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ABSTRACT

ZnO is a wide band gap semiconductor which is a good candidate for the next generation
of visible and ultraviolet optoelectronic devices. The electrical properties of thin film
ZnO grown on sapphire by metalorganic vapour phase epitaxy (MOVPE) were
investigated in this thesis. Hall measurements were performed to determine the electrical
properties of the ZnO layers. Films were found to be n-type in all cases with residual
carrier densities in the range 5x10*" to 2x10'® cm™. The addition of In dopant did not
result in a significant increase in n-doping despite a large In concentration determined by
secondary ion mass spectrometry and low temperature photoluminescence spectroscopy.
Temperature dependent Hall measurements showed carrier freeze-out with an activation
energy of ~30 meV which is attributed to native donors. No significant change in
activation energy was observed for In doping, consistent with poor activation of the In
impurities. These data indicate that under the present conditions, In primarily
incorporates as an electrically inactive phase. Thermally deposited Al Ohmic contacts
were developed, having a sheet resistance of <10®° Q cm?. Devices were fabricated with
top side Al Ohmic contacts and Au rectifying contacts on ZnO epilayers. The effect of
oxygen plasma and hydrogen peroxide wet treatments were studied by I-V and C-V
measurements. Au-ZnO devices showed rectifying behaviour but with significant leakage
and high ideality factors compared with bulk substrate material. Some improvement was

observed for devices treated with oxygen plasma treatment.
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1: INTRODUCTION

ZnO is a wide band gap semiconductor with a large exciton binding energy of 60 meV at
room temperature making it important for ultra-violet optical devices. [1] ZnO is very
easy to etch in several common acids or alkalis, making it suitable for small-size device
fabrication. [2] In addition, ZnO has a similar crystal structure and lattice constant to
GaN, so that it can be used as a substrate for GaN thin films. All these properties, as well
as resistance to high energy radiation, lower cost and less toxic material, have resulted in

an extraordinary level of interest from researchers over the past decade.

However, some problems need to be solved before ZnO can be used to make
optoelectronic devices. Growth of good crystal quality ZnO on sapphire substrates, which
is highly desirable for low cost light emitting diodes, is very challenging. Also, a
reproducible method for making p-type ZnO still has not been reported. It is still
uncertain whether it is intrinsic defects such as Zn interstitials and oxygen vacancies or
hydrogen impurities which are responsible for making as-grown n-type ZnO. [2] Even for
the case of intentional n-doping, it is not clear whether the doping effect is caused by
substitutional point defects, or by complexes with native defects. Also, despite the fact
that rectifying contacts on ZnO are very important for ZnO device applications, [2] up to
now there are still limited reports for rectifying contacts on thin film ZnO, especially for
growth by metalorganic vapour phase epitaxy (MOVPE). This thesis will focus on the
electrical properties of ZnO grown on sapphire and Si substrates by MOVPE and on the

formation of metal-semiconductor contacts on MOVPE-grown ZnO. Chapters 2 and 3



will introduce the semiconductor theory and basic experimental methods including the
device fabrication methods. Chapter 4 will investigate the structural and electrical
properties of ZnO, especially for In and Al doping in ZnO and the effects of substrate
annealing. Also, data from temperature dependent Hall measurements will be presented
and discussed. Chapter 5 will show the results from current-voltage and capacitance-
voltage measurements for Au rectifying contacts on ZnO. A model to describe the trends

of these measurements on device area will be provided in this chapter.



2: THEORY

This chapter will introduce and explain the theory and background for performing the
experiments during the study of ZnO material. In this chapter, the theory of metal-
semiconductor contacts will be presented. Hall effect measurements and temperature

dependent Hall effect will be introduced.

2.1 Metal-semiconductor contact

It is very important to understand the energy band structure and electrical behavior of
rectifying and Ohmic contacts for fabrication of devices on ZnO. In this chapter, an
overview of energy bands of metal-semiconductor junctions will be discussed, as well as
the theory behind current-voltage (I-V) and capacitance-voltage (C-V) characterization.

A Schottky contact is an idealized metal-semiconductor junction with rectifying current-
voltage characteristics and is important for certain device applications. An Ohmic contact
is a metal-semiconductor junction having linear current-voltage characteristics. Ohmic
contacts are very important because they link semiconductor devices with the outside
world by carrying current into and out of devices with low resistance. [2] In this section,
we will study the physics of metal semiconductor contacts using a band diagram picture,

and then elaborate on the 1-V and C-V characterization of Ohmic and rectifying contacts.

2.1.1 Schottky barrier model of rectifying contacts

Fig 2.1 illustrates the energy band diagram before metal-semiconductor contact. Since

our sample is n-type ZnO, we mainly focus on n-type semiconductors. ¢,, is the metal



work function, which is the energy needed to move an electron out of a particular metal
into the vacuum. Typical values of ¢,, for Al and Au are 4.3 eV and 4.8 eV respectively.
¢, is the semiconductor work function, defined as the energy difference between the
vacuum level potential and the Fermi level of a particular semiconductor. y is the
electron affinity which is defined as the energy difference between the vacuum energy

and the conduction band.

Vacuum Level Potential

pr—— B |
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n type semiconductor E,

Figure 2.1 Band diagram of metal and semiconductor before contact.

The potential energy needed to move an electron from the metal to the semiconductor can
be divided into two parts: the electron is first taken out of the metal to the vacuum level;
then transported from vacuum level into the semiconductor. So ideally, the total energy
required to move the electron from the metal to the semiconductor, also defined as the
Schottky barrier height, is just the difference between the work function of the metal and
the electron affinity of the semiconductor. The Schottky barrier height ¢z, is computed
as: [3]

b0 = Pm — X - (2.1)



When the semiconductor and metal are joined, there exists an energy difference between
the Fermi levels of the two materials. Usually, the Fermi level of the n-type
semiconductor is higher than that of metal, making the electrons flow from the
semiconductor into the lower energy level in the metal. This process will not stop until
the Fermi energy levels in these two materials reach equilibrium. Similar to a one sided
p-n junction, in the n-type semiconductor, a depletion region or space charge region W is
formed near the junction resulting in a bending of the energy band due to the charge layer

which is established in the depletion region, which can be seen from Fig 2.2.

n type semiconductor E,

Figure 2.2 Band diagram of metal and semiconductor when contacted to each other.

From the semiconductor side, to go through the junction, electrons also need to cross over
the barrier created by the space charge region, this barrier V}; is called the built-in

potential barrier, given by [3]:

Vi = dm — s . (2.2)

It is worth pointing out that the Schottky barrier height is a fixed value determined by the
kind of metal and semiconductor that we choose. The Schottky barrier height will not

change as the voltage across the diode. In contrast, the applied voltage does change the



magnitude of the barrier height across the space charge region in the semiconductor
which is e(Vr+Vpi). This difference is very important for understanding Schottky contact

electrical behaviour.

Forward Current

lForward Current

(b)

Figure 2.3 Schottky diode with energy band diagram (a) under forward bias (b) under reverse
bias.

As illustrated in Fig 2.3(a), if a positive voltage is applied to the metal with respect to the
semiconductor, Vg is negative so the barrier height across the space charge region

decreases, while the Schottky barrier height remains constant. In this situation, more and



more electrons can cross over the barrier to reach to the metal since the barrier height
decreases. The shrinkage of the depletion width will also make it easier for electrons to
cross the barrier, just as in the case of the p-n junction. This results in a rapid increase of
forward current with voltage observed in the 1-V measurements. On the other hand, if we
apply a positive voltage to the semiconductor with respect to the metal, it will increase
the barrier height across the space charge region, although the Schottky barrier height
remains constant, and the depletion width also increases. As is shown in Fig 2.3 (b), in
this condition, only a few electrons can get over such a relatively large barrier, flowing

from the semiconductor into the metal.

2.1.2 Current-voltage characteristics

The current-voltage characteristics of the ideal Schottky barrier junction are similar to the
rectifying behaviour of a p-n junction. In forward bias, the current depends on how many
majority carrier electrons can get over the built-in potential barrier from the
semiconductor to the metal side. This process can be described using thermionic emission

theory. [3]

The net current density should be the combination of the current density from the
semiconductor to metal, J;_,,,, and the current density in the opposite direction, /,,_,s. The

net current density is

] =Jsom = Jmos - (2'3)

The Maxwell-Boltzmann approximation can be used to calculate the concentration of the
electrons that have enough energy to cross the barrier. [3] This can be shown to have the

following simple form:



J = Jor |exp (52) - 1], (2.4)

4memy, .

where Jo; = A*T%exp (Lm) is the reverse-saturation current density and A* = 3

kT

called the effective Richardson constant for thermionic emission. ¢p, is the Schottky
barrier height. Although the current-voltage relationship in a p-n junction and a Schottky
barrier diode have a very similar form, the current mechanisms are very different in these
two devices. The current in a p-n junction is determined by the diffusion of the minority
carriers, while thermal emission of majority carriers over a potential barrier determines

the current in Schottky diode.

2.1.3 Capacitance-Voltage characteristics

Capacitance voltage (C-V) measurements can be used to determine the donor
concentration in the semiconductor. This concentration can also be compared with the

free electron concentration determined from Hall measurements.

As in a p-n junction, a Schottky diode also forms a depletion region, but the depletion
region of a Schottky contact is only located in the semiconductor side. In the theory of

the p-n junction, Poisson’s equation is used for a one-dimensional derivation. [3]

d?¢(x) _—p(x) _ dE(x)
dx? & dx

(2.5)

First we consider the case of an abrupt p-n junction. Assuming that the electric field at
both edges of the depletion area is zero, the space charge depletion width of the p-n

junction can be approached as:

1
2

(2.6)

2e.(Vy; + Vo) [N, + N,
W=xp+xn={ s(b; R)[a d]}

NaNd



A metal-n-type semiconductor junction is conceptually similar to a p-n junction with a

very high hole density. This means that we can borrow equation 2.6 for the case Na>>Np.

In this case, equation 2.6 reduces to:

W=x,=

26, (Vii + V)12
[%] , 2.7)

eN

where Vy is the magnitude of the applied reverse-bias voltage. For a Au Schottky contact

on a ZnO sample with electron concentration 1x10'® cm™, the depletion width is 20 nm.

The junction capacitance is given by:

d eN; Adx e&gN, 1/2
C = Q — d n_ siVd (2.8)
dVy dVx 2(Vy + Vi)
This equation can be rewritten as:
C)  eeA%Ny '

From equation 2.9, there exists a linear relationship between the applied voltage and the
reciprocal of the square of the capacitance. The donor concentration Ny can be
determined from the slope of the 1/C® vs. Vg data, while the built-in potential can be
obtained from the intercept on the x-axis. In addition, we can determine the Schottky
barrier height from the V,; that we get from C-V measurements. Considering equation 2.1
and 2.2, we find that there is only a slight difference between the Schottky barrier height

and built-in potential:

b0 = Vpi + bn s (2.10)



where ¢,, is the difference in energy between the bottom of the conduction band and the

Fermi energy.

2.1.4 Ohmic contacts

Metal-semiconductor junctions can also form Ohmic contacts. The type of contact,
Schottky barrier or Ohmic, depends mostly on the work function of the metal and

semiconductor.

We still take an n-type semiconductor as an example. If the work function of the
semiconductor ¢ is greater than the work function of the metal ¢,,, as shown in Fig.
2.4(a), the Fermi energy of the semiconductor is lower than that of the metal, resulting in
a transfer of electrons from the metal to semiconductor until equilibrium is reached. Fig.
2.4(b) illustrates the band diagram of an Ohmic contact. The effective barrier height for
electrons flowing from the metal to semiconductor is very small for electrons to
overcome. Compared with the Schottky contact formation process, the majority carrier
electrons flow from the metal into the semiconductor, making it more n type, thus there is
no space charge region in the semiconductor. No matter how the voltage is applied across
the junction, the barrier height does not change. Electrons only need to get over a small

barrier to transfer from the metal to the semiconductor.

Tunneling barriers are also frequently used to form Ohmic contacts. [4] From equation
2.7, we can see the space charge width in a rectifying metal-semiconductor contact is
inversely proportional to the square root of the carrier concentration. So if the

concentration is too high, then the space charge region is very thin. That can increase the

10



possibility of tunneling, making it an Ohmic contact. Therefore it is very difficult to make

Schottky contacts on a semiconductor with a high carrier concentration.

(a)

Figure 2.4 (a) Ohmic contact for n type semiconductor before contact; (b) the equilibrium band
diagram for the junction.

11



2.1.5 Transmission line measurements

Since Ohmic contacts are critical in circuit design, it is important to make low resistance

Ohmic contacts for particular semiconductor materials.
To determine the quality of an Ohmic contact, we define the specific contact resistance.

av

=—l . 2.11
al,_, (2.11)

Pe

We want p, to be small to make a good Ohmic contact. Generally, the specific contact

resistance is p. < 1076 Q-cm? for a good Ohmic contact. [5]

As is shown in Fig 2.5, when we measure the total resistance between two metal contacts,
there are three contributions to the measured resistance: (1) metal resistance R,, (2)

contact resistance R, , (3) semiconductor resistance Rg. The total resistance is: [5]

R = 2R,, + 2R, + R, (2.12)

me\t‘al
— —
_oww ] ]

7

n type semiconductor

Figure 2.5 Schematic diagram showing current flow between metal contacts adapted from [5].

12



Since most metals are highly conductive, R,, can usually be neglected. The dominant
contributions are usually due to the semiconductor and the contact resistance. Current
flow analysis reveals current crowding effects, [6] which means that the current lines
only flow through part of the metal contact area. To find p., we must consider more

details about the current flow into and out of the metal contact.

Current

Figure 2.6 Schematic of current flowing from semiconductor into metal contact and equivalent
circuit with the current choosing the path of least resistance adapted from [5].

The transmission line model (TLM) was provided by Murrmann and Widmann to find
the contact resistance at a semiconductor-metal junction. [7] This model is now widely

used in semiconductor physics and engineering. As shown in Fig 2.6, when current flows

13



from a semiconductor into metal, it chooses the path of least resistance. [5] According to
H.H.Berger’s analysis, [8] the potential distribution under the metal contact is given
below: [5]

I/pcps cosh[(L — x)/Lr]

Ve = Z sinh(L/Ly) ’

(2.13)

where L is the contact length, Z is the contact width, | is the current flowing into the

contact, p. is the specific contact resistance, ps is sheet resistance of the semiconductor.

From equation 2.13, it follows that the voltage is the highest at the edge of the contact
(x=0) and decreases rapidly with distance. The voltage can be neglected over a particular

distance, which is defined as the transfer length:

’pc
Ly = |—. 2.14
r= ] (2.14)

The transfer length can be thought of as a distance within which, from the edge of the
contact, most of current transfers from the metal into the semiconductor or from the
semiconductor into the metal. Typical transfer lengths are less than 1 micron and in most
cases, the transfer length is much smaller than the contact length. [5] This means most of

the contact area is “inactive”.

Now we may consider the contact resistance. From equation 2.13 we have:

v
RV _ P

L
7= pgcoth (—) . (2.15)

Ly

Equation 2.15 is just an approximation of the contact resistance, because we just suppose

that all the current flows along one dimension i.e. there is no spreading perpendicular to

14



the line between the contacts. Figure 2.7a shows the typical geometry used in this work.
In order to confine the current, we etched a mesa on the ZnO layer down to the sapphire
substrate. We only make metal contact on these mesas so that the current is confined to

transfer along the ZnO mesa, since sapphire is an insulator.
For L < 0.5Ly, coth(L/Ly) = Lt /L, and therefore:
R.~—. (2.16)

For L > 1.5L, coth(L/Ly) = 1, and therefore we get

P
LZ"

R. (2.17)

In the second condition, which includes most cases, the effective contact area is A =
LyZ. So the effective contact area is much smaller than the real contact area. [5] Next, we
consider our TLM model illustrated in Fig 2.7. The metal contact was deposited on the
semiconductor with a particular variable spacing d;. The resistance was then measured
between adjacent pairs of metal contacts with increasing separation. Then we plot the

measured resistances as a function of spacing.

For contacts with L > 1.5L, the total resistance between any two contacts should be [5]

psd

R~ =
r— z

+ 2R, ~ % (d+2Ly). (2.18)

The slope of this line gives the sheet resistance of the semiconductor by multiplying by
the width Z of the contact. Secondly, the intercept on the R-axis gives 2R.. We can
obtain the transfer length L, from the intercept on the d-axis. We have assumed that

L > 1.5Ly, so this transfer length can also help double-check this preliminary
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assumption. Moreover, from equation 2.14, we can calculate the specific contact
resistance, which is the more important parameter, as it is independent of the contact

area.

Care must be taken in obtaining the contact resistance. For example, a small change of
the slope can lead to a large relative change in the d-axis intercept. That means that the

transfer length we get from the intercept at R-=0 may have large uncertainties.

(a) \1,,
’Lm’ azHaaHa4 H "
R.
(b)
Intercept = 2L, 27
l ,,‘—Inlm et = 2R

0 d

Figure 2.7 Transfer length method (a) diagram of test structure and (b) plot of total resistance
versus contact spacing adapted from [5]
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2.2 Hall effect

Hall effect measurements are widely used in semiconductor technology to determine the
carrier concentration and mobility of semiconductor materials. In this section, the basic

principle of the Hall effect and van der Pauw theory will be introduced.

2.2.1 Hall effect theory

We assume that an electron travels through a sample, with a velocity v,. Under a
magnetic field in the z direction, the electron experiences a Lorentz force perpendicular
to the current flow. This Lorentz force results in an accumulation of static positive and
negative charges on opposite sides of the sample resulting in a transverse voltage known

as the Hall voltage.

ZA B,

Figure 2.8 Geometry for measuring Hall effect adapted from [3].
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Fig 2.8 shows this process. Once the equilibrium is reached, Lorentz force must balance
the electric force induced by the static charges:

F=elE+7xB]=0. (2.18)
If we construct the frame as shown in Fig 2.8, equation 2.18 can be written in
components:

ek, = ev,B,, (2.19)

where v, is the drift velocity of the electrons, which can be related to the current density
by:

_ I Wdvyne
S wd  wd

Jx = vyne, (2.20)

where E,, is an induced electric field and is called the Hall field Ej;. This electric field can

be measured by measuring the voltage across the sample, which is defined as the Hall

voltage.
Vy = EgW . (2.21)
We define the Hall coefficient Ry, as:
E Vyd
Ry =—2X=-"1—. (2.22)
B;jx 1B,

Equation 2.22 can be obtained by measuring the applied magnetic field, the current, the
Hall voltage, and knowledge of the geometry of the sample. Plugging equation 2.19 and

2.20 into 2.22, the Hall coefficient can also be written as:

Ry=—. (2.23)
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From equation 2.23, the carrier concentration can be computed once the Hall coefficient

is known.

2.2.2 van der Pauw theory

It is very inconvenient to measure the Hall effect following the traditional bar geometry
described above for the reason that the shape of the sample is rather difficult to make. van
der Pauw provided a method in 1958 and solved the problem successfully for a thin layer
for arbitrary shape with four point-like contacts along the periphery. [9] This method
involves only 4 contacts, and is now widely used in determining the electrical properties

such as carrier concentration and Hall mobility in semiconductors.

(a)

.Figure 2.9 Contact for (a) resistivity measurement (b) Hall measurement.

The resistivity is measured at zero magnetic field as shown in Fig 2.9 (a) for one of two
possible configurations. We define the resistance Ry, op = Vipn/lop- lop s the current

flow from point O to point P and V,,,,, = V,,, — V,, where m,n,o,p are integer labels for the
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contacts shown in Fig. 2.9. Van der Pauw showed that the resistivity of the sample can be

expressed as:

d [Rz134 + R3241
=—-: - - , 2.24
In2 2 f ( )

p

where f is a correction factor which should equal 1 for a square or circular sample. This
correction factor f is determined by a ratio Q = R;; 34/R3241. The relationship between f

and Q result in the following: [10]

In2

% = % arccosh E exp (T)] . (2.25)

This equation is solved numerically to obtain f. To find the resistivity, we calculate Q
from the measurement, and then determine f from the equation 2.25 and then find the
resistivity from equation 2.24. It is worth pointing out that, f is just a geometric correction
factor and has nothing to do with resistivity of the material. [10] However, the presence
of a large f factor can indicate a problem with the sample such as non-uniform carrier

concentration or mobility.

To increase the accuracy, additional measurements were taken by using multiple contact
arrangements and changing the direction of the current. [11] The resistivity can then be

expressed as:

d
p= 87;?' [(R34,12 — R3421 + Ry341 — R23,14)fA + (R12,34 — Ry243 + Ry123 —
Ry132)f38] (2.26)

where f, and f5 are calculated from the experimental data and Q4 and Qg are given by:
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_ R34,12 - R34,21 R12,34- - R12,4-3

Qa and Qp =

R23,4-1 - R23,14 R41,23 - R41,32

(2.27)

The resistivity was calculated using equation 2.26. To obtain the Hall coefficient, the
magnetic field needs to be applied perpendicular to the sample surface. According to van

der Pauw theory, the Hall coefficient can be written as:

d /R +R
R, = E( 13,42 42,31) , (2.28)

2

where the resistance values are defined in Fig 2.9 (b).

Similar to the resistivity measurements, the Hall coefficient measurements are obtained

by averaging over all contacts and directions of the magnetic field.

d
RH1 = (E) [R31,42 - R13’42 + R42'13 — R24’13]’ (229)

d
RHZ = (E) [R13,4-2 - R31,4.2 + R24'13 - R42,13], (230)

where Ry, and Ry, are the Hall coefficients measured using opposite directions of the

magnetic field. Ry can be obtained by taking the average over Ry, and Ry,.

2.2.3 Temperature dependent Hall measurements

Temperature dependent Hall measurements were also an important part of this project.
Information such as the donor activation energy can be extracted from temperature

dependent Hall measurements.

Impurities in semiconductors can change the electrical properties of semiconductors. We
take n-type ZnO for example. Consider adding a low concentration of group Ill dopant

atoms such as Al, In or Ga, which have three electrons in their outer shells. These group
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Il elements will substitute for Zn atoms, which have only two electrons in their outer
shells. Only two of these group Il valence electrons will form covalent bonds with
oxygen atoms, leaving an extra electron which is weakly bonded to the extra charge of
the donor ion. This electron can be easily promoted to the conduction band at higher
temperature and the energy needed to elevate this electron into conduction band is
significantly less than the covalent bonding energy. Fig 2.10 (a) shows the donor energy
level relative to the conduction band minimum. Eq is the binding energy of the donor
electron. At high temperatures, electrons in donor states will jump to the conduction band
leaving fixed positively charged ions. If the temperature decreases, the electrons in the
conduction band will be trapped by these shallow donor levels, resulting in a drop in the
free carrier density called freeze-out. Freeze-out can only occur for so-called non-
degenerate doping, which occurs when the individual dopant atoms are at low

concentrations such that the wave functions of the donors do not overlap (Fig. 2.10a).

Conduction band Conduction band E.
= . = E B,
> [T T T ¢ : ¢
N s e :
5 ¥ T ¥ Eq ;;" 4
g g Filled states
) )
E, B.
Valence band Valence band
(a) (b)

Figure 2.10 The energy band diagram for (a) donor state of non-degenerate and (b) degenerate n-
type semiconductors.
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At high impurity concentrations, the interaction between the impurities should be taken
into consideration. In this case, the single donor energy levels will split and form a band.
(Fig 2.10 (b)) If the doping concentration further increases, this band will become wider
and finally overlap the bottom of the conduction band. If the donor concentration is very
high, the Fermi level will shift up into the conduction band. This kind of semiconductor
is called a degenerate n-type semiconductor. Under these conditions, freeze-out is not
possible because the band of donor states forms a continuum which merges with the

conduction band.

We consider the case of an n-type semiconductor. The form of the Fermi-Dirac function

for electrons can be written as: [3]

f(E) = (2.31)

1 Eq — Ef\’
1+§exp( T )

where g is the spin degeneracy factor, g=2 for electrons, and Ej is the ionization energy
of the donor level. The electron concentration occupying the electron donor levels is:

Na

1 Eq — Ef\’
1+§exp( T )

ng = (2.32)

where N, is concentration of donor atoms. The ionized donor concentration can be

expressed as:

N, N,
N;:Nd—nd: d d

E; —Eg\ n AE,N (2.33)
1+gexp< T ) 1 +gmexp(ﬁ)
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where N, = 2(

3/2
) is the effective density of states function in the conduction

band. AE; = E. — E, is the activation donor energy that equals the difference between
the conduction band energy minimum and the donor energy level, and n is the electron
concentration in the conduction band. The charge neutrality condition, which requires
that the positive charge should be equal to the negative charge in the neutral part of the

semiconductor, can be written as:
n+N; =p+Nj, (2.34)

where p is the hole concentration in the valence band and N is the concentration of
ionized negatively charged acceptors. Since our semiconductor is n type, the hole
concentration in the valence band can be neglected and N, = N, — p = N,. In this case,

equation 2.34 can be simply written as:
n+ N, =N;. (2.35)

Plugging 2.33 into 2.35 we can rewrite the charge balance equation as:

n+N, = , (2.36)

1m3/2

where ¢, = NCZ exp (%) and N/ is the effective density of states function at T=1K,

Ny, g and AE, represent the donor concentration, degeneracy factor and donor activation
energy. From equation 2.36, we can see that n is a function of temperature and N,, Ny
and AE,; can be extracted by fitting the n versus T plot, which can be obtained from

temperature dependent Hall measurements.
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3: EXPERIMENTAL METHODS

This chapter mainly provides an introduction to the experimental methods used for
Schottky device fabrication and the preparation for Hall measurement samples. The

Schottky device fabrication was performed using photolithography.

3.1 Photolithography

Photolithography is a process to optically transfer a device pattern onto a substrate.
Photolithography must be performed in an ultraclean environment because even a little
contamination will result in defects in the photoresist coating. If the defects appear on
more than 10% of the chip surface during each photolithography step, it will cause more
than 50% of the chips to be useless. [12] Since the dimensions of the devices are in the
micron range, and the devices are sensitive to particles in the air, all the processing is
performed in a cleanroom. The specific details about each photolithography step will be

discussed later in this section.

3.1.1 Mask design

A photomask is used to define a particular pattern which we want to “print” onto the
semiconductor wafer. The mask is constructed with an opaque metal coating with

transparent windows which allow ultraviolet (UV) light to expose specific features.

In this project, the substrate we used to grow ZnO films was sapphire, an insulator, which
means that we could not deposit Ohmic contacts on the backside of the sample. To solve

this problem, we designed one set of masks to pattern the sample surface and deposit both

25



rectifying and Ohmic contacts on the ZnO surface. The rectifying regions consisted of
circles of different sizes, while the area in between was covered with Ohmic contact

metal as a uniform electrode. (Fig3.1)

th{i; Rectifying Ohmic ' Ohmic
Zn0O
sapphire
(a) (b)

Figure 3.1 Schematic of devices for (a) side view (b) top view.

Two masks were designed to fabricate rectifying contact devices. The first mask was
used to pattern the outer circle for the Ohmic contact deposition (Al). The second mask
was then used to pattern the inner circles for rectifying contact deposition. Fig 3.2(a)
shows the schematic of mask 2. The purple area is patterned for the rectifying contact
(Au). The schematic of mask 1 is similar to mask 2 but the diameter of the circles on
mask 2 is larger. A 10-um gap between the inner and outer circles ensured electrical
isolation between the Ohmic and rectifying contact metals. The diameters of the inner

and outer circles are listed below:

inner diameter 500 250 100 50
(um)

outer diameter 520 270 120 70
(pm)

Table 3.1 Diameter of rectifying contact circles as designed.

Another set of masks was designed to fabricate devices for TLM measurements. The first

mask was designed to pattern the area for mesa etching. The second mask was used to
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(a)

(b)

Figure 3.2 (a) Mask for fabricating rectifying Au contacts. Light areas represent regions where
light passes through. Al mask is similar but with larger circles and the light and dark
areas are reversed. (b) superposition of two masks used to fabricate TLM samples.
Green shows exposed ZnO surface of mesa. Purple shows Al contact area.



pattern the area for Al (Ohmic contact) deposition on top of the mesas. Alignment marks
were added to make sure the two layers did not overlap and that the Al was deposited on
the mesa. In fig 3.2(b), the green area is the ZnO mesa and the purple area are Al pads.
The masks were fabricated by 4D LABS staff and the patterned area had dimensions of 2

inchx2 inch. The minimum feature dimension was 5 pm and misalignment was within £1

um.
Cleaning
’ Apply photoresist
T s Al
s Photoresist
’ Photo lithography = Sap phire
B=== ZnO
C— - Au
’ E-beam deposition Al
I R E—
B A o

’ Lift-off

’ Apply photoresist Surface treatment f E-beam deposition Au

—

Photo lithography

Figure 3.3 Fabrication procedure for rectifying contact devices.

1. Cleaning:

The samples were cleaved into small pieces, ultrasonically rinsed in acetone, iso-
propanol and DI water separately, each step for 5 minutes and then dried in flowing

nitrogen gas.
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2. Photoresist application

Before applying photoresist to the surface of the sample, we added a pre-baking step
at 100°C for one minute, to remove residual water from the surface of the sample,
which cannot be removed just by flowing nitrogen gas. This pre-baking can remove
water droplets on the sample surface to make the photoresist coat the ZnO film better.
Generally, there are two kinds of photoresist: positive and negative. Positive
photoresist is removed after exposing to UV light while negative photoresist remains
after exposure under UV light. We used AZ 703, a positive photoresist for
fabrication, since positive photoresist always yields better process control in small-
geometry structures. [12] Samples were mounted on a vacuum chuck in a spin coater.
The thickness of the photoresist was determined by two factors: viscosity and
spinning speed. The thickness of the sample is inversely proportional to square root of
the spinning speed. From experience, 4000 rpm for 1 min is enough for the ZnO
samples. The photoresist is very uniform with a thickness of about 1.4 um under
these conditions. After applying the photoresist, a soft bake at 90°C for one minute
was used to solidify the photoresist to prevent damage during the subsequent

exposure step.
3. Exposure and development

The photoresist was then exposed through the mask with high-intensity 220 nm UV
for 3-4 seconds. AZ 703 photoresist was washed away by developer after exposure to
UV light, leaving bare ZnO in the exposed area. The sample was then baked at 110°C
for 1 min, also known as the hard bake, and then placed into AZ 703 developer for 50

sec. The sample cannot be developed too long, since this will start to remove the

29



unexposed photoresist. If the exposure time is too short, photoresist residue will be
left in the exposed areas. The sample was then rinsed with DI water and dried with

flowing nitrogen gas.
. Al deposition and lift-off

After opening windows on the photoresist layer, a thermal evaporation system was
used to deposit 100 nm of Al on the sample in order to define the Ohmic contact. The
sample was then ultrasonically rinsed in acetone in order to lift-off the Al layer
attached to the remaining photoresist. Up to this point, we have successfully patterned

the outer circles using the first mask and deposited an Al layer as the Ohmic contact.

. Au contact inner circle definition

Next we repeated steps 2 and 3, with the second mask to pattern the inner circles.
During exposure, alignment markers on the masks were used to align the second level
of lithography, making sure the outer circles and inner circles did not overlap.
Inevitably, there were some lateral errors and rotational errors between the two
patterned areas. However, considering there is a 10 um gap between the inner and

outer circles, these errors were tolerable.
Surface treatment and Au deposition

Before Au deposition, the sample was usually treated with oxygen plasma or
hydrogen peroxide to make a better rectifying contact. The surface treatment
condition will be discussed in later chapters. A thermal evaporator was used to
deposit Au, followed by lift-off of the excess Au. Finally the sample was cleaned with

DI water and dried with nitrogen gas. After this step, the device was ready for
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current-voltage measurements. Figure 3.4 shows a typical optical microscope image

of the final device.

Figure 3.4 Optical microscope image of a typical device after processing (H085). Diameter of the
largest Au contacts is 500 pm.

A similar fabrication procedure was also necessary for making devices for TLM
measurements. The theory of TLM measurements were introduced in Chapter 2. Fig 3.5
briefly introduces the procedures for device fabrication of TLM samples. The ZnO
sample was first cleaned in acetone, iso-propanol and DI water, each step for 5 min, and
photoresist was then used to pattern the sample. The sample was then etched in dilute

H3PO,4 (10%) for 1.5 min to form ZnO mesas. The etch rate for 10% H3;PO,4 was about
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300 nm per minute. [13] The etching time cannot be too short because that will leave
residual ZnO material on the non-mesa area. This will cause current lines to spread
during the TLM measurement. On the other hand, if the etching time is too long, a lateral

etching effect will occur.

After removing the photoresist, a mesa was formed on a ZnO layer. Then the second
mask was used to pattern the Al deposition area on the sample and then Al was thermally
evaporated on the mesas. After lift-off and a blow-dry in nitrogen gas, the device was
ready for TLM measurements. Fig 3.6 shows a typical optical micrograph of a TLM

sample:

Fabrication procedure of sample for
TLM measurementsamples

Al

1
NS

Figure 3.5 Fabrication procedure for TLM samples.



Figure 3.6 Optical micrograph of a typical device for TLM measurement (HO75).

3.2 Procedure for preparation of Hall measurement samples

There are several steps to prepare a sample for Hall measurements .

1. The ZnO was first cleaned in acetone and isopropanol to remove the surface
contamination and then dried in nitrogen for Hall measurement.

2. In balls were pressed and cleaved into small pieces, and then placed in
isopropanol for 5 minutes to remove hydrocarbons.

3. The In pieces were then dried with nitrogen gas and placed into 5% HCI with

ultrasonic agitation to remove the oxide on the surface of In.
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. The In pieces were then cleaned in isopropanol and DI water to remove the
residual HCI on the surface of the In, followed by a blow dry in nitrogen gas.
. The In contacts were then pressed firmly onto corners of a ~1 ¢cm square ZnO

sample using the wide end of a pair of plastic tweezers.
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4: MATERIAL PROPERTIES

The materials properties of ZnO grown by MOCVD are very important, since they may
affect the quality of Au-rectifying contacts, which is the primary subject of Ch. 5. In this
chapter, a comparative study of ZnO films grown on sapphire (001) and Si (111)
substrates by MOVPE will be presented followed by a study of the effect of In doping,
annealing temperature and substrate cleaning on the electrical properties of ZnO

epilayers.

4.1 Comparison of structural properties of ZnO films on Si and
sapphire substrates

ZnO has a hexagonal wurtzite crystal structure. Because of the high cost of single crystal
ZnO substrates, most work has focussed on the growth of ZnO on substrates with large
lattice mismatch such as sapphire and Si (111). There are significant problems associated
with the very large thermal expansion mismatch (56%) and lattice constant mismatch
(15.4%) between ZnO and Si resulting in high amounts of tensile strain. [14] This results
in very high dislocation densities and the possibility of epilayer cracking, as well as

degradation of the optical and electrical properties. [15]

The growth of ZnO on sapphire (001) substrates suffers from similar problems as Si
(111) and even after 30° rotation to reduce lattice strain, there still exists an 18.4% in-
plane lattice mismatch. [2] In this case the films are under residual compressive strain.
[16] The thin film ZnO in this study was grown by MOCVD on Si (111) and sapphire
(001) substrates separately at 800°C. X-ray diffraction for both samples has been
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performed by the SFU group in a former work. [17] Fig 4.1 shows comparison of the w
scans for the ZnO (002) peak for growth on Si (111) and sapphire (001). The full width at
half maximum (FWHM) shown in o scans for ZnO (002) on Si (111) was 7.2°, much
larger than the FWHM of 0.1° for ZnO films on sapphire substrate. The peak intensity of
ZnO films on sapphire substrate is 4 times higher than for ZnO films on Si substrates.
Compared with ZnO grown on Si (111) substrates, ZnO films grown on sapphire (001)
substrates have much better crystal quality and are aligned much better along the c-axis.
However, w scans can only indicate good alignment of ZnO crystal along the c-axis; they

cannot provide insight into the in-plane alignment.

ZnO/Al,0,(001)
FWHM=0.11°
5
S
=
% ZnO/Si(111)
= FWHM=7.12°

0 5 10 15 20 25 30 35
Omega (deg)

Figure 4.1 XRD o scan for the ZnO(002) plane grown on Al,O3(001) and Si(111) substrates
performed by David Huang.
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To investigate the in-plane alignment of ZnO films, (101) XRD pole figure scans were
performed. Because of the wurtzite structure of ZnO, a 6-fold symmetry of the (101) peak
should be observed around the c-axis if the crystals are well aligned in-plane. The
detector was fixed at 20 = 36.4° corresponding to the (101) reflection, while the
azimuthal angle @ and tilt angle v were varied. Fig 3.2 shows the pole figure result for
ZnO growth on sapphire substrates by MOCVD at 800°C. i was varied from 56.0 to
68.0° and @ was varied from 0-360°. It can be seen that there exist 6 peaks separated by
60° along the ¢ axis. This result indicates that ZnO layers on sapphire substrates are not

only aligned along the c axis but also showed good in-plane alignment. [18]

80
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Psi (degrees)
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40|
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Figure 4.2 (101) Pole figure for ZnO on a sapphire substrate.

If the tilt angle is fixed at the average optimized tilt angle for these six peaks, the two
dimensional pole figures reduces to a @ scan. Fig. 4.3(a) shows a @ scan from the

previous ZnO sample grown on sapphire, derived from the pole figure data with a fixed
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tilt angle of 60.8°. Fig. 4.3(b) shows the @ scan taken for the sample but with the tilt
angle and 20 set to the (202) diffraction condition of the sapphire substrate. The scan
shows three very narrow peaks with much higher peak intensity than the ZnO peaks.
Each peak is separated by 120° showing the 3-fold symmetry of Al,O3 around its ¢ axis.
There exists a 30° shift between the sapphire (202) peak and the ZnO (101) peak
confirming that there is a 30° rotation between the ZnO and Al,O3 (101) directions. This
30° rotation occurs because the ZnO lattice aligns itself with the oxygen lattice in Al,O3
during the growth in order to decrease the in-plane lattice mismatch between Al,O3; and

ZnO from 34% to 18%. [19]

(@) ZnO(101)/ALO,

I W T I

(b) AlLO,(202)

() ZnO(101)/Si

Intensity (a.u.)

A ™ _.W

0 60 120 180 240 300 360

Phi (deg)

Figure 4.3 XRD ¢-scan for (a) ZnO/Al,O3 (101) plane scan, (b) Al,O3 substrate (202) plane scan,
(c) ZnO/Si (101) plane scan performed by David Huang.
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Fig. 4.3 (c) shows the @ scan for ZnO growth on a Si (111) substrate. It shows a flat
pattern with roughly uniform intensity and no significant peaks. This shows that the ZnO
crystal growth on Si (111) was randomly oriented around the c-axis. This conclusion
agrees with TEM data and selective area electron diffraction (SAED) images of a ZnO
film grown on a Si (111) substrate shown in Fig 4.4 (performed by Weiyang Jiang,
analyzed by the author D.C. Li.). The rings in the SAED image confirm that the ZnO
grains are randomly oriented in the growth plane in agreement with the @-scan result.
Otherwise, there should be another set of spots, not rings, corresponding to the ZnO
lattice. The indices indicated in Fig. 4.4 were verified by calculating the distance from the

center of the main beam, calibrated via the Si substrate spots..

Figure 4.4 Selective area electron diffraction (SAED) images of ZnO film grown on Si (111)
substrate.
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This random in-plane ZnO lattice orientation may be due to the presence of a thin
amorphous SiO, layer formed on the Si surface before ZnO deposition since Si is easily
oxidized in N2O. [20] Some reports suggested the growth of a ZnO buffer layer between

the ZnO film and the Si substrate may solve this problem. [21-22]

4.2 Electrical properties

The fabrication of electronic devices from ZnO is an active and ongoing area of research.
Controlled doping has proven to be very challenging. n-type doping is relatively easy
compared with p-type doping [2] since most as-grown ZnO is naturally n type due to the
existence of native defects such as Zn interstitials (Zn;) and oxygen vacancies (V,),
although the exact role of these two native defects is still controversial. Look has
suggested that Zn; rather than Vo contributes to the conduction, but in the form of a defect
complex, with an ionization energy of about 30-40 meV. [23] It was also suggested by
Van de Walle that hydrogen can be the dominant background donor since hydrogen is
present in most growth methods, [24] however hydrogen appears to desorb from films
grown at high temperatures and was not observed in photoluminescence measurements of
our MOVPE films.[16] Group I11 elements such as Al, Ga, and In have been investigated
as n-type dopants since they can substitute for Zn atoms and bond with O to provide one
extra donor electron.[23] Group 111 element dopants have been attempted by many groups

and ZnO films with high conductivity have been reported. [25-26]

In this work, the effect of controlled In and Al doping on the electrical properties were
investigated using Hall effect measurements. Besides doping effects, the effect of
substrate cleaning and post-growth annealing was also investigated. For the samples

grown in this study, dimethylzinc (DMZn) and N,O were used as the Zn and O
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precursors, and trimethylindium (TMI) and trimethylamine alane (TMMA) were used as
the In and Al sources. The effect of substrate treatments on doping was investigated. ZnO
epitaxial layers were grown on annealed or untreated substrates by MOVPE at 800°C.
When pre-growth annealing was used, it occurred at 1100°C in a tube furnace for 30 min
with pure oxygen at a flow rate of 100 sccm. Sapphire substrates were obtained from

Silian Corporation, Victoria BC and were C-plane +0.2°.

RMS=1‘41nm

pm

(b)

Figure 4.5 AFM images of sapphire (Al,O3) substrate for (a) no annealing and (b) annealing at
1100°C for 30 min with 100 sccm oxygen flow. [27]

Fig 4.5 shows a comparison of the surface morphology of the sapphire substrate before
annealing and after annealing in 1100 °C oxygen for 30 min. Before annealing, there are
random scratches and small particles on the substrate. The scratches may come from the

polishing procedure and the small particles were likely due to polishing compounds.
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After annealing, the substrates show a low particle density and atomic terrace steps
indicating that the surface damage layer has been removed. The formation of atomic
terraces might be helpful for ZnO film growth by improving nucleation on the surface.
The absence of particles after annealing suggests that the particles may be carbon related
clusters which are burned off after high temperature annealing. [27] Surface roughness
was considerably improved by annealing the sapphire substrates in a tube furnace at

1100°C for 30 min.

To investigate the effect of In doping, a series of samples was grown with TMI flows
ranging from 0 to 20 sccm. Two series of samples were grown at 800 °C, on pre-treated
sapphire and as-received sapphire. The treatment consisted of cleaning in organic
solvents followed by annealing in oxygen at 1100°C. Figs. 4.6 (a) and (b) shows a
comparison of the effect of In doping on the electron concentration and mobility
respectively for samples grown on annealed sapphire substrates versus as received
substrates. The hollow point shows data from a second Hall sample from the same
growth. For undoped samples (TMIn=0), the carrier concentration for the annealed
substrates shows a significant decrease and the mobility nearly doubled compared with
growth on un-treated substrates. This is probably related to the strong difference in
surface morphology indicated by the previous AFM results. Surface pre-treatment by
substrate cleaning and O, annealing results in the formation of atomic terraces indicating
clean oxygen terminated sapphire surfaces. (Fig. 4.5) The nucleation of ZnO will tend to
occur uniformly on such a surface, resulting in a layer-by-layer growth mode. In contrast,
residual surface contamination of the untreated substrate will inhibit two-dimensional

growth. Instead, nucleation will occur less uniformly at specific sites resulting in the
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lateral coalescence of grains. The lower mobility of the ZnO samples grown on untreated
substrates may be due to the presence of charge scattering at crystal grain boundaries.
[28] Also, scanning electron microscopy measurements showed that the morphology of
the samples grown on untreated substrates consisted of closely packed rods, compared to
a more continuous films with some voids for samples grown on treated substrates. [29]
The increase of the carrier concentration for the untreated sample may due to the increase

of native defects and larger effective surface area caused by the 3 dimensional growth.

The effect of In-doping is somewhat different for the treated vs. untreated substrates.
Surprisingly, there is a weak decrease in carrier concentration with increasing In doping
for samples grown on as-received substrates. This may be due to the higher background
doping masking the weak effect of In doping. One possibility is that In forms complexes
with the native donors, reducing the free electron concentration. This assumption

obviously needs further work to verify.

In contrast, there is a small increase in carrier concentration with In doping for samples
grown on heat treated substrates. This effect may occur because of the lower background
doping on treated substrate due to a significant improvement in the surface roughness and

film quality.

Low temperature photoluminescence (PL) measurements [16] and secondary ion mass
spectrometry (SIMS) confirmed that there is In incorporated in the layers. PL results
show the appearance of emission lines due to the excitons bound to neutral and ionized In

donors. [16] Table 4.1 shows SIMS data and Hall data for pre-treated substrates.
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grown on treated and untreated substrates.
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[In] (SIMS) XRD FWHM

(cm?)

0 4.31x10Y 2.0x10% 0.182
2.0 2.53x10" 4.1x10% 0.188
5.0 9.84x10% 1.7x10%° 0.247
10.0 2.23x10" 9.4x10"° 0.338
20.0 1.91x10Y 1.7x10% 0.577

Table 4.1 Electron concentrations from Hall measurements, and SIMS In concentrations for
different In flows.

SIMS analysis was performed on a 1.1 um ZnO thin film with different In doping
concentrations in order to obtain a depth profile of total In concentration. [30] (Fig. 4.7)
The structure of the SIMS sample consisted of 5 layers of In doped ZnO with TMIn flows
of 0 (undoped), 2.0, 5.0, 10.0, and 20.0 sccm. The SIMS data show a huge discrepancy
between the actual In concentration and the measured electron density, indicating that the
majority of the In does not form shallow substitutional donors. A similar, although
smaller effect, was reported previously in a recent paper on In doping of ZnO grown on
GaN epilayers. [31] This may be due to the formation of other indium oxide phases such

as In,QO3, although these were not observed in XRD measurements.
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Figure 4.7 Hall measurement for (a) carrier concentration (b) mobility as a function of TMI flow
and annealing temperature. Substrate was treated in O, at 1100°C prior to growth.

In an unsuccessful attempt to improve the activation of donor, we performed post-growth
annealing of a series of In-doped epilayers. Fig 4.7 shows the carrier concentration and

mobility as a function TMI flow for different post-growth annealing conditions. Also
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shown are the previous samples without post-growth annealing. All of these samples
were grown on pre-treated substrates (cleaned in solvents plus an O, anneal in the tube
furnace at 1100°C). The samples were given a post growth anneal at 950°C and 1050°C

annealing respectively.

Fig. 4.7(a) showed that annealing greatly increased the carrier concentration, for both
doped and undoped samples. This has also been observed by other groups who attributed
it to the formation of native donor defects. [32] For the samples with no post-growth
annealing, the carrier concentration increased somewhat with In-doping as discussed
previously, while for the post-growth annealed samples, the carrier concentration showed
a large increase for the undoped layers, but a steady decrease with increasing In doping
level. It is clear that high temperature annealing is increasing the background doping
possibly through the formation of native defects, and that these are masking the effect of

the In doping on the electrical properties.

Fig 4.7 (b) shows the 292K mobility as a function of TMIn flow and annealing
temperature. Annealing increased the mobility for nearly all doping levels. Normally an
increase in donor concentration results in a decrease in mobility due to increased ionized
impurity scattering, however we see the opposite behaviour. We should point out that the
expected theoretical mobility for ZnO at a doping level of 10cm™ is around 200 cm?/Vs
at room temperature. [33] The observed improvement in mobility by annealing may be
due to improvements in the crystal microstructure by annealing: Annealing has been
shown to improve the structural properties of ZnO. [16] Fewer grain boundaries should
increase the effective mobility by reducing charge carrier scattering at grain boundaries.

The mobility has the same trends for both annealing temperatures. The mobility increases
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noticeably for small In concentrations which may be due to the reduction in free carrier
concentration caused by partial compensation of native defects by In atoms or complexes.
The mobility reaches a maximum value at around 2-5 sccm TMIn flow and then
decreases at higher values. This suggests that high concentrations of In result in the
formation of additional scattering centres. XRD measurements showed an increase in the
®-scan FWHM from 0.18 to 0.58 as the TMIn flow increased from 0 to 20 sccm. (Table
4.1) This indicates the formation of additional structural defects at high concentrations
which could also produce additional charge scattering. This is also confirmed by the PL

results which show a strong decrease in PL intensity with high In doping. [16]

Similar trends were observed in a series of Al doped samples shown in Fig 4.8. These
samples were grown using trimethylamine alane (TMMA), which is a low vapour
pressure precursor with no AI-C bonds. These samples were grown on pre-treated
sapphire, annealed at 1100 °C. PL measurements on these samples confirmed the
presence of shallow Al donors. The Hall data indicate a possible increase in electron
concentration with doping, however the data are scattered and further work is clearly
needed. Further improvements in crystal structure and morphology will be required to
properly investigate the effect of group Il dopants. For example, by growing on ZnO
substrates, it is possible to greatly improve the morphology and structural quality. C-V
measurements as discussed in Chapter 5 could then be used to measure the donor

concentration in samples with low native and structural defect concentrations.
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Figure 4.8 Hall measurement for (a) carrier concentration (b) mobility as a function of TMMA
flow and annealing temperature. Substrate was treated in O, at 1100°C prior to
growth.

Hall measurements were also carried out as a function of temperature in order to extract
the donor binding energies and donor concentration in selected undoped and In-doped

ZnO films. The theory of this part has been discussed in former chapters. The relationship
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between electron concentration and temperature can be well fitted using the charge-

balance equation (CBE) in a single-donor model: [23]

N, = —p 4.1
n+ A= Tvn/e (4.1)

where n is the electron concentration, N, and N, are the acceptor and donor

concentrations to be fitted. ¢ is given by:

¢ = (1/g)NcT2exp(~Ep/KT) (4.2)

Here, g is a degeneracy factor. No = 2(2mrm;,k)3/?/h3 is the effective conduction-band
density of states at 1K. E, is the donor activation energy. N, N4 and Ej, are treated as
fitting parameters in order to model the measured electron concentration obtained from

Hall measurements.

Fig 4.9 (a) and (b) show a comparison of temperature dependent Hall data for an undoped
sample and a sample with a TMIn flow of 1.0 sccm. The samples were prepared without
post-growth annealing. The carrier concentration vs. inverse temperature was plotted in
Fig 4.9 (a) and fitted to equation 3.1. We fixed the shallow acceptor concentrations at
10" cm™. We assumed N, <« N, since our PL data indicates that there are almost no
detectable shallow acceptors in our material. [16] The parameters extracted from the fits
are summarized in Table 4.2. Both samples show freeze-out of the electron concentration
between 300K and 240K due to capture of free electrons by shallow donor ions at low
temperatures. The donor activation energy extracted in this range was between 30-40
meV (Table 4.2), much lower than the expected value for In (63.2 meV) suggesting that

In is not the dominant donor responsible for the electron concentration. [34] The undoped
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sample also has a similar binding energy as the In-doped sample. PL indicates that Ga is
the dominant shallow donor in our undoped material. [16] However, the binding energy
of Ga is 54.6 meV, which is still much larger than the observed donor activation energy.
Also, the SIMS measurements showed a Ga concentration of around 3x10'® cm™. These
data suggest that native defects, rather than In or Ga donors, dominate the conduction of

these two samples.

Below 240K, the electron concentration did not continue to decrease with decreasing
temperature as predicted by equation 3.1, which indicates the presence of an additional
conduction channel, which dominates the conductivity at lower temperature. Similar
results have been observed for both thin film and bulk ZnO samples. [35-38] It was
suggested by D.C.Look that there is a highly conductive thin layer due to the highly
reactive ZnO surface absorbing impurities such as H or impurities or defects moving
from the bulk to the surface during the annealing treatment. [35] At higher temperatures,
the bulk part of the ZnO dominates the electron transport resulting in freeze-out as the
temperature decreases. At low temperatures, once the bulk carriers are frozen out, the
conduction becomes dominated by the high sheet density of the surface conduction layer.
This is expected to be especially severe in our films, which have a higher fraction of

surface area to volume compared with a perfect planar film.
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Figure 4.9 (a) carrier concentration (b) mobility versus temperature for an as-grown ZnO with
and without 1 sccm of In doping. The sapphire substrate had no cleaning or
annealing pre growth treatment. Sample H233 (undoped) and H266 (1sccm TMin).

Fig 4.9 (b) shows the comparison of mobility for the undoped sample and the 1.0 sccm In

doped sample. There are two mechanisms dominating the carrier mobility of bulk
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semiconductors: phonon scattering and ionized impurity scattering. [39] For the undoped
samples, phonon scattering is responsible for the decrease in mobility above 100K and
ionized impurity scattering is responsible for the reduction in mobility below 100K. The
effect of In doping on the mobility is small at room temperature but very large at low
temperatures. This again points out the possibility that In is enhancing the defect

concentration in the crystals which is increasing the electron scattering at grain

boundaries or point defects.

Sample TMI flow Donor concentration  Donor energy Substrate
(sccm) (108cm~3) treatment
. Annealed
Epilayer annealed 0 5.6 +0.3 53+1 1100°C
Annealed
at 10500C 5 3-0 i 0-2 1-8 i 1 11000C
0.36 + 0.02 37442 No
As-grown epilayer T T Treatment
No
1 0.37+0.01 31.7t1 Treatment

Table 4.2 Summary of temperature dependent Hall measurements.

The behaviour of the annealed samples is quite different. Fig 4.10 shows a comparison of
the temperature dependent Hall data with and without 5 sccm of In doping. These
samples were grown on cleaned sapphire substrates annealed at 1100 °C and post-
annealed at 1050°C for 30 min. It can be seen from Table 4.2 that the activation energy
for freezeout is much lower for these samples. This is due to the greatly increased donor
concentration caused by annealing. As previously discussed, annealing increases the
concentration of native donor defects, and the activation energy is thereby reduced at

high doping due to overlap of the excited donor states.
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Figure 4.10 (a) carrier concentration and (b) mobility as function of temperature for ZnO samples
annealed at 1050°C. Sapphire substrate was cleaned and annealed at 1100°C.
Samples H282 (undoped) and H285 5sccm TMIn.

Reduction of the activation energy is typically caused by the formation of impurity bands
in the donor excited states, which reduces the activation energy for ionization of an
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individual donor electron. [40] Also the annealed samples show much less of a freeze-out
effect than as received samples, for both In-doped and non-doped samples, indicating a

higher electron concentration in the surface conduction layer for the annealed samples.

The low temperature mobility of the 5 sccm In doped sample shows a significant increase
in mobility compared with the undoped sample. It is interesting that the surface
roughness of this sample was greatly improved, with very few voids and an almost fully
coalesced microstructure. [29] The role of In in smoothing the films is a very interesting
result that deserves future study. The fact that the mobility for the doped sample is much
higher tends to support the earlier statement that much of the poor Hall results come from
the 3-d microstructure of the films. Other factors may be relevant, for example the fact

that the film is doped with In.
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5: METAL-ZnO JUNCTIONS

We have discussed the formation of rectifying Au and Ohmic Al contacts in chapter 2. A
rectifying contact is a metal-semiconductor contact with asymmetric current-voltage
characteristics, which can be fabricated by choosing a particular metal and substrate with
a specific combination of work functions. Although Au is reported to be easy to degrade
at high temperature, [41] it is still widely used to make rectifying contacts on both bulk
and thin film ZnO by many groups. [42-44] Other metals such as Ag, [45-46] Pd, [47] Pt
[48] are also good candidates for making rectifying contacts on ZnO. There are also some
reports from the literature that surface treatments such as oxygen plasma, [49] hydrogen
peroxide solutions [50] and surface etching in concentrated HCI [51] may improve the
quality of rectifying contacts. However, up to now, there have been very limited reports

of good rectifying contacts on ZnO, especially for thin film ZnO growth by MOCVD.

To obtain a good Ohmic contact, reducing the contact resistance is an important problem.
Many metallization schemes for making Ohmic contacts on ZnO have been studied [52-
54], such as Ti/Au, Al/Pt, Ti/Al/Pt/Au and Al, all of which have been proved to be good
Ohmic contacts with low contact resistance. Among these metallization schemes, Al is
easy to deposit and shows good Ohmic behaviour on ZnO. It was found that O atoms will
out-diffuse to the Al metal layer while the Al atoms in-diffused to the surface region
forming a layer of n-type ZnO:Al. This inter-diffusion increases the doping concentration
near the surface making the Al-ZnO contact more linear. [55] For our study on metal-

ZnO contact, it is necessary to fabricate a good Ohmic contact with a low contact
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resistance, in order to investigate rectifying contacts on ZnO, which is a more challenging

task.

In this chapter, the results of transmission line measurements (TLM) of Al contacts on
ZnO will be presented. Detailed 1-V and C-V measurements for rectifying Au contacts on
ZnO will be presented. Also, a qualitative model of contact size effects for rectifying Au
contacts on ZnO will be provided, as well as a discussion of the effect of surface
treatment on the formation of rectifying Au-ZnO contacts. Details of the growth

conditions and Hall results for the layers used in this chapter are given in the Appendix.

5.1 Transmission Line Measurements

The process of fabrication of TLM devices was introduced in Chapter 3. The schematic
of the device with dimensions is shown in Fig. 5.1. Mesas were etched to ensure that the
current was confined to the ZnO mesa. The widths of the mesas are 110 um, 210 pum, 310
pm, and 410 pum. Al metal was deposited by e-beam deposition on the mesas with
different spacings. There was a 5 um gap between the Al pads and the mesa edge. The I-
V characteristics were measured between pairs of Al pads with different separations using
a probe station in the cleanroom. Two pieces of ZnO material, H062 and HO75 were
fabricated for TLM measurements. H062 was grown at 800°C for 60 min while HO75
was a two step growth sample. A buffer-layer of ZnO was first deposited at 500°C on
sapphire for 5 min and then another layer was deposited at 800°C for 40 min. This two
step growth was expected to help obtain material with smoother surfaces, as well as

better electrical properties.
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Figs. 5.2 (a) and (b) show the results of TLM measurements for samples H062 and HO75.
Here we just give the results for 100 pm width mesas. The measurements were carried
out by moving two probes onto adjacent Al pads with different mesa separations. Then
all the I-V curves were plotted to obtain the total resistance for different spacings. It is
worth pointing out that the measured resistances contain not only the resistance between
the two probes but also the resistance of the probe station system, which should be tested

before measurement.

L=100um

l \
e ]

50pm 100pum 150pum 200pm 250pum

Figure 5.1 Schematic and dimensions of TLM measurement devices: W=110 um, 210 um, 310
pum,410 pm; Z=100 pm, 200 um, 300 pm, 400 pm.

As was discussed in chapter 2, the resistance includes 2 parts: contact resistance and
resistance from the ZnO mesa. If we assume the contact resistance is constant, the
increase of the resistance with increased spacing between Al contacts was caused by the
increased length of the ZnO bar travelled by the electrons. The resistance versus distance

plot (Fig 5.2), was a straight line as expected. The resistivity can be extracted from the
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slope of the line while the y-intercept can give us the contact resistance. The x-axis
intercept can be used to calculate the specific contact resistivity. The results of TLM

measurements for both ZnO H062 and HO75 were summarized in Table 5.1 (a) and (b).

7000 A (a) TLM ZnO-HO062 -
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a=40.58+16 ohm A
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Figure 5.2 TLM measurement on (a) ZnO H062 (b) ZnO HO75 with mesa width of 100um-
resistance versus distance.
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The resistivity and sheet resistance agreed with each other for all the measurements of
different sample widths, as did the value determined from Hall measurements. The
resistivity and sheet resistance were obtained from the slope of the straight lines in Fig.

5.2 using equation 2.18. The slope has a very small percentage error so we did not quoted

error of the resistivity and sheet resistance.

Transfer contact  Specific contact Resistivi .
length resistance resistivit ?S'Stlv'ty SNl Rk
g y (10%0hm-cm) (10%0hm)
(um) (ohm) (ohm-cm?)
100um | 0.7£0.5 20.0+16 1.49x107 6.48 2.84
200pum 2.7+1 38.9+3 2.07x10™ 6.70 2.92
300um | 2.6x1 25.4+4 1.97x10"* 6.64 2.96
400um | 7.943 58.7+17 1.85%x10° 6.36 2.99
average 6.55+0.15 2.93+0.07
Hall measurement result 6.34 2.84

transfer

contact

specific contact

length resistance resistivity R_e;swtlwty e r3e5|stance
(um) (ohm) (ohm-cm?) (10“ohm-cm) (10°chm)
100pum 1.4+2 15.1+20 3.0x10” 4.65 1.01
200um | -3.3+0.4 -17.6+2 1.2x10™ 4,92 1.07
300um | 2.2+3 7.318 5.8x10” 4,55 0.99
400um 2.7+3 7.147 7.7x10” 4,78 1.04
average 4.73+0.16 1.03+0.04
Hall measurement result 4.10 0.91

Table 5.1 Summary of TLM measurement of sample (a) H062 (b) HO75.

We are unable to obtain accurate values for the transfer length or the specific contact
resistivity for the following reasons. All these results were extracted from the line fits in
Fig 5.2. However, a small error of the slope can cause a relatively large percentage error
in the intercept on the distance and resistance axis, which are used to obtain the transfer
length and contact resistance of the ZnO/Al contact. As a result the errors are as large as

~ 100% in some cases for the transfer length, and in one case the calculated transfer

60



length was negative. Since the specific contact resistivity is derived from the transfer
length squared (Eq. 2.14), the percentage errors are even larger and are not quoted, as the
usual equations for error propagation apply to small percentage errors. The data clearly
indicate that more data points and smaller contact spacings are necessary to improve the
measurement accuracy of the transfer length and contact resistivity. Nevertheless, we can
say from these data that the specific contact resistivities are on the order of less than 10™
Q cm? for the best case devices. In addition, the specific contact resistances of the two
step sample (HO75) appear to be lower than those of the single step sample (H062). A
contact resistivity of 10 Q-cm?, is considered good Ohmic behaviour for many devices.

[54]

In summary, from the TLM data, we have confirmed that Al is a good metal for making
Ohmic contacts on MOCVD-grown ZnO. The resistivity of the ZnO film from the TLM
measurements agreed very well with the Hall data and the specific contact resistance was
low. There are still some improvements that need to be implemented in future work. The
relatively large errors for contact resistance can be reduced by increasing the number of
data points on the distance versus resistance figure. The size and spacing of the metal

pads on the mask should be shrunk to increase the precision of this measurement.

5.2 Rectifying Au contacts for ZnO on Si substrates

The comparison of material quality of ZnO on Si (111) and sapphire (001) substrates was
presented in Chapter 4. In this section, the current voltage characteristics of rectifying Au
contacts on ZnO grown on Si (111) substrates are presented. ZnO on Si (111) was chosen

because of the ease of contacting the backside through the heavily doped n-type Si
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substrate.

is greatly inferior to films grown on sapphire.

However, as discussed in Chapter 4, the material quality of growth on Si(111)
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Figure 5.3 The current-voltage characteristics of the Au/ZnO contacts on n-Si substrate on (a)

linear scale (b) log scale.

ZnO/Si wafer R70 was first cleaned with acetone, isopropanol and water before

deposition, each step lasting for 5 minutes. 100 nm thick Au circles with 250 pum
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diameter were then deposited by thermal evaporation on the surface of the ZnO through a
shadow mask to fabricate rectifying contacts. A layer of indium was coated on a piece of
copper sheet which had been cleaned in a mixture of HCI and DI water (1:20 ratio) and
then the copper sheet was connected with the backside of the ZnO device to form the

back contact electrode for the I-V measurements.

Fig 5.3 shows the current-voltage curves of sample R70, both on a log and linear scale.
The linear scale 1-V curve shows rectifying characteristics with a reverse leakage current
density of about 102A/cm? at -1V. Compared with literature values for ZnO substrate
material, [16] the leakage current is still very large, which may be due to the high carrier

concentration in the surface region of the ZnO.

Thermionic emission (TE) theory predicts that the current-voltage characteristic with the

series resistance is given as follows: [3]

I'=1Io[exp (TE22) — 1] (5.1)

where n is unity for an ideal diode. For these devices, the ideality factor n was 3.19 based
on a fit from 0.2V to 0.45V, which was higher compared with rectifying Au contacts on
ZnO thin film on Si substrate reported in the literature. [56] Such high values of n can be
attributed to the prevalence of tunnelling in the surface region [57] especially considering
the high electron concentrations obtained from C-V measurements (to be discussed later).
The existence of an interfacial layer and/or interface states or surface roughness might be

other reasons causing such a high ideality factor. [46]
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Figure 5.4 The reverse-bias (a) C-V and (b) 1/C vs. V plots for Au/ZnO rectifying contacts on
sapphire substrates.

The C-V curve for the ZnO/Si sample is shown in Fig 5.4. These data provide estimates
of the barrier height and carrier concentration. The C-V results indicate a very high donor
concentration of 9.0 x 10*°cm ™3 which is much higher than the electron concentration

observed by Hall or the donor concentration observed by C-V measurements for samples
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grown on sapphire. This may due to the polycrystalline nature of ZnO on Si substrates
which we have discussed in Chapter 4. The built-in potential can be extracted from the
intercept of the 1/C2-V curve, and is about 1.65V. This value is also higher compared

with results from the literature. [58]

5.3 Rectifying Au contacts for ZnO on sapphire substrates

We could not follow the same backside contact procedure to fabricate rectifying contacts
for ZnO on sapphire substrates because the sapphire is such a good insulator. To solve
this problem, both rectifying and Ohmic contacts were deposited on the top side of the
ZnO thin films. The experimental procedure was discussed in Chapter 3. Al was
deposited on the surface of ZnO as the Ohmic contact and then Au was deposited on
circular patterned areas with a small gap of 10 um between the Au and the Al. Four
different rectifying contact areas were used for comparison. Some of these samples have
been treated with oxygen plasma or hydrogen peroxide to improve the rectifying
behaviour, which will be discussed in the next section. Then I-V and C-V measurements
were carried out. In this section, the I-V and C-V results of as-received samples will be
discussed. A qualitative model of current transfer through the junctions will be provided

and the effect of surface treatment for the rectifying Au contacts will be presented.

5.3.1 Rectifying Au contacts on as-received samples

To investigate the reproducibility of the rectifying Au contact results, the device was
divided into 9 areas, each group containing all 4 different size rectifying contacts: 50 um,
100 pm, 250 pm, 500 pum. I-V and C-V measurements were carried out and compared for

diodes within the same area or among different areas.

65



= Aread-1
e Area4-2
+  Area6-1
0.005 (a) Au/ZnO on sapphire H085 sl ¥ JAIS80-2
d=250 pm i
0.004 - leakage current ?t -1V -
area4-1 9.4x10°°A ur
aread-2 8.8x10°A 2o
= 0003 areab-1 1.0x10°A 3%,
= area6-2 3.4x10°A an
c Oy
@ 0.002+ )
5
O
0.001
ettt
0.000 c——
w
-0.001 T ¥ T r T T T v T T T
3 2 -1 0 1 2
Voltage (V)
Area4-1
(b) Au/ZnO on sapphire HO85 —— Area4-2
d=250 um —— Area6-1
1E-3 —— Areab-2
1E-4
< 1ES
<
(Y
5 1E6
o
1E-7
1E-8
1E-9 T T T T T u T ¥ T ¥ T
38 -2 -1 0 1 2
Voltage (V)

Figure 5.5 I-V characteristics for Au-ZnO devices on sapphire, sample H085 (a) linear (b) log
scale.

Fig 5.5 shows |-V measurements of Au-ZnO diodes with 250 um diameter contacts.

Devices from area 4 and area 6 are shown for comparison. It can be seen that all the I-V
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curves are similar with the exception of a higher leakage current for device 6-2. These
curves clearly show rectifying behaviour with reverse currents density at -1V of
10~1~10"2 A/cm?® which is still large compared with some literature values. [59] For the
curves shown in the graph, the ideality factors, which can be extracted from I-V curves in
log scale, are 4.7, 4.0, 4.9 and 4.3. The ideality factor is much greater than one, similar to

other groups’ Au/ZnO devices grown by MOVPE. [50]

As mentioned before, four different sizes of contacts were fabricated for comparison. To
investigate the influence of contact area, the current density was plotted as a function of
voltage, as shown in Fig 5.6. Since the uniformity is good for these samples, here we just
show the comparison of different adjacent contact sizes. For forward and reverse bias

there is a clear increase in the current density with device diameter.

100 Au/ZnO on sapphire H085

1E-3

Current Density (Alem?)

1E-4

1E-5

1E-6 +

. . . . . . r v
-3 2 -1 0 1 2
Voltage (V)

Figure 5.6 Current density vs. voltage for different diameter Au-ZnO devices on sapphire, sample
HO85.
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The device current can be modelled as a diode resistance in series with a contact
resistance and a bulk contribution from the ZnO in the gap between the Au contact and
the Al electrode. The bulk contribution is due to conduction in the 10 um thick annular
cylindrical ring of ZnO between the rectifying Au contact and the Ohmic Al contact. The
bulk resistance is given by R,~pL,/(2mrt), where L,=10 um is the gap, t is the layer
thickness and r is the inner contact radius. For forward bias, the bulk resistance is
expected to dominate the current, which should therefore scale as r rather than as the
area. In addition there should be a contribution from the contact resistance as shown in
Fig 5.7. The contact resistance is given by R, = R./(L; - 2nr) where L; is the transfer
length and R is the specific contact resistivity (Ohm-cm?). Both the bulk and contact

resistance vary as 1/r, therefore the forward current should also vary as r.

Figure 5.7 Schematic of Au--ZnQO rectifying contact (top view) showing the transfer length for
the forward biased Au contact. A similar annular contact region exists for the Al contact (not

shown).

Figure 5.8 shows a plot of the forward current for four different device sizes at voltage of
1V. The line shows a linear fit to the data showing a clear linear trend as expected based
on the previous argument.

68



0.003 Au/ZnO on sapphire substrate H085
—— linear fit for current vs radius

0.002 /
v

current (A)

0.001

0.000—//

L ' T L T y T r T
0 50 100 150 200 250
radius (um)

Figure 5.8 Current vs. contact radius for rectifying Au on ZnO/sapphire H085 at 1V forward bias.
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Figure 5.9 Capacitance per unit area vs. voltage for different device sizes for Au-ZnO sample
HO85.
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The C-V measurements show a similar trend to the 1-V measurements. Fig 5.9 shows a
plot of the capacitance per unit area versus voltage. lIdeally, the four curves representing
four different contact areas should overlap with each other if the quality and properties of
the diode didn’t change with area. However, the C-V measurements show a strong size
effect. To further study this issue, the capacitance versus diameter was plotted in Fig

5.10.

Fig 5.10 shows several capacitance vs. diameter curves for rectifying Au contacts at
different voltages. The data show a linear increase in capacitance with diameter rather
than the quadratic behaviour which would be expected for a diode with top and bottom
contacts. This suggests that the depletion width is only changing in an annular region

near the edge of the circular mesa rather than throughout the entire metal surface.
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Figure 5.10 Capacitance vs. diameter for Au rectifying contacts on ZnO/sapphire H085.
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The following is a qualitative explanation for this trend. The diodes are quite leaky
compared with high quality diodes typically prepared on ZnO substrate material. The
current flow will be primarily through an annular region of the Au electrode and the Al
electrode as was the case for the TLM measurements. This means that the region closer
to the center of the Au contacts will have very little current flow, with the result that the
ZnO under the center region is essentially at the same potential as the Au itself. Since the
sapphire is an excellent insulator, it will not facilitate the flow of current through the
center region of the contact. As a result, the potential of the ZnO under the diode will
tend to be the same as the potential of the Au contact, independent of the applied voltage,
resulting in a constant depletion width. As a result, a C-V measurement will mostly be

affected by changes in the charge near the edge of the Au contact.

Al =] Au
=
Zn0O depletion region
ALO,

Figure 5.11 Schematic of the depletion area under the Au metal. Because of current leakage in
reverse bias, only the depletion region at the edges will change with bias voltage.
Arrows show primary region with current flow.

Figure 5.12 shows plots of the inverse square of capacitance per area versus voltage for
the four different device sizes for sample H085. Ideally, the fits should be linear over the

entire voltage range, however it is clear that this is not the case for these devices. Fit lines
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are shown at -1V and OV. The carrier concentrations and built-in potentials of sample
HO085 calculated from C-V data for these two bias voltages are shown in Table 5.2. The
carrier concentrations were calculated assuming the nominal Au contact area, neglecting
the previously described edge effects, which could not be included quantitatively. Also
shown are the leakage current densities at -1V, and the built in voltages and ideality
factors obtained from the I-V data. Four diodes for each contact size were chosen and the
average value and standard deviation was summarized in this table. The apparent
concentration increased as the contact size reduced, but we believe this is an artefact due
to the previously discussed edge effects. The carrier concentration obtained from Hall
measurements for ZnO H085 is 1.9 x 10'8cm ™3, which is much closer to the 50 um
contact data at OV. This indicates that the effective contact area is closer to the real
contact area when the radius is 50 um and confirms the above qualitative discussion of

the depletion region only varying near the edge of the contact.

In general the values of the built in voltages obtained from I-V data are seen to compare
better with the C-V measurements at OV bias than -1V bias. This may be due to the larger
leakage currents affecting the C-V measurement process at -1V. The ideality factor seems
to increase as the diode size decreases. This may be due to a higher concentration of

surface states near the contact edges.

Finally we complete the present analysis by estimating the depletion width for these
epilayers. Based on the measured Hall concentration of 1.9x10'® cm™ for sample HO085,
we estimate a zero bias voltage depletion width of 23.6 nm using equation 2.7, and
assuming a dielectric constant of 7.9 and a built in voltage of 1.4V. This is much less

than the nominal layer thickness of ~500 nm.
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Figure 5.12 1/(C/A)? vs. V plot for Au rectifying contacts on ZnO/sapphire H085. Fits are shown
at -1V and at OV.

Device i
Siameter J at -12/ Niem?®  Vu(V) Ncem?® Vy(V) I?I;;I(;iy
(um) (Alcm?) (@-1v) (@-1v) (@uv) (@ov) (from 1-V)
500 0.023+0.01  7.1x10™  1.89  4.9x10"® 117 144 4.1%0.1
250 0.0016+0.005 3.7x10" 215  3.1x10" 164  1.34 4.5+0.3
100 0.035+0.01  1.1x10™®  1.47  82x10” 0.84  1.39 5.0+0.4
50 0.13x0.05  7.0x10"® 369  3.0x10"® 131  1.40 6.0+0.5

Table 5.2 Summary of properties of Au rectifying contacts on ZnO/sapphire (sample H085).
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Figure 5.13 Scanning electron micrograph of a gold contact (upper right) on the ZnO H085
epilayer (lower left). Image courtesy of Thomas Wintschel.

Figure 5.13 shows a scanning electron micrograph of the actual morphology of our
device layers. The image shows that the actual microstructure is quite porous and
contains many voids. Clearly many of the assumptions used in the above analysis will

break down for such a film.

5.3.2 Surface treatment for ZnO/sapphire rectifying contacts

Surface treatments such as oxygen plasma exposure and hydrogen peroxide solutions
were reported to improve the properties of ZnO rectifying diodes. [60] Oxygen plasma
treatment was reported to be a good method to remove surface OH conduction layers in
order to decrease the surface conductivity. [49] The adsorbed oxygen species can diffuse
into the lattice and act as electron acceptors, which will also lower the surface
conductivity. This process was critical for diode barrier formation. [49] In this part of the
thesis, we investigate the effects of oxygen plasma and hydrogen peroxide treatment on
the properties of our Au-ZnO diodes grown by MOCVD. The device fabrication

procedure was the same as before but the device was exposed to 30W, 0.050Torr oxygen
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plasma for 2.5 minutes after the Al contact was deposited on the ZnO film. Then Au was
deposited on the patterned area to form a rectifying contact. Fig 5.14 shows the
comparison of the 1-V curves for Au-ZnO devices with and without the plasma treatment.
The same data are plotted on a log scale for comparison in Fig 5.15 and the results of the
I-V measurements are summarized in Table 5.3. From the results of Fig 5.14, we can see
that for all four contact sizes, the plasma treatment increases the forward current
somewhat. Table 5.4 compares the series resistance for plasma treated samples and as-
received samples, and it is clear that the plasma treatment does reduce the resistance. As
before, the series resistance was proportional to r, not r? confirming that the effective area
was the ring area, not the whole contact area. Also, there seems to be no significant
improvement of the leakage current. From Table 5.4, the ideality factor improved
somewhat after the plasma treatment. The leakage current at -1V and the carrier
concentration didn’t show much difference and the built-in potential barrier increased

after the treatment.

C-V measurements were also performed on this set of samples and the results were
similar in form to those on the untreated ZnO samples. Carrier concentrations and built-in
voltages were estimated from fits to the 1/(C/A)® vs. V data averaged over the voltage
range from -1 to OV. The results are summarized in Table 5.3. The apparent carrier
concentration was observed to decrease significantly compared with the untreated
samples. Again, we get better agreement with the Hall data for the 50 um devices. For
example, the C-V data for the 50 um plasma treated device indicates Ng=2.3x10"® cm™

compared with the measured Hall value of 2x10* cm™.
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Diameter (107cm-3) Vii(V) $ro (V) Ideality current

(km) fromCV  fromIV  factor at -1V(A)
500 2.15 2.05 1.44 2.92 2.2 %1075
Plasma 250 3.90 1.15 1.35 3.20 1.0 x 105
treated 100 9.81 0.98 1.40 3.25 2.6 x107°
50 22.8 1.39 1.42 3.00 53 % 1077
500 1.49 1.17 1.44 3.71 3.7 %1075
As 250 4.87 1.64 1.34 4.16 1.2 X 1075
received 100 8.99 0.84 1.39 4.56 1.6 x 1076
50 50.9 1.31 1.40 5.37 1.8 x 107

Table 5.3 Summary of comparison of plasma treatment for Au contacts on ZnO HO085.

Diameter R, as received Rs plasma treated
m ohm ohm
500 92 80
250 199 182
100 450 427
50 1126 833

Table 5.4 Series resistance of Au contacts on ZnO HO085 for as-received sample and plasma
treated sample.

0.012 4

Au/ZnO on sapphire substrate H085
—— plasma treated ~ 500um
—— as received b ¢

0.010
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0.006

0.004

Current(A)

0.002

0.000

-0.002

Voltage(V)

Figure 5.14 Comparison of I-V curves of plasma treated and as-received devices for Au rectifying
contacts on ZnO HO085 (linear scale).
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Figure 5.15 Comparison of plasma treated devices with Au rectifying contacts on ZnO HO085 (log
scale).

Hydrogen peroxide treatment is another method which is reported to improve the quality
of rectifying metal-ZnO diodes. [50] Hydrogen peroxide treatment is expected to remove
the surface OH layer, similar to the plasma treatment. According to some works, [61] the
OH layer on the top surface may result in a heavy-doped n-type surface layer, making the
junction behave like an Ohmic contact. Hydrogen peroxide treatment is expected to
remove this OH layer through the reaction of deep level defects with the oxygen radicals
supplied by the dissociation of hydrogen peroxide, filling oxygen vacancies, and forming
ZnO. [61] The space charge region is wider after the hydrogen peroxide treatment, which

will force the electrons to climb over the barrier near the interface instead of tunnelling
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through the barrier. Hence, the 1-V characterization will mainly be determined by the

thermal emission process.

In our case, Al was first deposited on the surface of the ZnO as usual. A layer of
photoresist was then coated on top of the Al layer. This layer of photoresist was used to
pattern a particular area for Au deposition. Also, it protects the Al layer from being
oxidized. The device was then placed into 30°C hydrogen peroxide for 10 minutes. After

the treatment, then the Au was deposited. The I-V data is shown in Fig 5.16.
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Figure 5.16 Comparison of I-V curves for hydrogen peroxide treated and as-received Au contacts
(100 pm Au) on ZnO/sapphire (sample H183).

Fig. 5.16 clearly indicates that the hydrogen peroxide does improve the quality of the
rectifying Au contacts by increasing the forward-to-reverse current ratio, but at the same

time, the diode series resistance was increased dramatically by a factor of ~103. Due to
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the high resistance, C-V measurements could not be carried out. Hence we just show the
built-in barrier heights extracted from the I-V measurements. The results are shown in

Table 5.5.

Diameter  ¢so(V)  Ideality current Series

(km) from IV factor at -1V(A) resistance(ohm)

500 0.63 4.44 1.0 x 1077 2.3x10*
H,0, -8 4
treated 250 0.61 4.89 9.6 X 10 4.9x10
100 0.62 4.56 9.4 %1078 1.2x10°
500 0.42 4.55 1.1x1073 55.4
As -4
received 250 0.42 4.15 48 %10 131
100 0.43 4.09 1.1x 107* 300

Table 5.5 Summary of comparison of H,O, treatment for Au rectifying contacts on ZnO (sample
H183).

From Table 5.5, there is no significant improvement of ideality factor for the hydrogen
peroxide treated samples. Such a high ideality factor can be attributed to the existence of
interfacial layers or surface states. [46] Similar to other group’s results [62], the hydrogen

peroxide treatment significantly increased the series resistance by a large factor.

To summarize this chapter, TLM results showed that Al was a good metal for making
Ohmic contacts to MOCVD ZnO. Rectifying I-V characteristics were observed for Au
contacts on ZnO both grown on Si and Al,O3 substrates, but they showed large leakage
currents and high ideality factors. Also, an interesting size dependence effect was found
for both 1-V and C-V data. The forward current was found to depend on r instead of r?
and this was shown to be a result of the specific way top side contacts were applied. The

capacitance also depended on the radius rather than the area and this was postulated to be
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due to the high leakage of our diodes, resulting in a depletion width that changed with
bias only near the contact edges. Capacitance-voltage measurements at zero bias gave
carrier concentrations that agreed reasonably well with Hall measurements for the
smallest contact areas. Surface treatments were performed to try to improve the
properties of Au-rectifying contacts, however, both oxygen plasma treatment and

hydrogen peroxide treatment did not show significant improvements.
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6: CONCLUSIONS AND FUTURE WORK

This thesis explored the electrical properties of MOCVD-grown ZnO thin films by
various electrical characterization techniques including Hall effect, TLM, I-V, and C-V
measurements. Intentional doping with substitutional donors like Al and In was not found
to be very effective despite evidence from PL and SIMS measurements of large amounts
of donor incorporation. This discrepancy may be due to the poor crystal quality of our
films which results in large densities of native defects and grain boundaries which
dominate the electrical resistance of the layers. While rectifying diodes were achieved
using Au contacts, the properties were poor in comparison with devices reported in the
literature which were usually grown on high quality bulk ZnO substrates. Several things

should be done in the future to improve the performance of the rectifying contacts:

e The MOCVD ZnO material which was used to fabricate Au-ZnO devices was not
optimal. The electron concentration from Hall measurements was about 10 cm™
which is very high. High concentrations can increase the leakage current of the Au-
ZnO contacts. In the future, Au contact devices on better quality ZnO should be
fabricated for 1-V characterization. This is now possible using recent epilayers with
greatly reduced free carrier concentrations.

e The surface morphologies of the films used in this study have recently been
investigated in detail using SEM and it was found that in many cases the films consist
of high densities of nanorods and void regions. This is clearly not optimal for the

formation of planar devices. The use of alternate orientation sapphire substrates may

81



permit higher quality 2-d growth. Growth on ZnO substrates should also be
considered. This has been reported to permit atomically smooth films. Recent work in
our lab has shown that the films can be greatly smoothed using In doping. Rectifying
Au-ZnO devices should be grown on low-doped layers grown on In-doped buffer
layers.

Other kinds of metals such as Pt and Pd which are also expected to form good
rectifying contacts on ZnO can also be tried.

A highly conductive ZnO layer can be deposited on the sapphire first, followed by
epitaxial growth of a lower-doped ZnO film. This highly conductive ZnO layer can
force the current to flow vertically through the film rather than laterally as is the

present case with Al ring contacts.
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APPENDIX

Summary of growth conditions and Hall measurements for
samples processed into Au-ZnO diodes.
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