 sec annealing
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Sample 157-48-10

For this sample a Ti/Pt/Au [600A/750A/IOOOA] metallisation was used. This

metallisation scheme was not ohmic after deposition. After annealing 60 seconds at

400°C a specific contact resistance of 1.54x-6 Qcm2 was obtained. Comparing with the

literature value of 5.5xI0-7 Qcm2 the specific contact resistance is good.
I [A]

-ll.75

0.15

-ll.1

-ll.15

9.2 I

0.25 0.5 0.75

f--~-4----~-----1l..f=-~~----;-----IU [V]
-ll.75 -Q.5

Figure 4.12 I-V characteristic ofTi/Pt/Au contact on p-doped InGaAs before annealing.

Sample 157-48-12

The metallisation TilAu [600A/2000A] was ohmic before annealing and it had the value

of 1.86x-6 Qcm2
• Also before annealing the sample was cleaved into four pieces and

annealed differently.

These measured specific contact resistances were in the range of 1.29 xl 0-6 Qcm2 up to

1.53xlO-6 Qcm2
.

TrCj Pc [oemll
20 1.86xlO-lJ

300 1.33xlO-b

325 1.37xlO-lJ

330 1.29xlO-b

400 1.53xlO-lJ

Table 4.5 Specific contact resistance ofthe TilAu metallisation after 30 sec annealing
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sample 157-48-14

The last sample on p-InGaAs was metallised with the Ni/Au [600A/2000A] system. This

sample was already ohmic before annealing and it had a specific contact resistance of

2.04xlO-6 Qcm2
. After cleaving into four pieces the lowest value of9.71xlO-7 Qcm2 was

achieved at a temperature of 300°C. This is also one of the lowest achieved values for the

specific contact resistance on p-InGaAs.

Temperature rC] Pc loem
2J

20 2.04xlO-o

300 9.71xlO-7

325 1.53xlO-o

400 1.96xlO-6

Table 4.6 Specific contact resistance ofthe NilAu metallisation after 30 sec annealing.

Table 4.7 gives a summary of the measurement results of contacts on p-doped InGaAs.
Almost all the metallisation schemes for p-type ohmic contacts were ohmic also without

alloying them. This is due to the fact that the InGaAs layer is heavily doped with Zn. So

the conditions to have a good tunnel contact already exist.

Sample Metalization Unalloyed Alloyed
scheme pcloem2J Pc loem

2J

157-48-01
TilPt (L)

Not measured 9.76e-07
[25/75]

Ti/Pt (L) ,

157-48-02
[25/75]

Not measured 4.08e-06

157-48-04
Ni/Au (L)

1.98e-06 1.08e-06
[20/2001

157-48-08
GelNi/Au (A)

Not ohmic 1.03e-06
[100/25/50]

157-48-10
Ti/Pt/Au (A)

Not ohmic 1.54e-06(*)
[60/75/1001

157-48-12
Ti/Au (A)

1.86e-06 1.37e-06
[60/200]

157-48-14
NiiAu (A)

2.04e-06 1.53e-6
[20/200]

Table 4. 7 Average measuring results before and after alloy (30sec@325°C).
(A) AIRCO (L) Leybold (*) 60sec@400°C.

The lowest value for p-type ohmic contacts to InGaAs was achieved with Ti/Pt and

Ni/Au (9.76xlO-7 Qcm2 and 9.71xlO-7 Qcm2 respectively).
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4.3 Ohmic contact on n-type InP

4.3.1 Introduction

The conventional ohmic contact to n-type InP is Ge/Ni/Au according to [I] and it shows

many analogies to the related contact p-InGaAs.

In this part I shall discuss the common used metallisation schemes for n-type InP found

in the literature. Then the experimental part of the assignment will be discussed and

finally some conclusions will be given.

4.3.2 Ohmic metallisation schemes

There are numerous publications and books describing the best contacts on n-InP.

The conventional ohmic contact scheme to n-type InP is Ge/NilAu. Also non-Au contacts

were found in the literature e.g. TilPt for which also resulted in good contact resitivity.

Table 4.8 gives an overview of the most used metallisation schemes found in literature.

Metalization scheme
Anneal

Doping Pc Reference
[nm] [cm-3] [ ncm21

Ge/NilAu f2001S0/200] Smin@j400°C 1.0xI0 'x 3.SxI0-o [I ],[2S]
Ge/Au 30sec@37SoC 1.0x101X 1.0xI0-7 [I ],[2]
Ge/Pt - 2.0xlO HS 7.7xI0-o [I ],[2]
GelPd - 1.0xI017 4.2xlO-o [I ],[2]
TilPt/Au - 2.0xlO 'X 3.4xlO-o [1 ],[2]
TilPt - S.Ox101x 8.0xlO-7 fl],[21
Table 4.8 Diffirent metallisation schemes for n-InP from the literature.
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4.3.3 Measurements and results

Sample 157-48-05

The first metallisation scheme was Ti/Pt [25/75nm]. The contact was not ohmic before

annealing. After annealing 30 or 60 seconds at different temperatures in the range of

300°C-400°C there was still no ohmic behaviour to be seen.

Figure 4.13 1-V characteristics ofthe TilPt after annealing metallisation.

Sample 157-48-07

On this sample the conventional ohmic scheme of GelNi/Au [100nm/25nm/50nm] was

deposited. A specific contact resistance of 1.75xI0.6 Ocm2 was obtained. After annealing

30 seconds at a temperature of 325°C the specific contact resistance has been lowered

down to 2.20xI0·7 Ocm2
•

sample 157-48-09

The Ti/PtiAu [60nm/75nm/I00nm] metallisation scheme was deposited on this sample.

Ohmic behaviour was already achieved before annealing with a pc of 1.73xlO·6 Ocm2
.

The specific contact of 1.36x10·6 Ocm2 after 30 seconds at 325°C of annealing was

achieved.
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sample 157-48-11

The next sample that was deposit was with the Ti/Au [6Onm/20Onm] scheme. This

contact becomes ohmic after annealing 30 seconds at different temperatures between

300°C- 400°C. The lowest value for the specific contact resistance was achieved at

temperature of 330°C.

Temperature pe

rC] {oem2l
20 Not ohmic
300 2.55xlO-b

325 1.74xlO-b

330 1.63xlO-b

400 6.99xlO-o
Table 4.9 SpecIfic contact resistance ofthe Ti/Au metallisation after 30 sec annealing

sample 157-48-13

The last sample gets aNi/Au [60nm/200nm] metallisation. A specific contact resistance

of3.14xlO-6 !2cm2 was achieved. After annealing the contact become ohmic at 400°C for

30 seconds

Temperature pe

rC] {oem21
20 3.14xlO-b

300 Not ohmic
325 Not ohmic
330 Not ohmic
400 4.22xlO-7

Table 4.10 Specific contact resistance ofthe Ni/Au metallisation after 30 sec annealing
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4.4 Effect of etching SiNx on the ohmic contacts

4.4.1 Introduction

The photonic integrated circuits fabricated within the group OED use in the first

processing a SiNx layer as a mask to dry-etch the wave guides in the circuit. After this

etching step the SiNx is removed and later the uncovered p-InGaAs layer gets the

metallisation. In this section a brief evaluation of the possible effects of the etching

parameters of SiNx and more specifically the effect of the radio- frequency power used in

the reactive ion etching on the p-type InGaAs ohmic contacts was carried out.

4.4.2 The process

At the Technical University Delft the SiNx was deposited on the surface of the p-InGaAs.

Then SiNx etching was performed in Eindhoven with the new RIElOO under different

parameters (table 4.11).

Setting #1 Setting #2 Setting #3.a Setting #3.b

CHF3 [sccm] 50 50 50 50

02 [sccm] 5 5 0 5

Pressure [mTorr] 55 55 55 35

RF-power [W] 150 100 100 100

Etching time [sec] 60 90 90 90

DC-bias [V] 515 407 413 428

Table 4.11 Different parameter settings for etching SiNx.

With settings #1 and #2 the SiNx was completely etched away and no polymers were

formed. The third sample (setting #3) has some problems with etching away of the SiNx•

After the first run with setting #3.a the SiNx was not fully etched away, so we did another
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run with the same parameters. After this second run there was still SiNx left on the

surface. This is caused by the formation of polymers due to the absence of oxygen.

In the third run an oxygen flow of 5 sccm was added and the pressure was lowered down

to 35 mToIT. After etching in the RIElOO for 90 seconds all the SiNx was removed.

After etching the SiNx away from the surface with the different settings the usual steps of

processing CTLM were done After a short wet chemical cleaning in a BHF solution

during 20 seconds. After rinsing with H20 (DI) the samples are ready for the

photolithography with the CTLM mask, followed by deposition of the metallisation

scheme TiJPtlAu [60nm/75nm/100nm]. The next step is cleaving the samples into two

pieces which under goes a rapid thermal anneal process at 325°C and 400°C respectively.

4.4.3 Measurement results

Before lithography some visual inspection was done. After etching the SiNx the pictures

shown in figure 4.14 were made.

(a) (b)

Figure 4.14 Surface damaging ofthe p-InGaAs after SiNx etching with the RIEJOO (a)
before photolithography and (b) after photolithography.
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The results of these contacts are given in the graphic below.

1.8E-05

1.6E-05

1.4E-05

1.2E-05

1.0E-05

8.1E-06

6.1 E-06

4.1 E-06

•

•

o

• RTA 30sec@325

o RTA 30sec@330

2.1 E-06

1.0E-07 ~------,--------,---------.._-----,-----___

#1 #2 #3 noSiNx

Figure 4.15 Plot ofthe specific contact resistance from the different settings(#1, #2, #3. b)

As it can be expected setting #1 has resulted in the highest damage in the p-InGaAs layer

after etching the SiNx layer because of the higher RF power during the RIE process.

Lowering the RF-power reduces the damages (setting #2 and #3.b)
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5 Conclusions and recommendations

The most important parameter to compare the quality of the different metallisation

schemes is the specific contact resistance (Pc). However this parameter can not be

measured directly and needs to be calculated from other parameters such as the contact

resistance (Re), transfer length (L t) and the sheet resistance (Rsh). In order to determine

the ohmic parameters from experiments, we used the transfer length method (TLM). I

have considered the two configurations (LTLM and CTLM). However these two

measuring techniques rely on the same theoretical basis and use different geometries. The

CTLM has the advantage of a simpler processing necessitating one processing step while

LTLM requires two steps.

The calculations of the values for (Re) and (pc) from the experimental results for the total

resistance as a function of the gap spacing using the CTLM structure can be done in two

ways. Applying a linear correction on the measured values ofRTcin which requires the use

of the correction factors that, account the changing of the circular contact geometry

followed by solving the equations of the LTLM structure. The other way is by fitting the

exact expression for the total resistance RT,eir equation [3.31] to the experimental CTLM

results. From the experiments it can be concluded that the value for Re and pc can be

determined within a margin of 3%.

The TilPt/Au metallisation scheme is commonly used within the group OED for

contacting p-InGaAs and n-InP simultaneously. Our study has shown that this contact is

ohmic on both materials: (Respectively 1.54x10-6 Qcm2 and 1.36xl0-6 Qcm2
) However

the GelNi/Au scheme, with gold on top showed a better overall performance when used

to contact n-InP and p-InGaAs simultaneously.
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Specific contact resistances (Pc) of 2.2xlO-7 Qcm2 (n-type contact) and 9.52xlO-7 Qcm2

(p-type contact)were achieved. So a further recommendation is that the two metallisation

schemes of TilPt/Au and GelNiIAu must be tried in a photonic circuit on a regular wafer

combining passive and active devices to determine which scheme would be the best

choice for the photonic integrated circuits.

A few experiments were carried out to investigate the effect of etching SiNx on the ohmic

contacts which show a decrease of the damage level when lowering the power during the

RIE process. Further investigations are still needed to optimise the RIE process for SiNx •

46



Appendices

Appendices

47



Appendix A Physical constants

Appendix A

Physical constants

Quantity Symbol Value

Angstrom unit A lA=lO-4 /lm = 10-8 cm

Avogadro constant Nav 60.2204 10-23 mor l

Boltzmann constant k 1.38066 10-23 J/K

Elementary charge q 1.60218 10-19 C

Electron rest mass Il10 0.91094 1O-3u kg

Electron volt eV leV=1.602l8 10-19 J

Permeability in vacuum /l 1.25664 1O-11 IDcm

Permittivity in vacuum E 8.85418 10-14 F/cm

Planck constant h 6.62607 10-34 Jsec

Reduced planck constant 1.05457 10-34 Jsec

Speed of light in vacuum c 2.99792 1010 cm/sec

Thermal voltage at 300K kT/q 0.25852 V
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Appendix B

Derivation of correction factors for linear approximation

The starting point of the derivation of the correction factors that are needed to arrive at a

linear approximation of the CTLM measurement results depends on the used CTLM test

structure. In our case the Marlow and Das structures was used. Ifwe start with the

equation 3.32, which is shown below, we can assume if the condition R] »L1 and with

R2=r2+s. For convenience this equation is again given by equation B1.

Bl

If the condition r2»s is valid the In term of equation Bl can be evaluated using a Taylor

expression. Terminating this Taylor expression after the linear term yields:

Inserting the linearization of the In term in B1 requires the introduction of a correction

factor c. Equation A1 then becomes:

B3

According to equation 3.34 where We in this case is equal to 21U'2, equation B3 can be

written as:

RT,c;rc "" RT,Iin . C B4
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The calculation of the correction factor Ci, which depend on the used gap spacing (s), is

according to equation B4 rather straightforward.

Rsh r1(rz+ s] (1 1]1 Rsh [ ]-I n -- +L( --+- 1==--s+2L(·c
2n L rz rz + s rz J 2nrz

B5

If the condition s> >Lt is valid then the Lt dependent term at both sides cancels out with

respect to the Lt independent terms. This yields:

And hence

c= rzln(rz+s]
s rz

B6

Table B 1 shows the correction factors that have been calculated using equation B6 for the

used gap saplings and a nominally radius of the inner disc contact (r2) of 50 rom

Gap spacing (s) Correctionfactors (cJ
[lJ.m/

4 0.962
8 0.928
12 0.896
16 0.868
20 0.741
24 0.817
32 0.773
40 0.735
48 0.701

Table Bl: Gap spacing and their corresponding correction factors.
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Appendix C

Technological recipe for ohmic contacts on n-lnP

1 Surface cleaning:

• Acetone spray

• Iso-propanol spray

• N2 blow dry

2 Removing ofthe InP top layer (lOOnm):

• N2 blow dry

• H3P04 85%: DI H20 (1:10) (10m1:l00ml) 2min etching

• Rinse ROIDI H20

• HC137%: H3P04 85% (1:4) (lOml:40ml) Imin etching (colour change "rate

0.8J.1m/min")

• Rinse ROIDI H20 (5MQ)

3 Removing ofthe layers p-InGaAs and InGaAs (400-200nm):

• Selective etching p-InGaAs/lnGaAs H20: H2S04 : H20 2 (100:10:10)

o Place thermometer in the glass

o H20 first + 10ml H2S04 (concentrated!) Temperature will rise to 60°C!!

o

o Cool down first to T=20°C

o Then 10 ml H202 (stir !)

o Etching InGaAs -+ lmin15sec (etching until there are no colour

differences)

• Rinse ROIDI H20 (5MQ)

• N 2 blow dry
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4 H20 remove step:

Do this always before photolithography and after wet etching when water is involved.

• N2 blow dry

• Acetone spray

• Iso-propanol spray

• N2 blow dry

5 OpticalUthography for the ohmic contacts using the circular TLM mask:

• Photo resist AZ-5214 spinning 30sec@5000rpm

• Soft bake 5 min@95°C (sp 102°C) critical step!!

• Flood exposure I sec UV300 (No mask and the switch in timer mode)

• Hard bake 5 min@105°C (sp 122°C) critical step!!

• Exposure 25 sec UV 300 (CTLM mask, switch in integrate mode)

• AZ-developer AZ: H20 (1:1) (25ml:25ml)0+ Imin50sec

• Rinse ROIDI H20

• N2blow dry

6 Ohmic metaUzation:

• Leybold e-beam evaporator or AIRCO depositioner

7 Lift off:

• Acetone (ultrasonic)

• Acetone spray

• Iso-propanolspray

• N2blow dry

• Visual inspection

8 Post-metallisation treatment:

• RTA 30sec@300°C -400°Ci Ar
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Appendix 0

Technological recipe for ohmic contacts on p-lno.47Gao.s3As

1 Surface cleaning:

• Acetone spray

• Iso-propanol spray

• N2 blow dry

2 Removing ofthe InP top layer (lOOnm):

• N 2 blow dry

• H3P04 85%: DI H20 (1: 10) (1 Oml: 100ml) 2min etching

• Rinse ROIDI H20

• HCI37%: H3P04 85% (1:4) (10ml:40ml) I min etching (colour change "rate

O.8Jlm/min")

• Rinse ROIDI H20 (5MQ)

3 H20 remove step:

• N 2 blow dry

• Acetone spray

• Iso-propanol spray

• N 2 blow dry
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4 Optical lithography for the ohmic contacts using the circular TLM mask:

• Photo resist AZ-52 14

• Soft bake

• Flood exposure

• Hard bake

• Exposure

• AZ-developer

• Rinse ROIDI H20

• N2 blow dry

5 Ohmic metalization:

spinning 30sec@5000rpm

5 min@95°C (sp 102°C) critical step!!

1 sec UV300 (No mask and the switch in timer mode)

5 min@105°C (sp 122°C) critical step!!

25 sec UV 300 (CTLM mask, switch in integrate mode)

AZ: H20 (1:1) (25ml:25ml)-+ lmin50sec

• Leybold e-beam evaporator or AIRCO depositioner

6 Liftoff:

• Acetone (ultrasonic)

• Acetone spray

• Iso-propanol spray

• N2blow dry

• Visual inspection

7 Post-metallisation treatment:

RTA 30sec@300°C 400°C Ar
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Appendix E

Wafer cleaving layout

JDS-Uniphase nip type InP wafer nr15748

metallisatioD
Dr method type

scheme
Ti/Pt Leybold1 CTLM p-type

250AJ750A
TifPt

Leybold2 LTLM p-type
250AJ750A

3 CTLM - Destroyed

Ni/Au
Leybold4 CTLM p-type

20AJ200A
Ti/Pt

Leybold5 CTLM n-type
250AJ750A
GelNi/Au Leybold6 CTLM n-type

1000AJ250A500A
GelNi/Au

Airco7 CTLM n-type
1000AJ250A500A

GelNi/Au
Airco8 CTLM p-type

1000AJ250A500A
TifPt/Au

Airco9 CTLM n-type
600AJ750AJI000A

Ti/Pt/Au
Airco10 CTLM p-type

600AJ750AJI000A
Ti/Au

Airco11 CTLM n-type
600AJ2000A

Ti/Au
Airco12 CTLM p-type

600AJ2000A
Ni/Au

Airco13 CTLM n-type
200AJ2000A

Ni/Au
Airco14 CTLM p-type

200AJ2000A
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