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SUMMARY

A fully automated Temperature Dependent Hall (TDH) measurement setup has been assembled
for the purposes of this study. This TDH setup is capable of measuring samples in the 20 K to
370 K temperature range. Sample sizes of up to 20 mm x 20 mm can be accommodated by the
custom designed and manufactured sample holder. Samples with a resistance @ tbe 1

250 MQ range can be measured with this setup provided that the mobility of the sample is
greater than 1 cfiVs. The computer program controlling the automated measurement process

was written in LabView™ version 6.1.

Single crystal Zinc Oxide (ZnO) was the material under investigation in this study. Bulk ZnO
samples grown by three different methods, namely pressurized melt growth, seeded chemical
vapor transport (SCVT) growth and hydrothermal growth, were measured in the 20 K to 370 K
range. The effect of annealing in argon atmosphere in the 550 °C to 930 °C range was
investigated on all three ZnO types. In addition, hydrogen-implanted layers on semi-insulating
hydrothermally grown ZnO were studied. These samples were annealed in the 200 °C to 400 °C

range and Hall measurements in the 20 K to 330 K range were performed.

Programs were written to fit, wherever possible, the obtained temperature dependent carrier
concentration and mobility profiles to suitable theoretical models. The carrier concentration data
was fitted to a multi-donor single acceptor charge balance equation for the purpose of extracting
donor concentrations and activation energies. Before fitting, the data was corrected for the Hall
scattering factor and, where necessary, for two-layer effects particularly a degenerate surface
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conduction channel that developed through annealing on the SCVT-grown and hydrothermally
grown samples. The acceptor concentrations of the samples were obtained by fitting the mobility
data to a model based on D.L. Rode’s method of solving the Boltzmann transport equation.
Scattering mechanisms included in the model were piezoelectric and deformation potential
acoustic modes, polar optic modes and ionized impurity scattering.

It was found that the mobility data did not fit the model very well without assigning questionable
values to other parameters, in this case the deformation potential. Plausible values for the
acceptor concentration were however obtained. The carrier concentration data fitted the model
well, but due to the large number of parameters to be extracted (up to six parameters in the case

of three donors) there was often not much certainty in the extracted values.

This study shows that TDH analysis is a valuable tool to assess the quality of semiconductors.
Bulk and degenerate surface (or interfacial) conduction are separated with relative ease, and
shallow defect concentrations as well as compensation level concentrations could be extracted.
The generally observed uncertainty in values obtained in the multi-parameter regression of
carrier concentration data indicates that supplementary techniques such as photoluminescence

are needed to support results obtained by the TDH technique.
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CHAPTER 1

INTRODUCTION

Oneof the most important properties of a semiconductor material is the nature of its defects. In
the great majority of semiconductor applications, the electrical and optical properties of defects
are of particular importance. Shallow electrical defects have a strong and direct effect on the
carrier concentration while deeper defects can indirectly affect the carrier concentration by
acting as charge trapping centres. Defects also enter into the electrical transport properties of a
semiconductor through lattice and impurity related scattering mechanisms, thereby having a
significant impact on the mobility of carriers in the material. Hall effect measurements are a
powerful technique to separate the conduction of a material into carrier concentration and carrier
mobility contributions. If in addition the temperature dependence of the carrier concentration is
studied, further separation into various donor and acceptor contributions is possible. In
particular, one can extract donor (or acceptor) concentrations and activation energies. Similarly,
the temperature dependent mobility can be separated into lattice and impurity contributions. If
lattice scattering can be quantified through material parameters known from independent
measurements, ionized and neutral impurity concentrations may be extracted by fitting Hall
mobility data to a scattering model that takes into account the relevant scattering mechanisms.
Therefore temperature dependent Hall (TDH) analysis is an excellent technique for determining
not only the shallow defect spectrum of a material but also neutral and compensating impurity

concentrations.

The analysis possibilities mentioned above are in general only applicable to non-degenerate high
quality single crystal semiconductors. New and refined bulk and epitaxial crystal growth
methods have fuelled research not only on novel materials but also on a number of
semiconductors that have been known for decades. One example of such a material is zinc oxide
(Zn0O), and this study is devoted to the temperature dependent Hall effect characterization of
bulk ZnO. Shallow defects in ZnO have been studied since the 1950’s, but the physical origin of
the various donors has not yet been established in a satisfactory way. What is known is that bulk
weakly compensated material appears to have a main donor with activation energy close to the
hydrogenic value of 66 meV in ZnO. In addition, a donor in the 30 meV to 50 meV range is
present in some as-grown material. Hydrogen doping experiments in ZnO have yielded donors in

this activation energy range, establishing hydrogen as a likely shallow donor candidate also in

1
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as-grown ZnO. The results of the present study also link hydrogen to a shallow donor in the
expected range, and annealing experiments in this study indicate that hydrogen is present in as-
grown bulk ZnO in various concentrations and that out-diffusion of hydrogen takes place at
temperatures above 500 °C. Another interesting aspect of bulk ZnO is the formation of a highly
conductive f-channel at the surface, and such conductive channels are discussed in chapter 7.
TDH analysis allows for separation of non-degenerate and degenerate conduction in a sample,
and a two-layer model is derived and used in analysing samples with surface conduction.
Contrary to what was found in some reports, the surface conduction observed in this study
appears to be stable with respect to both high temperature annealing and the influence of ambient

gases, in particular oxygen.

The present dissertation describes and demonstrates the TDH technique using bulk single crystal
ZnO as an example. The theory required for the calculation of mobility and carrier concentration
from Hall effect measurements is described in chapter 2. In addition, Hall profiling theory is
discussed with emphasis on the two-layer model, a technique for separating degenerate and non-
degenerate conduction in a sample. Chapter 3 is concerned with providing a theoretical
framework for modelling both carrier concentration and mobility in non-degenerate
semiconductors. The carrier concentration model described in this chapter is limited to relatively
weakly compensated semiconductors with multiple shallow donors. The mobility will be
described by a low field transport model using D.L. Rode’s method of solving the Boltzmann

transport equation without approximation.

Chapter 4 offers a brief description of ZnO. Some information on physical properties and band
structure of ZnO is given, but the main focus of this chapter is the discussion of various shallow
donors and acceptors that have been found or are expected to occur in this material. The citations
in this chapter include both theoretical and experimental work on shallow defects in ZnO.

Hydrogen in ZnO forms an important part of this discussion.

The details of the TDH measurement setup designed and constructed for this study are discussed
in chapter 5. Various practical aspects of measurement as well as specifications and limitations

of the setup are discussed.

The discussions of chapters 2 through 5 come together in chapters 6 where the implementation of
both Temperature dependent Hall measurement and data analysis based on theoretical models is

described. The results of the measurement and analysis as applied to different types of as-grown,

2
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annealed and implanted bulk ZnO are presented and discussed in chapter 7. Chapter 8 gives a
brief review of the findings presented in chapter 7. In addition, conclusions are drawn from the

results of this study and further research possibilities are identified.



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(@

CHAPTER 2

THE HALL EFFECT ASAPPLIED TO SEMICONDUCTOR
CHARACTERIZATION

When a conductor is placed in a magnetic field and a current passed through it an electric field will
be produced, the direction of which is normal to both the current and magnetic field directions. This
phenomenon, discovered by E.T. Hall in 1879, is known as the Hall Effdntthis chapter, it will

be shown how the Hall effect may be used in the characterization of semiconductors. In particular, it
is possible to determine carrier type, carrier concentration and carrier mobility by obtaining
appropriate voltage and current readings on a sample that is placed in the Hall setup. Without any

other information about the sample, the accuracy of this technique is typically better thé&h 20%

21HALL THEORY

Current flow in materials is a statistical effect that occurs when charge carriers drift through a
material with an average velocity™. Since these carriers are charged particles, they experience a

Lorentz force when the conductor is placed in a magnetic field. This force is git&n by
FL=q (v xB) (2.2)

whereB is the applied magnetic field, the charge of the carriers amdhe drift velocity of the

carriers. It should be noted thais taken as positive for holes and negative in the case of electrons.

Consider now a conductive material placed in a magnetic field, as shown in figufe ZHe
directions of carrier flow and deflection due to the magnetic field are illustrated for both positively
and negatively charged carriers. This Lorentz force-induced deflection leads to a charge imbalance

along they-direction of the sample, thus resulting in an electric figld
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Figure2.1 Diagram illustrating the Hall effect. The current flows in the x-direction, the Hall field points along the y-
direction and the magnetic field in the z-direction (out of the pége)

In the steady state, the force due to the electric frekd qE, will balance the Lorentz forcE,

acting on the carriers, i.B, =-Fg. Therefore one can write
GEy = (vx X B,) (2.2)

Upon calculating the cross product in equation 2.2, taking into accountthgt and B, point in

thex-, y-, andz-directions respectively, one obtains

Ey = V)(BZ (2'3)

wherevy, E, andB; are the absolute values gf E, andB, respectively. One can now writg in

terms of the current densidy and carrier concentration

v, = i (2.4)

The carrier concentration is by definition a positive quantity and the information about carrier type

is contained irg. Combining equations 2.3 and 2.4, the following is obtained:
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J.B

E, =—+ (2.5)
nq
The Hall coefficientRy is now defined by
E = R,J,B, (2.6)

When one compares equations 2.5 and 2.6, it becomes apparent that

R, =— 2.7)

This implies that the sign d®, is determined by the charge of the dominant carrier type, i.e. it is

positive for holes and negative in the case of electrons.

It should be noted that in the derivation of equation 2.5 we neglected any scattering effects that
occur in a real sample. Scattering has a randomizing effect on the velocity distribution of the
carriers, thus violating the assumption in the derivation of equation 2.7 that all carriers travel with

25 8 Consequently, equation 2.7 is merely an approximate relationship

the same velocity
between the Hall coefficient and the carrier concentration. The degree of accuracy of the
approximation depends on factors such as the carrier type, scattering mechanisms and band structure
of the material, the strength of the applied magnetic field and temperature. The following equation

gives a more exact relationship between the carrier concentration and the Hall co&fffient
'y
R, =— (2.9)

Here, ry is a dimensionless quantity called the Hall scattering factor. Usyalssumes values
between 1 and 9. As the magnetic field increases, the Lorentz force on each carrier will increase
and will, at some stage, dominate over the forces on carriers due to the scattering mechanisms in the
crystal. As the magnetic field approaches infinity, one would thus expédot converge to unity

(L8 | practice, the magnetic field is not so strong that the scattering factor becomes negligible. In
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fact, ry has to be measured or calculated for the most accurate Fsitsore detailed discussion

of the Hall scattering factor is given in section 3.2.2, and formulae to calcyhatl be given.

2.2 CALCULATION OF THE HALL COEFFICIENT

Consider again the sample placed in a magnetic field, as depicted in figure 2.1. Suppose that one
measures a curremf passing through the sample. Since the cross sectional area of the sample on the
plane perpendicular to the current direction is givei\lby Ld, the current density in the sample

can be calculated as follows:

J =

I
—X 2.10
= (2.10)

Onecan also write the electric field, in terms of the measured Hall voltage and the width of the

sample in the-direction:

V
E, = 2.11)
Sibstitution of equations 2.10 and 2.11 into equation 2.6 yi8lds
v,d
= 2.12
=718 (2.12)

To obtain the correct sign &, one should také as positive if there is an electron current from
left to right. Similarly,Vy is positive when a positive potential is measured at the bottom of the

sample (refer to figure 2.1).
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23 PRACTICAL DETERMINATION OF THE HALL COEFFICIENT,
CARRIER CONCENTRATION, RESISTIVITY AND MOBILITY

2.3.1 Van Der Pauw M easurementsto Deter mine Resistivity and Carrier Concentration

Equation 1.12 informs us that the Hall coefficient is independent of the width and length of the
sanple. In fact, as long as the sample is flat, isotropic, homogeneous, of uniform thickness and a
singly connected domain (i.e. no holes), the sample can have any shape (see figure 2.2). Van der
Pauw proved this result in 1958 when he solved the potential problem for a thin layer of arbitrary
shape with four point-like contacts along the peripH@ryThe same conditions apply for the
determination of resistivity. The requirement of point-like contacts (small contacts relative to the
sample dimensions) is critical, but usually not easy to realize. A good “rule of thumb” to adhere

to is not to let the contact size exceed 10% of the size of the smallest sample difension

Figure2.2 Contact configuration for a) resistivity measurement and b) Hall measurement. The pictures also
illustrate that the sample can have any sr%lpe

To see how the Hall coefficient is measured, consider figure 2.2 b). From equation 2.12 it can be
seen thaRy is proportional to the quotieMy/lx, which has dimensions of resistance. Defining

the resistanceR;j = Vi/l; with Vig = Vi — M the potential difference between contactsndl|

and I the current from contadtto contactj, the Hall coefficient is given by the following

expressiort™°:

d R3],42-'- R42,13
= /== 2.13
R, B( . (2.13)
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By averaging over the two “Hall’-configurations, errors caused by misalignment of the four
contacts are eliminated. There are, however, a number of thermomagnetic effects that could
falsify measurements if not taken into account. These are the Ettingshausen effect, the Righi-
Leduc effect and the Nernst effddt All three effects produce a thermoelectric voltage caused

by temperature gradients in the sample. In the case of the Nernst effect, the temperature gradient
is caused by magnetic field independent factors such as uneven sample heating (cooling) or the
Peltier effect. In the other two effects, the temperature gradient is set up by the different Lorentz-
deflection of carriers that have different velocities. Rgg™ denote a Hall resistance measured in

a magnetic field pointing in therf)-direction andR;«" the corresponding resistance wihn

the (—2)-direction. It can be shown that all effects except the Ettingshausen effect can be

eliminated by the following average over current and magnetic field direétifins

d _
R, :(S_Bj[ R31_42 R13,2!'2 R421_3 R24;L§' Rigar Ravast Rosa™ R4213] (2.14)

Once the Hall coefficient is known, the carrier concentratiortan be calculated through
equation 2.9 wherey is often simply equated to unity. In the case of metals or degenerate

semiconductors, this assumption is indeed fue

By definition, resistivity o is the proportionality constant relating the electric fi@din a
conductor to the current density in the conductor such th&=pJ ¥, The reciprocal of
resistivity is called conductivity;, and thuso =1/p. According to van der Pauw’s analysis, the

resistivity of a sample can be determined via the following formula (see figure 2.2 a)):

o= @ [ Ryt Repm f (2.15)
In(2) 2

wheref is a correction factor depending on the r&ie R»134Rs241 f is determined from the

transcendental equatidh®
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Q-1_ i arccom{1 exp{mﬂ (2.16)
Q+1 In(2 2 f

which has to be solved numerically. Analytic approximations to the solution do, however, exist.

It is readily seen that & approaches unity, so doéslt should be stressed thlais a purely
geometric correction factor that has nothing to do with possible resistivity anisotropies in the
sample. If such anisotropies exist, the resistivity would in any case become a tensor rather than a
scalar quantity. As in the case of Hall measurements it is possible to minimize thermoelectric

effects by averaging over all the different contact permutations and current dirE&tions

Yo,

_ {( Biaim Rt B~ Rl ,t_'_( Ruzs Rasst Rusas™ Ruses) fs} (2.17)

" 1In(2) 8 8

Here,fa andfg are determined fror®, andQg respectively, which in turn are given by

R,..,—R

Q, = 2134 ™234 (2.18)
R32,41_ R2341
R,..—R

R14,23_ R4123

2.3.2 Mobility

The drift mobility 14 is defined as the proportionality constant between the applied electric field

on a conductor and the velocity of the carrier as a result of thé*fiéld

V = 4E (2.20)

Combining equation 2.4 with the definition of conductivity, the following result is obtained:

o=—1 (2.21)



EIT VAN PRETORIA
TY OF PRETORIA
THI YA PRETORIA

But equation 2.20 informs us that this is equivalent to
0= Ngil (2.22)
which implies that [1/q)] o= p and thusi./(nq)]o = ruta, which yields, by equation 2.9,
Ryo=ruty (2.23)
The Hall mobilityp is now defined by”
HA = Tl (2.24)

If one now combines equations 2.23 and 2.24, one obtains an expression for the Hall mobility in
terms of the Hall coefficient and the conductivity of the sample:

t =|Rulo (2.25)

The absolute value of the Hall coefficient is used because mobility is by convention a positive
guantity. It should be noted that if the Hall scattering factor is close to unity, the Hall mobility

will be approximately equal to the drift mobility.

2.3.3 Practical Sample Shapes

In practical Hall and resistivity measurements, there are a number of different sample shapes in
use, all of which have their own advantages and disadvantages (two examples are shown in
figure 2.3)™" . In the present study, measurements were done exclusively on square samples
with contacts placed at the four corners, as shown in figure 2.3. Although not the optimal choice

as far as minimizing errors is concerned, samples of this geometry are generally much easier to

make, particularly if more advanced sample processing facilities are not available.

11
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Al Square B) Clocerleaf

Figure 2.3 Two commonly used Hall sample shab]eg].

Onre advantage of the cloverleaf pattern over the square is that the contacts can be comparatively
larger while still retaining relatively low contact size related errors. If the necessary processing
techniqgues are available and the sample is not too small, sample shape B offers distinct

advantages in terms of accuracy.

2.3.4 Mixed Conduction

So far it has been assumed that conduction in a material occurs due to one carrier type only,
either electrons or holes. If one considers strongly doped semiconductors in the extrinsic
temperature region, this approximation is indeed justifiable, since under such conditions the
concentration of one carrier type will outweigh that of the other by several orders of magnitude.
If, however, one is working with weakly doped semiconductors at high temperatures or strongly
compensated semiconductors, one can no longer assume that only one carrier type is involved in
conduction. This holds especially if the mobility of the minority carriers is higher than that of the
majority carriers. It can be shown that the Hall coefficient in the case of mixed conduction is

given by!* >

_ (N =Ng)

2 (2.26)
(N g1, +Nos,)

RH

12
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From this it is seen that the Hall coefficient depends on the carrier densities as well as the
mobilities of both carrier types. It should be noted that the sign of the Hall coefficient need not be
equal to the sign of the majority carriers, since the mobility of the minority carriers may be higher
than that of the majority carriers. Usually, this is only the case if the majority carriers are holes. If

Netle>>Npth Or Npt>>Nelle, €quation 2.26 reduces to equations 2.7 or 2.8 respectively.

24INHOMOGENEITY

2.4.1 Theoretical Introduction

As already mentioned in section 2.3 of this chapter, the van der Pauw analysis is only valid if the
sample under consideration is laterally isotropic and homogeneous. It is, however, possible to
analyze a sample that is inhomogeneous inzttigection (depth) only™. It is convenient to
describe this analysis in terms of aerial (sheet) quantities rather than volume quantities as was
done in sections 2.1 through 2.3. IR}, o5, Ns and i denote the sheet Hall coefficient, sheet
conductivity, sheet Hall carrier concentration and sheet Hall mobility respectively. If one has a
homogeneous sample with conductiviyand thicknessl in the z-direction, the corresponding

sheet conductivitys is given by

Q
I
8

(2.27)

Now suppose that the sample is inhomogeneous izdection, i.e.oc = o(2) is a non-constant
function ofz For sufficiently small segments of thickness, equation 2.27 will be valid since
o(z) will not vary appreciably over such short distances. The total sheet conductivity of the

sample can then be written as the sum of sheet conductivities of the individual ségments

(o :ZN:aiAz: eZN:,ui nAz (2.28)

i=1 i=1

where the last equality follows from equations 2.9 and 2.2%anthe elementary charge. In the

limiting case of infinitesimally thin segments, equations 2.28 become int€ffals

13
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c, =

O t—a

o( )zdz §a 0 34(2dz (2.29)

Apart from g, the aerial quantitR,sos” is useful in depth inhomogeneity analyses. Equations 2.9
and 2.25 imply thaRso® = eng/d in the case of homogeneous samples. Applying the same

argument that led to equation 2.28, one obtains

N N
Ry0: =2, Ro'Az=6 nuAz (2.30)

i=1 i=1

which in the infinitesimal case leads!td’
d
R.0?= ¢ (34°()dz (2.31)
0

Some examples of applying this depth analysis will now be given.

2.4.2 Applications of Depth Analysis
2.4.2.1 Hall Profiling

Sometimes doping profiles in semiconductors are nostemt with depth. This is often the

case if the dopants were introduced by ion implantation. Since simple Hall measurements offer
no intrinsic way of depth discrimination (unlike capacitance-voltage measurements where
depth profiles can be readily obtained), a special technique is required to extract depth

profiles. This technique, called Hall profiling, will be discussed in this section.

To see how the analysis of section 2.4.1 can be applied in practice, consider the sample shown
in figure 2.4. Suppose that resistivity and Hall measurements are done on the sample before

the removal of layef1, yielding values ofc);-1 and(RHsa'sz)j-l. This layer of thicknesglz.,

14



is then removed, whereupon another set of measurements is done on the remaining sample

with results(cs); and(Rusas);.

J

e ———————— 4 removed
el
) loyers

Az
Az,

. {zEL. —_— e

AZN {

Figure2.4. lllustration of the process of removing layers of thickn&ssrom a sample. A Hall measurement

is taken before and after each layer removal.

From equations 2.28 and 2.30 it follows tffat

(09)j4—(0y); = Az, (2.32)
and

(Ri09) 11— (ROY), = quiynbz (2.33)

provided of course thahkz., is sufficiently small so that the layer is homogeneous. These

equations can now be solved to yield the carrier density and mobility ofi{ayef ®:
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- (R Uz)j—l_(R Jz)j

’ S(ass)j_l—(as)sj ; (2.34)
(091~ (a)))’ (2.35)

nj_l ) [(RHsof)j—l_( RBO—SZ)]J&Zj—l

Hall profiling measurements suffer from a number of errors in addition to the ones already
discussed in conjunction with standard Hall measurements (see section 2.3.1). Any errors in
measuring the thicknessz 1 of the layer will obviously falsify the obtained mobility and
carrier concentration values. In addition, the removal of the layer must be isotropic, i.e. the
same thickness of material must be removed on the entire surface. If it is not, the assumptions
of the analysis are no longer valid and the results will be in error. Finally, as equations 2.34
and 2.35 suggest, the mobility and carrier concentration values are determined by subtracting
large quantities of which the difference can be quite smal;if is small. This will amplify

any existing errors in the measurement, and Mlzusshould not be chosen to be too small.

2.4.2.2 Two-Layer Model

When a semiconductor layer is epitaxially grown on a substrate, a certain degree of lattice
mismatch at the semiconductor-substrate interface can lead to a high defect concentration,
giving rise to a degenerate interface layer. Such interface layers may be observed in ZnO or
GaN samples grown epitaxially on sapphire. As will be shown in chapter 6, degenerate layers
can also form at the surface of bulk ZnO due to gas adsorption or out-diffusion of impurities
from the interior caused by annealing. Due to the high conductivity of this layer, its effect
cannot be ignored even if its thickness is small compared to the epitaxial (bulk) layer. This
becomes especially true at low temperatures where “freeze-out” occurs in the epitaxial (bulk)
layer but not in the degenerate interface or surface layer. In this section it will be shown how

to correct variable temperature Hall measurements for the effect of such degenerate layers.

To begin such an analysis, it is important to note that both carrier concentration and mobility

are roughly constant with temperature in degenerate semicondbicthrén addition, it is
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assumed that the degenerate interface layer is thin compared to the non-degenerate main layer.
At very low temperatures (about 25 K or lower) the non-degenerate carriers in the main layer
freeze out, effectively removing it electrically from the two-layer structure. Using the
assumption of temperature-independent conductivity of the interface layer, one can simply
treat this problem as a “layer removal” experiment as discussed in the previous section
(section 2.4.2.1). The measurement before the layer removal corresponds to a measurement at
a higher temperature where the main layer contributes significantly to the conduction.
Similarly, the measurement after the layer removal corresponds here to a low temperature
measurement in which the main layer is practically insulating. Thus identifying the main layer
with thej-lth layer and the interface layer with tﬂblayer in figure 2.4, the corrected mobility
Leorr(T) and carrier concentratiamo(T) of the main layer as a function of temperature are

given, using equations 2.34 and 2.35, by

_(RuI2): ~(RiF D iowr _ (*)r = (M) 1
T)= = 2.36
Heor (T) (091=(T9)iour 77 Rl (77) T ( )
— ((Js) T (a-s)lowT)2 — (( nru)T B (n:u)lowT)2
T) =+ . = . 2.37
nCO”'( ) l(RHso-i)T _(RHsaz)lowTJed |_(ntu2)T _(n:uz)lowTJ ( )

where the subscriptd™ and “lowT” mean that the corresponding measurements were taken at
some temperaturé and at very low (freeze-out) temperature respectively. The quamtities
and u are the measured (uncorrected) volume carrier concentration and mobility values
respectively and the main layer thickness is denotedl Bynce the interface or surface layer

is very thin, the total layer thickness is practically equal to the main layer thickness.

Errors are introduced into these calculations by the fact that the carrier concentration and
mobility of the interface layer is in fact not really constant but vary slightly with temperature.

In addition, it may not be possible to cool down the sample to sufficiently low temperatures
where the main layer becomes truly insulating. The transition between the main layer and the
interface layer may also not be abrupt, violating the assumptions of the argument. It should
also be noted that the correction works better for high temperature data points than for values
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close to freeze-out since in the latter case the corrected value depends more sensitively on the

accuracy with which the interface layer mobility and carrier concentration was determined.

2.4.2.3 Rectifying Two-Layer Situation

When a sample consists of two layers with different carrier types, it is particularly easy to

separate the layers. As shown in figure 2.5, the interface between the two layers forms a p-n
junction, and for any two contacts on the surface of one layer, no current can flow through the
other layer. This is due to the fact that the equivalent circuit for this case contains two back-to-
back diodes in series with the other layer. As long as contacts are only made to one of the

layers, only that layer will affect the measurement.

R substrate

L L

)

surface layer (- fype)

R surface

substrate (p- typel

Sample schematic Fquivalent circuit

Figure2.5 Two-layer sample with different carrier types
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CHAPTER 3

SEMICONDUCTOR STATISTICS AND TRANSPORT THEORY

The results of Hall effect measurements relate to semiconductor statistics through the Hall carrier
concentration and to transport theory through the extracted Hall mobility. It is therefore necessary to
discuss both of these branches of semiconductor theory so that the maximum amount of information

may be extracted from Hall measurements.

In this chapter, a relatively simple model for the carrier concentration is derived from general
semiconductor statistics theory. This model is valid for compensated semiconductors with multiple
shallow defect levels and is applied to ZnO in chapter 7. Semiconductor transport theory is
discussed quite generally, and an elegant method by D.L. Rode for solving the Boltzmann transport
equation is presentéd. Details of how this method was implemented in this study are given in
chapter 6. Analytic approximations for the temperature dependence of mobility for different
scattering mechanisms are given in many b&oRs Although such approximations can be helpful

in the qualitative description of mobility trends as a function of certain material parameters, the most
accurate and reliable computations must involve exact numerical computations. In the present work
no approximations will be presented or implemented. Instead, Rode’s method is applied to fitting

the Hall mobility data and the results are given in chapter 7.

3.1 BAND STRUCTURE, SEMICONDUCTOR STATISTICS AND CARRIER
CONCENTRATION

3.1.1 Band Structure

The energy band structure for diamond-like and spharelite-like crystal structures is known in
great detail due to Kane, who made use of ithye method™ > 3! Both the carrier concentration

and mobility depend on band structure. Fortunately, drift mobility in crystals does not depend
sensitively on the finer details of the band structure, so that effects such as band anisotropy and
spin-orbit splitting may be neglecté]dl. Consequently, Kane’s results may also be applied to
other crystal structures such a wurtzite. Hakrelationship can be written in terms of the known
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parametersky (band gap)m (electron mass) anmu* (effective electron mass in the center of the

Brilloin zone)™:

n’k? E,(@-))

E(k) = 3.1
(k) Py > (3.1)
where
21,2
a2 (k) =1+ 2K (ﬂ—lj (3.2)
mEg, \(m*
It is also convenient to introduce a paramdtgiven by
d=1/1+(m m*-1)/a] (3.3)

d is the relative mass enhancement in a nonparabolic band, similar to the relative effective mass
m*/m in a parabolic band. In factl approaches the valua*/m if k approaches zero or Hy
becomes large. In addition the parameteendc, corresponding to the normalized coefficients

of thes andp-type components of the conduction band wave function respectively, are useful in

transport calculations and are given'By

(k) = 1;’—;’ (3.4)

¢ =1-a° (3.5)

It is also of interest to note that the relationship between crystal momkrdaachcarrier velocity

vis

v = ﬁ(lJ, M} (3.6)
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3.1.2 Modeling Multi-Donor Compensated Semiconductors

In this section an expression for the electron carrier concentration of a material with multiple
shallow donor levels and an acceptor impurity concentratignwll be given. Many of the
results will be stated without rigorous derivation, and the reader is referred to references [1], [4]

and [5] for more detail.

Since electrons obey Fermi-Dirac statistics, the probability of occupancy of the enerdy bvel

thermal equilibrium p/g; , also called the Fermi- Dirac distributif(s), is given b)}“]

_ 1
- expl(E — Ef)/ kg T]+1

n /g, (3.7)

wheren; is the number of electrons agathe number of available occupancy levels at enErgy
Er the Fermi energykg Boltzmann’s constant anflthe Temperature. It can be shown that the
number of states per unit of crystal volume krspace is given by (1 such that
g(k)dk = (1/2r)° dk. Then dh, the number of electrons in the differential volume elergéodk,

can be written a&”

1
dn= g (1 20)° dk 3.8
"= 0ol 2 PIE —E, ykoT] (38)

with go the number of electrons per level (usuajly= 2 for spin up and spin dowry 9. In

general, an isotropic nonparabolic band can be written in the®fdrm

h 2k2
2m*

=y(E)= EQ+aE) (3.9)

wherey is an arbitrary function oE and the last equality is true for Kane bands as shown by
equation 3.1. Substitution of equation 3.9 into equation 3.8, converting from momentum space to

energy space and integrating yields, assuming snidll
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LR Fiz E +1_50'kBTF3/2 E (3.10)
Nc KT 4 KT

whereFy, andF3, are Fermi integrals of order 1/2 and 3/2 respectively Nq)dthe effective

density of states in the conduction band, is givel§'by

x
N, = 2( r;msz J . (3.11)

Assuming sufficiently smallr andT, the second term on the right hand side of equation 3.10 is
negligible, and for sufficiently large negative value€pksT (Er/ksT < -3) the first term on the
right hand side is approximately equaktq(Er/ksT), whence

n= N. exp[(E:)/ k;T] (3.12)

and Er is measured relative to the conduction band minimum. Having thus found a simple
expression that can easily be solved for the Fermi level and that can be related to experimental
parameters, we turn our attention to finding a model for the carrier concentration in the

conduction band.

The situation to be described is depicted in figurel®. There are a number of donor levBis

with energiesEp: through Epk relative to the conduction band ener§y The corresponding
donor impurity densities aregh through Ny , and it is assumed that the impurities are only
singly ionized. Apart from the donor impurities, we assume shallow acceptor impurities of

unknown activation energies and total concentration sufficiently small so that the material is n-

type.
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Figure 3.1 Energy levels in a multi- donor compensated semiconductor. The reference leyel is E

In the case of a donor impurity concentratiandhe obtains for the ratio of neutral to total donor
sites N/Np:

B 1
° 1/ g, exp[-E.)/ kyT]+1

N,° /N (3.13)

As always Er is measured relative to the conduction band minimum. W4tk Np’+ Np* where

Np" is the ionised donor concentration the following hélds

N/ N = g expl(Ee - Ep)/ KsT] (3.14)

SubstitutingEr by equation 3.12, setting the donor ionisation enéfgy = Ec - Ep = -Ep and

using the fact thatl,’ = Np - Np* one obtains, upon solving fois*

N N
N, =

gDnex
N¢

(3.15)

D
AE, ), ,
ko T
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The most general charge balance equation is given by
pt N =n+ N, =n+N,-N,° (3.16)

Assuming n-type conduction (as is the case for the ZnO samples used in the present study) this

reduces to
ND+ =n+N, (3.17)

since p is negligible and practically all acceptor sites are filled. In genAi), is a linear

function of temperature, but this dependency will be neglected here. This assumption is probably
accurate in the case of shallow donors. equations 3.15 and 3.17 are now applied to the multi-
donor situation discussed above, yielding the final result that can be used to model the ZnO

carrier concentration dati

— : I\ID‘
NN, =Y i (3.18)

_ —3/2
i=1 1+ gDi nT ex AEDi
Ne (D kgT

Nc(1), the effective density of states at 1 K, is calculated using equation 3.11. Assuming two-
level slike donor statesgni = 2. The remaining fitting parameters are thus the donor
concentrations p and their respective activation energiéBp;. In addition, the acceptor

concentration N is also a fitting parameter.
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3.2 TRANSPORT THEORY

3.2.1 Solving the Boltzmann Transport Equation

The nonequilibrium behavior of a collection of particles is described by the Boltzmann transport
equatior®

ofy _(ofr) (0 (0f (3.19)
at at force at diff at coll

wherefr = fr(k, t) is the distribution function of a collection of particles subject to an accelerating
force, diffusion effects and collisions. The Boltzmann transport equation thus expresses the rate
of change of an arbitrary distribution function as a sum of three contributing terms: The rate of
change due to the external driving foré&/ot)wrce (€.9. an electric field), the rate due to particle
diffusion in the presence of thermal gradierdi/{t)qir and the rate of change resulting from
collisions with other particlesofi/ot)con . Once expressions for these terms have been found one
can solve for the total distribution functién To this end, it is convenient to writeas a sum of

two contributing term&- 3 %

f (k)= f+xg (3.20)

wheref = f(k) is the equilibrium part of the distributiog~= g(k) the perturbation part (due to the
external field, scattering etc.) andthe cosine of the angle between the driving fdtgandk.
Equation 3.20 is a first order expansion in the driving force, and is valid for a small driving force

only.

For the case of an electron gas in a crys$tal simply the Fermi- Dirac distribution afd = eE
wheree is the charge of an electron akdthe applied electric field. Via the definition of the

derivative it can be shown that the force term in equation 3.19 can be wriftén as
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(af_TJ _ ¥ e 9 (3.21)
Force h

where the second equality follows fraa= eE/md andv = zk/md with a the acceleratiory the
velocity andmdthe effective mass in a Kane Band. To find an expression for the collision term in
equation 3.19 one considers the differential scatteringsrates(, k') for an electron making the
transition fromk to k' and the differential scattering rase = gk', k) for a transition of the
electron fromk' to k. The probability of transition frork to k' is sfr(1-ft') and the corresponding
probability for a transition fronk' to k is s'fr(1-fr). Subtraction of the second term from the first
and integration over all the states one obtains the collision term. In the steady sfatet, = O,

ard assuming negligible thermal gradients equation 3.19 beddmes
EEG%%:j[SfT'(l— f)-sf. @ f,')dk’ (3.22)

Substitution of equation 3.20 into this expression and integration over x yields, after some

algebraic manipulatiot!,

eEdf; _ , . . 1L 1
7W_I X§ g~ J+ sfd'- g1~ )+s f'ldk (3.23)

whereX is the cosine of the angle betwdeandk'. Once the volume integration oMerhas been
performed, equation 3.23 is independent of the angular coordipatel becomes a function lof

only. In order to simplify this expression further, one distinguishes between elastic and inelastic
scattering rates = s + Sinel. Scattering is termed elastic if the energy of a carrier does not
change appreciably during a collision with a phonon. This is only the case when the phonon
energy is much less than the thermal energy of the carrier. If the phonon energy becomes
comparable or even larger than the thermal energy of the carrier, as is the case for polar optic
phonons, carrier energy is not conserved during a collision, and inelastic scattering occurs. In

terms ofse andsine, equation 3.23 becomés® %

27



UNIVERSITEI
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

T VAN PRETORIA

(@

&JJ‘[ So - 1)+ 5. f']d<'+.[ a- X)Se|dk'}

)  eEof (3.24)
= [ X080 = 1)+ 50 fldk=—=2

Physically, the first integral on the left hand side of equation 3.24 represents the rate with which

carriers are scatterexnlit of the differential volume elemerk,dand one defines the scattering out
rate by

$ = [[$@ ) +S fldk’ (3.25)

Similarly, the rate of scattering into the differential volume eleméntS] is given by the

integral on the right hand side of equation 3.24
L0 =] XS @ ) + 5y Fldk’ (3.26)
The second integral on the left hand side is the elastic scattering.rate
Y = [ @ X)s,dk’ (3.27)

Substitution of equations 3.25, 3.26 and 3.27 into equation 3.24 and solving for the perturbation

distributiong yields™

_ $(d)-(eE/n)(of /0k)
) S0 +Ve|

g (3.28)

Since the right hand side of this equation depends due to thes(g') term, the equation has to
be solved iteratively. This is done in the following way:

Setgo = 0 and calculat&(0), whereupomy; is calculated. The value obtained &aris then used
to calculateS(g;) which in turn is used to calculatg, etc. Forj = 0, 1, 2,...the following

recursion formula hold$!:
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_ $(g")~(eE/n)(of /0k)

o= 2
g j+l SO + Ve| (3 9)

Usually less than 10 iterations are required until a tolerance dfisl@atisfied®. Even when

S(g) is taken as zero and only one iteration is performed, good results are often obtained. This
simplification is known as the relaxation approximation. In the relaxation approximation, the
momentum relaxation timecan be thought of as the time constant associated with the decay of
the momentum of the carriers to the thermal equilibrium values after any external perturbations
are removed. Quantitatively the relaxation time is given simply by the inverse of the scattering

rate (/e + So)= 1/ 7 4, so that the perturbation distributigrbecomes

__eErof (3.30)

h ok
The value ofg determined in either the relaxation approximation or the more exact iterative
procedure can now be used to evaluate the drift mobility. By definition, mobility is the average
carrier drift velocity per unit electric field in the low field limit (see equation 2.20). The mobility

is then given byt 239

j I¢(g/ Ed)dk
y:%(ﬂw— (3.31)
_[kz fdk
0

In general, the integrals in this expression must be solved numerically.

3.2.2 Calculating the Hall Scattering Factor

Recall that in section 2.1, the Hall coefficient was derived under the assumption that the carriers
in the sample all moved with the same constant velocity. In semiconductors, this assumption is
generally invalid. To obtain a more accurate expressiorRfprthe details of the perturbed

electron momentum distribution must be considered. Assuming that a relaxation time exists, at
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least to some approximate degree, the equation of motion of a charge carrier ofjanasgbe

written as followd? 1%

m*dv/dt = -q(E + vxB) — m*v —Veg)/T (3.32)

wherem* is the effective mass, the velocity,veq the equilibrium velocity and the relaxation

time, which is a function of energy or momentum. It should be noted that equation 3.32 reduces
via Newton’s second law to equation 2.2 in the steady stetet @ O) if the velocity is equal to

the equilibrium velocity. Here, however, it will be assumed th#tveq. Upon solving the system

of coupled differential equations (equation 3.32) and averaging over the energy distribution of
carriers in a semiconductor using the Fermi- Dirac function one obtains for the current dgnsities
andj, (x andy components df, refer to figure 2.1% %

. T w.r’
=(—— \E - ¢ E .
I <1+wfr2> X <1+a)c2r2> Y (3.33)
w.r? T
j, =—{— E,+{——= )E :
Iy <1+wfr2> X <1+wfr2> y (3.34)

where w; =eB/m* is the cyclotronic frequency arte, and E, the x andy components of the
electric field respectively, as shown in figure 2.1. The brackets denote averaging over energy in
the following way™*%:

T( F(E)E**(0f / 0E)dE
(F(E))=2— (3.35)
_[E3’2(6f/6E)dE

The functionf in this expression is simply the Fermi-Dirac function &{#) is an arbitrary

function of E, e.g. 7(E). Now, in the low magnetic field limitp.t << 1so that the bracketed
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expressions in equations 3.33 and 3.34 can be simplified somewhat. Imposing once again the

condition thajy, = O (refer section 2.1) one finds tH&l

Na(r) (3.36)

which through the familiar formula for conductivity mobiljty

U = |q|<i> (3.37)
m
yields
j, = ngu E, (3.38)

Now, from equation 2.6 we know that the Hall coefficient is giveiRbpy jxB/Ey
So that one obtains, using equations 3.33, 3.34 and*3*36,

R, 1) (3.39)

The Hall scattering factor is thus given!by®:

-2 I(r2E3’2(6f/6E)dEm
r,=—1=0 jE3’2(af/aE)dE (3.40)
(7) [rE"*(0t10B)dE °
0

Converting these integrals kespace and recalling that= 1/(& + vel), one obtains
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© .3
[ VERR) T

=3 o 5 [ € fdk (3.41)
Kk’ of 0
I'a a8+ wldk

Recall thatd is given by equation 3.3. The scattering reesindve are quantified in section
3.2.3. Of coursey and f must be written in terms of momentum rather than energy in this
expression. Sinc, andvg are given in terms d&f rather thark in the next section, equation 3.41
rather than 3.40 will be used to calculatelt should be noted that equation 3.41 gives the Hall
scattering factor in the relaxation time approximation, unlike the formula for mobility (equation
3.31), which is exact ifl is evaluated via the iterative method given in equation 3.29. More exact
calculations ofry are possible (Monte Carlo methodsS} but also more complex and
computationally expensive. For many practical purposes, including the data fitting in the present

study, equation 3.41 is sufficiently accurate.

3.2.3 Qualitative Description of the Scattering Mechanisms in Crystals

In order to understand the temperature dependence of the carrier mobility, one needs to discuss
and quantify the various scattering mechanisms that are of importance in a given material. In this
section, a general overview of most of the important scattering mechanisms will be given, and the
important scattering rates for compound semiconductors, in particular ZnO, will be quantified.
The most important scattering mechanisms are given in figufd.3.2

An ideal crystal is a perfectly periodic structure of unit cells without deviation, thermal vibration

or impurities. Obviously, most of the imperfections mentioned in figure 3.2 occur in real crystals
to a greater or lesser extent. Discontinuities such as edge or screw dislocations are usually formed
during crystal growth and act as centers for charge accumulation. The perturbing potential thus
created causes carrier scattering. Usually the number of crystal defects in properly grown crystals
is low enough so that this type of scattering is dwarfed by other mechanisms and can

consequently be neglect&dt,Error! Bookmark not define]i..
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Scattering Mechanisms

Defect Scattering Carrier-Carrier Lattice Scattering
/ \ scattering \
Crystal Impurity Alloy Intravalley Intervalley
defects

\

Neutra lonised Acoustic Optic Acoustic Optic
Deformation Piezo- Non- Polar
Potentia electric polal

Figure 3.2 The most important scattering mechanisms in semiconductor crg‘}%tals

If the semiconductor is composed of a mixture of two or more different compounds, no definite
crystal structure can form since the compounds will in general have incompatible intrinsic crystal
structures. Thus discontinuities will be spread randomly throughout the structure, giving rise to

alloy scattering. This type of scattering obviously does not occur in pure compounds.

Usually, impurity atoms are present in the lattice. Their origin may be unintentional as part of the
crystal growth process or intentional in the form of doping atoms. Depending on how deep the
resulting donor / acceptor levels are located, these dopant sites will become ionized above a
certain temperature, normally around liquid helium temperature for shallow doping. Thus, at very
low temperatures, most impurity atoms are neutral and neutral impurity scattering occurs. As
temperature is increased, the donor / acceptor sites become ionized, leaving charged scattering
centers behind. This is one of the dominant scattering mechanisms in doped semiconductors in
the 10 K- 300 K regioff *!. Above around 100 K, ionized impurity scattering decreases since the

scattering probability of charged centers is less in the case of high-energy carriers.
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We now turn our attention to scattering due to the lattice. Because of the finite temperature of a
crystal, the atoms vibrate around their equilibrium lattice sites. These vibrations cause time-
dependent changes in the carrier states. A quantum mechanical treatment requires the
introduction of phonons, which are particles with momentinand energyiw, where’ik is the
wave vector,w the phonon frequency ard Planck’s constant divided byr2Phonons, like
photons, obey Bose-Einstein statistics as well as the laws of conservation of energy and

momentum during collisions with other particles such as electrons.

There exist different types of lattice vibrations resulting in phonons of different energies.
Neighboring atoms can vibrate either in phase or out of phase. The first case is analogous to the
propagation of an acoustic wave, and the phonons associated with such vibrations are called
acoustic phonons. The direction of tkevector can be either parallel of perpendicular to the
atomic vibrations, corresponding to longitudinal and transverse acoustic phonons respectively.
The periodic change in gap energy as a result of these vibrations causes what is known as
deformation potential scatteriffg®!.

Another type of acoustic phonon scattering occurs in crystals with molecules that are not totally
symmetric. As an acoustic wave propagates through the crystal, the shape of the constituent
molecules is distorted, changing the position of polarized atoms. This gives rise to a potential due
to the piezoelectric effect, which in turn scatters carriers. Piezoelectric scattering is important in

all compound semiconductors, usually at low temperattifés

The vibration of neighboring atoms in opposite phase either longitudinally or transversal are
known as optical modes of vibration, giving rise to optical phonons which normally have a higher
frequency than their acoustic counterparts. Again, two different cases need to be distinguished.
Like acoustic vibrations, optic vibrations produce strain in the lattice, thus perturbing the energy
levels. Since the strain is usually less than for acoustic vibrations, the significance of this
nonpolar optic interaction is of little significance, except in crystal directions where the band
energy does not change rapidly wikhThis occurs in aluminium, gallium and lead compounds.
Pdar optic scattering is of greater importance, and it occurs due to the change in potential by
optic strain induced shift of polarized atoms. This is one of the dominant scattering effects above
80 K123
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Scattering effects can be classified even further into intravalley and intervalley scattering. In the
former, carriers remain within the same valley after scattering, the energy and momentum of the
phonon not being sufficient to scatter the carrier to another valley. This type of scattering is

usually dominant at and below room temperature in the case of low field transport.

*

Atom

phonon \/\/\/\_>

Longitudinal acoustic Transverse acoustic
Longitudinal optic Transverseggoptic

Figure 3.3 lllustration of optic and acoustic lattice vibrations

Intervalley scattering occurs when a carrier interacts with a phonon of large momentum and is
thus scattered to a different valley of the same energy. This type of scattering is more likely at
high temperatures. To scatter carriers from a low valley to a higher one requires large fields, and

this type of intervalley scattering is negligible in low field transport.

Finally, carriers can also interact with each other in what is known as carrier- carrier scattering.
Carriers of opposite charge travel in opposite directions, and an encounter would lead to complete
annihilation, thus effectively decreasing mobility. Carriers of the same type also interact through
coulombic forces, but there is no direct effect on the mobility since they all move in the same

direction. Such interactions, however, serve to randomize the motion and have an indirect effect
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through the other dominant scattering mechanisms. Carrier-carrier scattering can become

important when the carrier density exceed¥ aoi® 4

3.2.4 Calculating the Relevant Scattering Rates

The scattering mechanisms of importance in the present study will now be discussed and
guantified, so that the results can be used in the equations of sections 3.2.1 and 3.2.2 to fit the
mobility data and calculate the Hall scattering factor. These mechanisms are piezoelectric and
deformation potential longitudinal acoustic phonons, polar optic phonons and ionized impurity
scattering. The derivation of the scattering rates will not be given in detail here, the focus being
the practical implementation of the predicted results. Complete derivations are given i Rode

Seegef! or Nag* ?.

3.2.4.1 lonized Impurity Scattering

In n-type semiconductors below room temperature, ionized scattering centers are mainly due
to ionized dopant atoms and holes. The scattering rate to be used here is due to a theory by
Dingle ™. In this treatment, it is assumed that the scattering centers and holes are stationary,
i.e. that the thermal vibrations of the lattice have no significant impact on the electrostatic
potential of the ionized centers. The effect of neutral impurities, the concentration of which is
large at low temperatures, is also neglected. It is assumed that the ions are singly charged, and
that the surrounding electron gas screens their potential. No screening occurs due to holes,
which are assumed to move randomly. Instead of the usual potential proportional to inverse
distance, the form of the potentialds= (q/4risr)exp(£4), whereq is the charge of a proton,

& the dielectric constant of the material at low frequencies (not to be confused with the
dielectric constant of vacuum, which is also sometimes caljed the distance from the

charge angf the inverse screening length given by

B?= (&g, kT (kim? fa- f)dk (3.42)
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It is assumed that the concentration of ionized impurities is small, so that the distance between
ions is much greater than the screening length. Since the ions and holes are heavy compared
with electrons, the scattering is elastic, so that the scattering ¥a$& The potential®(r, R),

whereR is the random position of the ion, are added to yield the total pot¥(ttjaland the

square of the matrix element of this potential betweemdk' is proportional to the scattering

rate s(k, k') = s(k', k). The resultant expression is substituted into equation 3.27 and evaluated.
The result ig"

y = (& (n+ 2N, )md /872,21°K* )| D In(1+ 4K? / %) - B (3.43)
where
D=1+ (282 1 K?)+ (3B8%c* 1 4k*) (3.44)

_ HKEIBE G BIHAC 5 3BT +EB°K 8K
1+4k?/ B*  B*+4k? (B? +4k*)k?

(3.45)

The ionized impurity scattering rate is proportional to the total ionized impurity concentration,
which via equation 3.17 and the assumption that all acceptors are ionized leads to the factor
n + 2Na. Sincev; is inversely proportional t&, this type of scattering will dominate at low
temperatures wheteis small. The parameteBsandB take care of the non-parabolicity of the
band. For large gaps (e.g. 3.4 eV in the case of Zn@)proaches zero (see equations 3.4 and
3.5) and simpler expressions can be found@ndB. Sincev; is an elastic scattering rate, it

is to be added directly t@, in equation 3.28.

3.2.4.2 Piezoelectric Acoustic Modes

Longitudinal acoustic waves induce a strain, the gradient of which is proportional to the
resulting piezoelectric potential. The constant of proportionality is related to a dimensionless
constant, called the piezoelectric coupling constant P, and the scattering rate is proportional to

P?, and inversely proportional t& since a large dielectric constant weakens the perturbing
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piezoelectric field. Since acoustic waves have a long wavelength, piezoelectric scattering is

elastic. The scattering ratelts

€ k,TP’md
Ve :ka (3- 6¢% +4c*) (3.46)
677" €,k
and is to be added tae. Piezoelectric scattering is significant from 50 K up to room

temperature.

3.2.4.3 Deformation Potential Acoustic Modes

In the case of deformation potential scattering, the longitudinal modes are also dominant. This
type of scattering is characterized by the deformation potentialhich gives the amount of
energy in eV by which the gap energy changes per unit strain. The elastic constantihc
determines the necessary stress required to induce a certain strain, is also an important

parameter in determining deformation potential scattering. The scattering!tate is

_ €k TE 'mdk

3-8c? +6¢* 3.47
e ( ) (3.47)

ac

3.2.4.4 Polar Optic Modes

In compound semiconductors, longitudinal optic vibrations induce electric polarization waves
with associated phonon enerdyT,, Where Ty, is the Debye temperature. Sin@g, is

typically much larger than room temperature, scattering due to polar optic phonons cannot be
regarded as elastic, and their scattering rate cannot be combined directly with the other
scattering rates. Instead, scattering out- and scattering in rates have to be calculated. Polar
optic scattering is responsible for the fact tbahas to be calculated iteratively, gfE)
becomes related tg(ExksTpo). Scattering can occur in two ways: phonon emission and

absorption. The differential scattering rate is proportional to the polar optic phonon energy
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keTpo and also depends on both the low frequency and high frequency dielectric comstants
and .. The differential scattering rate due to absorption is also proportionidhofothe
average number of phonons contained in a polar optic mode. The corresponding factor for
scattering by emission N¥y.t+1, since the energized carrier itself also counts as a phonon in

this case. Since phonons obey Bose- Einstein statilli¢s given by

1

= - 3.48
* exp(,, /T)-1 (3.48)

The differential scattering rate (given on p 39 in reference [1]) is substituted into equation
3.25, andy, is found to be

§ = (Npo +1- F7)A " +(N, + £ 7)A (3.49)
Throughout, the superscripted plus and minus signs mean that the relevant quantity should be

evaluated at enerdiy+ksT,o. Since all the quantities have been given in terms ofe first

have to solve fok" andk’:

2 +3\2 E k"’ _1
i, <007, B
m

(3.50)

_hP(k)? N E,(@k )-1
mE, 2

E-KgTpo (3.51)

where equation 3.1 has been used. No analytic solutions exist for these equations, and they
have to be solved numerically. For the case of a parabolic band analytic solutions are,

however, readily obtained. The other symbols in equation 3.49 are given by

K Hlj_ Ac¢c aa+cc+} (3.52)

+

A, (k)= ,B{(N)Z In
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€k T,md (1 1
= ° ——= 3.53
b Arh°K (500 50] (3.53)
+3\ 2 2
A" =aa’ +%co+ (3.54)

Regacing all superscripted + by -, one obtains the corresponding expressiofs. fohe

scattering in rate is given by
$(9)=(Ny+ A g +(N, +1-)A"g" (3.55)

Physically,A,", Ao, A" and A" are the scattering rates BtksTp,. The in-scattering rates are

given by

(k+)2 +k2
2k"k

k* +k
k' -k

(A")21n

Ai+(k)::8+|: 3

‘—(A*)Z ——CZ(CWT (3.56)

where again all + are to be replaced with — Agr All results necessary for transport
calculations in single crystal ZnO have now been stated, and we proceed to apply these results

in chapters 6 and 7.
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CHAPTER 4

PROPERTIES OF ZINC OXIDE (ZnO)

Zinc Oxide (ZnO) was one of the first semiconductors to be prepared in rather pure form after
silicon and germanium. It was extensively characterized as early as the 1950’s and 1960’s due to its
promising piezoelectric/ acoustoelectric properttesA greater range of applications for ZnO has

been hampered by the difficulty of realizing good quality p-type material. In the 1990’s a revival of
interest in ZnO occurred for diverse reasons. A very commonly cited property is the large exciton
binding energy of 60 meV which makes ZnO a promising candidate for semiconductor lasing
applicationsm. Optoelectronic devices such as blue and ultra-violet emitters and detectors are
further potential applications. In addition, the electrical properties of ZnO have been shown to be
strongly affected by certain gases such as hydrogen, ammonia and ethanol, making this material a
good candidate for gas sensing applicattéris”. Many reports of the realization of p-type material

have been published in the last decade, but consistently reproducible and stable p-type ZnO seems tc
remain elusive. A good understanding of deep and shallow electrical defects in ZnO is still lacking,
and the role of highly conductive surface channels has only recently come under the $p6tlight

A better understanding of these phenomena will lead to more consistent progress in the quest not

only for p-type ZnO but also for ZnO devices in general.

The purpose of this chapter is threefold: to provide well established information of structural and
electrical properties that are of importance in carrier statistics and transport calculations and to
summarize some of the more recent research that is of relevance in the investigation of bulk ZnO via
the temperature dependent Hall technique. In addition, the three main methods of commercial bulk
ZnO growth will be discussed since this study is to a large extent devoted to the characterization of
bulk single-crystal material.
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4.1 STRUCTURAL PROPERTIES AND BAND STRUCTURE

4.1.1 Crystal Structure

Zinc Oxide crystallizes in three lattice types: rock salt, zinc blende and wurtzite. Bulk ZnO at
ambient pressure is only stable in the wurtzite modification. The zinc blende structure can be
achieved through growth on cubic substrates while the rock salt modification exists only at high
pressureé”. Figure 4.1 shows the wurtzite ZnO structure, which may be regarded as two inter-
penetrating close packed hexagonal sub-lattices where each sub-lattice consists of one type of
atom (zinc and oxygen respectivel{)®. The two sub-lattices are shifted relative to each other

by a distanceb along the common-axis ([0 0 O 1] direction). The lattice is symmetric about this

axis. ZnO wafers are often cut so that thaxis is perpendicular to the wafer surface, and all

samples measured in this study were cut in this way.

[0001]

Figure4.1 Schematic of the structure of the Wurtzite ZnO lattice. The lattice parameters a in the basal plane and ¢
in the basal direction are indicated. The amount by which the two hexagonal close packed lattices are

shifted relative to each other is denoted 6%
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4.1.2 Band Structure

A very important property of any given semiconductor is its band structure, since many important
properties such as the bandgap and effective electron and hole masses derive From it
Experimental methods to determine band structure normally involve measurement of UV and
X-ray reflection/ absorption/ emission as well as photoelectron spectroscopy (PES) and angular
resolved photoelectron spectroscopy (ARP@S)

Theoretical calculations of the band structure of wurtzite ZnO have been done with
pseudopotential methods, but the agreement with experiment is often only qudiftative
important aspect of the band structure of ZnO is the fact that it has a direct bandgap, which is of
importance in laser applications. Recently the band structure of wurtzite ZnO was calculated
using an empirical pseudopotential method, as shown in figuf8.4.2

T
N

Figure4.2 Band structure of wurtzite ZnO calculated by an empirical pseudopotential nféthod

4.1.3 Important Material Parameters

As discussed in chapter 3, there are a number of material parameters relating to both band
structure and electrical as well as mechanical properties of the lattice which affect the electrical
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transport of carriers in a material. The material parameters of ZnO used for carrier concentration
and mobility data modeling in this study are given in table 4.1. which was taken fromi*Rode
Band structure related parameters are the polaron or density of states effective mass m* and the
effective mass energy gapy.ELattice-related parameters are the high and low frequency
dielectric constantsy ande., the polar-phonon Debye temperatugg, The longitudinal elastic

constant ¢ the intravalley deformation potential &d the piezoelectric coupling constant P.

Table4.1 Important material constants of wurtzite ZnO

Polaron Effective 0.318 Polar phonon Debye 837
Mass, m*/m Temperature J, (K)
Effective Mass 343 Longitudinal elastic 20.47
Energy gap, E(eV) constant c(10*

N/m?)
Low frequency 8.12 Deformation 3.8
dielectric constant potential
€olE E (eV)
High frequency 3.72 Piezoelectric 0.21/0.36
dielectric constant coupling constant
£./€ P/ Py

Some of these parameter values vary slightly depending on the method of determination and
temperaturé" . The values quoted in table 4.1 are determined at room temperature (300 K). The
piezoelectric coupling constant varies considerably with crystallographic direction. In this study
P. i.e the value in the plane perpendicular to ¢kexis was used since this was the plane of
current flow in all sample considered. As will be discussed in chapter 7, deformation potential

values significantly different from the value cited here were used for transport calculations.
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42 ELECTRICALLY ACTIVE DEFECTS

4.2.1 Origin of Defects

Two of the main characterization techniques used in conjunction with shallow electrical defects
in semiconductor materials are photoluminescence and temperature dependent Hall effect

measurementé 79

A host of different shallow donor activation energies in nominally undoped ZnO have been
obtained since the inception of electrical research on this material in the 958%™ . The

wide spectrum of results can be explained by the large number of types of lattice defects and
impurities that occur in high purity commercially grown bulk ZnO. Figure 4.3 summarizes the
main defect types that can occur in single crystal ZnO, although certainly not all of them are
shallow defect§?.

Zn0O
D A AD D TA
Zl]i \':Zn \] ,\(:). XZH \"r() ()1
. . XZI \l —
| I/In*\i }»\'“T,\i | (_‘}‘\i

Figure4.3 Summary of the defect types that may occur in A0

Zn; and \z, are the zinc interstitial and zinc vacancy respectively whilarmd \6 denote the
oxygen interstitial and vacancy respectively. Impurity atoms X can occur either as interstitials X
or substitutionals % and X% on zinc and oxygen sites respectively. D and A denote that the
relevant impurity is expected to be a donor or acceptor respectively. X does not have to be a
foreign atom. A Zn-on-O antisite can for example also occur.

46



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(@

4.2.2 Donors

Of the defects mentioned in figure 4.3, the zinc interstitialazid the oxygen vacancyo\have
both been associated with donors in the literature, but according to theoretical and electron
paramagnetic resonance studies /¥ most likely a deep donor that is unlikely to play an

4 Photoluminescence and

important role in the conduction of low resistivity Zn®"
temperature dependent Hall studies of electron irradiated ZnO have shown;tlsath&nmost

likely candidate for a purely lattice-related shallow donor, and an activation energy of 30-40 meV
was obtained for this dondf”. A donor of 31 meV was however also obtained in unirradiated
seeded chemical vapor transport (SCVT)-grown ZnO, but the low concentration obtained puts
doubt on the accuracy of the extracted activation ed&lgyn reference [10] this 31 meV donor

is in fact not associated with Zrbut rather it is speculated that it could be associated with
hydrogen. Instead, it is argued that the deeper main donor of activation energy 61 meV also
found in this study could possibly be due to native defects, and a result of 51 meV from

photoluminescence measurements is cited in this ré§af4

In more recent times, impurities are considered as a likelier candidate for the main donor in
nominally undoped ZnO. It is well known that group lll elements (Al, Ga, In) on Zn sites act as
shallow donors in ZnO. In particular Al that is aluminium on a zinc site, is a good candidate

for the deeper dondt®. Since Al is a known contaminant in all commercial ZnO growth
processes and since it has three valence electrons rather than two in the case of Zn, it seems
reasonable to postulate the presence of a hydrogenic donor due to Al with activation energy 66

meV %, Evidence of such a donor has also been found in references [6], [10], and [11].

Hydrogen has been mentioned as a shallow donor candidate, and much research has recently anc
in the past been done on hydrogen in ZH3® 12211 Donors with activation energies ranging

from 30 meV to more than 50 meV have been associated with proposed interstitial hydrogen and
hydrogen-related complexes. A recent study identifies a 39 meV donor in as-grown SCVT ZnO
as the main donor, and it is shown that this donor disappears with anHéJéJirEjectron
paramagnetic resonance experiments combined with annealing supported the postulate that the
donor is related to hydrogen. Photoluminescence results in this work did, however, also yield 55

and 59 meV donors that were not confirmed by the Hall measurements.
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4.2.3 Acceptors

Acceptors in ZnO can also arise from both lattice defects and impurity atoms. The oxygen
interstitial Q@ and zinc vacancy ¥ are both thought to be acceptors in ZH®. Positron
annihilation spectroscopy measurements indicate thaisvthe dominant acceptor in intrinsic
zno™,

Impurities responsible for shallow acceptor levels in ZnO are group | elements (Li, Na and K)
and some monovalent transition elements such as Cu and Ag. These elements are of course only
donors if they substitute Zn in the lattice. If they occur on interstitial sites they can actually act as
donors!?. Hydrothermal ZnO often contains significant amounts of group | contamination, and
hence it can be semi-insulating. ZnO doped intentionally with Li and Cu has also been
investigated® 2. In addition, Group V elements (N, P, As) on oxygen sites are found to act as
deep acceptors. Unfortunately for p-conduction these elements have a tendency towards antisite
formation, i.e. they can substitute not only oxygen but also zinc atoms, in which case they
become donord®®. Nitrogen appears to be the best group V candidate for p-type doping

purposes.

4.3 BULK CRYSTAL GROWTH

A major driving force for the renewed interest in ZnO has been the high quality bulk material that
has become available in the last decHd® ). Bulk ZnO is of importance both directly in device
applications and as a substrate in gallium nitride epitaxy and homoepitaxial appli¢atidigh

quality commercial bulk ZnO crystals are grown by three different methods: seeded chemical vapor
transport (SCVT), melt growth and hydrothermal growth. These processes will be described briefly
in this section.
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4.3.1 Seeded Chemical Vapor Transport

The principle of chemical vapor transport growth of ZnO is not i@wRecent advances in the
method have led to commercial growth of very high quality maté%ia¥. Eagle-Picher Inc. is a
company that produces ZnO by the SCVT method. The growth process is as foffdwBure

ZnO powder formed by the reaction of zinc with oxygen is placed at one end of a nearly closed
horizontal tube. The temperature at this side is held at about 1150 °C. Although ZnO is ordinarily
not volatile at this temperature; i introduced at this end of the tube to act as a carrier gas. The
mechanism is the reaction ZnO(s) (&) — Zn(g) + HO(g) which in the forward direction
produces water vapor and zinc metal (which is gaseous above 1000 °C). The zinc and water vapor
are carried by the hydrogen to the other end of the tube where the temperature is slightly lower,
about 1100 °C. Here the reverse reaction takes place, and single crystal ZnO forms assisted by a
ZnO seed crystal. It is also necessary to add a small amount of water to the reaction to avoid
excess zinc in the ZnO crystal. Growth times of 150-175 hours produce crystals of 5 centimeters
in diameter and one centimeter thickness. The room temperature and peak mobility of the

material are comparable to the best ever achieved for ZnO.

4.3.2 Mdt Growth

Melt growth is a relatively new method of growing very large size (up to several kilograms)
ingots of high quality single crystal Zn'é&'. The following patented process is implemented by
Cermet Inc. in Atlanta, Georgia®”: Pure ZnO powder is placed in a water-cooled crucible fitted
with an RF induction heating coil. The crucible/ induction coil arrangement is located inside a
pressure vessel fitted with an inlet pipe for pure oxygen gas. The coil is powered by an RF
alternating current source whereby Joule heating of the ZnO powder occurs due to induced eddy
currents. The heat thus generated is sufficient to produce temperatures of about 1900 °C, the
melting point of ZnO. Since the ZnO would become depleted of oxygen due to the higher partial
pressure of O over Zn at these temperatures it is necessary to supply an overpressure of oxygen in
the pressure vessel. Since the crucible is cooled, a thin layer of solid polycrystalline ZnO forms
between the melt and the crucible walls, which eliminates containment problems. The melt is
thus effectively embedded in a layer that has the same composition as itself, eliminating crucible-

induced impurities. The single crystal ingot is drawn by slowly lowering the crucible away from

49



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(@

a crystal pulling arrangement. The quality of the material is comparable to that of SCVT-grown
material.

4.3.3 Hydrothermal Growth

The hydrothermal growth of ZnO has been known and implemented for a long time. High quality
material can also be grown through this process, but relatively high contamination with alkali and
other metals is inevitable. Sometimes the concentration of Li and K is high enough to produce
semi-insulating materidt?. In this growth system, a Platinum crucible is filled with a mixture of
aqueous solutions of KOH and LiOH. Pure sintered rods of ZnO are placed in the solution at the
bottom of the crucible while platinum wires with seed crystals are submerged into the solution
from the top. The entire crucible is then hermetically sealed by welding and placed in an
autoclave. The autoclave is placed in a two-zone furnace so that the bottom of the crucible is
slightly hotter than the top (the temperature difference is about 10 °C, and the process
temperature is 300 °C to 400 °C). This temperature difference drives a slow erosion of the
sintered ZnO at the bottom of the crucible and crystal growth at the top. The growth rate is
somewhat anisotropic, but relatively large crystals of 5 cm diameter and more than 1 cm
thickness can be achievEt
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CHAPTER 5

DISCUSSION OF A FULLY AUTOMATED TEMPERATURE
DEPENDENT HALL SETUP

Resistivity, carrier concentration and carrier mobility are among the most important properties of
semiconductor materials as far as device applications are concerned. Even if these quantities are only
measured at a single temperature (e.g. room temperature), much information about the electrical
properties of a material can be inferred. It is, however, only in temperature dependent Hall (TDH)
measurement of these quantities that material parameters such as shallow donor (or acceptor)
concentrations along with their activation energies can be determined by fitting the temperature

dependent carrier concentration data,

In addition, compensating impurity concentrations may be determined by fitting temperature
dependent mobility data to a suitable theoretical model such as the one described in chapter 3. It was
shown in chapter 2 that Hall effect measurements can separate conductivity into carrier density and
carrier mobility contributions. The measured quantities are, however, not equal to the actual carrier
density and drift mobility but differ from these by a factor known as the Hall scattering factor. This
factor can, at least approximately, be calculated using equation 3.41. Thus it is clear that TDH

measurements can be successfully used to determine the material parameters mentioned.

This chapter is devoted to the discussion of the TDH setup that was assembled for the purpose of the
present study. Since TDH measurements require a large number of current and voltage measurements
taken at various contact configurations, magnetic field directions and temperatures, it is important, if
not essential, that such a process be fully automatic. Details of the specifications of all measurement
equipment as well as their computer interfacing and interconnection will be given. In addition the

capabilities and limitations of the setup will be discussed.
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5.1 DESCRIPTION OF THE SETUP AND ITSCOMPONENTS

5.1.1 Overview of the Setup

This section is devoted to a description of the TDH setup used in this study. More detailed
information on the individual components and of the setup and practical aspects of measurement
will be discussed. The TDH setup was designed and constructed around a few key components that
were available. The center piece of any Hall measurement setup is of course a suitable magnet, and
our Lab had obtained an old unit made by Oxford Instruments Ltd.

An HP 6030A System power supply was chosen as a current source for this magnet. To obtain a
magnetic field of 0.6 Tesla, a current of less thaf 8t a voltage of about 70 is sufficient,

which is well within the capabilities of this power supply. Since the HP 6030A can only apply a
voltage in one direction, an inverting switch unit is needed so that the magnetic field can be
inverted. A suitable unit was already available prior to commencement of this study, but it had to
be modified to enable computer interfacing and improve safety. The safety issue is important since
a magnet of this size can store a large amount of energy which will be released as a high voltage,
high current arc if for some reason the circuit is suddenly opened while current is flowing through
the magnet coils.

To achieve the low temperatures needed for TDH measurements a cryostat by Air Products,
powered by a He cycle compressor, was employed. The tip of the cryostat shaft was fitted with a
Gold / Chrome (0.07% Fe) thermocouple which in turn was connected to a LakeShore 332
temperature controller. A heating element at the tip of the shaft powered by the temperature
controller provides the means for stabilizing the temperature at any setpoint in the 20 K to 370 K
range. The cryostat is enclosed with a shroud and a Varian forepump is used to obtain a vacuum. A
Leybold-Heraeus Thermovac TM 230 can be connected to the shroud to monitor the vacuum, and

values of less than Fanbar can be achieved, depending on temperature.

A specialized sample holder was fabricated to enable quick and convenient sample loading. This
sample holder can be attached to and removed from the tip of the cryostat shaft and was fitted with

an attachment that enables the clipping on of a silicon diode temperature sensor. The additional

55



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(@

sensor provides more accurate temperature sensing near the sample than could be provided by the
Au/Cr thermocouple, and was also connected to the Lakeshore 332 temperature controller.
Electrical contact of the sample to the measurement devices was achieved through a plug on the
sample holder.

Two instruments were used to achieve the electrical measurements on the sample: A HP 3245A
universal current source and a Agilent 34970A data acquisition unit. The former supplies the
current necessary for Hall measurements while the latter is responsible for both creating the

contact configurations and measuring the voltage.

All instruments except the magnet switch unit are controlled directly via a GPIB interface. The
magnet switch is controlled via a digital output from the data acquisition unit. Automation through
the GPIB is controlled by a program written in LabVi&w

5.1.2 Schematics and Circuit Diagrams

5.1.2.1 TDH Setup Schematics and Measurement Cir cuit

The TDH setup described in section 5.1.1 is represented schematically in figure 5.1. More
detailed information on the circuit diagram of the measurement circuit is given in figure 5.2.
This diagram shows a schematic representation of the switch matrix in the Agilent 34970A Data
Acquisition Unit and how it connects the HP 3245A Current Source and the internal Voltmeter

of the Agilent 34970A to the sample contacts. All interconnections between devices as well as
between devices and the sample are achieved through the core wire of coaxial cable with the
outer sheath being earthed. It can be seen that every contact on the sample can be connected ftc
every Voltmeter or Current source output by activating an appropriate combination of switches

in the matrix. Thus all switch configurations needed for Hall measurements that were discussed
in chapter 2 can be realized with this setup.
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5.1.2.2 Magnet Power Supply Circuit

As already mentioned in section 5.1.1 the HP 6030A power supply can only supply current in
one direction. This necessitates the inclusion of a switch unit to invert the polarity. figure 5.3
shows a simplified version of the magnet circuit diagram, including some of the interior

workings of the switch box. The current inversion is accomplished by a pair of double latching

relays controlled by a computer interfaceable digital circuit.

Protective features include a diode to ensure correct polarity as well as a flyback diode to
protect the power supply. Two gas arrestors with a voltage and current rating of 160V and 8A
respectively limit damage to the magnet relays and the magnet coils in case of faulty switching
of the relays. Good isolation of the digital control circuit from the power circuit is ensured by a
pair of solid state relays between these circuits. Feedback from the power circuit to the control
circuit (labeled as “safety voltage sensing” in the diagram) prevents any switching action if

current is still flowing in the power circuit.
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Figure 5.3 Circuit for controlling the magnet current

The control circuit also provides digital output so that the state of the switch unit can be read by

the computer program controlling the measurement. Although the switch unit can be controlled
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directly via the parallel port of a computer, it was decided that the digital output of the Agilent
34970A be used instead so that the system is controlled entirely through GPIB.

5.1.3 Description and Specifications of the Other Components
5.1.3.1 Helium Compressor and Cryostat

A closed helium cycle compressor by APD Cryogenics, model HC-2, was used to power an Air
Products displacer-type cryostat. This cryostat caters for the possible mounting of an inner
shroud that acts as a shield from radiation due to the outer shroud. Since the custom built
sample holder is too large to fit inside inner shrouds available in our lab, another way had to be
found to shield the centre shaft. It was found that wrapping the sample holder and part of the
cryostat centre shaft in aluminium foil provides sufficient thermal shielding to allow
temperatures of about 20 K to be achieved.

5.1.3.2 Vacuum System

The vacuum system of the present TDH setup is quite simple. Its key components are a Varian
SD-90 piston pump connected to the cryostat, the shroud that encloses the vacuum chamber and
the vacuum monitoring system comprising a Leybold Heraeus (LH) pressure sensor connected
to a LH Thermovac TM 230 pressure meter. The shroud fits on the cryostat via a double O-ring
seal. When the cryostat is not active, a vacuum of ab&ummb@r is achieved. This value drops

to below 10° mbar at temperatures below about 50 K due to gas freeze-out. It is mainly thanks
to this cryogenic pumping effect that a more sophisticated vacuum system is not required in this
setup.

5.1.3.3 Hall Magnet and Power Supply

Manufactured by Oxford Instruments Ltd., the trolley mounted magnet features retractable
magnet poles and water-cooled magnet coils. The maximum allowable continuous current with
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water-cooling is rated at 12.5 A, and at 7 A without cooling. Depending on pole separation and
the type of poles used, continuous magnetic field strengths of up to 2.6 Tesla can be achieved.
In the present setup, 10 cm diameter plane tip poles were used at a separation of 4.4 cm so that

the cryostat shroud fits between the poles.

The HP 6030A System Power Supply is used to energize the magnet coils. It is rated at
1000 Watts, and the maximum voltage and current are 200 VDC and 17 A respectively. In the
setup used in this study, the power supply is used well below its maximum output: 7.29 A at
70 V so that a magnetic field of 0.600 Tesla is achieved. These values are also below the
maximum continuous ratings of the magnet coils, provided that the water cooling is active. The
magnetic field strength was measured using a F.W. Bell Model 4048 Gauss/Tesla Meter.

5.1.3.4 Sample Holder

Most Hall measurement setups make use of a system by which four thin wires are soldered
directly to the sample. To reduce time and effort expended by sample mounting, a slightly
different approach was taken in this study by designing and fabricating a sample holder with
four probes, as shown in figure 5.4. The core part of this sample holder, which will be referred
to as the table, was machined from a solid beryllium-copper rod. A threaded rod on one side of
the table allows for attachment to the cryostat shaft. Four cylindrical pin holders also machined
from beryllium-copper mounted on grooves on the table support the four probe pins and allow
their positioning. Non-magnetic stainless steel screws at the top of each probe holder allow the
needles to be lifted and dropped. The pins are counter-balanced by small springs inside the pin
holders. The pin holders are electrically isolated from the table through Teflon washers and
shrink sleeving around the attachment screws. It should be noted that it is in general still
necessary to fabricate ohmic contacts on the sample rather than simply dropping the probe
needles directly onto the material. The ohmic contacts usually consist of soldered-on indium

dots on which the needles can be placed.

A spring-loaded attachment at the rear side of the sample surface allows for secure fitting of the
temperature sensor (not shown in figure 5.4). A plug on the opposite side of the threaded rod
allows for electrical connection of the probes. The probe side of the sample surface can be
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enclosed by a little shroud made from thin copper sheeting to provide both mechanical and

thermal shielding.
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Figure54 Sample holder plans and assembly; a) entire assembly, b) design of the sample table, c) pin holder

design

5.1.3.5 Temperature Controller and Temperature Sensors

The LakeShore 332 temperature controller employed in the current setup has two temperature
sensor inputs, one for a thermocouple and one for a diode sensor. In the present application both
were used. A standard Chromel versus AuFe thermocouple with 0.07% Fe was used for the
temperature control circuit. This thermocouple was embedded in indium metal at the tip of the
cryostat shaft where the sample holder attachment point is also found. Since the heating element
is embedded in the same piece of indium as the thermocouple, very fast and stable temperature
control is achieved. The LakeShore 332 temperature controller employs a standard PID
(Proportional-Integral-Derivative) control algorithm, and in the present system the P and |
values were set quite high (300 and 200 respectively) due to the relatively fast feedback. The D

value was set to zero.
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Since the temperature at the point of the thermocouple is likely to be somewhat different than

the sample temperature and since thermocouples are intrinsically quite inaccurate, it was
decided that a dual sensor approach be adopted. A LakeShore DT-470-SD-13 silicon diode
sensor was therefore included in the setup. It is mounted on the rear side of the sample holder
table, just below the expected sample position, and is therefore more likely to give an accurate
temperature value. In addition, diode sensors are more accurate and reliable than

thermocouples. This sensor is useful in the 1.4 K to 500 K range, and an accuracy of better than

1 Kis specified.

The LakeShore 332 Temperature controller has three power settings: High (50 Watts), Medium
(5 Watts) and Low (0.5 Watts). In the present system the High setting is used for temperatures

above 40 K while the Medium setting is employed at lower temperatures.

5.1.3.6 Voltmeter

Like most precision voltmeters, the Agilent 34970A’s internal voltmeter outputs voltage values
averaged over an integer number of power line cycles (PLC’s). This considerably reduces noise

originating from the 50 Hz mains power cycle.

Table5.1 Maximum voltage resolution as a function of integration time

Integration Time Resolution (\y/
Range)

1 PLC (0.02 seconds) 0.000003

2 PLC (0.04 seconds) 0.0000022

10 PLC (0.2 seconds) 0.000001

20 PLC (0.4 seconds) 0.0000008

100 PLC (2 seconds 0.0000003

200 PLC (4 seconds 0.00000022
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The Agilent 34970A allows the user to pre-select both range and resolution of the voltage to be
measured. It was found that in so doing more reliable results could be obtained than by letting
the voltmeter auto-select the range. There are five voltage ranges available for pre-selection (the
values indicate the relevant maximum of the ranges): 100 mv, 1V, 10 V, 100 V, 300 V. Only
the lowest three ranges support a high input impedance of2] & le the two highest ranges

can only be measured with an input impedance of @) Wable 5.1 gives the voltage resolution

per unit range (in Volts) as a function of the number of power line cycles used for averaging. In
the program written for this study the range and resolution are entered by the user at the start of

a TDH measurement.

5.1.3.7 Sample Current Source

The HP 3245A Universal Source can supply both precision voltage and precision current. Only
the DC current function was used in this study. There are a number of limitations of this unit

that need to be taken into account when using it. The maximum voltage output when applying a
specific current is 15 V. If an attempt is made to apply a current requiring a higher voltage, the
unit will fail to apply that current without warning the user. Therefore it is important to check

the applied voltage when using this device manually or through a computer program.

The current resolution depends on the range. Table 5.2 gives the error in the applied current for

a few ranges in high-resolution mode according to specifications.

Table5.2 Error in the current output of the HP 3245A according to specifications.

Range (A) * Error
0.00000 3.3nA
0.00005 5.9 nA
0.0005 46 nA
0.01 0.96pA
0.1 23.5pA

63



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(@

It is seen that, if an error of 10% is still acceptable, no current of less than 59 nA should be
applied in a measurement. Samples with a resistance of greater than 15 Vi59x260 MQ

between any set of sample contacts are thus excluded from accurate measurement due to the
limitations of this power supply. It is however easy to exchange the current source with a high
sensitivity ammeter and voltage source such as the HP 4140B pA meter. This device can
measure currents of less thari*d@ and can, in addition, supply voltages of up to 100 V. The
highest resistance that could in principle be accurately measured with such a setup is thus
10" Q. That is not to say of course that Hall measurements can be done on samples of such
high resistances since limitations of the voltage measurement capability of the system would
almost certainly prevent this. The input impedance of the Agilent 34970A voltmeter, for
example, is rated at 10CLG enforcing an upper bound on measurable resistances. One can,
however, measure samples of resistances somewhat higher tharf2286irg this setup (up to

more than 1 @ with the present voltmeter). Since only one sample in this study was measured

using the HP 4140B voltage source and pA meter, it will not be discussed in detail here.

5.2 DESCRIPTION OF THE AUTOMATED MEASUREMENT PROCESS

5.2.1 Automation Platform

As was already mentioned, it is highly desirable to fully automate a TDH measurement process.
Since all the instruments mentioned in section 5.2 have GPIB interfaces, computer control can be
achieved readily if a suitable measurement and automation platform is available. The user-friendly
and versatile measurement and automation package LaBVieersion 6.1 was used to write
programs for TDH automation in this study. The aspect of instrument control in LabView is made
even easier by a comprehensive instrument driver library on the National Instruments website
www.ni.com This library contains drivers for virtually every GPIB instrument, and thus it is

usually not necessary to write low-level programs to communicate with instruments.

It is important that any experience of good measurement practice, such as that of the author of this

thesis, be incorporated into such a program wherever possible. In this section the TDH
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measurement process will be discussed in some detail, and descriptions as well as flowcharts of the

program operation will be supplied.

5.2.2 Practical Considerations of the TDH M easur ements

5.2.2.1 Voltmeter/ Switch Unit Control

To enable accurate measurement it is important to configure the Agilent 34970A Voltmeter/
Switch unit in an appropriate way. The first step in this process is to configure this device in
“Monitor” mode (rather than “Scan” mode) to enable more precise control over the time
intervals between matrix switching and voltage measurement. It is also important to set both
range and resolution of the voltmeter to desirable values. From the discussion in section 5.2 it
becomes apparent that only the 100 mV, 1 V and 10 V ranges are sensible choices. In the
present study the 1 V range was used more than the others. Care must be taken that the selectec

voltage range is not exceeded.

The choice of voltage resolution is a balancing act between two factors: on the one hand as high
as possible a resolution is desired, but on the other hand this requires longer integration times
(see Table 5.1). Too long an integration time is often not desirable since this may increase
thermomagnetic errors, as discussed in section 2.3.1. In the measurements for the present study,

an integration time of 100 PLC was most often used.

Another issue that needs to be considered is the fact that the sample voltage may take some time
to stabilize after the switch unit closes the current path. This is especially true for highly

resistive samples. The TDH measurement program therefore includes a feature that allows a
manually entered delay to occur between applying the current to the sample and measuring the

voltage. A delay time of about 5 seconds was usually used.
Thermomagnetic and thermoelectric errors will also increase when the electrical power through

the sample, calculated by the product of applied voltage and applied current, is too high. While

a high enough voltage is needed for good measurability, too high a voltage could cause undue
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sample heating. A good rule of thumb is to not allow the electrical power applied to the sample
to be much greater than 1 mW, but on the other hand it should also not be too small.

5.2.2.2 Sample Current Control

The choice of excitation current to the sample is of course linked to the desired voltage range.
Thus the applied current should be small enough so that the chosen voltage range is not
exceeded. Another reason for keeping the current small is again the factor of sample heating, as
discussed in the previous section. On the other hand a sufficiently high excitation current is
required to produce a measurable Hall voltage. Depending on sample resistance, currents in the

entire output range (0A to 10 A) of the Current Source have been used in this study.

TDH measurements pose additional challenges as far as current choice is concerned since the
resistance of the sample can change by several orders of magnitude in the 20 K to 370 K range.
It is thus necessary to change the applied current and/ or measurement range with temperature.
In the present study the voltage range always remained fixed while the current was changed.
This can be done either by pre-selecting current values for each temperature or by including a
routine in the program that measures the sample resistance at each temperature and adjusts the
current value so that no voltage is outside the specified range. Both methods were tried during
the course of this study, but the simpler pre-selection method eventually prevailed. The
disadvantage of pre-selection is that the sample has to be tested manually at a few sample
temperatures in the desired range before a temperature scan is initiated. A subroutine was
written to interpolate the sample points so that correct currents may be applied at any
temperature in the range. Since many of the samples measured in this study had roughly the
same electrical resistance as a function of temperature, this procedure of taking sample points
before a measurement was not necessary for each individual case. It is in any case often
advantageous to get a “feel” for the temperature behavior of the sample before an automated

measurement is undertaken.
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5.2.2.3 Temperature Control

Due to fast temperature feedback in the present system, parameters such as heater range an
PID control parameters are not critical (see section 5.1.3.5.). One issue that needs consideration
is the time the system has to wait for the temperature to stabilize. Since the sample is thermally
not as tightly coupled to the system as the temperature sensors, it makes sense to introduce a
large delay time to elapse after temperature convergence until measurements are taken. It was
found that a delay time of 10 to 15 minutes is sufficient, depending amongst others on the

temperature range.

5.2.2.4 Magnetic Field Control

Due to the large inductive reactance of the magnet, it is not a good idea to instantly command
the HP 6030A Power Supply to apply the desired current, as this would put undue strain on this
device. Therefore a routine was written to ramp up the current in increments of 0.01 A until the
setpoint of 7.29 A is reached. The ramping procedure takes about 10 seconds. The changing
magnetic field as the magnet current is ramped up or down induces an electric field that
destabilizes the thermocouple reading momentarily. This leads to small but noticeable
destabilizing effect on the temperature reading. For this reason it is advisable to include a delay
time between the moment at which the magnetic field stabilizes and the moment at which
measurements commence. Usually a delay of about one to two minutes was used for the

purposes of this study.

5.2.3 Sequence of Program Oper ation

Before running the program, input parameters have to be given. These include the temperature

range and increment, sample point currents at different temperatures, voltmeter range and

resolution, delay settings and sample details such as thickness, sample description and the path for

saving the data. Once the inputs have been made the program can be started, and the following

sequence is executed:
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1) Configure Temperature controller to desired settings (including PID parameter settings etc.)

2) Set next temperature value

3) Read temperature continually until the value iswithin 0.5 K of the setpoint

4) Wait for specified time

5) Configure Voltmeter / Switch unit to desired settings (including range and resolution of the
voltmeter)

6) Configure Current source to desired settings

7) Perform the 8 resistivity measurements by applying the desired current and setting the matrix
switch to the appropriate configurations (see chapter 2).

8) Calculateresistivity and add to output data array

9) Configure magnet power supply

10) Check magnet switch status and switch to desired direction.

11) Ramp up current to desired value

12) Wait for specified time

13) Perform the 4 Hall measurements by applying the desired current and setting the matrix
switch to the appropriate configurations (see chapter 2).

14) Ramp down magnet

15) Go to step 10 and repeat for the other switch direction

16) Calculate mobility and carrier density and add to output data array

17) If current temperature setpoint is the final one, save data. Else go back to step 1 and repeat
with the next setpoint.

The data is continually updated on the screen through plots and tables, so that it can be viewed

throughout the measurement process.
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CHAPTER 6

EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

The foundation required for performing TDH measurement and analysis has been laid in
chagters 2, 3 and 5. In chapter 2, basic Hall theory was discussed and it was shown how the
quantities of interest, namely carrier concentration, mobility and resistivity, may be obtained
from a series of current and voltage measurements. Chapter 3 was devoted to providing a
theoretical framework for describing the temperature dependence of carrier concentration and
carrier mobility, in particular adaptations of the theory that can be applied to ZnO. The properties
and growth methods of this material were described in chapter 4 with emphasis on shallow
electrical defects. In chapter 5 the implementation of the temperature dependent Hall (TDH)

setup used in this study was described in some detail.

The present chapter is devoted to the description of the TDH measurement and data analysis
process performed for different types of bulk ZnO. On the experimental side, bulk ZnO samples
grown by different methods are compared. In addition, annealing studies were done by
measuring samples subjected to annealing temperatures in the 200 °C to 950 °C range in an argon
atmosphere. Proton irradiated as-manufactured and annealed layers on semi-insulating (SI) ZnO
were also investigated with the TDH technique. Details of sample sizes, geometries, cleaning
procedures, sample mounting in the Hall setup and annealing conditions will be given. The
process of analyzing the Hall data will also be described in some detail in this chapter. Schematic
descriptions of the computerized numerical routines used to fit the mobility and carrier
concentration data will be given and the entire process of extracting defect concentrations and
activation energies will be outlined. Difficulties in obtaining a good fit and extracting parameter

values will be highlighted and methods will be presented to overcome these difficulties.
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6.1 EXPERIMENTAL DETAIL

6.1.1 Sample Preparation

It is usually not difficult to prepare samples for Hall measurement. No special cleaning
procedure is required prior to fabricating the four contacts. All ZnO samples measured in this
study were square or near-square rectangular in shape. These geometries were achieved by
cleaving the original wafers using a diamond tip scribe. Sample sizes rangedxfBomn$

to 6x6 mnf.

Ohmic contacts to the samples were fabricated in the following way: A soldering iron was
fitted with a custom machined pure nickel tip, and a soldering iron temperature of
approximately 250 °C was set. A special Indium-Tin alloy was smeared onto a glass
microscope slide with the hot soldering iron. This measure improves the bonding of the solder
to the semiconductor material, probably due to the sodium content of the glass acting as a
flux. Contacts of as small a size as possible were then made by smearing small amounts of
solder onto the four corners of the sample under a microscope. Once the contacts were made,
the sample was placed on the sample holder table (see section 5.2.3.4) and the four probe
needles were securely dropped on each contact. After attachment of the protective cover, the
sample holder was mounted in the Hall setup and was wrapped in a piece of aluminium foil
for thermal isolation. After placement of the shroud, and activation of the vacuum system and
Helium compressor, the sample was ready for variable temperature Hall measurement. Before
commencement of a measurement the contacts were individually checked with a computer
program designed for this purpose. A manual scan through the temperature range was done
for some samples in order to find suitable excitation current values for the program to apply.

With some exceptions, the samples were measured in the 20 K to 330 K range.

6.1.2 Sample Annealing

Samples of all different types of ZnO studied were annealed at various temperatures in an
Argon atmosphere. A Lindberg Hevi-Duty tube furnace was used for all annealing

experiments. Samples of melt-grown ZnO, of which an abundant supply was available, were
annealed at temperatures in the 550 °C to 950 °C. Hydrothermally grown semi-insulating ZnO

samples were also annealed up to 950 °C. Only one sample of seeded chemical vapor
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transport (SCVT) grown ZnO was available, and it was annealed at temperatures from 550 °C
to 950 °C. Samples with the implanted hydrogen layer were annealed in the temperature range
200 °C to 400 °C.

6.1.3 Sample Cleaning

In some cases the same sample was alternately annealed and measured for different annealing
temperatures. This requires complete removal of the contacts used for the previous
measurement as the Indium may diffuse into the sample at high temperatures, changing its
electrical properties. After thoroughly scratching off the contacts with a scalpel, the following

cleaning procedure was employed:

1) 5 minute rinse in acetone (analytic grade) in an ultrasonic bath
2) 5 minute rinse in methanol (analytic grade) in ultrasonic bath

3) drying of the sample with pure;flow

After this procedure the sample is ready for another annealing cycle.

6.2 DATA ANALYSIS

6.2.1 Data I nspection and Two-Layer Correction

Once the experimental TDH data has been obtained there are a number of deductions that can
be made immediately by inspection. In particular, it is usually possible to tell whether the
semiconductor sample is degenerate, non-degenerate or a combination of these (e.g. a
degenerate surface or interface layer on a non-degenerate bulk sample). Typical mobility and
carrier concentration profiles of these three cases are given in figure 6.1. Roughly constant
mobility and (high) carrier density temperature profiles suggest that degenerate material is
present, while a carrier density profile that decreases monotonically in a pseudo-exponential
fashion with reciprocal temperature indicates the presence of non-degenerate material. An
initial drop in then versus IV plot followed by an apparent increase and eventual flattening

out of the graph for high T/(low T) suggests that two different layers are present, one of
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which is degenerate. In such a case it is worthwhile to attempt a two-layer correction of the
data before doing a theoretical fit. Such a correction can only be done accurately if both the
mobility and carrier concentration data flatten out asymptotically at low temperatures (see
section 2.4.2.2). Even if the data is not observed to flatten out, it can sometimes be useful to
estimate the asymptotic conversion value to allow some correction. The two-layer correction

procedure is also described in references [1] and [2].
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Figure6.1 Idealized Hall mobility and carrier concentration profiles for purely non-degenerate conduction (red
dashed line), degenerate conduction (solid blue line) and combined two-layer conduction (green

alternate dash-dot line) in ZnO.

6.2.2 Data Fitting Algorithms

6.2.2.1 Software and Regression Routines

In choosing a platform for writing programs for the regression of Hall mobility and carrier
concentration data, essentially two aspects were considered: simplicity and efficiency. The

computational package MATLAB was chosen for the computations and regressions
performed in this study. A compromise between ease of use (simplicity) and computation
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time (efficiency) is reached through the use of this package. MATLAB has several built-in
nonlinear regression functions that can be used to fit nonlinear functions. Due to ease of
use and robustness, it was decided that a built-in implementation of the Nelder-Mead
simplex algorithm, named “fminsearch”, be used for fitting both carrier density and
mobility data. This algorithm is an unconstrained local minimizer of a given multi-
parameter input function with respect to a set of starting values. Functions to calculate the
error in the least squares sense between the Hall data and the predicted values were written
so that the minimizing routinéminsearch could be used. More details of application to
carrier density and mobility data are given in the following sections.

At a lower level, numerical solving and integration routines had to be used. The built-in
function fzero was used for purposes of numerical equation solving while a simple
program based on Simpson’s rule was written to handle all integrations. This program is
non-adaptive and non-recursive, i.e. the integration region is divided evenly into sections
the number of which is pre-determined by the user. Although such a routine is robust and
fast, it does not have a means of checking whether the result of the integration is accurate.
It is therefore crucial that the user provide correct integration limits and a sufficiently large
number of sub-intervals. Throughout the course of this study, very little change of these
values was required, since the same material was used throughout (Zinc Oxide). It is,
however, advisable to check for integration accuracy if the mobility data of a different
material is to be fitted as this may change the required integration limits and number of

sub-intervals.

Nonlinear regression of Hall data as implemented in this study is a computationally
expensive process. This is particularly true in the case of mobility data fitting, but even the
regression of a set of carrier concentration data can take several minutes. It is therefore
important to find as many computational shortcuts as possible. One way of considerably
reducing evaluation time in MATLAB is through a process called vectorization.
Vectorization is basically the evaluation of a function by supplying it with an entire array
at a time instead of looping the calculation of the function with single number input at a
time. Not all types of functions allow for vectorization, however. The built-in numerical
solverfzero in MATLAB, for instance, only accepts single number input. The mobility and
Hall scattering factor evaluation routines written for this study allow for vectorization with
respect to the temperature parameter, despite the fact that theufeion is used in these

programs. The reason for this is that temperature does not enter into any numerical solving
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components of the programs. Roughly speaking, vectorization shortens the total
computation time by a factor n, wherésrthe number of data points used in the regression,
since the most time consuming numerical solving routines are only executed once for each
set of temperature data instead of re-executing them for each value of temperature. In the
present studyr was usually about 40 to 50. Good coding can thus make the difference
between minutes and hours of computation time. The following sections give more detail

on the regression method and procedure.

6.2.2.2 Details of Mobility Data Regression

The mobility regression program consists of a number of nested loops. Calculations are
based on the results of section 3.2. At the lowest level, the perturbation distrigpusion
evaluated both in the relaxation time approximation and exactly using Rode’s iterative
technique, as described in section 3.2. Results of the gx@ohputations (equation 3.29)

are used by the numerical integration program to evaluate the mobility. The Hall scattering
factor is then calculated via equation 3.41 in a separate integration using the relaxation
time perturbation distribution (see section 3.2.2 and equation 3.30). The theoretical Hall
mobility 1= tu*ry with L4 the theoretical drift mobility calculated using equation 3.31 and

ry, the Hall scattering factor, is then calculated for the purposes of fitting the experimental
da@. In the present implementation the limits of all integrations were 0 to £.2x1ib k-

space, and the number of subintervals was 50.

A program that evaluates the least squares difference between the mobility data and the
predicted value was fed into the Nelder-Mead simplex algorithm. Unfortunately it turns out
that a simple least squares optimization using the acceptor concentratiandNthe
deformation potential Eas fitting parameters often does not yield a satisfactory result.
What is meant by “not satisfactory” is that the “best” fit in the purely least squares sense
often does not fit the data well in the low temperature regime, the predicted mobility
actually being lower than the experimental data in this temperature region. Such a fit, using
the example of Hall mobility data from a sample of seeded chemical vapor transport
(SCVT) grown ZnO, is shown in figure 6.2 a). There are two reasons why the fit shown in

figure 6.2 a) may be deemed less than satisfactory:
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1) The low temperature data is more sensitive to the acceptor concentratibar\the
high temperature data. Since & the main parameter of interest, it is more important

to get a good low temperature fit. This is not the case in figure 6.2 a).

2) It is more likely that the experimental Hall mobility iswer than the predicted
mobility rather than being significantly higher (in the low temperature region) as
shown in figure 6.2 a). The reason for this is that a real crystal is likely to have

additional scattering mechanisms not included in the present model.

To overcome these problems while still retaining a consistent data analysis scheme one
may decide on a “modified” least squares fit, the result of which is shown in figure 6.2 b).
Instead of simply using the square of the difference between data and fit to calculate the
error, two cases are distinguished: 1) If a data point is below (smaller mobility value) the
predicted (fit) value, the erraris calculated in the usual way wigv (L4 —/J,o)2 where

is the mobility of the data point ang, the predicted mobility. 2) If a data point is above

the predicted value, the errex is given byer = FXx(t4 —,up)2 whereF > 1, i.e. a certain
“penalty” is introduced for fitting below the data. Figure 6.2 b) shows such a modified fit
with F = 10. The fitted mobility at the peak around 100 K is still slightly lower than the
data, and the high temperature fit is slightly worse. This fit does, however, seem to
represent the overall trend of the data much better and a much more satisfactory low
temperature fit is obtained. The “modified” least squares procedure was used to fit all

mobility data in the present study (see chapter 7).

Figure 6.3 summarizes the operation of the regression program. In the present
implementation the user is given the option of choosing as a fitting parameter either the
acceptor concentratioNa only or both N and the deformation potential. B'he latter

should actually not be a fitting parameter since the deformation potential is a material

constant, but it can be used, in some sense, to account for deficiencies in the model.
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Figure6.2 Comparison of two types of least squares mobility fits on a typical data set. Part a) shows a
simple least squares fit which resulted ig=N\B.3x16° cm®, E = 10.8 eV and an error of 9.2.

Pat b) shows a modified least squares fit witlr 10, Ny = 7.1x16°cm?® E = 10.4 eV and an

eror of 11.9.
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Figure6.3 Summary of the Hall mobility regression program.
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6.2.2.3 Details of carrier concentration data regression

Carrier concentration data regression is computationally somewhat less expensive than its
mobility counterpart since the evaluation carrier concentration requires only a numerical
solution of the charge balance equation (CBE), see equation 3.18. It is, on the other hand,
more important to get a really good fit here since a much larger number of parameters are
extracted from the carrier concentration data than from the mobility datafzéhe
function in MATLAB was used for evaluating the carrier concentration using
equation 3.18, and the least squares difference of data and fit had to be calculated in a
point-by-point fashion since vectorization is not possible here. Before fitting, the Hall
carrier concentration data was corrected through multiplication by the Temperature
dependent Hall scattering factop(T). Since ry(T) also depends on the true carrier
concentrationn(T) = ny(Tru(T), an iterative approach can be employed to find a more
accurate value fory(T). As a first approximatiomy(T) is used to findw(T) so that a first
approximate correction can be made. Substitution of the corrected carrier concentration
data into the scattering factor calculation algorithm yields a more accurate estimate for the
scattering factory(T). More iterations can be done, but the added accuracy may not be

worth the extra computation time needed.

Input
-Data Lsqg erfo Direct search optimizatio
=>| =57 Nelde- Mead simplex algorithm Output
-Material o\
parameters = Least Squares Errc -Donor
n calculation using corrected Concentrations
-Starting values g data and activation
energies
-Optione f(n)» Sqlve f(n)=0 for n :>- g
{:; using fzero -Acceptor
U Write CBE in concentration
f(n)=0 form and

Data correctiol calculate f(n) -Plot of data
through =>! and fit

Figure6.4 Summary of the carrier concentration regression program
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Several types of charge balance equations were included as options in the current
implementation. One, two or three donor levels can be assumed. Additional options with
each of these choices are whether to fit or fix the acceptor concentration (e.gs iaken

from the mobility fit) and whether or not to include the possibility of very shallow donor
levels (B5= 0). The latter only makes sense if I¢ known already since the inclusion of
arbitrarily shallow donors in the model is mathematically equivalent to the presence of a
negative acceptor concentration (see section 3.1.2). Figure 6.4 summarizes the carrier

concentration regression process.

6.2.2.4 Procedurefor a complete Hall data analysis

The aim of this section is to describe the process of extracting material parameters from
TDH data employed during this study. Before any fitting was attempted, inspection of the
data revealed whether or not a two-layer correction is necessary. Such a correction was
done on both the carrier density and mobility data if required. The next step was to get a
good mobility data fit so that the acceptor concentratigrcdlld be obtained. Since the
variation of Ny alone could usually not produce a satisfactory fit, the deformation potential

E; was usually used as a fitting parameter as WellCare was taken that the low
temperature fit be as good as possible since this is the region that is most affected by the
parameter . The procedure for the mobility data fit was as described in section 3.2.2.3.

Once a satisfactory fit was obtained for the mobility data the carrier concentration data was
considered. First, a decision had to be made as to what type of model was to be used (e.g.
whether to use a two-donor or a single donor model). Usually the acceptor concentration
was not used as a fitting parameter in the carrier concentration data regression but was
taken directly from the mobility data fit 2. The Hall scattering factor used to correct the
carier density data was calculated using &hd E values obtained from the mobility fit.

After suitable starting values for the regression parameters were entered, the program
could be started. Several different carrier concentration models were used for some sets of

data and were compared according to how good the respective fits obtained were.
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CHAPTER 7

RESULTSAND DISCUSSION

This section contains a selection of results obtained from measuring as-grown, annealed as well as
implanted ZnO samples. The results are categorized according to sample growth method (or
treatment method in the case of implanted samples). Although definite differences between samples
grown by different methods and annealed at different temperatures can be observed, it turns out that
it is often difficult to unambiguously determine all parameters of interest for a given sample. In
particular, it is often not possible to find the activation energy and concentration of a minor donor
species (a donor with a relatively low concentration) in the presence of a dominant donor with any
degree of confidence. Additional techniques such as photoluminescence (PL) or electron
paramagnetic resonance (EPR) can be of great value here, but these techniques were not utilized in
the present study, the focus being Hall measurements diéh&esults of Hall effect studies on
material grown by all three commercial methods (see chapter 4) have appeared in the literature, and
the present results will be compared to tH&gé 4.

All types of ZnO considered in this study showed changes under annealing to a greater or lesser
degree. The results will be compared to published Hall effect studies of annealéd ZHOAn
interesting aspect of the results both in this study and in the literature is the observed change in the
surface conduction of certain types of bulk ZnO at annealing temperatures above 500 °C under inert
atmosphereS 7. A large part of the discussion will be devoted to this interesting phenomenon that
occurred in hydrothermally grown and SCVT grown ZnO, but not in the melt-grown and implanted

samples.

Hall effect studies of hydrogen implanted ZnO date back to the 1950’s, but the nature of hydrogen
induced defects in ZnO remains controver&laRecent proton-implantation experiments combined

with electrical measurements have been published, but the focus has been on thermally stable
implant isolation and "mlayer formation rather than fundamental investigation of the H-related

[9, 10, 11]

donor . The results from the H-implanted layers considered in the present study are

interesting especially when compared to results from the bulk material.
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7.1 COMPARISON OF ASSGROWN BULK ZnO GROWN BY DIFFERENT
METHODS

7.1.1 Comparison of the As-Measured Data

Samples produced by the three main growth methods in commercial use today, namely melt-
growth (Cermet Inc.), seeded chemical vapor transport (SCVT) growth (Eagle-Picher) and
hydrothermal growth, were measured in the temperature dependent Hall (TDH) setup. The

mobility and carrier concentration results are plotted in figures 7.1. and 7.2 respectively.
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Figure7.1 Hall mobility as a function of temperature for different types of bulk as-grown ZnO

It is seen that the peak mobilities and carrier concentrations of the melt-grown material and the

SCVT-grown sample are quite similar. Differences do, however, exist in the position of the
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mobility peak and the slope of the carrier concentration graphs. The peak mobilities are lower
than the highest reported in the literature, but the author is not aware of higher peak and room
temperature mobilities published for melt-grown matétidl?. A more detailed analysis of the

data will reveal how these differences translate into differences of shallow defect parameters and
the influence of surface conduction channels. The hydrothermal ZnO measured here is semi-
insulating (SI), and therefore has quite different electrical properties than the other two samples.
Similar TDH results are given in reference [3]. An analysis of the data will show that the reason

for the low carrier density and mobility is caused by both a high acceptor concentration and a

high apparent donor activation energy.
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Figure7.2 Carrier concentration as a function of reciprocal temperature for different types of bulk as-grown ZnO
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7.1.2 Analysis of the M elt-Grown Data

Inspection of the data reveals that there is probably no significant surface conduction present in
this sample since the carrier concentration decreases monotonically with temperature throughout.
The mobility data is also not observed to flatten out in the very low temperature regime.
Therefore it does not make sense to attempt a two-layer correction in this case, and the data was
fitted directly.

For the mobility fit it was decided to use the deformation poteniiasEa fitting parameter
instead of using the value from literature since this resulted in a much better fit (see also
reference [2]). To prevent the fit from underestimating the mobility, a “modified” least squares fit
as described in detail in section 6.3.2.2 with a “penalty” fdéter10 was used. For the carrier
concentration data a three-donor model resulted in a good fit. The acceptor concentration from

the mobility fit was used as a fixed parameter in the regression.
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Figure 7.3 Mobility and Carrier concentration data (triangles and squares) with fits (solid lines) of unannealed melt-
grown ZnO. Parameter values,N3.34x16° cm?®, E=15.5 eV, N,= 5.32x10° cm?, E»;=66.7 meV,
Npz= 1.18x10" cm®, Epy= 43.7 meV, Na= 3.77x106° cm®, Epz=7.2 meV.

Plats of the data regressions are given in figure 7.3 and the extracted parameters are given below
the graphs. The concentration of the very shallow donor D3 with activation energy 7.2 meV is

very close to the acceptor concentration. Nhere are two dominant donors D1 and D2
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according to this analysis, with activation energies of about 67 meV and 44 meV respectively. A
relatively large value of 15.5 eV was obtained for the deformation potential so that the high
temperature data is also well fitted. The activation energy of D1 appears to be very sensitive with
respect to the other parameters. A slight change in some other parameters for example yields an
activation energy of 74 meV without the fit becoming worse. The value of 67 meV is favored

here since it is closer to the expected hydrogenic value of 664neV

7.1.3 Analysis of the SCVT-Grown Sample

From the SCVT data in figure 7.2, it is seen that surface conduction plays a significant role in this
sample. Correction of the data via the two-layer model is therefore necessary, but unfortunately
neither the carrier concentration nor the mobility data is observed to flatten out in the low
temperature regime. In Section 7.2.2 an attempt is made at correcting the data, but here the low
temperature data will simply be ignored so that the surface channel conduction may be neglected.
As is seen from the correction attempt in figure 7.10, the data for 1000/T values less than about
15 can be considered independent of surface channel conduction. The data for temperatures
above 66 K was therefore fitted, and the results can be seen in figure 7.4. A two-donor model was
chosen for the carrier concentration data fit since a three-donor model could not be successfully

applied.

The mobility fit was once again performed using the “modified” least squares procedure with
F =10 as described in section 6.3.2.2. One can see that the deformation poténgaintewhat

lower than that obtained in the melt-grown mobility fit. A donor with activation energy in the
70 meV range seems to be common to both melt-grown and SCVT-grown samples although its
activation energy is slightly higher (almost 80 meV) in the SCVT-grown sample. No donor in the
40 meV range was found in the SCVT-grown sample, but a relatively low concentration of a
shallower donor with activation energy 26 meV seems to be present. It can be argued that the
80 meV donor corresponds to the hydrogenic donor also found by Look et al in SCVT-grown
material™ 2. Interestingly enough, a 26 meV main donor was extracted by Reynolds et al for

melt-grown materialf”.
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Figure7.4 Mobility and Carrier concentration data and fit of unannealed SCVT-grown ZnO. Parameter values:
Na= 7.5x16° cm® E=9.32 eV, Ny= 1.37x10° cm® E=79.7 meV, N,= 8.1x16° cm?
EDZ: 26.2 meV.

7.1.4 Analysis of Semi-Insulating Hydrothermal ZnO

Inspection of the hydrothermal ZnO data alone would suggest that this material has little in
common with the other two types of ZnO considered. Surprisingly, a more detailed analysis
reveals some similarities. The best fit of the mobility data turns out to occur with a deformation
potential equal to the value of 3.8 eV as given in table 4.1. An acceptor concentration of
8.92x10° cm® was also extracted from the mobility fit (see figure 7.5). Despite the very strong
compensation in this semi-insulating sample, the model derived in section 3.1.2 is still valid and
it can be shown that the carrier type should be strictly electpon®) up to compensation ratios
very close to 100%.

A fit of the carrier concentration data using a single donor model yields an effective donor
activation energy of 301 meV which is much larger than the values extracted for the other ZnO
samples. Surprisingly, the extracted donor concentration is on the same order of magnitude as the

main donor concentrations of the other two samples. This is a strong suggestion that whatever
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donor species is responsible for conduction in the melt-grown and SCVT-grown samples is also
present in the hydrothermally grown sample, the difference in activation energy arising from the
presence of deep levels. Although the extracted activation energy of 301 meV is comparable to
the value of 340 meV obtained by Look et®afor hydrothermal ZnO, a much lower main donor

and acceptor concentration was obtained in that work.
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Figure 7.5 Mobility and carrier concentration fit of unannealed hydrothermally grown semi-insulating ZnO.
Parameter values: #48.92x10%cm?®, E=3.8 eV, Ny=9.33x10%cm®, E;=301 meV.

7.1.5 Summary and Discussion

The parameters of as-grown ZnO samples extracted in Sections 7.1.2 to 7.1.4 are summarized in
table 7.1. Surprisingly enough, the main donor concentrations of all samples are found to be very
similar. These main donors could be due to impurity atoms such as Ga, Al [¥hdoHeven a
lattice-related defect such as the Zn interstitial or the O vacancy (see chapter 4 for a discussion of
shallow defects in ZnO). The donor activation energies differ significantly from each other,
although the extreme case of 301 meV could be an apparent rather than actual activation energy.
The D1 activation energies of 66.7 meV and 79.7 meV for melt-grown and SCVT-grown
material respectively could very well correspond to the same (hydrogenic) donor, whatever its

nature (impurity or lattice defect).
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Table7.1 Donor and acceptor concentrations and activation energies of different types of bulk as-grown ZnO.

Concentration values are in@m* and activation energies are in meV.

Sample Np1 Eps Np2 Epz Nps Eps Na E
melt-grown 5.32 66.7 11.8 43.7 0.377 7.2 0.334 155
SCVT-grown 13.7 79.7 - - 0.810 26.2 0.750 9.32
hydrothermal 9.33 301.0 - - - - 8.92 3.6

Assuming this, the main difference between these two samples is that the SCVT-grown material
lacks a donor D2 with activation energy of about 44 meV, having a higher concentration of the
hydrogenic donor D1 instead. The melt-grown sample has a third very shallow donor
compensating the acceptor. Whether this donor actually exists or whether an apparent donor
arises due to some other effect such as hopping conduction at low tempéfaitsirest known.

In the present work it will simply be assumed that the donor exists, neglecting the possibility of
low temperature anomalies. Similar assumptions were made in reference [1]. To the author’s
knowledge, no lattice defect or impurity has yet been associated with such a shallow donor. The
very shallow donor D3 in the SCVT-grown sample is somewhat deeper than its counterpart in the
melt-grown sample, but this value becomes much lower when the low temperature data is
included (section 7.2.2). The acceptor concentration in the SCVT-grown sample is certainly
somewhat higher than in the melt-grown sample.

7.2 COMPARISON OF DIFFERENT TYPES OF ZnO ANNEALED AT
VARIOUSTEMPERATURESIN ARGON

7.2.1 Mdt-grown ZnO Annealed in Argon

A square sample of melt-grown ZnO of thickness 481 and side lengths 5 mm was
sequentially subjected to 30 minutes of annealing at 550 °C, 740 °C and 940 °C in argon flow.
The Hall results are shown in figures 7.4 and 7.5. It can be seen that the mobility peaks shift
towards higher temperatures and decrease in height as the annealing temperature is increased
The mobility data regressions suggest that an increase in the acceptor concentration with

annealing temperature is the cause for this change in the low-temperature mobility values. The
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trend of the carrier concentration data as a function of annealing temperature is more difficult to
interpret by inspection of the data. A more detailed analysis through curve fitting does however
show some trends. The results of fitting the mobility and carrier concentration data are shown in
figure 7.6, and the extracted parameters are given in table 7.2. The results are certainly not

unambiguous, but based on other redtiffsthe following interpretation seems plausible:

There are essentially three donors D1, D2 and D3 present in this sample. D1 is the deepest in the
50 meV to 70 meV range, D2 has an intermediate activation energy of 38 meV to 44 meV and
D3 is a very shallow donor below 10 meV. The unannealed sample has a high concentration of
both D1 and D2. Sequential annealing up to 940 °C steadily decreases the concentration of D2 by
about an order of magnitude, i.e. it is effectively destroyed. At the same time the concentration of
D1 steadily increases until it is about three times higher after annealing at 940 °C. The activation
energy k1 of D1 does however fluctuate a lot, possibly reducing the credibility of the argument.
Associating D2 with hydrogen does however give a sensible physical interpretation to the results:
hydrogen that is initially present in the sample gives rise to a 44 meV donor igvétkhigh
annealing temperatures hydrogen diffuses out of the sample, leading to the destruction of this
donor and its replacement by a deeper hydrogenic donor. A similar argument was presented in
reference [1], albeit for the case of SCVT-grown annealed ZnO.

Table7.2 Donor and acceptor concentrations and activation energies of melt-grown ZnO as a function of annealing

temperature. Carrier concentration values are fidf® and activation energies in meV

Annealing Np1 Ep, Np2 Ep, Np3 Eps Na E

Temp °C) (eVv)

N/A MN 5.32 66.7 11.8 43.7 0.352 7.2 0.334 15.5
550 M550 9.37 53.6 6.4 443 0.500 7.2 0.477 14.4
740 M740 13.3 61.3 5.0 38.0 0.527 3.2 0.518 14.4
940 M940 14.9 50.1 1.2 38.9 0.628 1.0 0.620 14.5
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Figure 7.4 Hall mobility data of melt-grown ZnO annealed at different temperatures.

There are theoretical and experimental indications that hydrogen produces a donor in the 37 meV
to 51 meV rangé€" > > * 9 |n the present work, a main donor activation energy of 44 meV is
extracted in the fit of the hydrogen implanted and annealed sample (see section 7.2.4). This is
another indication that the 44 meV donor is most likely related to hydrogen. The remarkable
similarity of the mobility and carrier concentration plots of the melt-grown sample and the
hydrogen-implanted layer annealed at 200 °C would be explained if it is assumed that hydrogen is

the dominant donor in both samples.
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Figure 7.5 Hall carrier concentration of melt-grown ZnO annealed at different temperatures.

In reference [1] it was argued that nitrogen may be responsible for the increageairhigh
annealing temperatures (In that study the samples were annealedas)NThe present results

show that i also increases without the presence of nitrogen, probably due to the formation of
lattice defects such as zinc vacancies. The very shallow donor concentrgticsedyns to
“follow” N A throughout, always being slightly higher thanp. No the author's knowledge no
mechanism exists that would cause the concentration of a certain donor to increase in tandem
with the acceptor concentration, and it is highly unlikely that the simultaneous increase is due to
chance. The most likely explanation for this phenomenon is hopping conduction since it can be
shown that the hopping carrier concentration in the range of temperature and compensation ratios
considered in the present measurements is roughly proportional t& NThe inclusion of

hopping conduction in the model is however beyond the scope of this study.
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7.2.2 SCVT-Grown ZnO Annealed in Argon

As was seen in the previous section, the melt-grown ZnO manufactured by Cermet Inc. did not
appear to change appreciably with annealing by mere inspection of the data. By interpreting the
changes as destruction of one donor species and creation of another, the transformation of the
bulk material under annealing should however certainly be regarded as substantial. The annealing
behavior of SCVT-grown material on the other hand seems quite significant from inspection of
figures 7.7 and 7.8, especially in the low-temperature regime. A mathematical analysis however
reveals that the changes are mainly related to an increase in the acceptor concentration on the one

hand and the formation of a degenerate surface conduction channel on the other.

Inspection of figures 7.7 and 7.8 reveals that surface conduction plays a significant role in this
sample, especially after annealing at 923 °C in which case both carrier concentration and mobility
profiles are observed to converge asymptotically to constant values at low temperatures. This
data set is therefore a good candidate for performing a two-layer correction. The data gathered
from the sample when it was only annealed up to 730 °C or less also show a typical “two-layer”
trend, but unfortunately it is not clear towards what value the carrier concentrations and

mobilities converge since sufficiently low temperature data is not available.

Nonetheless, approximate two-layer corrections were attempted for all sets of data, even the data
pertaining to the as-grown sample. The “corrected” mobility and carrier concentration data are
shown in figures 7.9 and 7.10 respectively. The low temperature mobility convergence value for
the data of the sample annealed at 930 °C is 11%A/sniThis value was also used for all the

other samples since it is difficult to estimate the convergence values from the available data in
those cases. The low temperature (apparent) carrier concentration values were taken as
1.48x10°cm®, 1.0x18° cm?, 6.0x13* cm® and 1.0x18 cm® for the samples annealed at

920 °C, 730 °C, 550 °C and not annealed respectively. The original data is included on the plots to
facilitate comparison. Even though the corrections are probably quite inaccurate, the corrected
data fits the charge balance equation much better in the low temperature regime. The two-layer
correction will in any case only affect the low temperature data and can therefore not change the
extracted deeper donor concentrations and activation energies appreciably.
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Figure 7.7 Hall mobility versus Temperature of SCVT-grown ZnO annealed in argon at the indicated temperatures

The mobility data fits are not as good as their counterparts in the melt-grown ZnO annealing
study, as can be seen in figure 7.11. The deformation potential values for the best fit are
somewhat lower, but also closer to the literature value of 3.8 eV (see table 4.1). In table 7.3 one
can see that the acceptor concentration extracted from the mobility fits increases steadily with

annealing temperature.

In fitting the carrier concentration data it was decided that a compromise be made between
making use of the corrected low temperature data and avoiding artifacts due to inherent
inaccuracies in the correction procedure. All carrier concentration data below 40 K (1000/T = 25)
was ignored for fitting purposes. The data fits and results are given in figure 7.11 and table 7.3
respectively. Initially a three donor model was used to fit all the data, but in the case of the not
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annealed sample SN (refer to table 7.3 for the designations) and the sample annealed at 923 C
S923 it was found that there really only appear to be two donor levels. Even in the case of S550
and S730 the existence of a third donor level can be questioned due to the small concentration

obtained (refer to table 7.3 for the designations).
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Figure 7.8 Hall carrier concentration of SCVT-grown ZnO annealed in Argon at different temperatures

In essence, then, there is only one main relatively deep donor D1 present in this sample. The
designation D1 is no coincidence, since it will be argued here that D1 in the melt-grown and
SCVT-grown sample respectively corresponds to the same (hydrogenic) donor even though the
activation energy extracted in these samples differs significantly. Whether or not D1 actually
corresponds to the same donor in both samples, it is clear from table 7.3 that D1 is quite stable
under annealing in this sample, with neither its concentration nor its activation energy changing

appreciably. A small concentration of a 40 meV to 55 meV donor appears to be present in S550
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and S730 (refer to table 7.3 for the designations). Interestingly enough, a similar relationship
between D1 and D2 as discussed in the melt-grown sample is observed here in that creation of
D2 leads to partial destruction of D1 and vice versa. Assuming that this is not merely a
mathematical artifact, it can be argued that D2 corresponds to a small concentration of a
hydrogen donor that is activated at about 550 °C, decreases in concentration when subjected to a

730 °C anneal and is largely destroyed above 900 °C.
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Figure7.9 Two-layer corrected Hall mobility of SCVT-grown ZnO annealed at different Temperatures. The

uncorrected data is also shown for comparison.

The acceptor concentration increases steadily with annealing temperature similar to the melt-
grown sample. Initially N is however somewhat higher, and in the literature a similar annealing
experiment with SCVT-grown material is described in reference [5]. The donor activation
energies extracted there are somewhat different with a main donor of 67 meV and two other

donors with activation energy 30 meV and 150 meV. The surface conduction in reference [5] is
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explained by hydrogen accumulation at the sample surface, and X-ray photo spectroscopy (XPS)
results are given to support that statement. It is also mentioned that the surface conduction
decreases at an annealing temperature of 800 °C. The fact that hydrogen is expected to out-
diffuse above 800 °C is cited as additional support for the claim that hydrogen (in the form of OH
groups) is responsible for surface conduction. Hydrogen-induced surface conduction channels
have been investigated in much earlier work, where it was found that these channels are stable
with respect to oxygen exposdi‘@. It has long been known that ambient sensitive ZnO surface
conduction channels can be produced by a variety of methods including ultra-violet (UV) and
electron beam irradiatiori”. More recently, ambient sensitive surface conduction channels that
actually form at elevated temperature (in contrast to hydrogen channels that are destroyed upon

annealing) have been observed on Li and Cu-doped semi-insulating ZnO
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Figure7.10 Two-layer corrected Hall carrier concentration of SCVT-grown ZnO annealed at different

Temperatures. The uncorrected data is also shown for comparison.
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Figure7.11 Hal data analysis of SCVT-grown ZnO sequentially annealed at different temperatures.

a) not annealed; b) annealed at 550 °C; c) annealed at 730 °C; d) annealed at 923 °C.

Since the conduction channel in the present results has been shown not only to be stable up to
923 °C but to actually only fully develop at this temperature, it seems unlikely that hydrogen
alone should be responsible for its formation since hydrogen is expected to effuse from the
sample already at lower temperatures. On the other hand, if this conduction channel is not
hydrogen-related, it would be expected to show sensitivity to oxygen arffbi@nlthough the
SCVT-grown sample was not explicitly tested for its ambient response, such a test was indeed
performed on the hydrothermally grown ZnO at room temperature, and no such sensitivity was
observed. These results indicate that the origin of surface conduction on ZnO has yet to be
satisfactorily explained.

Table7.3 Donor and acceptor concentrations and activation energies of SCVT-grown ZnO as a function of annealing

temperature. Concentrations are if®kn* and activation energies in meV

Annealing Np1 Ep: Np2 Ep. Np3 Eps Na E

Temp (°C)

0 SN 13.8 80.0 - - 0.756 10.5 0.750 9.23

550 S550 12.9 78.6 0.342 54.8 1.02 10.6 1.00 9.23
730 S730 12.9 76.3 0.125 40.0 1.37 8.6 1.35 9.23
923 S923 13.7 77.6 - - 141 15.3 1.34 9.23
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7.2.3 Hydrothermally Grown ZnO Annealed in Argon

Annealing of semi-insulating hydrothermal ZnO in argon at temperatures above 500 °C resulted
in a marked change in the electrical properties of the sample throughout the entire measurement
temperature range considered. Annealing at 550 °C resulted in roughly constant mobility and
carrier concentration profiles above room temperature, but the data becomes increasingly noisy
below room temperature and finally the sample was not measurable any longer at about 200 K, as

shown in figure 7.12.

Mobility (cm?/Vs)

Figure7.12 Mobility plot of hydrothermal as-grown and annealed ZnO. The two-layer corrected data of the sample

The conduction is characterized by a relatively high carrier concentration and very low mobility.
Assuming that the bulk remains semi-insulating at these temperatures, it follows that a surface
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conduction channel with mobility of about 2-3 @5 and sheet carrier concentration of about
2-4x10° cm? has formed. The data of the sample annealed at 930 °C suggests that a degenerate
surface layer formed on this sample at high annealing temperatures. It is therefore plausible to
argue that this degenerate layer already forms at (or below) 550 °C. The fact that the high-
temperature data of the 550 °C sample is very similar to the low-temperature data of the 930 °C
sample (see figure 7.13) further supports this idea and suggests that the degenerate layer formed

at 550 °C remains stable and essentially unaltered up to an annealing temperature of 930 °C .

Carrier Concentration (cm'3)

930

930 T corrected
—</ not annealed
< B50C

0 5 10 15 20 25
1000/T (K™Y

w
o

Figure7.13 Carrier concentration plot of hydrothermal ZnO as-grown and annealed at 930 °C. The annealed
corrected data is also shown. The low temperature correction values were taken as’/9&ucth

1.42x10* cm® for mobility and carrier concentration respectively.

The bulk carrier concentration of the conducting surface channel is of course not known since its

thickness was not determined. Although the 930 °C annealed data looks like a promising
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candidate for a two-layer correction, it turns out that the two-layer model does not describe the
data very well. Only in the high temperature region above 150 K seems to yield credible results.
The corrected data did not fit the carrier concentration and mobility models well, and no
regression results will be presented. From inspection of the data it does however appear that both
bulk and surface changes occur through annealing and that some form of degenerate layer must

be present.

As to the question of the origin of the layer, it has to be said that further studies are necessary.
The surface conduction found here does not appear to conform to the properties of such layers
studied and published previously in the literature. In particular, the ambient-stable layers reported
usually involve hydrogen or are at least thought to involve hydr&§eand such layers are

shown to be destroyed at annealing temperatures well below temperatures employed in this
study!™”. The conduction of the samples in the present study showed no ambient-dependence;
oxygen has been shown to destroy surface channels not related to h%rdngﬂemhe conduction

channel of samples in this study remained intact at ambient pressure in air.

7.2.4 Hydrogen-Implanted ZnO Annealed in Argon

Layers of hydrogen-implanted semi-insulating ZnO also showed dramatic changes under
annealing. The as-manufactured material is characterized by a near-constant low mobility of
about 40 crfiVs above room temperature. The carrier concentration is in tHec range,

freezing out rapidly below room temperature (figures 7.14 and 7.15).

Surprisingly enough, this highly defective layer becomes almost perfect device quality ZnO very
similar to the melt-grown bulk ZnO analyzed in this study (section 7.2.1). The main difference
between this sample and the unannealed melt-grown sample is that it only has one main donor D2
with activation energy of about 44 meV and lacks the “hydrogenic” donor D1 with activation
energy of 50-70 meV (see figures 7.14 through 7.16 and table 7.4). In section 7.2.1, D2 has
already been associated with hydrogen, and the results here support the claim that hydrogen does
indeed give rise to a donor with activation energy of about 44 meV. In the literature, activation
energies of 35 meV to 51 meV have been attributed to hydrogen, and the present results are well

within this range (see table 712y 8% D2 is shown to remain stable up to 300 °C, the extracted
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activation energy changing only marginally although the concentration increases noticeably. The
reason for the increase in concentration is not clear; possible explanations are that more
hydrogen-related defects are activated at this temperature. Alternatively this increase could be
only an apparent one due to a change in the doping profile of the layer caused by hydrogen
diffusion. After annealing at 400 °C the room temperature carrier concentration drops to about
10% of the value obtained after the 200 °C and 300 °C anneals. The mobility also decreases
substantially, and neither the carrier concentration nor the mobility profiles fitted the usual
models satisfactorily. The reason for this may be a large degree of inhomogeneity of the doping
and irradiation damage profiles. The acceptor concentration extracted from the mobility fits is
much larger in the sample annealed at 300 °C (H300) than in the sample annealed at 200 °C
(H200) as given in table 7.4.
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Figure7.14 Mobility versus temperature data of proton-implanted hydrothermal ZnO layers annealed for

90 minutes at different temperatures.
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The much higher acceptor concentration in H300 may be due to activation of radiation-induced
acceptor defects. Since hydrogen has been shown to passivate acceptors, the effusion of hydroger
can also be responsible for the highet alue. It should be noted that the lower carrier
concentration of the sample annealed at 400 °C does not per se imply a substantial decrease in the
donor concentration fd. The reduction in carrier concentration may be as a result of a further
increase in N only. It is however likely that hydrogen effuses substantially at these temperatures

giving rise to a decrease irpN
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Figure7.15 Carrier Density versus reciprocal temperature data of proton-implanted hydrothermal ZnO layers

annealed for 90 minutes at different temperatures.

Highly conductive hydrogen-implanted-layers have recently been shown to be stable up to
annealing at 600 °C, especially when the implantation concentration was ver&}l]hi@mch

stability could however be due to defects caused by irreversible lattice damage due to the high
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implantation concentration rather than the hydrogen remaining in place, and secondary ion mass

spectroscopy (SIMS) results in that study indeed confirm a substantial effusion of hyidfogen

The shallow donor D3 is seen to have both a higher concentration and activation energy in H300
compared to H200. Once again a type of self-compensating effect is evident here since the
concentration of D3 once again tends to always be just slightly higher gh&oNors of similar
activation energy were found in the melt-grown and SCVT-grown samples, but the physical
origin of this donor will not be speculated on here.
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Figure 7.16 Hall data analysis of hydrogen-implanted Sl ZnO annealed for 90 minutes at different temperatures.

a) annealed at 200 °C; b) annealed at 300 °C. Fit parameters are shown in table 7.4.
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Table7.4 Donor and acceptor concentrations and activation energies of hydrogen-implanted S| ZnO as a function

of annealing temperature. Concentrations are given'fhch®® and activation energies in meV

Annealing Np2 Epy Np3 Eps Na E (eV)
Temp (°C)

200 H200 12.2 44.3 0.72 6.3 0.70 14.1
300 H300 18.4 45.7 2.04 17.5 1.85 17.7
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CHAPTER 8

CONCLUSIONS

The temperature dependent Hall measurement and analysis system developed and implemented
in this study has been shown to be an extremely useful tool in the investigation of bulk ZnO
samples with a wide spectrum of electrical properties. Examples ranging from purely non-
degenerate specimens to samples with a highly conductive degenerate surface channel have beer
successfully analyzed with regard to their shallow donors and compensating acceptors. One, two
and three donor models were implemented and excellent fits to most data were obtained. The
mobility data fitted the model reasonably well, notwithstanding the fact that rather unrealistic
deformation potential values were used. Realistic acceptor concentrations were however

obtained.

ZnO samples grown by different methods were found to have vastly different electrical
properties. Melt-grown ZnO was found to have two main donors, one hydrogenic donor D1 of
about 67 meV and a donor D2 with activation energy 44 meV that was attributed to hydrogen.
The sample grown by the seeded chemical vapour transport method was found to have only one
main donor D1 of about 80 meV attributed also to a hydrogenic donor, and traces of D2. A donor
with activation energy of 301 meV was extracted for the hydrothermally grown sample but this

result may not be correct due to the near-unity compensation ratio of this sample.

Annealing of the samples in a non-reacting argon atmosphere up to above 900 °C resulted in
significant changes in all samples. In the melt-grown material partial destruction of D2 seemed
to occur with annealing, and this is interpreted as effusion of hydrogen. The SCVT-grown
sample and the hydrothermally grown sample both developed a degenerate surface layer at high
annealing temperatures. The bulk of the SCVT- grown sample changed relatively little, and it is
concluded that the hydrogenic donor D1 is stable up to annealing above 900 °C. The acceptor
concentration increased to about twice the as-grown value with annealing above 900 °C in both
SCVT-grown and melt-grown samples. The bulk of the hydrothermally grown sample became
more conductive at high annealing temperatures, but no good analysis of the data could be
achieved.
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Hydrogen implanted layers on bulk ZnO were found to have only one donor D2 (44 meV) when

annealed at 200 °C and 300 °C. This is another indication that D2 is indeed due to hydrogen.
Despite the remarkable similarity of the implanted layers and the melt-grown bulk material, the

annealing properties were shown to be completely different. At 300 °C annealing and above the
acceptor concentration increased rapidly, indicating the presence of deep level traps that are
possibly passivated by hydrogen at lower annealing temperatures. No parameters could be
extracted after annealing at 400 °C possibly due to large inhomogeneities developing at these

temperatures.

Much further work can be done as far as annealing experiments of bulk and implanted ZnO is
concerned. Surface conduction can be verified by surface removal experiments such as argon ion
sputtering or chemical etching. This would also allow a better analysis of the impact of annealing
on the bulk of the material. Techniques for surface studies such as X-ray photo spectroscopy
(XPS) can be used to correlate the presence of surface conduction to the presence of certain
chemical species such as OH-ions. The surface conduction may also be due to structural
anomalies at the surface, and Rutherford backscattering (RBS) and X-ray diffraction (XRD) may
provide new insight here. The electrical properties of the surface and near-surface bulk can of
course also be studied by current-voltage and capacitance-voltage measurements on suitable
Schottky contacts. Deep level transient spectroscopy (DLTS) on such contacts can yield more
information on deep level impurities in the samples. More modern techniques such as second
harmonic generation (SHG) from femtosecond laser pulses may be used to study impurities and
electric field build-up at the surface. The bulk properties can be studied by complementary
techniques such as electron paramagnetic resonance (EPR), Raman spectroscopy and

photoluminescence (PL).
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