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DEVELOPMENT, FABRICATION, AND CHARACTERIZATION OF
TRANSPARENT ELECTRONIC DEVICES

1. INTRODUCTION

The existence of materials simultaneously exhibiting optical transparency and

electrical conductivity has been known for many years; the first report of such a

material (CdO) appears to have been made by Badeker in 1907 [1]. A number of

additional transparent conducting oxides (TCOs), such as ZnO, 1n203, and Sn02,

have been known to exist for many years. However, the use of transparent conductors

has been limited to passive applications. This is a consequence of the fact that,

until quite recently, the only known transparent conductors were n-type. The recent

discovery of a number of p-type transparent conductors, however, has opened the

door to the development of active electronic devices based entirely upon transparent

materials.

Since the field of transparent electronics is in an early stage of development,

an understanding of the electrical behavior of transparent conductors must be devel-

oped prior to their integration into active electronic devices. Such an understanding

is essential, as transparent conductors exhibit a number of properties that are quite

different than those considered optimal within the framework of conventional elec-

tronics. Preconceived notions based upon established device theory are, in general,

more harmful than beneficial; an unbiased methodology must be employed both in

developing novel transparent electronic devices and in understanding their electrical

characteristics.

The goal of this thesis is the fabrication and characterization of transparent ac-

tive electronic devices; both experimental and theoretical achievements are presented

herein. Although recent research devoted to novel p-type transparent conductors has

been accompanied by several reports of transparent diodes, electrical characterization
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of these devices has been essentially nonexistent; this thesis contains the first detailed

electrical characterization study of a transparent diode, a CuYO2 / ZnO / ITO p-i-

n heterojunction. Perhaps the most significant achievement contained herein is the

fabrication and characterization of highly transparent ZnO-based thin film transis-

tors (TFTs), with an average transparency above --9O% in the visible portion of the

electromagnetic spectrum; this is, in fact, the first report of a highly transparent

transistor. A novel characterization technique, the capacitance-(voltage, frequency)

[C-(V,f)] method, is proposed and employed in the characterization of charge injec-

tion and interface channel formation for ZnO-based TFT structures. The energy

band structure of the degenerately doped semiconductor / insulator heteroj unction

is examined, yielding insight into the mechanism underlying charge injection into an

insulator.

The structure of this thesis is as follows. Chapter 2 contains a review of the

pertinent literature and provides the technical background necessary to establish a

context within which experimental results can be discussed. Chapter 3 provides a

description of important fabrication tools and techniques, followed by a discussion

of relevant optical and electrical thin film and device characterization methodology.

Chapter 4 presents an electrical characterization study of transparent CuYO2 / ZnO /

ITO p-i-n heteroj unction diodes. Chapter 5 presents the fabrication and characteriza-

tion of highly transparent ZnO-based TFTs. Finally, Chapter 6 contains conclusions

and recommendations for future work.
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2. LITERATURE REVIEW AND TECHNICAL BACKGROUND

This chapter presents a review of the existing literature and fundamental con-

cepts pertaining to the development of transparent electronic devices. A brief intro-

duction to transparent conducting and semiconducting materials is provided. The

properties of zinc oxide (ZnO) are explored in some detail, in anticipation of results

presented in Chapters 4 and 5. Relevant materials and device issues are examined,

including self-compensation, space-charge-limited current, the injection of charge into

an insulator, and consequences of the low mobilities typically possessed by transparent

semiconductors. The chapter concludes with a review of transparent active electronic

devices reported in the literature; characterization and interpretation concerns are

noted as they arise throughout this section.

2.1 Transparent conductors

The simultaneous existence of optical transparency and electrical conductivity

requires a wide bandgap (3 eV) material, doped (intentionally or unintentionally)

so as to modulate the Fermi level close enough to the conduction (valence) band to

induce mobile electrons (holes). Due to the relatively low mobilities exhibited by

this class of materials, typical transparent conductors used in passive applications

are degenerately doped in order to maximize their conductivity.

Until recently, all known transparent conductors were n-type. The first report

of p-type conductivity in a transparent material (CuAlO2) came in 1997. [2] Since

this report, a number of new p-type as well as n-type transparent conducting mate-

rials have been discovered. Tables 2.1 and 2.2 list known n- and p-type conductors

along with typical values of important thin film electrical and optical properties (op-

tical bandgap, average transmission in the visible region, Hall mobility, conductivity,

and carrier concentration) as available. Further details regarding individual material
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characteristics relevant to results presented in this thesis are included in the sections

where such results are presented.

Note that the division of transparent conducting materials by conductivity type

is quite reasonable, in that bipolar conductivity in this class of materials is exceedingly

rare. To date only two transparent semiconductors, CaN [3] and CuInO2 [4], have

been reported to exhibit bipolar conductivity.

2.2 Zinc oxide

Zinc oxide (ZnO) is a well-known wide bandgap semiconductor. As results re-

ported in this thesis rely strongly upon the use of ZnO films, a fairly detailed discus-

sion of their important properties is given here. ZnO exhibits a set of properties that

allow its use in a number of applications. It is one of the common transparent con-

ductor materials. [38] ZnO varistors (polycrystalline ceramic electronic devices with

non-linear current-voltage characteristics) are used to limit large voltage transients.

[39] ZnO can also function as a phosphor (cathodoluminescent [40], photolumines-

cent [41, 42], electroluminescent [43]); as a thin film chemical sensor [44]; and as a

piezoelectric material. [45] ZnO exhibits a large degree of photoconductivity as well

as persistent photoconductivity, as discussed in Section 2.2.2.

ZnO thin films have been deposited using a number of methods, including re-

active sputtering (DC [46], RF [46], ion beam [47]), activated reactive evaporation

(ARE) [48], spray pyrolysis [49], solgel [50], laser ablation [51], pyrosol [52], met-

alorganic chemical vapor deposition (MOCVD) [53], and electrochemical reaction.

[54] The substrate is often unheated during deposition; as-deposited ifims are nearly

always polycrystalline.
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Table 2.1: Thin film electrical and optical properties of n-type transparent conductors.
Et denotes optical bandgap, TtYp denotes typical optical transmission in the visible
region, i4 denotes typical Hail mobility, o denotes typical conductivity, ntYP

denotes typical carrier concentration.

Material E

(eV)

Tt

(%)

tYP

(cm2/V s)

atyp

(' cm-')
typ

(cm)

AgInO2 [5, 6] 4.1-4.4 80 1 50 1020

CdO [7, 8] 2.2-2.6 1-30 20 1020

Cd2SnO4 [9, 10] 2.9-3.1 80 30-50 iO4 1021

CdSb2O6 [11] 3.8-4.4 90 2 40 1020

C111n02 [4] 3.9 50-80 3.8 x iO3

GaInO3 [12] 3.3 90 10 3 x 102 1020

(Ga,In)203 [13] 2 x

GaN [3, 14, 15] 3.4 100 iO4 1020

1n203 [9] 3.55-3.75 80-90 10-50 i0 <1021

In4Sn3O,2 [16] 3.5 80 20 2.5 x i0 1021

Mg1n204 [17] 3.4 80 5 102 1020

Sn02 [9] 3.9-4.3 80-90 5-30 iO 1020

SrTiO3 [18] 3.2 85-95 6.4 0.6 5.8 x i017

ZnO [9, 13, 19] 3.2-3.3 80-90 5-50 1021

Zn21n205 [20} 2.9 80 12 2.5 x iO3 5x102°

Zn2SnO4 [13] 50

ZnSnO3 [21] 3.5 80 10 102 1020



Table 2.2: Thin fflxn electrical and optical properties of p-type transparent conductors.
E denotes optical bandgap, T denotes typical optical transmission in the visible
region, denotes typical Hall mobility, t7 denotes typical conductivity,
denotes typical carrier concentration.

Material Et
(eV)

TtYP

(%)

ptYP

(cm2/V s)

typ

(Il-' cm-')

typ

(cm)

AgCoO2 [22] 4.15 40-60 0.2

BaCu2S2 [23] 2.3 60-80 3.5 17 1019

CuAlO2 [2, 24] 3.5 70-80 0.13 0.3 3 x 1019

CuCrO2 [25] 3.1 30 220

CuFeO2 [261 3.35

CuGaO2 [22, 27] 3.6-4.3 70-85 0.23 6 x 10-2 1.7 x 1018

CuGai_FeO2 [22] 3.4 50-70 1

Cu1n02 [4] 3.9 50-80 2.8 x i0

CuNi213Sb,,302 [22] 3.4 60 5 x 102

CuScO2 [28] 3.3 40 30

CuYO2 [29] 3.5 40-50 1

diamond [30, 31, 32] 5.5 10 1-10 10

GaN [3, 15] 3.4 5 10 1018

LaCuOS [33] 3.1 70 0.26

NiO [34, 35] 3.6-4 40-80 1 10
SrCu2O2 [361 3.3 70-80 0.46 4.8 x 10-2 6 x i017

Sr2Cu2ZnO2S2 [37] 2.7
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2.2.1 Electrical properties

The work function (difference between the vacuum level and the Fermi level)

of ZnO, from UV photoelectron spectroscopy measurements, varies from 5.3 eV (un-

doped) to 4.5 eV (heavily Al-doped). [55] Assuming that the Al-doped ZnO is de-

generately doped, with the Fermi level located at or slightly above the conduction

band minimum, it is reasonable to conclude that the electron affinity (difference be-

tween the vacuum level and the conduction band minimum) of ZnO is approximately

4.5 to 5 eV. Photoemission measurements of single-crystal ZnO, consistent with this

conclusion, yield a work function of 4.57 eV. [56]

ZnO is a direct bandgap material. [57] There is some discrepancy in the lit-

erature regarding its bandgap energy; Srikant and Clarke claim that the true room

temperature bandgap of ZnO is 3.3 eV, while a valence band to donor level transition

at 3.15 eV accounts for the fact that a smaller value (typically 3.2 eV) is often re-

ported. [58] Thus, the room temperature bandgap of ZnO can be confidently placed

in the range 3.2 to 3.3 eV.

A high degree of n-type conductivity (> 5000 ft' cm') is attainable in ZnO,

due to intrinsic defects, intentional donor doping (Al, In, Ga, B, F) or a combination

thereof. [59] Reported thin film electron mobilities are typically -'20 to 30 cm2/V s [19,

48, 49]; the maximum mobility obtainable in ZnO single crystals is '--'200 cm2/V s. [57,

60] There is not a consensus in the literature as to which intrinsic defect (0 vacancy or

Zn interstitial) is responsible for intrinsic n-type conductivity. [60] P-type conductivity

has not been convincingly or reproducibly demonstrated, although compensation of

n-type doping through the introduction of acceptor impurities is possible. [61, 62]

This difficulty in obtaining p-type ZnO is attributed to the phenomenon of self-

compensation, as discussed in Section 2.3.1.



2.2.2 Photoconductivity

ZnO has long been known to exhibit an anomalously large and persistent pho-

toconductivity. A change in conductivity by as much as seven orders of magnitude

can be observed under UV illumination; the time constant of this photoresponse is

typically extremely large, often taking days to return to equilibrium after illumination

has been removed. [63, 64] Verification of this behavior was qualitatively observed in

ZnO films fabricated during research leading to this thesis.

The observed ZnO photoresponse is generally made up of two components.

The first is a fairly typical, rapid, and reproducible photoconductive response, while

the second is a much slower response that is highly dependent on the gas ambient

and pressure during the photoresponse measurement, on processing conditions, and

on film history. The first process is typical photoconductivity, where TJV radiation

generates electron-hole pairs, thus increasing the free carrier density. The second

process is nearly always attributed to chemisorption and photodesorption of oxygen

at the film surface and/or grain boundaries, causing modulation of surface and/or

grain boundary depletion regions and a corresponding modulation of the trapped

charge to free charge ratio in the film. [61, 62, 63, 64]

The oxygen chemisorption/photodesorption process proceeds as follows. Ad-

sorbed oxygen molecules or atoms at the surface or at grain boundaries within the ifim

trap electrons (majority carriers), thus becoming chemisorbed; the resulting negative

space charge induces a positive space-charge depletion region in the adjacent bulk,

thus reducing the total free carrier density and the conductivity of the film. When

UV illumination creates electron-hole pairs, holes (minority carriers) are drawn by the

depletion region field to the surface and to grain boundaries where they are trapped

by the chemisorbed negatively-charged oxygen. Thus, the chemisorbed oxygen re-

turns to an adsorbed state, and may desorb (photodesorption) from the surface if

the gas ambient is such as to make this favorable (e.g. low oxygen partial pressure).

Upon removal of UV radiation, free holes recombine with free electrons, leaving an
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equilibrium concentration of free electrons in the bulk. Adsorbed oxygen begins to

trap electrons, space charge regions reform, and the conductivity decreases to its

equilibrium (dark) value. Clearly this process is strongly dependent on gas ambient,

as the oxygen partial pressure directly influences the adsorbed oxygen density.

The persistent nature of this photoconductivity is due to two slow processes

that must occur to return the film to the equilibrium (dark) conductivity state: the

adsorption/desorption of oxygen at the surface and at grain boundaries, and the

diffusion of electrons from the bulk across surface and grain boundary depletion re-

gions to complete chemisorption of adsorbed oxygen. At the film surface, oxygen

that has trapped a hole under TJV illumination may quickly desorb (depending on

the oxygen partial pressure), thus requiring replacement by adsorption in returning

to the equilibrium (dark) conductivity state (adsorbed oxygen at grain boundaries

within the ifim may be less likely to desorb upon trapping a hole, due to physical

constraints). Secondly, as the density of chemisorbed oxygen increases, the depletion

region field hindering electron diffusion to surfaces and grain boundaries is increased,

thus yielding a slow and decreasing rate of chemisorption regardless of the rate of

oxygen adsorption.

2.3 Relevant materials and device theory

In the effort to develop electronic devices using transparent materials, it must

be understood that this class of materials demonstrates a number of properties that

differ significantly from those of traditional semiconductors. Since these materials

must first satisfy the condition of optical transparency, it is reasonable to expect that

optimal electrical and device-related properties will not be simultaneously realized;

this is indeed the case. However, although such properties may be less than optimal,

based upon classical electronic device expectations, they appear to constitute the

relevant constraining attributes of these materials. In fact, a successful approach
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to the development of this new technology will likely involve a creative approach to

exploitation of these properties so as to yield novel devices and systems.

2.3.1 Self-compensation

Self-compensation is a phenomenon that arises as a consequence of the general

tendency toward minimization of system energy. In typical semiconductor materiais

(e.g. Si), both n-type and p-type conductivity are easily attained by intentionally

doping the host lattice with an appropriate impurity. Once incorporated into the

lattice, these impurities introduce discrete energy levels in the bandgap near the

valence or conduction band edge, thus modulating the Fermi level toward the relevant

band edge and inducing free carriers in the band. [57]

However, as the bandgap of the semiconductor host lattice increases, this

straightforward approach becomes less likely to yield the expected results. For nearly

all materials with bandgaps larger than '2.5 eV, at least one of the two conductivity

types is essentially impossible to attain; in many cases appreciable conductivity can-

not be attained for either carrier type. Without exception, in all of the well-known

transparent conductors (e.g. 1n203, Sn02, ZnO), conductivity is realized due to de-

generate n-type doping (extrinsic and/or intrinsic) [13]; p-type doping of these mate-

rials, on the other hand, has not been reproducibly or convincingly demonstrated.

Self-compensation occurs when the overall system energy can be reduced by the

creation of an intrinsic defect and the subsequent redistribution of electronic state

occupancy. While the compensating intrinsic defect may in theory be either a vacancy

or a self-interstitial, self-compensation seems to be more often attributed to vacancy

formation. The remainder of this section assumes that self-compensation is mediated

by vacancy formation; however, the same line of reasoning applies if the compensating

defect is a self-interstitial. The essence of the following discussion is based upon that

given by Van Vechten [65]; equivalent results are obtained elsewhere. [66, 67, 68]
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In order to provide a simple framework within which to explain the mechanism

of self-compensation, consider an n-type semiconductor self-compensated by the spon-

taneous formation of single-acceptor vacancies. In the absence of self-compensation,

donor doping modulates the Fermi level toward the conduction band. The intro-

duction of an acceptor into the n-type semiconductor lattice creates an empty energy

level below the Fermi level, generally near the valence band. The system subsequently

returns to electronic equilibrium by dropping an electron from a filled state near the

Fermi level into the newly created acceptor level, with a concomitant decrease in elec-

tronic energy. This electron may come from the conduction band or from a midgap

state (e.g. a donor level). This redistribution of electronic state occupancy moves the

Fermi level downward; the average electronic energy gained with the introduction of

each acceptor is equal to the difference between the Fermi level and the acceptor level.

[65]

The introduction of such an acceptor level may be accomplished by the sponta-

neous creation of a vacancy at an appropriate lattice site. Clearly, however, energy is

required to remove an atom from the lattice; thus the electronic energy gained due to

the introduction of an acceptor state must be weighed against the energy required to

create a neutral vacancy. As stated above, the average electronic energy gain is equal

to the difference in energy between the Fermi level and the compensating acceptor

level; the energy required to create a neutral vacancy, although not as easily deter-

mined, is certainly some constant value (i.e. not a function of Fermi level position),

and may be quantitatively estimated using the macroscopic cavity model (MCM). [65]

Thus, the Fermi level can be moved toward the conduction band by the introduction

of donor impurities until the difference between the Fermi level and the energy level

of the compensating acceptor is precisely equal to the energy required to form the

neutral compensating vacancy, establishing an effective maximum equilibrium Fermi

level position,

E =Ev+[Hf(V,)+EA], (2.1)
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where Ev is the valence band maximum, Hf(V,) is the enthalpy of formation

of the neutral compensating vacancy, and EA is the difference in energy between the

compensating acceptor level and the valence band maximum. From this point on, it

is energetically favorable to form compensating defects rather than to modulate the

Fermi level further toward the conduction band; the introduction of each additional

donor is accompanied by the spontaneous formation of a compensating acceptor va-

cancy.

A parallel argument in the case of a p-type semiconductor self-compensated

by the spontaneous formation of single-donor vacancies establishes a minimum Fermi

level position,

;in = Ec [tH1(V) + ED], (2.2)

where Ec is the conduction band minimum, H1(V) is the enthalpy of formation

of the neutral compensating vacancy, and ED is the difference in energy between the

conduction band minimum and the compensating vacancy donor level.

Thus, for an arbitrary material, the equilibrium Fermi level is restricted to the

range between some and EX. Typical values of Hf(V), estimated using

the MCM, are 2 to 4 eV [65]; the compensating donor (acceptor) level is generally

less than 0.5 eV from the conduction (valence) band edge. On the basis of this

model, self-compensation becomes possible in materials with bandgap larger than '2

eV, becomes increasingly likely as the bandgap moves toward larger values, and is

essentially guaranteed to occur for both conductivity types in materials with bandgap

larger than '--4.5 eV.

Due to the nearly universal occurrence of strong self-compensation in materi-

als with bandgaps sufficient to provide transparency in the visible region (3 eV),

it is highly probable that transparent electronic devices will rely on p-n heterojunc-

tions. Although the realization of bipolar doping and a p-n homojunction is certainly

attractive from a performance standpoint, the inherent challenges in attaining this

situation are significant. Thus, although from a materials-development perspective
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the search for bipolar conductivity in transparent materials should and will continue,

the development of transparent electronic devices at the present time must rely on

the use of heteroj unction-based devices.

2.3.2 Space-charge-limited current

In certain circumstances, currents far larger than those expected from Ohm's

law can flow through an insulator. This is known as space-charge-limited current

(SCLC). Although the phenomenon of SCLC was first studied and explained many

years ago [69, 70, 71], it is not in general a well-understood topic. Brief mention, at

most, is typically made of SCLC in material and device textbooks, as it is not often

witnessed in conventional electronic devices. However, the wide bandgap materials

appropriate for use in transparent electronic devices are more likely to exhibit SCLC

than are those used in conventional electronics; a well-developed understanding of

SCLC is an important tool in the development and characterization of transparent

electronic devices. The following is based on the standard SCLC theory presented in

a number of sources. [72, 73, 74]

Typically, if a bulk region is expected to influence device behavior, it is assumed

that current flow in this region obeys Ohm's law. Ohmic current flow requires the

existence of a non-negligible equilibrium concentration of carriers, n, in the relevant

bulk region. An applied potential, V, across this region induces an electric field, ;

carriers drift through the bulk, due to the applied field, with a constant velocity

v = p, (2.3)

where jt is the drift mobility. The resulting current density is

"ohmic = qnv = qnp, (2.4)

where q is the electron charge.

Note that in ohmic conduction the equilibrium carrier concentration in the bulk

is not disturbed; just enough carriers are supplied/extracted at the ends of the bulk
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region to maintain the equilibrium carrier concentration. Thus, a change in ohmic

current is due solely to a change in the drift velocity of the carriers, or equivalently to

a decrease in the bulk transit time. SCLC, on the other hand, occurs when the bulk

carrier concentration is enhanced above its equilibrium level; an increase in current

is due not only to an increase in average drift velocity, but also to an increase in the

number of carriers moving through the bulk.

The basis for SCLC behavior can be most easily understood in the context of

a perfect insulator with ideal contacts. A perfect insulator, within the context of

simple SCLC theory, is a wide bandgap crystalline material without bulk traps or

other defects, and with no free carriers in equilibrium; an ideal contact supplies or

removes carriers in excess of the number needed for bulk conduction while dropping a

negligible voltage. Simple SCLC theory assumes the existence of an electron-injecting

contact that supplies an infinite reservoir of carriers to the bulk, with a negligible

injection barrier. This does not, however, imply that an infinite diffusion current

flows from the contact into the bulk; for this reason, diffusion current is neglected in

the simple SCLC model. Essentially, simple SCLC theory assumes that contacts do

not limit overall current flow; contacts are neglected entirely.

Within this context, let a potential be applied across the bulk region. In the

absence of an injecting contact, this would yield a constant electric field through

the insulator (i.e. a parallel plate capacitor); this field is set up by equal quantities

of positive and negative charge at the anodic and cathodic interface, respectively.

Clearly, however, with ideal contacts in place, the electrons constituting the negative

charge at the cathodic interface are partially drawn into the insulator by the field.

The resulting negative space charge in the bulk, near the cathode, acts to inhibit an

unrestrained rush of electrons into the bulk, so that an equilibrium bulk space charge

distribution is reached; electrons move through the bulk, thus yielding SCLC.

The distribution of injected space charge can be precisely calculated [72, 73, 74],

however more insight may be provided by a qualitative explanation. The field acts to
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draw electrons toward the anode. However, it is clear that there must be some field

remaining near the cathode in order to draw a continuous supply of electrons into

the bulk. Current continuity requires a balance throughout the bulk between carrier

density and electric field. Neglecting diffusion, the drift current,

"drift = qn(x)(x), (2.5)

must be constant throughout. With mobility a constant bulk parameter (assuming

low field operation), the product of carrier concentration and electric field must there-

fore be constant. Since the electric field reaches a maximum at the anodic interface

(i.e. all electric field flux lines pass through this plane), the carrier concentration

must reach a minimum at this point. Similarly, since the field decreases monotoni-

cally from anode to cathode, the carrier concentration must simultaneously increase.

Finally, since the cathode provides carriers with a negligible injection barrier, the

electric field must be essentially zero at the cathode; thus, nearly all of the negative

charge involved in setting up the electric field is located within the bulk (no flux lines

pass through the cathodic interface).

A derivation of the SCLC current-voltage relationship is presented in a straight-

forward manner in a number of references [72, 73, 74]; such a deriwtion is not repeated

here. The resulting expression for a trap-free insulator is

9V2
JSCLC ri' (2.6)

where is the dielectric perniittivity of the insulator, t is the carrier mobility, V is

the applied voltage, and L is the physical length of the insulator.

If the insulator contains bulk traps, the SCLC is reduced in proportion to the

fraction, 6, of the total bulk space charge that is free to participate in conduction (not

immobilized in traps); the ideal current-voltage relationship is directly multiplied by

this fraction, yielding
9 V2

'Jscw = 6(V)q-, (2.7)



16

where, as indicated, 0 is in general voltage-dependent. As the applied voltage and

the current increase, the amount of space charge in the bulk also increases; this

causes the electron quasi-Fermi level to move toward the conduction band. As the

electron quasi-Fermi level moves through the band gap, 0 varies according to the trap

distribution.

For a discrete level of shallow traps (here the term shallow implies that the trap

level, FIT, is above the electron quasi-Fermi level by kT or more), 0 is independent of

voltage. [72] The spatial variation of electric field, charge concentration, and potential

remain the same as in the ideal case; the current is simply reduced due to the fact

that trapped charge does not contribute to current flow. Further modifications to the

ideal model can be made for multiple discrete trap levels, a uniform (in energy) trap

distribution, and an exponential distribution. [72]

If the insulator contains a non-negligible concentration of equilibrium carriers

(still assuming ideal contacts), SCLC is not immediately seen. For small voltages, the

excess carrier concentration arising from injected space charge is much smaller than

the equilibrium carrier concentration, so that conduction is approximately ohmic.

As the voltage is increased, additional space charge is injected into the bulk by the

increasing field at the cathode. When the injected space charge becomes comparable

to the equilibrium carrier concentration, SCLC begins to dominate the current-voltage

characteristics.

In order for injected space charge to make a non-negligible contribution to the

net current density, injected carriers must be able to transit a significant portion of

the bulk before the space charge perturbation is relaxed by majority carrier action.

This occurs when the average transit time of an injected carrier,

L2
TB = -, (2.8)

becomes smaller than the dielectric relaxation time

Tr = f, (2.9)
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where p is the intrinsic resistivity of the bulk region. The transition from ohmic

conduction to SCLC occurs when TB = Tr. The voltage at this transition is

L2 qnL2

&
, (2.10)

where q is the electron charge and n is the intrinsic carrier concentration. The same

result can be obtained, perhaps in a more intuitive manner, by equating the expression

for ohmic current (Eq. 2.4) with the expression for SCLC (Eq. 2.7) and solving for

voltage; the result is identical to Eq. 2.10 except for an additional multiplicative factor

of 8/9 arising from Eq. 2.7. In practice, the expressions for ohmic and SCLC can be

combined additively, with the net result that ohmic conduction dominates below V

and SCLC dominates above V. [72, 73, 74]

2.3.3 Basic heterojunction energy band structure

Figure 2.1 serves to facilitate a discussion of the process used in constructing a

basic pn heteroj unction energy band diagram; this example provides a foundational

procedure that is used to examine several variations on the degenerately doped n-type

semiconductor / insulator heteroj unction in Section 2.3.4. Further detail and analysis

of pn heterojunctions can be found in the text by Wolfe et al. [75]

Figure 2.la portrays energy band diagrams for the isolated p- and n-type re-

gions, with the vacuum level (E,.,ac) serving as an energy reference. The conduction

band and valence band discontinuities, Ec and .Ev, are established as indicated in

Fig. 2. la; this procedure for establishing interfacial band discontinuities is referred to

as the electron affinity rule (EAR). [75, 76] The EAR is based upon the assumption

that, for an ideal heterojunction (i.e. in which there is no interfacial dipole), the local

vacuum level (E0) is continuous across the interface.

With the interfacial band discontinuities thus established, construction of the

heterojunction energy band diagram begins by drawing the Fermi level (EF); in equi-

librium (zero applied voltage), EF is constant across the heterojunction, as illustrated

in Fig. 2. lb. Next, the bulk (i.e. beyond the junction space charge region) bands (E
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Figure 2.1: Energy band diagrams for isolated n-type and p-type semiconductors (a)
and the corresponding pn heterojunction band structure (b) for an ideal interface
(i.e. no interfacial dipole or fixed clmrge). The dotted portions of E and Ev at the
interface in (b) indicate compositional grading resulting from chemical interdiffusion.

and Ev) and the local vacuum levels (Eac) for the p- and n-type regions are added;

the Fermi level serves as an energy reference in locating the energy positions of the

bulk bands, since the p- and n-type regions are in equilibrium beyond the junction

space charge region (i.e. EF returns to its equilibrium value with respect to E and Ev

so that charge neutrality holds beyond the junction space charge region). Note that

the bulk region local vacuum levels are established by adding the relevant electron

affinity to the conduction band minimum. Moreover, the junction built-in potential,

defined as the change in the local vacuum level across the interface, is determined

by the difference in the local vacuum levels of the bulk regions in Fig. 2. lb.

The next step is to establish the nature of the local vacuum level in the in-

termediate region between the p- and n-type bulk regions. The local vacuum level

is continuous across the interface (based upon invocation of the EAR), with curva-



19

ture established by the junction space charge profile. The sign of the space charge

on either side of the interface is determined by the relative positions of the bulk

local vacuum levels, so as to yield the correct junction electric field polarity; nega-

tive (positive) space charge is required on the side of the junction where the local

vacuum level is higher (lower). Alternatively, the sign of the space charge can be

determined by comparing the relative Fermi level positions for the isolated materials,

as depicted in Fig. 2. la, and recognizing that, when these materials are brought into

contact, electrons (holes) will flow from the material with a relatively higher (lower)

Fermi level, thus giving rise to a positive (negative) space charge region in the mate-

rial whose Fermi level (for the isolated materials, as shown in Fig. 2.la) is relatively

higher (lower); the driving force responsible for this charge exchange is a reduction

in the net system energy.

For an arbitrary heteroj unction, the required space charge regions may in gen-

eral be established in one (or more) of several ways. In addition to the familiar pn

junction depletion region, space charge may also arise as an interfacial accumulation

region or due to a change in the equilibrium occupancy of deep levels. The specific

form of the local vacuum level transition across the interface, therefore, may vary

greatly depending upon the nature of the junction space charge, and in general war-

rants careful consideration. Recall that the junction electric field is related to the

space charge profile according to Poisson's equation (given here in one dimension),

[57]

d(x)
1, (2.11)

dx

where e(x) is the electric field, p(x) is the space charge density, and is the dielectric

constant. The voltage across the junction (which corresponds to the shape of the

local vacuum level) is given by [57]

dV(x) = (x). (2.12)
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Returning to Fig. 2.lb, note that the necessary space charge in this particular

situation arises from the formation of typical pn junction depletion regions. The local

vacuum level is connected across the junction according to the electric field typically

resulting from such a space charge profile (a linear approximation is depicted for

simplicity). The conduction and valence bands on either side of the interface follow

the local vacuum level curvature to the interface, where they meet with discontinuities

and iEv as determined using the EAR in Fig. 2.la.

The spatial dimensions of the space charge region on either side of the junction

depend upon the space charge density. For a one-sided pn junction, the space charge

region width is given by [57]

W = (2.13)

where and NB are the dielectric constant and dopant concentration on the lightly

doped side of the junction, q is the electron charge, and Vbj is the built-in potential

(the difference in local vacuum level across the junction). This expression can be used

to approximate the width of a space charge region segment for which the space charge

magnitude can reasonably be represented as constant across the relevant segment of

the space charge region; the value of Vbj is equal to the voltage dropped across the

relevant space charge region segment.

This concludes construction of the pn heterojunction shown in Fig. 2.lb. How-

ever, several additional factors must be considered in a real heterojunction. First,

the analysis presented thus far assumes a perfectly abrupt transition from one ma-

terial to the other at the interface; in reality, some degree of chemical intercliffusion

is quite likely to occur, particularly if high temperature processing is employed fol-

lowing junction formation. The effect of such interdiffusion is to form a "graded"

interface, in which there is some transitional distance over which material properties

such as bandgap and electron affinity make a smooth transition from one material

to the other. The result is that abrupt interfacial conduction and valence band fea-

tures (e.g. spikes, notches, and other discontinuities) are smoothed out to some degree
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(depending on the extent of interdiffusion). The distance across which such compo-

sitional grading occurs is not related to the space charge region widths; rather it is

established by physical diffusion and chemical reaction processes. The dotted por-

tions of Ec and Ev at the interface in Fig. 2.1(b) indicate a moderate degree of such

compositional grading.

Secondly, the space charge profile may be modified by the existence of interface

charge (either fixed charge or interface states whose charge state depends upon Fermi

level position) or an interfacial dipole. An interfacial dipole adds to or subtracts

from the conduction band and valence band discontinuities established by the EAR;

with this modification, junction band bending is determined in the manner discussed

above. Interface charge (including the phenomenon of Fermi level pinning [57]) does

not modify the conduction band and valence band discontinuities resulting from the

EAR; rather, it constitutes an additional space charge contribution to be considered

in establishing charge balance. Further discussion of such interfacial nonidealities

may be found in the text by Wolfe et al. [75]

2.3.4 Degenerate semiconductor / insulator heterojunction en-
ergy band structure

Injection of charge into an insulator, as discussed in Section 2.3.2 for space-

charge-limited current, in general requires an interface between an injecting contact

(a metal or degenerately doped semiconductor) and an insulator. In anticipation

of energy band diagrams presented in Sections 4.2.1 and 5.2.1, where nt-ITO / j.

ZnO heterojunctions play an essential role in establishing overall device performance,

the discussion here examines several variations on the degenerately doped n-type

semiconductor / insulator heterojunction. Of particular interest is the situation in

which interface band alignment is such that charge can be efficiently injected into the

insulator.
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Little attention has been given in the literature to heterojunctions of this na-

ture. Although the development of space-charge-limited current theory (Section 2.3.2)

relies upon the existence of a low voltage injecting contact to an insulator layer, the

early SCLC literature generally provides at best a cursory discussion of the nature of

such a contact. [70, 77] The analysis performed by Mott and Gurney (solving Pois-

son's equation and equating drift and diffusion current throughout the insulator space

charge region) yields an exact solution for the equilibrium (i.e. zero applied voltage)

energy band profile and charge distribution in the insulator at an injector / ideal

insulator interface. [69] Simmons performs a similar analysis, although his results

differ from those obtained by Mott and Gurney due to the choice of bulk boundary

conditions. [78] The reason for this ambiguity as to choice of bulk boundary condi-

tion arises due to the fact that both analyses consider only the charge contribution

arising from conduction band electrons (and neglect the equilibrium conduction band

electron concentration). This assumption is indeed valid near the metal / insulator

interface (for an injecting contact); however, as the insulator relaxes toward equilib-

rium (in moving into the insulator, away from the interface) the excess conduction

band electron concentration decreases until the net space charge is no longer rea-

sonably approximated by the conduction band electron concentration. Thus, these

"one-band" models provide insight into the behavior of injector / insulator contacts,

and are in reasonable quantitative agreement with the true situation near the inter-

face where the insulator space charge is indeed dominated by excess conduction band

electrons; however, a smooth transition to insulator bulk equilibrium is not attained,

since all space charge contributions are not considered.

Van Ostenburg and Montgomery employ a "two-band" model, in which both

conduction band electrons and valence band holes are considered, to perform detailed

analyses of metal / metal, metal / insulator, and insulator / insulator contacts; since

all charge contributions are considered, a smooth transition to bulk insulator equi-

librium is attained. [79] Similar results are given by Many et al., within the context
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of an arbitrary accumulation region. [80] Murgatroyd provides a survey comparing

existing "one-band" and "two-band" models. [81]

The discussion presented within this section is meant to provide an intuitive

understanding of these analyses, within the framework of heteroj unction energy band

analysis, and to elucidate the nature of charge injection into an insulator.

With the basic heterojunction band diagram construction process (presented in

Section 2.3.3) in mind, consider the degenerate n-type semiconductor / insulator het-

erojunction illustrated in Fig. 2.2. The insulator is assumed to be an ideal, intrinsic

insulator, free from midgap states; although such a defect-free material is impossi-

ble to obtain in practice, this example provides valuable insight into more realistic

scenarios.
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Figure 2.2: Energy band diagrams for (a) an isolated degenerate n-type semiconductor
and a perfect insulator with Xsc > x28 and (b) the corresponding heterojunction
band structure for an ideal interface (i.e. no interfacial dipole or interface charge).
Spatial truncation of the insulator region for realistic insulator dimensions would
result in elimination of much of the space charge region shown here and a concomitant
reduction in (see Fig. 2.3 and accompanying discussion).
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The energy band diagram depicted in Fig. 2.2b is obtained using the basic

process described in Section 2.3.3 to obtain Fig. 2.lb, and is qualitatively similar

to Fig. 2.lb in terms of interfacial band discontinuities and general band bending

trends; however, the nature of the space charge region is significantly different. As

is the case for the situation depicted in Fig. 2.1, the n-type semiconductor positive

space charge region is that of a typical depletion region (although quite narrow, due

to the degenerate doping level). The required negative space charge in the insulator,

however, cannot originate from a depletion region, since the insulator is assumed to be

ideal, and hence undoped; rather, negative space charge in the insulator arises due to

the existence of conduction band electrons in excess of their equilibrium concentration

(since the band bending in the insulator space charge region is such as to reduce the

value of (E8 EF) below its bulk equilibrium value, thus yielding negative charge

associated with excess conduction band electrons).

For the situation depicted in Fig. 2.2, where Xsc > Xzns, the excess conduction

band electron concentration at the interface and extending through the insulator

space charge region is extremely small, so that the insulator space charge region

width is concomitantly large. Table 2.3 lists the free conduction band electron volume

concentration as a function of (E EF) for an insulator with an effective conduction

band density of states, Nc, equal to 3.5 x 1018 cm3 and a dielectric constant = 9.0

0 (representative of ZnO, as discussed in Section 4.2.2). Table 2.3 also estimates the

insulator space charge region width (WR) corresponding to the situation shown in

Fig. 2.2b (using Eq. 2.13), with the space charge density estimated using the value

of (E EF) at the interface (this is the maximum space charge density in the

insulator space charge region, thus yielding a gross underestimate of the true space

charge region width). Assuming the insulator bandgap to be 3 eV, and the Fermi

level to be located at midgap, V8 (the total local vacuum level bending across the

interface) is approximately equal to [E/2 - (E EF)] (see Fig. 2.2b).
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Table 2.3: Free electron concentratioi, xi, as a function of (E EF), and approximate
space charge region width, WR, for a one-sided step junction with space charge
density equal to n; N = 3.5 x lOis, = 9.0 & (e.g. ZnO). V5 is approximated as
[E8/2 - (ES EF)], with E8 = 3 eV.

E - EF

(eV)

n

(cm)
-V,j

(V)

WR (Eq. 2.13)

(pm)

0.1 7.5 x 1016 1.4 1.4 x 10-1

0.2 1.6 x i0 1.3 9 x 10_i

0.3 3.4 x iO' 1.2 5.9 x 100

0.4 7.3 x 1011 1.1 3.9 x 101

0.6 3.3 x 108 0.9 1.6 x io

0.8 1.5 x i05 0.7 6.8 x iO4

1.0 6.9 x 101 0.5 2.7 x 106

Clearly, if the value of (E EF) at the interface is 0.4 eV or larger, the

space charge region width (as approximated in Table 2.3) becomes essentially infi-

nite with respect to reasonable device dimensions; therefore, when the corresponding

energy band diagram is plotted using a realistic distance scale, the slope of the in-

sulator bands becomes negligibly small. Thus, from a practical perspective, for any

application in which the insulator width is constrained to be on the order of a micron

or less, the insulator space charge region depicted in Fig. 2.2b is truncated at an

energy very close to the top of the interfacial conduction band discontinuity, before

any significant band bending occurs, resulting in insulator bands that are essentially

flat at an energy defined by the top of the interfacial conduction band discontinuity.

Figure 2.3 illustrates this spatial truncation of the energy band diagram as

witnessed in practical devices. Identical degenerate n-type semiconductor contacts
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are placed at each end of the insulator region (the heterojunctions are identical to

that depicted in Fig. 2.2b). Figure 2.3a portrays the situation in which the insulator

width is semi-infinite, so that the insulator is able to return to bulk equilibrium in the

central portion. However, this energy band diagram is not appropriate for a practical

situation in which a reasonable insulator thickness (e.g. l im) is employed. The

band diagram appropriate for practical insulator dimensions, as shown in Fig. 2.3b,

may be intuitively understood by considering a process in which the semi-infinite

insulator width in Fig. 2.3a is gradually decreased. When the space charge regions

at either end of the insulator begin to overlap, further reduction in insulator width

yields an incremental reduction in the net insulator negative space charge (as the

widths of the depletion regions are incrementally reduced). If the insulator width is

reduced until it is significantly smaller than the width of the space charge regions

depicted in Fig. 2.3a for a semi-infinite insulator region, the residual band bending

through the insulator region due to the remaining space charge is negligible so that the

insulator bands are essentially flat, as indicated in Fig. 2.3b. Since the net insulator

space charge is zero, no semiconductor depletion regions are required to satisfy charge

balance; the space charge profile in Fig. 2.3b is essentially zero throughout.

As evident from Fig. 2.3b, the energy barrier to electron injection from the

semiconductor into the insulator is essentially the conduction band discontinuity,

Ec (assuming to be '-.0.3 to 0.4 eV or larger); also, this barrier arises from

the interfacial band discontinuity, rather than as a result of a junction electric field,

yielding a built-in potential of zero. Electron injection at such an interface may be

modeled by thermionic emission over a fixed energy barrier [57]; forward bias voltage

(negative voltage to the semiconductor) is dropped entirely across the insulator, with a

small and essentially voltage-independent current established by the conduction band

discontinuity barrier height (until barrier lowering begins to occur at a high insulator

field). Forward bias (negative voltage to the semiconductor) is initially established

by a reduction of the semiconductor depletion layer charge. However, if the insulator
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Figure 2.3: Energy band diagram corresponding to the degenerate n-type semicon-
ductor / perfect insulator heteroj unction depicted in Fig. 2.2, with an identical de-
generate n-type semiconductor placed at each end of the insulator region, where the
insulator width is (a) semi-infinite so that the insulator returns to bulk equilibrium
at the central region, or (b) spatially truncated so as to reflect a realistic insulator
width (e.g. 1 gm), thereby yielding insulator bands that are essentially fiat due to
the negligible space charge concentration.

charge is negligibly small, the equally small semiconductor depletion layer is nullified

by the application of a small forward bias, after which additional forward bias is

mediated by the formation of an electron accmnulation layer in the semiconductor at

the semiconductor / insulator interface, which is balanced by positive space charge

(arising from the formation of a depletion region) at the opposite interface such that

a constant electric field is established throughout the insulator region.

Note that the energy band diagram ifiustrated in Fig. 2.3b is identical to that

expected for an ideal MIM capacitor with identical metal contacts. Such an energy

band diagram is typically constructed by simple alignment of the metal Fermi levels,

ignoring the Fermi level in the insulator (since equilibrium is not expected to exist in

a wide bandgap insulator region of finite length with boundary conditions fixed by



contacts), and assuming that the insulator region contains no space charge. There-

fore, although the energy band diagram result shown in Fig. 2.3b may seem rather

peculiar when it is derived via conventional heterojunction analysis procedures (as

established in Section 2.3.3), this analysis yields novel insight into the heterojunction

device physics of moderate bandgap (e.g. '-.'3 to 4 eV) insulators or semi-insulators.

Furthermore, since Fig. 2.3b corresponds to a well-known and relatively simple re-

suit (the MIM capacitor), confidence is gained with respect to the viability of the

assessment procedure employed.

Figure 2.4 depicts a degenerate n-type semiconductor / insulator heterojunc-

tion where the electron affinity relationship, Xsc < Xins, is opposite to that shown in

Fig. 2.2. As in Fig. 2.2, the insulator is assumed to be an ideal, intrinsic material.

This energy band diagram is again obtained using the basic procedure described in

Section 2.3.3. However, the nature of the space charge region shown in Fig. 2.4b is

even more complex than that witnessed in Fig. 2.2b. Although a quantitative analy-

sis is not performed, it is clear that the interfacial band alignment is such that, at the

interface, the insulator conduction band is quite near (and perhaps even below) the

Fermi level. As such, the negative insulator space charge due to free conduction band

electrons is quite large near the interface; an accumulation layer is formed. This ac-

counts for the large field (reflected by the large slope of the local vacuum level) near

the interface. However, this accumulation layer can only act to pull the insulator

bands abruptly upward while the conduction band is below or near the Fermi level

(since a large negative space charge density due to free conduction band electrons

requires that EF be quite near to Ec); in moving into the insulator (away from the

interface), the insulator space charge density (conduction band electron concentra-

tion) decreases rapidly, as does the electric field and the slope of the local vacuum

level, as indicated in Fig. 2.4b. When the insulator conduction band has been pulled

to -'-O.4 eV above the Fermi level, the space charge profile is approximately that

discussed previously for Fig. 2.2b; although the insulator does indeed return to equi-
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librium at some finite distance from the junction, the space charge density (composed

of conduction band electrons) is so small that, as indicated in Table 2.3, this space

charge region width is essentially infinite with respect to reasonable insulator region

dimensions.
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Figure 2.4: Energy band diagrams for (a) an isolated degenerate n-type semiconductor
and a perfect insulator with Xsc < Xi and (b) the corresponding heterojunction band
structure for an ideal interface (i.e. no interfacial dipole or interface charge). Note
that the insulator region in (b) is assumed to be semi-infinite. Spatial truncation of
the insulator region for realistic insulator dimensions would result in elimination of
much of the space charge region shown here and a concomitant reduction in V5 (see
Fig. 2.5 and accompanying discussion).

Practically, for any application where the insulator width is constrained to be

on the order of a micron or less, the insulator bands are essentially fiat beyond the

initial region of rapid change due to the interfacial accumulation layer; the semi-

infinite space charge region is effectively truncated, in a similar fashion as discussed

previously for Fig. 2.3. Figure 2.5 illustrates this spatial truncation for a structure
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in which identical degenerate n-type semiconductor contacts are placed at each end

of the insulator region (i.e. the same structure employed in Fig. 2.3). In Fig. 2.5a,

the insulator width is semi-infinite; Fig. 2.5b illustrates the energy band diagram for

more realistic insulator dimensions (e.g. 1 urn), for which case the insulator bands

are essentially flat (beyond the electron accumulation layer in the insulator at the

interface) as a result of the negligible space charge concentration.
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Figure 2.5: Energy band diagram corresponding to the degenerate n-type semicon-
ductor / perfect insulator heteroj unction depicted in Fig. 2.4, with an identical de-
generate n-type semiconductor placed at each end of the insulator region, where the
insulator width is (a) semi-infinite so that the insulator returns to bulk equilibrium
at the central region, or (b) spatially truncated so as to reflect a realistic insulator
width (e.g. 1 uim), thereby yielding insulator bands that are essentially flat (beyond
the electron accumulation layer in the insulator at the interface) due to the negligible
space charge concentration.

Unlike the situation portrayed in Fig. 2.3b, the electron injection barrier in

Fig. 2.5b arises as a result of a space charge induced junction field, yielding a non-zero
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built-in potential. In equffibrium (i.e. zero applied bias), the negative space charge of

the insulator accumulation layer is balanced by positive charge in a narrow depletion

region in the degenerately doped semiconductor. This heteroj unction embodies the

ideal injecting contact assumed in the simplified space-charge-limited current model

(Section 2.3.2). Although an electron injection barrier exists at the interface, the

interface is capable of dropping at most to 0.4 V in forward bias (negative volt-

age applied to the semiconductor) and can supply large current densities. Forward

bias of the junction is established by a reduction in the semiconductor space charge

region width; the concomitant reduction of the junction electric field strength causes

the injected current magnitude to increase rapidly with junction forward bias. The

forward bias current magnitude is effectively established by space-charge-limited cur-

rent flow in the insulator, while the injector / insulator interface drops a negligible

voltage (0.2 to 0.4 V) for any finite current density; efficient electron injection into

an insulator is thus attained.

Figure 2.6 illustrates a degenerate n-type semiconductor / insulator hetero-

junction similar to that depicted in Fig. 2.4; however, this situation is representa-

tive of a more realistic scenario in which the insulating nature arises due to self-

compensation (as discussed in Section 2.3.1) rather than by the invocation of an

ideal, defect free insulator material. Self-compensation of shallow donors (accep-

tors) is generally mediated by the formation of an equal concentration of fairly deep

(e.g. 0.5 eV) acceptor-like (donor-like) defects near the valence (conduction) band.

Although both donor-like and acceptor-like self-compensating defect levels are shown

in Fig. 2.6, only the donor-like centers are active in establishing the heteroj unction

characteristics in Fig. 2.6b.

The heterojunction portrayed in Fig. 2.6b is similar to that depicted in Fig. 2.4b.

However, in Fig. 2.6b the insulator space charge region contains an additional charge

contribution arising from filled donor-like levels below the Fermi level, near the in-

terface. This change in donor-like level occupancy establishes an additional negative
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Figure 2.6: Energy band diagrams for an isolated degenerate n-type semiconductor
and a self-compensated insulator with Xsc <Xi (a) and the corresponding hetero-
junction band structure (b) for an ideal interface (i.e. no interfacial dipole or fixed
charge). Note that the insulator region in (b) is assumed to be semi-infinite. Spa-
tial truncation of the insulator region for realistic insulator dimensions would result
in elimination of much of the space charge region shown here and a concomitant
reduction in Vbj.

space charge contribution to the insulator space charge region. To a first approxima-

tion, as indicated in Fig. 2.6b, there are three effective regions of distinctly different

electric field (as witnessed by the three differing regions of local vacuum level slope

in the insulator space charge region). As previously considered in Fig. 2.4b, the high

field region closest to the interface is established by a conduction band electron ac-

cumulation layer, with the insulator conduction band below or slightly above the

Fermi level. Further from the interface, the conduction band electron concentration

decreases and the negative space charge due to filled donor-like levels constitutes

the majority of the space charge. This region continues until the insulator bands

have been pulled upward so that ED is above the Fermi level; beyond this point, the

donor-like levels return to their equilibrium occupancy (empty) and no longer make
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a significant space charge contribution. Beyond this point, the space charge region is

composed of residual conduction band electrons and residual filled donor levels (both

concentrations are exceedingly small, since the Fermi level is well below both E and

ED); this constitutes the region of smallest insulator space charge region slope, and

extends over an essentially infinite distance (as established by numerical calculations

in Table 2.3). As discussed for Fig. 2.4, therefore, for reasonable device dimensions,

the energy band diagram shown in Fig. 2.6b should be spatially truncated near the

beginning of the final (furthest from the interface) space charge region segment in the

insulator (as discussed previously for Figs. 2.3 and 2.5).

The essence of this discussion regarding Fig. 2.6 is that, even when the ideal

insulator invoked in Figs. 2.2 and 2.4 is modified to reflect a more realistic scenario,

the general characteristics of the heterojunction are retained. Thus, an understanding

established upon the idealized situations depicted in Figs. 2.2 and 2.4, employing the

general procedure discussed in Section 2.3.3, can be extended in a straightforward

manner to the analysis of an arbitrarily complex scenario.

The analysis performed by Mott and Gurney, as discussed at the beginning of

this section, yields an analytical solution for the injector / insulator heterojunction

when the insulator carrier concentration is nondegenerate (i.e. for Ec EF 3kT);

this requirement is satisfied for a positive interfacial discontinuity injection barrier of

3kT or larger XTIS 3kT). The voltage, V, and electron concentration, n, as

a function of distance from the interface into the insulator, x, are given by [69]

and

V(x) = 2kT in (- + i") (2.14)
xo /

/ x0n(x)=no() , (2.15)

where k is the Boltzmann constant and T is the temperature. is a characteristic

length given by [69]

(n0q2

\2ckT)
' (2.16)XO = I
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where q is the electron charge and f is the insulator dielectric constant. no is the

insulator electron density at the interface; no can be calculated using the standard

expression for conduction band electron concentration in a nondegenerate material

[57]

1(Ec EF)1
n=NcexP[ kT

(2.17)

with Ec EF equal to the interfacial discontinuity injection barrier (j xi); the

result is strictly valid only for qz3 Xi 3kT, so that the use of nondegenerate

statistics is appropriate (N is the conduction band effective density of states).

Figure 2.7 portrays the insulator conduction band curvature at a metal / perfect

insulator interface (assuming an ideal interface) calculated using Eq. 2.14 for several

positive interfacial discontinuity injection barrier heights Xins = 0, 0.1, 0.2, 0.3,

and 0.4 eV). Since nondegenerate statistics (i.e. Eq. 2.17) are employed in obtaining

Fig. 2.7, the 15,Z3 Xi = 0 eV curve is not strictly accurate near the interface

(i.e. where E EF 3kT); however this region accounts for a very short segment

of the calculated curve, and the general characteristics of the curve are retained.

Several features of Fig. 2.7 are of interest in light of the preceding discussion.

First, for an interfacial discontinuity injection barrier height smaller than -0.2 eV,

the shape of the insulator bands exhibits little dependence on barrier height, beyond a

relatively narrow interfacial region where strong accumulation and the accompanying

charge density act to bend the insulator bands rapidly upward. This observation

serves to validate the discussion of injecting contacts accompanying Figs. 2.4, 2.5,

and 2.6. For an interfacial discontinuity injection barrier height larger than '-'0.3 eV,

on the other hand, there is no appreciable insulator band bending (since the injected

space charge density is exceedingly small), and the insulator bands are effectively

constant at a level defined by the interfacial discontinuity injection barrier. This

observation validates the discussion of non-injecting contacts accompanying Figs. 2.2

and 2.3.
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Figure 2.7: Energy band diagram (insulator valence band not shown) for a metal
/ perfect insulator heterojunction (assuming an ideal interface), calculated using
Eq. 2.14 with = 9.0 eo and Nc = 3.5 x 1018 cm3 (e.g. ZnO), for qjnj Xis
(the interfacial discontinuity injection barrier) equal to 0, 0.1, 0.2, 0.3, and 0.4 eV.
Note that nondegenerate statistics are employed to calculate (Ec EF)S, so that
the 4 Xi = 0 eV curve is not strictly accurate near the interface (i.e. where E
EF 3kT).

2.3.5 Implications of low mobility and conductivity

As mentioned previously, the necessity of choosing from materials that exhibit

optical transparency necessitates acceptance of less than optimal electrical properties.

Perhaps the best example of this tradeoff is demonstrated with respect to carrier

mobility. Whereas traditional semiconductor materials (e.g. Si, Ge, GaAs) exhibit

mobilities in the range of '400 to 8000 cm2/V s, typical transparent semiconductor

thin film mobilities are rarely higher than ''30 cm2/V s, and are often small enough

so as to be essentially unmeasurable (1 cm2/V s) using conventional Hall analysis.

An obvious consequence of such low mobility is that higher carrier concentra-

tions are required to obtain a degree of conductivity that might be considered rea-

sonable in the context of traditional semiconductor materials. However, this does not



provide a simple solution, as heavily doped materials are not necessarily conducive to

the fabrication of active electronic devices. In a pn junction, for example, the doping

of one or both of the p and n-type materials must be low enough that tunneling does

not occur across the junction; traditional transparent conductors rely on degenerate

doping that is far too large for even this basic application. Thus, it is clear that in

applying these materials to device development, reasonable doping limits enforce a

maximum level of useful conductivity for a given mobility. The range of practical

conductivity values is far lower than that appropriate to traditional semiconductor

materials, and it must be kept in mind that simply increasing the conductivity of a

given material may not be beneficial from a device perspective.

2.4 Transparent electronic devices in the literature

Although n-type transparent conductors have been used in passive applications

for many years, the realization of transparent active electronic devices has only be-

come possible with the recent effort to develop p-type transparent conductor and

semiconductors. The following discussion constitutes a review of transparent and

semi-transparent active electronic devices (diodes and transistors) that have been

reported in the literature, interspersed with brief comments concerning relevant char-

acterization and fabrication issues and concerns.

It should be mentioned here that the fabrication of transparent passive elec-

trical devices (resistors and capacitors) is of little relevance to the development of

transparent active electronic devices, and is therefore absent from the following lit-

erature review. Transparent thin-film resistors rely only upon the ability to control

doping and geometry of an arbitrary transparent semiconductor film. Likewise, a

transparent capacitor is realized simply by stacking a wide bandgap insulating ifim

(e.g. M203, Si02, Si3N4) between transparent conducting electrodes.
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2.4.1 Transparent diodes

A number of transparent or semi-transparent diodes have been reported in

the literature, particularly as research into new transparent conductors has recently

intensified. In several cases, these results arise as a consequence of research on new p-

type transparent conductor materials; often electrical characterization of the reported

transparent diode is neglected in part or entirely. The observation of rectification is

typically presented as evidence for the p-type nature of the new material, accompa-

nied perhaps by a current-voltage measurement. Thus, such reports of transparent

diodes should be taken in context; although they are generally reported as being pn

junctions, this claim is often based only upon the fact that some degree of rectifica-

tion is observed. The existence of a rectifying current-voltage curve is not, in general,

conclusive evidence that a true pn junction has been formed.

Apparently, the earliest reports of semi-transparent rectifying devices rely on

the use of NiO as the p-type material. NiO has a bandgap of -.'3.6 to 4 eV and can

be doped (intentionally with Li, or due to intrinsic defects such as Ni vacancies or 0

interstitials) to obtain a p-type conductivity of -.'0.1 to 1 Q cm1 with mobility as

high as 0.1 to 1 cm2/V s and hole concentration 1018 to iO' cm3. [34]

In 1993, Sato et al. reported the fabrication of Al / p-Ni0 / i-NiO / i-Zn0/n-

ZnO:Al / Al diodes with '-'1 order of magnitude rectification and 20% transparency

in the visible region [34]; both NiO and ZnO were deposited by RF sputtering. This

structure is not technically transparent, as Al is used to contact the p-Ni0 layer;

however, if the p+NjO layer is indeed degenerately doped, this contact could probably

be made using any degenerate transparent conductor. Attempts to form Al / p+NiO

/ n-ZnO:M / Al diodes resulted in ohmic current-voltage characteristics, attributed

to tunneling through the narrow depletion region arising due to the heavy doping of

both the a- and p-type regions. This illustrates the important point that the typical

degenerately-doped transparent conductor materials cannot be used exclusively to

form rectifying junctions; rather a lightly-doped (1017 to 1018 cm3) region must be



interposed between heavily-doped p and n regions. Due to the typically low mobilities

of this class of materials, the conductivity of this lightly-doped region will probably

be quite low; however this is unimportant as this material functions similarly to

the depletion region of a simple pn junction diode, thus making no contribution to

parasitic series resistance.

Ohya et al. used a liquid phase deposition method (dip coating) to form NiO

and ZnO layers for Au / ZnO:Al / NiO(:Li) / Au and ITO / ZnO:Al / NiO:Li / Au

diodes. [82] The degree of transparency is not given, however it is stated that the NiO

and ZnO ifims are transparent; the ZnO/NiO stack probably exhibits transparency

similar to that of Sato et al. [34] Significant differences in electrical characteristics

(strong rectification vs. essentially symmetric current-voltage curves) are observed

between the two structures; although the physical structures are different, the fact

that two different ZnO contact materiais are employed constitutes a strong indication

that the contacts play an important role in determining the overall measured device

characteristics. Ideal pn junction capacitance-voltage characterization techniques are

applied directly to these structures; although the data appears to fit the expected

relationship, the results are essentially nonsensical (for example, a negative built-

in potential is obtained in one case). This indicates the futility of applying ideal

pn junction theory to an arbitrary structure simply because it contains an interface

between p- and n-type materials. In this case, it is unclear whether the ZnO / NiO

junction is responsible for the measured electrical characteristics. It may just as well

be that an unidentified contact or bulk effect is being measured; the current-voltage

characteristics clearly do not represent those of an ideal pn junction. it is unlikely

that invocation of ideal pn junction theory will in general provide any real insight

into devices of this nature.

The third NiO-based device was reported by Lee et al., using sputter deposition

and patterning through lithography. [83] Although the focus of this report is not

transparency, the use of transparent materials for the active region is of interest
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here. Two to three orders of magnitude rectification is obtained, and current-voltage

measurements are reasonably close to those expected from ideal pn junction theory.

The contribution of contacts is questionable, as the ITO in particular is lightly doped

(..4O16 to iO' cm3); confirmation that the contacts are ohmic is not explicitly given.

Regardless of questions of interpretation, however, these three reports [34, 82, 83]

indicate that NiO may be of practical interest as a transparent p-type material for

use in the development of transparent electronics.

Kudo et al. gave the first report of a highly transparent diode (p-SrCu2O2 / n-

ZnO) in 1999 [84], followed by the observation of forward-bias ISV emission from the

same heterojunction. [85, 86] These diodes, fabricated from all transparent materials

(including contacts), exhibit an average transparency of 7O% in the visible region

and UV forward-bias emission centered at eV; the forward-to-reverse current

ratio is '8O between -1.5 and 1.5 V. UV emission is attributed to radiative recombi-

nation of electrons in the n-ZnO layer with holes injected from the p-SrCu2O2 layer.

Although little electrical characterization is presented, current-voltage characteristics

resemble those expected for such a p-n heteroj unction. It appears that the use of pho-

tolithography may have been an important factor in obtaining devices of sufficient

quality to exhibit ISV emission.

The first detailed electrical characterization of a transparent diode was given by

Hoffman et al. [87] The p-CuYO2:Ca / i-ZnO / n-ITO diodes [88] exhibit a forward-

to-reverse current ratio of 60 between -4 and 4 V, and average transparency in the

visible region of '..35 to 65%. Characterization details are given in Chapter 4.

The realization of bipolar conductivity in CnInO2 [4] led to the report of the

first transparent pn homoj unction diode. [89] This fully transparent structure (using

ITO contacts) exhibits 6O to 80% transparency in the visible region and a forward-

to-reverse current ratio of '-.'lO between -4 and 4 V. Electrical characterization consists

of a current-voltage measurement; the relatively large reverse leakage current is in-



consistent with that expected for an ideal p-n homoj unction, leaving some question

as to the true mechanism behind the observed rectification.

Although there have been several recent reports of ZnO pn junctions [90, 91, 92],

there is significant doubt as to the validity and reproducibility of these results. [60, 93]

Aoki et at. reported rectification and weak forward bias white-violet emission from a

Au / "p-ZnO" (50 mn) / n-ZnO(substrate) structure. Direct experimental evidence for

a p-type ZnO layer is apparently not obtained; rather, the observation of rectification

and forward bias emission is taken as evidence that a pa junction has indeed been

formed. The Au / "p-ZnO" contact is characterized by passing a lateral current

between two such contacts; a linear current-voltage curve is taken as evidence that

the contacts are ohmic. However the currents observed in this measurement are four

orders of magnitude smaller than seen in the diode structure at similar voltages. The

contacts are not characterized in the relevant current range, and the linear current-

voltage curve is almost certainly due to the fact that the applied voltage is dropped

across the horizontal current path through the bulk rather than at the contacts. Light

emission appears to be witnessed only for relatively large voltages (10 V). It seems

probable that the true structure is Au / i-ZnO / n-ZnO, that rectification occurs

due to asymmetrical electron injection into the i-ZnO layer (efficient injection from

n-ZnO, poor injection from Au), and that the observed light emission is a high-field

effect (10 V applied across a 50 nm i-ZnO film yields a field of 2 MV/cm).

The report given by Ryu et at. [91] is similarly lacking in electrical character-

ization and interpretation of results to fortify the claim of pn junction formation.

Extremely weak rectification is observed, with a forward-to-reverse current ratio of

'-3 between -2 and 2 V; light emission is not observed. No attempt is made to explain

the observed current-voltage characteristics in terms of the expected behavior of a pn

homojiinction. The conclusion that a pn junction has been formed does not seem to

be justified in light of the little corroborating experimental evidence that is presented.
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Finally, Guo et al. report a transparent ZnO light-emitting diode (LED). [92]

Although the interpretation of results is more thorough and careful than in the pre-

ceding cases, similar issues remain. The observed rectification is again quite weak,

with a forward-to-reverse current ratio of 3 between -2 and 2 V. Light emission is

reported to begin at 5 to 10 V, however the included electroluminescent (EL) spectra

appear to have been measured at much higher voltages (EL spectra are denoted by

diode current rather than by voltage). The authors do note that, due to the rela-

tively low doping level of the supposed "p-ZnO" layer, the device might alternatively

be considered a metal / insulator / semiconductor (MIS) LED. This seems to be a

more likely explanation in light of the observed electrical characteristics, and again

points to high-field light emission rather than minority carrier injection and radiative

recombination due to adjacent p- and ri-type ZnO regions. However, the authors

appear to be quite convinced that they have indeed obtained injection luminescence.

2.4.2 Transparent transistors

The literature appears to contain only one report of a semi-transparent tran-

sistor. In 1997 Prins et al. reported the fabrication of a transparent ferroelectric thin

film transistor (TFT). [94, 95] Sn02 :Sb is used for the channel material, SrRuO3 for

the gate electrode, and PbZr02Ti08O3 (PZT) for the gate insulator. PZT, a well-

known ferroelectric material, is polarized by the application of a voltage to the gate

electrode, thus allowing the transistor to be used as a memory element. The focus of

this report is on the ferroelectric nature of the device; little electrical characterization

is presented. The claim to transparency is backed up only by the statement that

optical absorption is some tens of percents; thus it might be reasonable to assume

that the transparency is 5O to 60% or less. Optical absorption is attributed to the

SrRuO3 gate electrode; SrRuO3 is not transparent, however the film is made thin

enough that optical transmission is not completely suppressed. [96, 97] It is men-

tioned in passing that an alternate structure using heavily-doped Sn02 for the gate
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electrode was fabricated to verify that higher transparency can be achieved. There

is, however, no further discussion of this device.

A GaN-based TFT was reported by Kobayashi et al. in 1997 [98]; although

their realization of the device utilized opaque gate (c-Si) and source/drain (Al) elec-

trodes, the possibility of using transparent electrodes to form a fully transparent

device is mentioned. It is curious that this was not (apparently) done, as it should

have been a fairly simple extension of the process used to fabricate the reported

device. Again, a detailed electrical characterization of the transistor is not presented.

European Patent Application No. 99972374.5 [99] includes a set ofID-VDS mea-

surements for an n-channel, depletion mode TFT using ZnO as the channel material.

No other material or fabrication details are given. This patent application essentially

claims every possible realization of a transparent transistor (MOSFET, JFET, and

BJT), using any possible combination of transparent materials.

United States Patent No. 5,744,864 [96] and the corresponding international

patent application [97] claim a number of variations on the transparent TFT concept;

electrical characteristics presented in this patent are based on the semi-transparent

ferroelectric TFT reported by Prins et al. The channel layer is specified to be a

degenerately-doped semiconductor with mobility greater than 10 cm2/V s; thus the

envisioned device operates in depletion mode, and the scope of the claim does not

appear to encompass enhancement mode devices.

2.5 Conclusions

This chapter provides a summary of important issues relevant to the develop-

ment of transparent electronic devices. A brief introduction to transparent conducting

and semiconducting materials is given; the simultaneous existence of optical trans-

parency and electrical conductivity is explained. Known n- and p-type transparent

conductor materials are tabulated, along with important thin film electrical and opti-

cal properties as available in the literature. Particular attention is given to ZnO, due
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to its importance in achieving results presented in this thesis; the anomalous persis-

tent photoconductivity that can be exhibited by ZnO is explored and, in agreement

with the bulk of the literature, is attributed to oxygen chemisorption/photodesorption

at surfaces and grain boundaries.

Several materials and device issues of particular interest in the development

of transparent electronics are discussed. Self-compensation, the compensation of in-

tentional dopants by the spontaneous creation of intrinsic defects, places an upper

limit on maximum doping for a given material and prohibits bipolar conductivity

in nearly all wide bandgap materials. Space-charge-limited current, a non-ohmic

bulk conductivity mechanism, is much more likely occur in wide bandgap materi-

als than in conventional semiconductors. The phenomenon of carrier injection into

an insulator is explored through application of conventional heterojunction energy

band diagram analysis. Transparent semiconductor materials exhibit much smaller

mobilities than do conventional semiconductors; acceptable conductivities for device

applications must be reduced accordingly.

The chapter concludes with a review of transparent active electronic devices

reported in the literature. Since the number of such reports is small, an individ-

ual assessment of each is possible. In many cases, little electrical characterization is

presented; interpretation of results is often questionable. Common characterization

pitfalls such as the inappropriate application of ideal pn junction theory and insuffi-

cient characterization of contact contributions to measured electrical characteristics

are noted and discussed.
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3. EXPERIMENTAL TOOLS AND TECHNIQUES

This chapter describes experimental tools and techniques utilized in the research

leading to this thesis. Thin film deposition and processing tools and methodology

are first discussed. Several important thin film optical and electrical characteriza-

tion techniques are noted; the theoretical basis for each technique is examined. The

chapter concludes with a discussion of the optical and electrical characterization of

transparent electronic devices.

3.1 Thin film deposition and processing

This section examines thin film deposition and processing tools. The evapo-

ration and sputter deposition processes are discussed, followed by a look at post-

deposition rapid thermal processing (RTP).

3.1.1 Evaporation

Evaporation is perhaps the simplest and most intuitive thin film deposition

method. [100] A solid phase evaporation source is heated, under high vacuum (10-6

Torr), until its vapor pressure is sufficiently high that atoms sublime (evaporate)

from the solid (liquid) phase and travel through the gas phase to condense on the

substrate. Low pressure ensures that evaporated atoms can travel the source to

substrate distance uninterrupted by gas phase collisions, as well as minimizing the

incorporation of gas phase impurities into the growing film.

Thermal evaporation is accomplished by passing a large current through a

refractory metal (e.g. W, Mo, Ta) boat or wire basket containing the evaporation

source material. Alternatively, the source material may be contained in a ceramic

(e.g. Al2 03) crucible which is then placed within a refractory wire coil. Electron beam

evaporation employs a high energy electron beam to heat the evaporation source ma-

terial (typically a pressed ceramic pellet). The electron beam is focused onto a small
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area of the pellet, providing intense localized heating. For this reason, electron beam

evaporation can be used to deposit materials that require much higher temperatures

than are attainable using thermal evaporation; however, the material must be a poor

thermal conductor so that intense localized heating is possible.

Deposition of binary and higher order compound films through evaporation

generally requires the use of multiple evaporation sources; direct evaporation of a

multi-component source material often results in a different stoichiometry in the ifim

than in the source material, as each atomic component has a different vapor pressure

and sticking coefficient at the substrate. Electron beam evaporation tends to yield a

more stoichiometric evaporation rate at the source, due to the intensity of the heat

provided, however unmatched sticking coefficients may still present a problem. The

use of multiple evaporation sources allows independent control of the evaporation

rates of each atomic component, although with a concomitant increase in processing

complexity.

While evaporation is typically done at the lowest possible pressure, reactive

evaporation utilizes a controlled flow of a reactive gas that is incorporated into the

growing film. The reactive gas may serve as the sole source of the relevant atomic

component, or may be included to improve an otherwise deficient stoichiometry. Since

the pressure must be low enough that evaporated atoms can transit the source to

substrate distance with few gas phase collisions, there is an effective upper limit

on the amount of reactive gas that may be introduced; thus incorporation of the

reactive gas component into the growing film cannot be further increased by simply

increasing pressure beyond this limit. Further improvement can be attained, however,

by employing activated reactive evaporation (ARE). ARE uses a low pressure plasma

source to break reactive gas molecules (e.g. 02) into highly reactive radicals (e.g. 0).

Thus incorporation of the reactive gas component into the film is enhanced while

maintaining the low pressure necessary for evaporation.
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3.1.2 Sputtering

Thin film deposition via sputtering involves the physical removal of atoms from

a metallic or pressed ceramic target through bombardment with high energy ions.

[100] Sputtered atoms are ejected from the target with sufficient energy to cross the

target to substrate distance and condense on the substrate. In the more common RF

and DC sputtering methods, a voltage is applied between the target and the substrate

to generate ions and accelerate them toward the target; RF sputtering applies an AC

voltage (typically 13.56 MHz), while DC sputtering applies a DC voltage. In an ion

beam sputtering system, an ion source and extraction assembly (ion gun) are used

to direct a beam of high energy ions at the sputter target. The ion beam sputtering

process is discussed in some detail here, as it has been extensively used in this thesis

research. Specific details of system operation refer to the modified Veeco ion beam

sputtering system in the OSTJ ECE solid state processing lab.

Ion beam sputtering employs a coffimated beam of energetic positive ions di-

rected at the surface of the sputter target by the ion gun. As ions strike the target

surface, a portion of their energy is transferred as kinetic energy to atoms in the sput-

ter target, ejecting them from the target surface. The process is carried out under a

sufficiently high vacuum so that ejected sputter target atoms are able to transit the

target-to-substrate distance with a minimal number of gas phase collisions. Imping-

ing sputtered atoms condense onto the substrate, forming a thin film. An inert gas

such as Ar is typically used as the sputter gas; if a reactive gas (e.g. 02) is combined

with the inert sputter gas, film growth may further rely on reaction of the reactive

gas phase component with sputter target atoms as they arrive at the film surface;

this is known as reactive sputtering.

The ion source is a low-pressure DC discharge, contained in a cylinder mounted

on the process chamber. An electron emitting ifiament (e.g. W), the cathode, supplies

electrons to the discharge; these electrons are accelerated toward the metal cylinder,

the anode, by an applied potential ('-.40 V). An electromagnet mounted outside the
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ion source chamber (magnet coils wrapped around the cylinder) produces a magnetic

field parallel to the axis of the cylinder. This magnetic field deflects the electrons into

cycloidal trajectories due to the Lorentz force,

1=qiix], (3.1)

where q is the electron charge, iT is the electron velocity, is the magnetic field, and

x denotes the vector cross product. This serves to increase the distance traveled by

each electron between emission from the cathode and collection by the anode; each

emitted electron is able to participate in a greater number of collisions. A controlled

flow of sputter gas is introduced into the discharge chamber through a precision leak

valve or mass flow controller (MFC); high energy electrons generate ions (and free

radicals, if a reactive gas such as 02 is used) through coffisions with neutral gas

atoms/molecules.

Ion extraction and acceleration is accomplished by the application of a large

positive DC potential (-.'600 to 1000 V) to the ion source assembly (relative to the

grounded deposition chamber). Collimation of the ion beam is accomplished by a set

of three parallel grids between the ion source and the deposition chamber. The top

grid (nearest the ion source) is kept at the anode potential, electrically screening the

ion source from the large accelerating field. The middle grid is negatively biased ('25O

V) in order to suppress the backflow of electrons from the processing chamber into

the ion source. The grid assembly also serves to restrict gas flow into the deposition

chamber, thus maintaining a pressure differential between the ion source and the

deposition chamber. Such a pressure differential allows the coexistence of a high

enough pressure in the ion source chamber to maintain a stable plasma discharge,

and a low enough pressure in the target chamber to keep the mean free path for the

ion beam and sputtered particles sufficiently large.

The collimated ion beam is directed to the sputter target surface. The positive

space charge of the ion beam can result in spatial dispersion of the beam due to like-



charge repulsion. Charging of the target surface can also result in a reduced and time-

varying sputter rate. In order to minimize such adverse effects, an electron emitting

filament (neutralizer) is placed within the ion beam path, allowing neutralization of

the positive ion beam space charge. Since the ion beam and target surface charge

can be neutralized in this way, it is theoretically possible to sputter insulating targets

without excessive charging and heating. Practically, however, ion beam sputtering is

probably not suited to the deposition of high quality insulator films.

3.1.3 Post-deposition annealing

Post-deposition annealing of thin films is an important step in the fabrication

of transparent electronic devices. [100] Perhaps most important is the enhancement of

crystallinity beyond that of the as-deposited film; also important is the modification

of film stoichiometry by annealing in an appropriate gas ambient. Stoichiometry is

important in determining the degree of conductivity in many transparent semicon-

ductor materials, since intrinsic defects are often directly responsible for conductivity

(e.g. oxygen vacancies in ZnO and ITO). Electronic transport is strongly influenced

by crystallinity and stoichiometry; a crystalline material has a much higher mobility

than that of the same material in amorphous or polycrystalline form, and the degree

of stoichiometry is directly related to defect concentration, also strongly influencing

mobility.

Rapid thermal processing (RTP) is the post-deposition annealing method used

throughout this thesis research. RTP uses an array of halogen lamps and a cooling

mechanism to facilitate rapid heating and cooling of the sample; temperature ramp

times are typically on the order of 30 seconds or less. In addition to the simple benefit

of consuming less time than traditional furnace annealing, RTP offers the ability to

anneal devices fabricated on glass substrates at significantly higher temperatures than

would be otherwise possible. Since heating and cooling can be done rapidly, a glass
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substrate can be annealed at temperatures 2OO°C higher than would be possible in

a traditional furnace, without damage due to excessive substrate warping or strain.

3.2 Thin film characterization

The development and fabrication of transparent electronic devices requires a

thorough understanding of the optical and electrical properties of potentially useful

materials; such an understanding is developed through the application of appropriate

characterization tools and techniques. A careful and consistent approach to thin ifim

characterization provides a solid basis for selecting the appropriate material combi-

nations and processing conditions to yield desired device characteristics, and permits

a more sophisticated approach to analysis and interpretation of experimental device

characteristics. This section outlines a number of useful optical and electrical thin

film characterization techniques.

3.2.1 Optical transmission and bandgap

Optical measurements can, in principle, be used to determine both the bandgap

energy and transition type (allowed direct, forbidden direct, allowed indirect, for-

bidden indirect), as well as the degree of transparency of a thin film. Practically,

characterization of the bandgap requires fitting of experimental data to one of several

ideal models, and making a judgement as to which model provides the best fit to the

data. Although this analysis may provide fairly conclusive results, a large degree of

uncertainty often exists. The degree of transparency, as a directly-measured quantity,

does not exhibit such ambiguity.

Optical bandgap characterization is accomplished by first measuring the optical

absorption of the film and calculating the optical absorption coefficient

as a function of photon energy

a-In 1 1

[_]' (3.2)

Eph = hi', (3.3)



where t is the film thickness, A is the optical absorption (0 A 1), h is the Planck

constant, and 1 is the photon frequency. The variation of a with photon energy near

the bandgap energy is determined by the bandgap transition type. Note that Eq. 3.2

neglects reflection from film surfaces; however if reflection is independent of Eh (as

is often the case), no error is introduced into the bandgap analysis (although the

calculated a values are not strictly accurate).

When the valence band maximum and conduction band minimum occur at

the same location in k-space, the bandgap is said to be direct; if this is not the

case, the bandgap is said to be indirect. In a direct bandgap material, the dominant

mechanism responsible for photon absorption is the direct electronic transition, in

which the energy of an absorbed photon excites an electron from the valence band

into the conduction band with no change in crystal momentum (ik = 0). Quantum

mechanical selection rules determine the relative probability (as a function of k) that

photon absorption mediated by an electronic transition from the valence band to the

conduction band will take place. When the transition between valence band and

conduction band is quantum mechanically allowed, this probability is not strongly

dependent on k, and the electronic transition is said to be allowed. [101, 102] When

the transition between valence band and conduction band is quantum mechanically

forbidden, the probability of a direct transition is zero at the valence band maximum

(conduction band minimum) and increases with k2 moving away from this point; in

this case, the electronic transition is said to be forbidden. [101, 102]

For an allowed transition between direct, parabolic bands the variation of a

with photon energy for by > E0 is given by [101, 102, 103, 104]

a x (hi' EG)112, (3.4)

where E0 is the bandgap energy. This expression can be reorganized to yield the

linear relationship

a2 oc hv EG. (3.5)
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The analogous relationship corresponding to a forbidden transition between direct,

parabolic bands is [101, 102, 103]

a x (hii EG)312 (3.6)

which can be reorganized to yield

a2!3 cx hi' EG. (3.7)

When the bandgap is indirect, optical absorption requires a change in crystal

momentum accompanying the excitation of an electron from the valence band into

the conduction band; a phonon (lattice vibration) must be absorbed or emitted simul-

taneously with photon absorption in order to satisfy momentum conservation. For an

allowed transition between indirect, parabolic bands the variation of a with photon

energy is given by [101, 102]

(hi' (EG E))2
+

(hi' (EG + E))2
(3.8)acx

-ekT-1 1e Ia'

where E is the energy of a phonon with momentum equal to the separation in k-

space between the valence band maximum and the conduction band minimum and

k is the Boltzmann constant (not the crystal momentum). The first term in Eq. 3.8

corresponds to phonon absorption, and is nonzero for hi' > E - E; the second

term corresponds to phonon emission, and is nonzero for hi'> EG + E. For low

temperatures (E >> kT) the denominator of the first term is large, so that the

second term dominates the net absorption coefficient; in this case, the expression can

be reorganized to yield

a112 cx hi' (EG + Er). (3.9)

As the temperature increases, the contribution of the first term (phonon absorption)

is no longer negligible. For high temperatures (E 4 kT) this term dominates the

net absorption coefficient, and the overall expression can be reorganized to yield

a1"2 cx hi' (EQ - Er). (3.10)
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The contribution ofE in this analysis is often neglected, with the implicit assumption

that E << E (or, equivalently, with the acceptance of a error window in the

estimated value of EG).

For a forbidden transition between indirect, parabolic bands the variation of a

with photon energy is given by [101]

(hzi (E E))3 (hi' (EG + E))3
(3.11)aoc E + _zekT1 1c kT

where k is the Boltzmann constant (not the crystal momentum). Manipulation of

this expression yields results analogous to those obtained in Eqs. 3.9 and 3.10,

a113 x hi' (EG + E) (3.12)

for low temperatures such that phonon emission dominates, and

oc hi' (EG E) (3.13)

for high temperatures such that phonon absorption dominates.

The characterization of bandgap energy and transition type is accomplished by

constructing plots of atm as a function of photon energy, with m taking the values

2 (allowed direct transition), 2/3 (forbidden direct transition), 1/2 (allowed indirect

transition), and 1/3 (forbidden indirect transition). The value of m producing a linear

plot in the vicinity of the bandgap energy indicates the transition type, and the photon

energy axis-intercept of this linear fit yields an estimate of the bandgap energy. In

practice, however, there is often a large degree of ambiguity in the interpretation of

such results.

Finally, note that optical absorption in materials where the bandgap is either

forbidden direct, allowed indirect, or forbidden indirect may be quite small for energies

below that of the smallest allowed direct transition. This is due to a combination

of the energy dependence of the absorption coefficient and the relative values of the

proportionality constants in Eqs. 3.4, 3.6, 3.8, and 3.11; the proportionality constant

is significantly smaller for indirect and/or quantum mechanically forbidden transitions
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than for allowed, direct transitions. Thus, as long as the smallest allowed direct

transition is '3 eV or larger, a material may exhibit sufficient transparency for use in

transparent electronic device applications, even if the minimum bandgap (establishing

electrical behavior) falls well within the visible region.

3.2.2 Conductivity, mobility, and carrier concentration

Basic electrical characterization of a semiconducting thin film consists of de-

termining the conductivity, majority carrier type, mobility and carrier concentration.

Conductivity is related to carrier mobility and concentration according to

= q(pn + ILpP), (3.14)

where q is the electron charge, p, (,) is the electron (hole) mobility and n (p) is the

electron (hole) concentration per unit volume. In an n-type (p-type) semiconductor,

the term corresponding to holes (electrons) is negligible, yielding the more familiar

simplified form of the equation.

There are several methods commonly used to measure the conductivity of a

thin film; these include the two-point and four-point probe methods [105] and the

van der Pauw method. [105, 106, 107] The conductivity of a thin film is perhaps most

easily measured by applying full width metal contacts at each end of a rectangular

sample and directly measuring the resistance using an ohmmeter. The conductivity

is then given by
£

(3.15)

where R is the measured resistance, t is the film thickness, w is the film width, and £ is

the ifim length (between the metal contacts). This measurement provides an accurate

assessment of conductivity only if the contact resistance is negligible as compared to

the sample resistance; this is often the case, as the contact area is many times larger

than the film cross-sectional area, so that the contact resistance per unit area may

be relatively large without interfering with measurement accuracy. The contacts can



54

be easily evaluated by preparing two identical samples with different length-to-width

ratios; if the measured resistance is proportional to the length-to-width ratio, the

contact resistance is indeed negligible.

Majority carrier type can be determined using the thermoelectric probe method.

[105] Adjacent hot and cold probes are placed in direct contact to the sample with

a voltmeter (or ammeter) connected between the probes. The hot probe may be as

simple as a soldering iron, with an unheated probe serving as the cold probe. Thermal

energy supplied by the hot probe locally enhances majority carrier diffusion, yielding

a net majority carrier diffusion current away from the vicinity of the hot probe.

Space charge accumulates until the resulting electric field is sufficient to balance the

thermally activated diffusion current. This produces a potential between the probes

that is measured by the voltmeter. In the case of an n-type (p-type) sample, a deficit

of electrons (holes) near the hot probe leaves a net positive (negative) space charge

so that the hot probe is at a positive (negative) potential relative to the cold probe.

The most commonly used method for determining mobility, carrier concentra-

tion, and majority carrier type is the Hall method. As this measurement is described

in detail in a number of references [104, 105], a brief description only will be given

here. The Hall effect arises as a consequence of the Lorentz force exerted by a mag-

netic field on a moving charged particle,

= qiYx, (3.16)

where q is the charge on the particle, iT is the particle velocity, 1 is the magnetic

field, and x denotes the vector cross product. The basic Hall measurement is ac-

complished by passing a current between two contacts on a sample; a magnetic field

perpendicular to the sample plane deflects charge carriers (electrons or holes) toward

the sample edges. The resulting space charge generates a voltage across the sample,

perpendicular to the direction of current flow; this is referred to as the Hall voltage.
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The sign and magnitude of the Hall voltage are used to calculate the majority carrier

type, mobility, and concentration.

The Hall mobility, PH, resulting from the siniple Hail theory is not in gen-

era! equal to the conductivity mobility, p; this error can be accounted for by two

multiplicative factors [104, 105], yielding the expression

where

PH = KMp, (3.17)

K.T_
(r)2

(3.18)

is a correction for the assumption of energy-independent carrier scattering (r is the

mean time between carrier collisions) and M is a correction for the assumption of

isotropic effective mass. K is typically between one and two; M is typically slightly

less than one.

The van der Pauw Hall method is a particularly useful technique, as it can be

used to measure the Hall effect in a sample of arbitrary geometry. [105, 106, 1071

Sample preparation consists of placing four contacts at arbitrary locations along the

sample edge. Contacts are assumed to be infinitely small and located exactly at

the sample edge; corrections can be made to the van der Pauw equations if these

conditions are not met. [106, 107, 108] Although the van der Pauw method can theo-

retically be used to characterize a film of arbitrary geometry, in practice a high degree

of symmetry is necessary to characterize low mobility materials. The Hall voltage is

given by [105, 106, 107]

VH
PHB1P BI

t ,
(3.19)

where PH is the Hall mobility, B is the magnetic field strength, I is the measurement

current, p is the ifim resistivity, t is the film thickness, q is the electron charge, and

n is the majority carrier concentration. In an asymmetric sample the Hall voltage

is superimposed upon a large offset voltage resulting from sample asymmetry, thus

requiring the evaluation of a slight change (the Hall voltage) in a large voltage signal
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(the asymmetry offset voltage). Since the Hall voltage is proportional to mobility,

this problem becomes worse as mobility decreases. Sample preparation is, therefore,

critical in obtaining Hall mobility for low mobility films. The use of shadow masks

to pattern HaJJ sample films with a cloverleaf or cross pattern [105] is a practical

method for improving the minimum measurable Hall mobility; such an approach is

used to measure a mobility of 3.5 cm2/V s in BaCu2S2. [23] The practical minimum

mobility measurable with the Hall technique is ''1 cm2/V s.

3.2.3 Kelvin probe measurement of work function

The Kelvin probe technique can be used to evaluate the work function ( =

EF) of a metal or semiconductor. [109] The measurement setup consists of

a metal probe electrode (e.g. Pt, Au) in close physical proximity to the test sur-

face. The reference electrode is attached to a mechanical or piezoelectric assembly

in order to allow periodic oscillation (normal to the test surface) of the reference

electrode/test surface separation distance, dgap. Since the reference electrode/test

surface capacitance is inversely proportional to the separation distance (d90), this

oscillation yields a corresponding time-varying capacitance. The reference electrode

and the test surface are electrically connected through a DC bias source (V6) and

a current amplifier, as shown in Fig. 3.1. The time-varying capacitance c(t) induces

a current

i(t) = VHc(t), (3.20)

where vf1 is the effective capacitor voltage, given by

Vf1 (V Vsampe) = v VCPD, (3.21)

and VCPD, the contact potential difference, is defined as

qVcpD = probe &ample, (3.22)

where q is the electron charge.
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Figure 3.1: Kelvin probe measurement setup.

In the simplest analysis of the Kelvin probe measurement, both the probe

electrode and the sample are metals with ideal (chemically pure, clean, and charge

free) surfaces. With zero bias applied between the reference electrode and test surface,

DC equilibrium prevails and the Fermi levels are aligned. However, since the sample

work function is not in general the same as that of the probe, an electric field is

induced in the gap with concomitant formation of space charge layers at the probe and

sample surfaces. The surface charge density is modulated by the oscillating electrode

separation, producing a current, i(t), that is measured in the external circuit. Figure

3.2 portrays an energy band diagram corresponding to this situation.

VCPD is evaluated by varying V until the measured current, i(t), is equal

to zero. This occurs when V is exactly equal to VCPD, so that the local vacuum

level EL is constant across the gap and the gap field and probe/sample surface

charge is identically zero. Variation in the probe/sample separation does not require

modulation of surface charge density, so that no current flows in the external circuit.
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Figure 3.2: Kelvin probe measurement energy band diagram with metal probe and
sample, ideal surfaces, and zero external bias. Ea and q denote the local vacuum
level and the electron charge, respectively.

Using this value for VCPD and the known value ofEq. 3.22 directly yields the

work function of the sample material,q5sompze.

The ideal analysis presented above does not, in general, provide an accurate

evaluation of the work function of a metal sample. This is a result of deviation

from the assumption of ideal surfaces; such deviations generally take the form of a

charged surface insulating layer and/or a surface dipole. Unless sample preparation

and the subsequent Kelvin probe measurement are performed under vacuum, avoiding

exposure to atmosphere and other potential contaminants, some degree of surface

modification is essentially unavoidable.

The error introduced by a charged surface insulating layer is most easily eval-

uated by inspecting the energy band diagram when V has been adjusted so as

to nullify the measured current, i(t), requiring that the electric field in the gap be
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exactly zero. This is depicted in Fig. 3.3, where both the sample surface and the

probe surface are covered by insulating layers with charged surfaces.

Evaci .-.- j Evac

1q(Vs+Vij..
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-

4sampIe --j---- + -

p.4 - sinsEO
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Figure 3.3: Kelvin probe measurement energy band diagram with metal probe and
sample, charged surface insulating layers, and external bias adjusted so as to nullify
i(t). Eac and q denote the local vacuum level and the electron charge, respectively.

When the gap field is zero, the probe (sample) insulator surface charge is exactly

matched by charge at the probe (sample) metal / insulator interface. The voltage

dropped across the probe insulator layer is

TTP
ifl3 fP '

ins

and the voltage dropped across the sample insulator layer is

Q d8

V5 = (3.24)ins
tins

where QJ (Q) is the probe (sample) insulator surface charge 'ds " is theUins ins)

probe (sample) insulator thickness, and (ç5) is the dielectric constant of the
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probe (sample) insulator (note that the voltage polarity convention used here assigns

a positive voltage to the node nearest the probe and a negative voltage to the node

nearest the sample). The external bias (when i(t) has been nullified) is now given by

qVj = (l5probe &ample) + q(T' + V9), (3.25)

app is related to the true sample workand the apparent sample work function,

function, c5sample, as

app
= &ample q(Vq + 1'). (3.26)sample

An electronic dipole at either the sample or the probe surface (or at the surface

of a sample or probe insulating layer) has an effect similar to that of a charged surface

insulating layer. If the situation depicted in Fig. 3.3 is extended to include a dipole

at both the probe and sample surfaces, the apparent sample work function is given

by

- 4. (TIP I T/S \ (T/P __ 1/8 \
'Psample V'somple "ins

' "ins) q
' dipole ' dipole)'

where ipole and Vie are the probe and sample surface dipoles, respectively (a

positive Vdjpole is such that the voltage decreases in moving across the dipole from

the probe toward the sample).

Kelvin probe analysis of a semiconducting test surface proceeds similarly to that

appropriate for a metal test surface, with a few notable differences. First, an exposed

semiconductor surface is typically depleted, so that the surface work function is not

the same as that of the bulk. Second, if a charged surface insulating layer is present,

charge compensation in the semiconductor requires modulation of the semiconductor

space charge region width; the resulting voltage is divided between the insulator and

the semiconductor depletion region, so that the resulting offset error is dependent on

semiconductor doping and dielectric constant (whereas in a metal the offset error is

determined solely by the characteristics of the insulator).

The error resulting from a semiconductor surface depletion region can be greatly

reduced by illumination with light of sufficient energy to create electron-hole pairs
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in the semiconductor. If the iliwnination intensity is sufficiently large, surface band

bending is eliminated so that the Kelvin probe analysis is similar to that appropriate

for a metal test surface.

Table 3.1 lists the calculated voltage error magnitude introduced by a charged

insulator on either the probe or sample surface (Eqs. 3.23 and 3.24), with a dielectric

constant = 10 . Clearly, the error introduced by insulator charging can be signifi-

cant. However, it would appear that the Kelvin probe measurement of work function

is not necessarily rendered impractical by such effects, particularly if care is taken to

minimize contamination of the sample surface.

Table 3.1: Kelvin probe measurement calculated offset voltage error due to a charged
insulating layer with thickness and surface charge Qs on the probe or sample
surface. A typical dielectric constant = 10 o is assumed.

Qs (cm2)} () Vror (V)

1011 1 0.0018

1011 10 0.018

1012 1 0.018

1012 10 0.18

iO'3 1 0.18

1013 10 1.8

Kelvin probe measurements were performed at Mitsubishi Silicon America,

Salem, OR (using a FAaST 330 Epi-r AC SPV system) in order to evaluate the work

functions of several p-type transparent conductive oxides (CuYO2:Ca, CuScO2:Mg,

and CuCrO2). The CuYO2:Ca, CuScO2:Mg, and CuCrO2 layers are deposited on a
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p+5j wafer; Au, Cu, Al, and ZnO:Al are deposited on an +.5j wafer as reference

materials for calibration of the measurement. The probe electrode is Pt (Pt 5.7

eV [57]). Table 3.2 lists experimental results. OnlyVL (the measured contact

potential difference with illumination) is tabulated, as the light sensitivity is quite

small (i.e. O.05 eV for all materials but n-Si). The rather large uncertainties in the

measured values of are due to the data output format (data output is available

only in the form of color-coded surface contour plots; the raw numerical data is not

available).

The results listed in Table 3.2 may appear somewhat ambiguous. However,

note that these films were exposed to atmosphere for an extended period of time

between deposition and Kelvin probe measurement, so that some degree of surface

oxidation and contamination certainly occurred. The last column 0.5 eV) in

Table 3.2 lists work function values corrected for an apparent systematic offset error,

presumably due to contamination of the Pt probe surface. Although this correction

is somewhat arbitrary, note that it yields the expected work functions for Au and

ZnO:Al; both Au and ZnO should be fairly insensitive to surface modification due

to exposure to atmosphere, whereas the Si, Al, and Cu surfaces are more prone to

oxidation. Even the corrected values for Si, Al, and Cu are fairly reasonable (within

"-0.5 eV of the expected values). Thus the work function estimates given in the

final column of Table 3.2 for CuYO2:Ca, CuScO2:Mg, and CuCrO2 appear to be

reasonable. Also note that, as oxides, these materials should be relatively insensitive

to surface modification due to atmospheric exposure. The result for CuYO2 (5.3 eV

<5.8 eV) can be compared to that obtained by Benko and Koffyberg, who used

photoelectrochemical measurements to estimate the CuYO2 valence band location to

be 5.3 ± 0.2 eV below the vacuum level. [110]
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Table 3.2: Results of Kelvin probe work function measurements at Mitsubishi Silicon
America. The measured work function q5 is given by çtpt - qVCPD. Values with
uncertainty greater than 0.1 eV are represented as mm / max. The - 0.5 eV)
column entry is an estimate of the true work function, corrected for an apparent Pt
probe contamination offset.

Material V

(V) (eV) (eV)

0.5 eV

(eV)

Au 0 / 0.1 5.6 / 5.7 5.2 [57] 5.1 / 5.2

Cu 0.1 / 0.3 5.4 / 5.6 4.7 [57] 4.9 / 5.1

Al 1.3 / 1.7 4 / 4.4 4.3 [57] 3.5 / 3.9

ZnO:Al 0.1 / 0.3 5.4 / 5.6 4.5 / 5.2

(Section 2.2.1)

4.9 / 5.1

nt-Si 0.3 / 0.8 4.9 / 5.4 4.0 [57] 4.4 / 4.9

pt-Si -0.1 / 0.3 5.4 / 5.8 5.1 [57] 4.9 / 5.3

CuYO2:Ca

(sputtered)

-0.4 / -0.1 5.8 / 6.2 5.3 / 5.8

CuYO2:Ca

(evaporated)

-0.4 / -0.1 5.8 / 6.2 5.3 / 5.8

CuScO2:Mg -0.1 / 0.3 5.4 / 5.8 4.9 / 5.3

CuCrO2 -0.1 / 0.3 5.4 / 5.8 4.9 / 5.3
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3.3 Device characterization

The basic electrical characterization process for a transparent electronic device

proceeds in a manner similar to that appropriate for the analogous non-transparent

device. Optical characterization at the device level typically consists of a transparency

measurement as described in Section 3.2.1 for individual thin films.

3.3.1 DC current-voltage and AC impedance measurements

Electrical characterization of an arbitrary two-terminal electronic device con-

sists of a DC current-voltage measurement and a set of AC impedance-(voltage, fre-

quency) measurements. DC characterization of a three-terminal device requires a

set of current-voltage measurements; the AC characteristics of a three-terminal de-

vice are often most easily determined by characterizing an appropriate two-terminal

test structure (for example, characterization of a MOS capacitor yields information

regarding the corresponding MOSFET).

DC current-voltage measurement results given in this thesis are obtained using

an HP 4140B picoamineter with two integrated voltage sources (-100 V Vsr

100 V, 'source I < 10 mA). AC impedance measurements employ an HP 4192A LF

impedance analyzer (5 Hz f 13 MHz, -35 V V 35 V). Visual Basic is

used to automate data collection.

3.3.2 Thin film transistor mobility and threshold voltage ex-
traction

A thin film transistor (TFT) is essentially a thin film version of a MOSFET,

the primary difference being that the TFT is fabricated on an insulating substrate

and employs a thin film as the channel region while the MOSFET is fabricated on a

single crystal semiconducting substrate that also serves as the channel. [57, 111] The

ideal TFT drain current characteristics are identical to those of the MOSFET, with
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the drain current given by [111]

VDs21w= iiG1 {(VGS VT) VDS
2 j VDS VGS VT (3.28)

and
1 W

= VT)2, VDS Vcs VT, (3.29)

where ji is the channel mobility, is the gate insulator capacitance, W is the gate

width, L is the gate length, is the gate-to-source voltage, VT is the threshold

voltage, and VDS is the drain-to-source voltage. The channel mobility is the average

mobility of carriers in the channel layer when the TFT is turned on through the

application of an appropriate gate voltage. Since carriers drawn into the channel

layer by the gate voltage are localized in a narrow accumulation region in the channel

layer at the channel layer / gate insulator interface, the TFT channel mobility is

generally lower than the channel layer bulk mobility due to additional scattering

mechanisms at the interface (e.g. interface defect scattering and surface roughness

scattering).

In order to characterize a TFT according to the ideal model, estimates of the

channel mobility and threshold voltage must be extracted from experimental drain

current measurements. There are three ways in which this can be accomplished. [105]

The first two methods rely upon measurement of TD as a function of for a

fixed VDS such that the device operates in the linear region (VDS <<VGS VT), so

that the drain current can be approximated as

ILC2(VGS VT)VDS. (3.30)

The mobility and threshold voltage can be estimated from this expression using either

the linear region drain conductance

dID
9d dVDSIVGS=COnt0ni = ic3(Vcs VT) (3.31)

or the linear region transconductance

dID
'VDSco8tant = IACiIZS1VDS. (3.32)

dVGS



66

The mobility estimated from the linear region drain conductance is referred to

as the effective mobility, ji1. [105] The effective mobility and the threshold voltage

may be estimated graphically by plotting the linear region drain conductance as a

function of For VGS VT >> VDS this plot should become linear; the slope

yields the effective mobility
slo'pe

W' (3.33)
ins -z:-

and the x-intercept approximates the threshold voltage VT. Equivalently, PefI and

VT can be calculated numerically from the linear region drain conductance as

and

dVg
/Aeff w (3.34)

ins

VT=VGS
/2ffCiflsVDS

(3.35)

The resulting estimates are valid for gate voltages VGS VT >> VDS such that the

assumption of linear region operation is satisfied.

The mobility estimated from the linear region transconductance is referred to

as the field-effect mobility, PFE. [105] The field-effect mobility and threshold voltage

are calculated numerically from the linear region transconductance as

and

ItFE w (3.36)C8-rVDS

VT=VGS
Ieff Gins 1VDS'

(3.37)

with results valid for Vs VT >> VDS such that the assumption of linear region

operation is satisfied.

The third method for estimating mobility and threshold voltage relies on mea-

surement of ID as a function of YGS with VDS > VGS VT; the resulting mobffity is

referred to as the saturation mobility, sat [105] The device operates in the satura-

tion region, with the saturation drain current 'D,St given by Eq. 3.29. The saturation
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mobility and the threshold voltage may be estimated graphically by plotting 'J7t

as a function of VGS. For VGS > VT this plot should become linear; the slope yields

the saturation mobility
slcvpe'2

#sat 1 W' (3.38)

and the x-intercept approximates the threshold voltage VT. Equivalently, iasaj and

VT can be calculated numerically from 'D,sat as

Psat

(d\/7t\2
dV0 )

lr' W (3.39)
'-zns -r

and

D,sat
VT=VGS (3.40)

V 2'-"L
with results valid for VGS > VT such that the assumption of saturation region oper-

ation is satisfied.

Figure 3.4 shows the experimentally extracted effective mobility (PeH) and

saturation mobility (Psat) along with the corresponding threshold voltage (VT) esti-

mates for a transparent ZnO-based TFT described in Chapter 5 (with current-voltage

characteristics portrayed in Figs. 5.5 and 5.6).

As expected [105], the estimated saturation mobility, Usat, is smaller than the

estimated effective mobility, pj (this discrepancy arises due to the fact that the gate

voltage dependence of the mobility is neglected in estimating Usat using Eqs. 3.38 and

3.39). Although /eff generally yields a better estimate of the true channel mobility

[1051, /sat gives an estimate of the channel mobility based on an independent data

set and a different set of assumptions; a reasonable degree of agreement between the

two estimates and lisat), as seen in Fig. 3.4, provides support for the validity of

this analysis. Although the mobility and threshold voltage estimates do not become

independent of VGS as expected for a TFT following the ideal model (Eqs. 3.28 and

3.29), they appear to be leveling off near the maximum applied gate voltage of 40 V.

Although the mobility and threshold voltage cannot be precisely estimated from this
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Figure 3.4: Experimentally extracted effective mobility, Lgff (ID(VGS) measured with
VDS = 1 V), and saturation mobility, I-sat (ID(VGS) measured with VDS = VGS),
along with the corresponding threshold voltage estimates, VT, for a transparent TFT
(Chapter 5). A 10 second settling delay is allowed at each point before taking a
current measurement.

analysis, they can be confidently placed within some reasonable range; the results

depicted in Fig. 3.4 indicate a mobility and threshold voltage of 0.35 to 0.45 cm2/V

s and 10 to 15 V, respectively.

3.3.3 C-(V,f) characterization of carrier injection and interface
channel formation

This subsection describes a novel technique, the capacitance-(voltage, frequency)

[C-(V,f)} method, for simultaneously characterizing carrier injection into an insula-

tor (i.e. an insulating wide bandgap semiconductor) and mobile carrier accumulation

(i.e. interface channel formation) at an insulating semiconductor (e.g. TFT channel)

/ wide bandgap insulator (e.g. TFT gate insulator) interface. C-(V,f) characteriza-

tion relies upon acquiring AC capacitance measurements over a wide range of DC
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bias voltages and measurement frequencies. As this method was conceived late in the

process of completing this thesis research, its capabilities and limitations as a char-

acterization technique for an arbitrary material system have not yet been thoroughly

evaluated. However, C-(V,f) analysis of the transparent TFT structure presented in

Section 5.2.3 indicates that this technique can indeed provide a great deal of infor-

mation. Since TFT C-(V,f) characterization results are presented in Section 5.2.3,

the discussion here is limited to a general description of the test structure, the char-

acterization process, and analysis and interpretation of results. Before proceeding it

should be pointed out that, although the discussion presented here assumes that the

layer into which injection occurs is substantially insulating, this is not meant to imply

that the measurement cannot provide valuable information if this assumption is not

satisfied.

Figure 3.5 illustrates the C-(V,f) technique test structure. The injecting top

contact layer (hereafter referred to as the injector) is selectively deposited upon iso-

lated regions of the insulating semiconductor layer (hereafter referred to as the semi-

conductor); the area of the injector region, A13, is smaller than the area of the

insulating semiconductor region, A8, by a factor of '2 or more. The substrate is

coated with a conducting layer (hereafter referred to as the substrate conductor) and

a wide bandgap insulator (hereafter referred to as the insulator).

The C-(V,f) test structure portrayed in Fig. 3.5 exhibits a maximum of three

distinct measured capacitance plateaus as the DC bias and the AC measurement fre-

quency are varied. These capacitance plateaus are denoted C, C, and C,,3.

Figure 3.6 shows a C-(V,f) contour plot where these three capacitance plateaus are

clearly visible at 7.8, 3.5, and 2.3 nF for C, C, and respectively. Fab-

rication details and further discussion of Fig. 3.6 are provided in Section 5.2.3.

The maximum capacitance plateau that may be observed in a C-(V,f) mea-

surement is denoted C and is observed in Fig. 3.6 under forward bias at low AC

measurement frequency. Examination of the energy band diagram depicted in Fig.
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Insulating
semiconductor

(e.g. TFT channel)

tI, Insulator (e.g. TFT gate insulator)

Substrate conductor (e.g. TFT gate)

Substrate (glass)

Figure 3.5: C.-(V,f) characterization technique test structure. A8 and refer to
the areas of the semiconductor and injector regions, respectively.

3.7 facilitates an understanding of the origin of C. As indicated in Fig. 3.7, if the

injector / semiconductor interface provides efficient electron injection into the insu-

lating semiconductor layer (as discussed in Section 2.3.4), the applied DC forward

bias voltage (negative voltage to the electron injector) is dropped entirely across the

insulator layer, supported by negative (positive) space charge at the semiconductor

/ insulator (substrate conductor / insulator) interface. Efficient electron injection,

within this context, implies that a non-negligible electron flux flows from the injec-

tor into the semiconductor under forward bias; the band alignment, interface dipole,

and/or interface charge combine to yield a relatively small energy barrier to electron

injection. Thus, under forward bias and for a sufficiently low AC measurement signal

frequency, the semiconductor / insulator interface charge is able to respond to the

measurement signal, and the measured capacitance is that of the insulator layer with
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Figure 3.6: C-(V,f) contour plot of capacitance as a function of bias voltage (-35 to 35
V) and measurement frequency (100 Hz to 10 MHz), using the C-(V,f) test structure
depicted in Fig. 3.5. The injector, semiconductor, insulator, and bottom conductor
layers are ITO (300 urn, 0.08 cm2), ZnO (100 urn, 0.18 cm2), ATO (220 urn), and
ITO (200 urn), respectively.

an area equal to that of the semiconductor region,

(3.41)
'.-)ins

tins

where Cins and t are the insulator layer dielectric constant and thickness, respec-

tively. Figure 3.8a illustrates the physical location at which AC charge modulation

corresponding to C occurs.

The intermediate capacitance plateau that may be observed in a C-(V,f) mea-

surernent is denoted C and is evident in Fig. 3.6 throughout the forward bias

portion of the C-(V,f) plot, except for the portion occupied by the C5 plateau and

the sloped face defining the transition between C and C. Figure 3.8b illustrates

the physical location at which AC charge modulation corresponding to C occurs.

The mechanism responsible for the transition from C5 to C will be elaborated
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Figure 3.7: Forward bias energy band diagram through the injector / semiconductor /
insulator / substrate conductor region of the C-(V,f) test structure, where the injector
is an electron injector so that forward bias implies a negative voltage to the injector.

momentarily. The magnitude of C,

,-1inj (3.42)
2fl8

tins

is related to the value of C precisely by the ratio of their effective areas, and

A23.

The minimum capacitance plateau that may be observed in a C-(V,f) measure-

ment is denoted C' and is observed throughout the majority of the reverse bias

portion of the C-(V,f) plot in Fig. 3.6, as shown. Figure 3.8c illustrates the physical

location at which AC charge modulation corresponding to C' occurs. The value

of (-u
'8C,iflS

= [(C)' + (C\'1l (3.43)
''SC,ifls p28)

,,3t3 + Estrn8

is a series combination of the insulator layer and the semiconductor layer with an

area defined by the injector region.
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Figure 3.8: The physical location at which AC charge modulation occurs for each
capacitance level observed in the C-(V,f) measurement (Note: The AC modulated
charge distribution is not in general the same as that of the corresponding DC space
charge).

Figure 3.9 depicts the relevant small-signal circuit elements associated with each

of the three possible C-(V,f) capacitance plateaus. For each capacitance plateau, one

(or more) parasitic resistance acts to establish an effective ftC time constant, with

the result that, above a frequency equal to the inverse of the ftC time constant,

the parasitic resistance inhibits charging and discharging of the capacitor by the AC

measurement signal and the capacitance is no longer detected.

Before proceeding further, several comments regarding notation employed in

Fig. 3.9 are in order. First, broken capacitor plates in Figs. 3.9a and 3.9c indicate

portions of the effective capacitance that are charged and discharged through differ-

ent current paths, as indicated, so that one physical segment of the capacitor may

experience frequency-induced roll off sooner than another. Second, although ftt

(Fig. 3.9a), (Fig. 3.9a), and R (Fig. 3.9c) are portrayed as discrete resis-
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tors for simplicity, a more accurate model would replace these discrete elements with

distributed RC networks.

(a) (b) (C)

Injector Semiconductor

R
I RchanfT1... I (4) I''mi

flOifli

"Sc
"Sc

a--. '---rbSC ,lIni

"Ins '-'Ins

Insulator I

Substrate I RSUbLW_\
conductor'

Substrate

Figure 3.9: Parasitic resistances responsible for roll off in measured capacitance at
each capacitance plateau observed in the C-(V,f) measurement. Broken capacitor
plates in (a) and (c) indicate portions of the effective capacitance that are charged and
discharged through different current paths, as indicated, so that one physical segment
of the capacitor may experience frequency-induced roll off sooner than another.

At the maximum capacitance plateau, C, as portrayed in Fig. 3.9a, the rele-

vant parasitic resistance is that which effects lateral current flow through the semicon-

ductor layer from the region covered by the injector layer to the peripheral (exposed)

region. This resistance is a parallel combination of the bulk semiconductor layer

lateral resistance, Rt, and the resistance of the accumulated negative charge (the

channel) at the semiconductor / insulator interface, Rjan. If the semiconductor is

suciently insulating (so that Rt is large enough to be neglected), the interface chan-

nel resistance determines the effective resistance of this current path. Above some
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measurement signal frequency (for a given forward bias) lateral AC current flow is

suppressed by this resistance, so that AC charge modulation at the semiconductor /

insulator interface occurs only in the area defined by the injector region, as shown in

Fig. 3.8b; hence, the measured capacitance decreases to C.

At the intermediate capacitance plateau, C, as portrayed in Fig. 3.9b, the

relevant parasitic resistance is a series combination of the injector / semiconductor in-

terface small-signal resistance, and the semiconductor layer resistance normal

to the plane of the structure, R"m. Above a frequency established by the applicable

RC time constant (i.e. R = + R"m and C = C), the parasitic resistance

inhibits AC current flow to and from the semiconductor / insulator interface, so that

AC charge modulation occurs at the injector / semiconductor interface, as shown

in Fig. 3.8c; thus, the measured capacitance decreases to This minimum

capacitance plateau at C3 extends throughout the reverse bias portion of the C-

(V,f) plot. Note that the bias-induced transition from C to corresponds to

depletion of the semiconductor layer.

At the minimum capacitance plateau, as portrayed in Fig. 3.9c, two

independent parasitic resistances act to induce the final high frequency roll off in

measured capacitance. The first, R, is the resistance seen by lateral current flow

through the injector layer from the physical contact (which can typically be treated

as a point contact) throughout the injector region. The second, is the resistance

of the substrate conductor. R3b combines with to yield a straightforward RC

time constant, defining a frequency above which typical RC roll off occurs. On the

other hand, since R is inherently a distributed resistance, its inhibition of lateral

current flow acts to incrementally reduce the effective area of the capacitor above a

certain frequency. In either case, however, this effective time constant establishes the

maximum useful frequency for an arbitrary device structure (as witnessed by the high

frequency roll off seen in Fig. 3.6).
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Thus, carrier injection into the semiconductor is verified by the existence of a

forward bias capacitance plateau with a measured capacitance equal to C (Eq. 3.42).

If injection is attained, the formation of a conducting channel at the semiconductor /

insulator interface is verified by the existence of a low frequency, forward bias capac-

itance plateau with a measured capacitance equal to C3 (Eq. 3.41). A reverse bias

capacitance equal to (Eq. 3.43) verifies that the semiconductor layer is fully

depleted.

Care must be taken, however, to verify that the semiconductor layer is sufil-

ciently insulating, as a similar maximum capacitance plateau can occur due to lateral

current flow through the semiconductor layer bulk, Rt). Figure 3.10 shows a C-(V,f)

contour plot for a structure identical to that yielding the C-(V,f) contour plot shown

in Fig. 3.6, except that the semiconductor layer is processed so as to exhibit a higher

(although still relatively small) degree of conductivity. Although all three capacitance

levels are apparent, the maximwn capacitance plateau, C, extends well into the

reverse bias region for low measurement frequency, without a clear threshold voltage

for interface channel formation as witnessed in Fig. 3.6; the analysis of such results

is somewhat ambiguous.

The change in bias voltage required to reduce the capacitance from C to

AVg, can be used to estimate the semiconductor layer carrier concentration

when it is realized that this transition corresponds to depletion of the semiconductor

layer. A rough approximation is obtained by neglecting the semiconductor layer

thickness, yielding a carrier concentration

tins

qt,3t
' (3.44)

where q is the electron charge. is readily assessed from a capacitance-voltage

(C-V) curve such as that shown in Fig. 5.10. Note that this estimate applies only to

the portion of the semiconductor layer directly beneath the injector region; the result

is not affected by the carrier concentration of the exposed portion of the semiconductor
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Figure 3.10: C-(V,f) contour plot of capacitance as a function of bias voltage (-35
to 35 V) and measurement frequency (100 Hz to 10 MHz), using the G-(V,f) test
structure depicted in Fig. 3.5. The structuxe is identical to that yielding Fig. 3.6,
except that the semiconductor layer here exhibits a higher degree of conductivity so
that measurement results are somewhat obscured.

layer, and the existence of a non-negligible difference between the two regions is

certainly possible.

In conclusion, a C-(V,f) contour plot of measured capacitance as a function of

bias and frequency yields a great deal of information regarding injection and interface

channel formation. There is undoubtedly much additional information available from

this characterization method, however time constraints have not allowed a thorough

investigation of these possibilities.

Finally, it should be noted that although DC characterization of an injecting

interface might yield results in a more straightforward manner, the structure em-

ployed for the C-(V,f) characterization technique (Fig. 3.5) circumvents fabrication

challenges confronted in an attempt to realize a test structure for DC interface char-

acterization. In such a DC test structure, fabrication and processing steps required
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to obtain an insulating semiconductor region and a high quality carrier injecting in-

terface must be such as to maintain the conductivity of the bottom conductor layer,

and the bottom conductor / semiconductor interface must be able to extract injected

carriers efficiently (i.e. with a minimal voltage drop) so that the measured charac-

teristics are predominately those of the injector / insulator interface. In the C-(V,f)

structure, the insulator layer serves to protect the bottom conductor layer from degra-

dation during processing. The choice of material for the bottom conductor layer is

relatively unrestricted, as long as compatibility with the insulator layer is maintained;

the bottom conductor layer functions strictly as a conductor, since carrier extraction

from the semiconductor layer does not need to be considered.

3.4 Conclusions

This chapter describes experimental tools and techniques relevant to the re-

search and results presented in this thesis. Thin film deposition via evaporation

and sputtering is first discussed, followed by a look at post-deposition annealing

using rapid thermal processing (RTP). Ion beam sputtering is given particular con-

sideration, as it is heavily used in fabricating transparent thin film transistors to be

described in Chapter 5.

Optical and electrical characterization of thin films is next explored. The theory

behind optical characterization of bandgap energy and transition type is examined,

as a useful interpretation of experimental results requires a thorough understanding

of the complexities of this analysis. Simple conductivity measurement methods are

noted; the physical mechanism behind the thermoelectric probe method for determi-

nation of majority carrier type is explained. The Hall method is perhaps the most

commonly-used method for characterization of mobility and carrier concentration.

The physical basis underlying the Hall effect is first considered, followed by a look at

practical considerations and limitations in applying the van der Pauw Hall method.

Evaluation of work function using the Kelvin probe technique is described; experi-
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mental results are given for several p-type transparent conducting oxides (CuYO2:Ca,

CuScO2:Mg, and CuCrO2).

The final topic considered in this chapter is device characterization. Basic

optical characterization of a transparent electronic device consists of a simple mea-

surement to determine the degree of transparency. Electrical characterization in

general merits brief mention only, as it is carried out in essentially the same man-

ner as would be appropriate for the analogous conventional electronic device. The

extraction of thin film transistor (TFT) mobility and threshold voltage from drain

current measurements is considered in some detail, in anticipation of results given in

Chapter 5. Finally, a novel technique, the capacitance-(voltage, frequency) [C-(V,f)]

method, is proposed for simultaneously characterizing carrier injection into an insulat-

ing semiconductor and mobile carrier accumulation (interface channel formation) at

an insulating semiconductor / wide bandgap insulator interface. The C-(V,f) method

employs AC capacitance measurements over a range of DC bias voltages and AC mea-

surement signal frequencies; the test structure requires a relatively simple fabrication

process and circumvents potential material and process compatibility issues.



4. ELECTRICAL CHARACTERIZATION OF CuYO2 / ZnO / ITO
p-i-n HETEROJUNCTION DIODES

This chapter presents the results of an electrical characterization study of trans-

parent CuYO2 / ZnO / ITO p-i-n heterojunction diodes. [88] As discussed in Section

2.4.1, electrical characterization of previously reported transparent diodes has been

inadequate at best; rectification is typically interpreted within the framework of the

ideal pn junction model, despite the lack of evidence that such an analysis is appro-

priate. The devices characterized in this chapter exhibit electrical characteristics that

are quite similar to those of many previously reported transparent diodes, however

the conclusions reached here are distinctly different.

The transparent p-i-n heteroj unction diodes are fabricated using heavily doped,

p-type CuYO2:Ca and semi-insulating ZnO thin films deposited onto a glass substrate

coated with degenerately doped, n-type indium-tin oxide (ITO). The diode structure

has a total thickness of 0.75 m and an optical transmission of -20% to 70% in

the visible region of the electromagnetic spectrum. Rectification is observed, with a

forward-to-reverse current ratio as high as 60 in the range -4 to 4 V. DC current-

voltage and AC capacitance measurements bear little resemblance to those expected

from ideal pn junction theory. The forward bias current-voltage characteristics are

dominated by the flow of space-charge-limited current (SCLC) in the i-ZnO layer,

with electron injection from the n-ITO / i-ZnO interface; forward bias hole injection

is suppressed by the large hole injection energy barrier at the p-CuYO2:Ca / i-ZnO

interface. Capacitance measurements are dominated by the effects of bulk electron

traps in the i-ZnO layer. SCLC theory is used to estimate the ZnO bulk trap depth

and concentration from the current-voltage characteristics; analysis of capacitance

measurements yields a similar estimate for bulk trap depth.
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4.1 Device fabrication and materials characterization

Figure 4.1 shows the structure used to fabricate the diodes. [88] The 1 inch

square glass substrate, coated with a 200 nm sputtered ITO film, is supplied by Pla-

nar Systems, Beaverton, OR. The ITO is highly transparent and has a conductivity

of 'iO3 to iO4 1-' cm1. ZnO is deposited onto the ITO-coated glass by RF mag-

netron sputtering at a substrate temperature of 150°C, in 10 mTorr of Ar, with a

target-to-substrate distance of 2.5 cm and an RF power of 100 W; the film thickness

is -.250 nm. Two doping procedures are employed to vary the carrier concentration

in the as-deposited ZriO films; intentionally doped ZnO:Al is sputtered from a ZnO

target doped with 2% Al, and intrinsically doped oxygen-deficient ZnOi_ from a

pure ZnO target. P-type CuYO2:Ca dots are deposited through a shadow mask at a

substrate temperature of 100°C by reactive co-evaporation; Cu, Y, and Ca are ther-

mally evaporated from refractory boats in oxygen at 150 Torr. The thickness of

the CuYO2:Ca layer is -.300 rim. The completed structure is subjected to a rapid

thermal anneal (RTA) for three minutes at 600°C in oxygen. This RTA process is nec-

essary to improve the conductivity of the p-type CuYO2 :Ca via oxygen intercalation,

but simultaneously renders the ZnO layer semi-insulating to insulating (o 0.1 ft

cm'); the post-RTA conductivity of the ZnO cannot be directly determined, as the

relevant ZnO regions are those covered by the CuYO2 dots and the conductive ITO

underlayer shunts current flow in the film plane. As discussed in Section 2.2.1, the

conductivity of ZnO is enhanced by an oxygen-deficient stoichiometry; thus annealing

in an oxidizing ambient acts to reduce the conductivity of the ZnO films. Finally,

a small amount of In is applied to make reliable electrical contact to the ITO and

CuYO2 layers

Hail mobility and conductivity measurements are performed using the van der

Pauw Hall method (Section 3.2.2). For ZnO:Al, the Hall mobility p = 11.9 cm2/V

s and conductivity a = 1800 1' cm1 give a carrier concentration n = 9.6 x 1020

cm3. For an undoped, nonstoichiometric ZnO film, the Hall mobility p = 6.2 cm2/V
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Figure 4.1: Device structure of a CuYO2:Ca / ZnO / ITO p-i-n heterojunction diode.

s and conductivity o = 50 1-' cm1 give a carrier concentration n = 5 x 1019 cm3.

These measurements are for ZnO ifims sputtered on glass, with no post-deposition

annealing; both types of ZnO are strongly affected by the high-temperature oxygen

anneal required for the CuYO2:Ca layer.

The CuYO2:Ca films show p-type conductivity by thermoelectric probe mea-

surements, with a Seebeck coefficient of 280 iV/K. Hall measurements cannot deter-

mine the mobility of holes in the CuYO2 filns, thus placing an approximate upper

limit on mobility of -'1 cm2/V s. Using this mobility value and a conductivity of

cm yields a minimum carrier concentration of p 1019 cm3 for p-type

CuYO2:Ca. CuYO2:Ca thin films typically exhibit 4O% to 50% transparency in the

visible region of the electromagnetic spectrum.



4.2 Electrical characterization

4.2.1 Energy band considerations

An approximate equilibrium energy band diagram for the transparent CuYO2:Ca

/ ZnO / ITO p-i-n heterojunction diode is shown in Fig. 4.2. ITO has a bandgap of

3.6 eV [55] and is degenerately doped n-type, so that its Fermi level, EF, is posi-

tioned slightly above the conduction band minimum, E. The ZnO bandgap is 3.3

eV. [58] The electron affinities (x) of ZnO and ITO are '-4.5 to 5 eV (Section 2.2.1)

and -'4.7 to 4.8 eV [55], respectively. The ITO / ZnO interface portion of the energy

band diagram is established as discussed in Sections 2.3.3 and 2.3.4.

As mentioned previously, the ZnO layer becomes semi-insulating (a 0.1 Q'

cm') after the 600°C RTA treatment in oxygen, corresponding to an electron con-

centration, n 1017 cm3, which is at least two orders of magnitude smaller than

the carrier concentration of the CuYO2:Ca or the ITO layers.

p-CuYO2
E_______ i-ZnO

_t i:::::Th
3.6 eV

Figure 4.2: Equilibrium energy band diagram for a CuYO2:Ca / ZnO / ITO p-i-n
heteroj unction diode.



Sketching the CuYO2 portion of the energy band diagram shown in Fig. 4.2 is

more difficult since there is some uncertainty regarding the band structure of CuYO2.

Figure 4.3 shows (ahii)'12 and (czhu)2 plots of the absorption edge of an undoped

CuYO2 thin film for estimation of the indirect and direct allowed optical bandgaps,

respectively (as described in Section 3.2.1). This results in estimates of '-'1.2 eV (in-

direct) and '-'3.6 eV (direct), in agreement with those reported by Benko and Koffy-

berg for CuYO2:Ca from photoelectrochemical measurements. [110] These results are

also consistent with optoelectronic assessment and electronic structure calculations of

Yanagi et at. who find for CuAlO2, a similar delafossite material, an indirect bandgap

at '1.8 eV and a direct bandgap at '-3.5 eV. [24]
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Figure 4.3: (ahv)'/2 and (ahv)2 plots of the absorption edge of an undoped CuYO2
thin film for estimation of the indirect and direct allowed optical ba.ndgaps, respec-
tively. This results in an indirect bandgap of 1.2 and a direct bandgap of 3.6
eV.
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However, these results are inconsistent with an electronic structure calculation

made by Mattheis, which indicates that the CuYO2 minimum bandgap is direct at

-2.7 eV and that oxygen intercalation results in the formation of mid-gap impu-

rity bands, thus decreasing the effective bandgap (note that the absolute value of

the bandgap energy given by these calculations does not possess a high degree of

reliability). [112] Additionally, from soft x-ray photoabsorption spectroscopy mea-

surements, Cava et al. observe the emergence of new unoccupied bandgap states ac-

companying oxygen intercalation (CuYO2 -+ CuYO2.ss). [113] These measurements

are interpreted to indicate that Cu atoms in CuYO2 are in the Cut' oxidation state,

characterized by a 2p6 3d'° -+ 2p53d'°4s' photoabsorption transition, but that ox-

idized Cu atoms in CuYO255 are in the Cu2 oxidation state, characterized by a

2p63d9 - 2p53d'° photoabsorption transition. Thus, the results of Mattheis and

Cava et al. suggest that the 1.2 eV indirect bandgap estimated from optical ab-

sorption measurements could be an extrinsic effect due to midgap states arising from

oxygen intercalation which is, in fact, employed to improve the conductivity of the

CuYO2 layer in the devices under consideration.

Nie et al. performed band structure calculations for CuA1O2, CuGaO2, and

CuInO2 [114]; these materials share the delafossite structure of CuYO2. In all three

cases, the minimum bandgap is found to be indirect, with energies of 1.97, 0.95,

and 0.41 eV for CuA1O2, CuGaO2, and CuInO2 respectively. However, when these

band structures are combined with the calculated dipolar optical transition matrix

element (indicating the probability of an optical transition), the predicted values

for the apparent experimental optical bandgaps are 2.75, 2.70, and 3.12 eV, respec-

tively. The experimentally-obtained optical bandgaps for these materials are 3.5,

3.6, and 3.9 eV, respectively (Table 2.2). These results indicate that in materials

with the delafossite structure there may exist a large disparity between the minimum

bandgap (establishing electrical behavior) and the apparent optical bandgap (estab-

lishing optical transparency). Such a scenario might explain the tendency of the



delafossites to exhibit a marked decrease in transparency with increasing doping; al-

though lower-energy band-to-band transitions are quantum-mechanically forbidden,

degenerate doping necessary to attain reasonable p-type conductivity introduces a

large number of states near the valence band edge, and possibly self-compensating

defects (Section 2.3.1) near the conduction band edge.

Such intentionally and unintentionally introduced defect states would provide

efficient optical coupling to the conduction band and valence band, thus dramatically

increasing optical absorption near the energy of the minimum bandgap from that

seen in an equivalent undoped film. States with strong real-space localization (such

as deep defect states) are characterized by quantum mechanical wave functions with

a large degree of k-space dispersion. Momentum conservation is easily satisfied in op-

tical absorption transitions between deep defect states and the valence or conduction

bands, thus greatly amplifying the effective optical absorption coefficient at energies

near that of the minimum bandgap.

Returning to Fig. 4.3, an appraisal of the literature seems to indicate that the

strong absorption edge at "3.6 eV corresponds to an allowed direct bandgap. The ori-

gin of the weak absorption edge at '1.2 eV is less certain; it is most likely attributable

to either an intrinsic, indirect and/or forbidden bandgap or to midgap states result-

ing from intentionally-introduced impurities and perhaps self-compensating defects.

Regardless of the absorption mechanism, the bulk of the evidence seems to indicate

that the bandgap or effective bandgap that establishes the CuYO2 electronic behav-

ior is approximately 1.2 eV, and certainly much smaller than that of the adjacent

ZnO layer. Moreover, the Fermi level must be positioned near the valence band max-

imum since the hole concentration is quite large. Kelvin probe measurements of the

CuYO2:Ca films used in these diodes indicate that the valence band, Ev, is located

'-5.3 to 5.8 eV below the vacuum level, Evac (Section 3.2.3). Benko and Koffyberg

obtain a similar value (5.3 ± 0.2 eV) using a photoelectrochemical measurement tech-

nique [110]. Based on these measurements, the electron affinity (x = E) of the



CuYO2:Ca layer is estimated to be 4.1 to 4.6 eV. This is the energy band situation

indicated in Fig. 4.2.

Two aspects of Fig. 4.2 merit further comment. First, note that the conduction

band interfacial discontinuities should ideally be quite small, as indicated in Fig. 4.2,

due to the similar electron affinity values of the ITO, ZnO, and CuYO2 layers. Al-

though the CuYO2 / ZriO conduction band discontinuity could possibly be as large as

-O.9 eV (assuming an ideal interface and worst-case electron affinity mismatch), the

valence band discontinuity at this junction is certainly larger, with a corresponding

worst-case minimum of 1.2 eV; the true valence band/conduction band disconti-

nuity mismatch is probably much larger (i.e. zEv >> iE) than indicated by this

worst-case estimate, since the uncertainty in the electron affinities of ZnO and CuYO2

is quite large. Although interface nonidealities (interfacial dipole and/or charge) are

quite possibly present, it is unlikely that their effect would be sufficient to annihilate

such a large disparity between the conduction band and valence band discontinuities

at the CuYO2 / ZnO interface. Furthermore, forward bias current-voltage character-

istics do not indicate a significant energy barrier to electron flow from the ZnO layer

into the CuYO2 layer (Section 4.2.2). Thus it appears, based on energy band con-

siderations and experimental evidence, that the CuYO2 / ZnO interface conduction

band discontinuity is quite small (and the valence band discontinuity quite large) as

depicted in Fig. 4.2. It should also be noted that abrupt interfacial band discontinu-

ities are likely to be smoothed out to some extent by interdiffusion and compositional

grading due to high temperature steps employed in the fabrication process. Secondly,

as a consequence of the relatively large valence band discontinuity expected at the

CuYO2 / ZnO interface, forward bias (positive bias to CuYO2) current is likely to

be unipolar, due solely to electron injection at the ITO / ZnO interface; forward bias

hole injection is inhibited by the large valence band discontinuity energy barrier at

the CuYO2 / ZnO interface. Thus, although this diode structure is denoted as a p-i-n

heteroj unction, its electrical behavior differs from that of a conventional p-i-n homo-



junction diode, in which bipolar carrier injection and recombination in the i-layer is

the dominant current mechanism. [57]

4.2.2 DC current-voltage characteristics

Figure 4.4 presents typical current-voltage (I-V) curves for two types of CuYO2:Ca

/ ZnO / ITO p-i-n heterojunction diodes in which the ZnO layer is either undoped or

doped with Al. Figures 4.5 and 4.6 display corresponding forward bias log(T)-log(V)

and ln(I)-V curves for the ZnO:Al device. Several features of these I-V characteristics

are noteworthy.
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Figure 4.4: I-V characteristics for two types of CuYO2:Ca / ZnO / ITO p-i-n hetero-
junction diodes in which the ZnO layer is either undoped or doped with Al.

First, these diodes clearly exhibit rectification. A maximum forward-to-reverse

current ratio of 6O occurs at ±4 V for the ZnO:Al structure, and at ±5 V for the

structure containing undoped ZnO. In reverse bias, the initially small leakage current
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is followed by a rather soft breakdown. Both diode structures are able to sustain a

maximum current of '10 mA (150 mA/cm2) or more under both forward and reverse

bias.
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Figure 4.5: Forward bias log(I)-log(V) characteristics of a CuYO2:Ca / ZnO / ITO
p-i-n heterojunction diode in which the ZnO layer is Al doped. Three power law fits
to different portions of the log(I)-log(V) curve are shown.

Second, Figs. 4.4 and 4.5 provide evidence that the series resistance of these

devices is small and does not make a significant contribution to the measured I-V

characteristics. An upper bound for the series resistance may be estimated from

Fig. 4.4 as the inverse of the slope of the I-V curve at the largest forward bias;

the maximum series resistance estimated in this manner is -25 11 for these diodes.

Additional evidence that the series resistance actually must be smaller than this

estimate is available from Fig. 4.5, when it is recognized that a log(I)-log(V) curve
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should give rise to an I cx V' dependence at large forward bias if the diode is series-

resistance limited; Fig. 4.5 clearly shows that this is not the case.
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Figure 4.6: Forward bias ln(I)-V characteristics of a CuYO2:Ca / ZnO / ITO p-i-
ii heterojunction diode in which the ZnO layer is Al doped. Exponential fit lines
correspond to ideality factors n = 1, 2, and 47.

Third, Fig. 4.6 shows that the diode does not conform to the ideal pn junction

forward-bias I-V relationship [57],

(4.1)

where q is the electron charge, k is the Boltzm.ann constant, T is the temperature,

and n is an ideality factor usually taking a value between one and two. An illustration

of the futility of trying to fit a typical measured ln(I)-V curve with n equal to one

or two is shown in Fig. 4.6. Observe that a significant portion of the In(I)-V curve

can be well fit for n equal to 47; such a result provides clear evidence against the
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viability of employing an ideal pn junction exponential relationship to account for

the measured diode I-V characteristics.

The power-law fits shown in Fig. 4.5 provide insight into the operative mecha-

nisms responsible for the I-V trends of the CuYO2:Ca / ZnO / ITO p-i-n heterojunc-

tion diodes. For forward bias voltages greater than 'l V, the current is proportional

to V2; this is the characteristic relationship expected for space-charge-limited cur-

rent (SCLC), as discussed in Section 2.3.2. The I cx V' characteristic observed for

small voltages might be attributed to pre-SCLC ohmic conduction in the i-ZnO layer.

However, it is also possible that this apparent relationship is merely coincidental

(i.e attributable to contact effects), as it holds over only the first 100 mV of the

forward-bias current-voltage curve. The I o V25 may also be attributed to contact

effects; however, if the I cx V' relationship is indeed pre-SCLC bulk conduction, the

I x V25 region is seen as the onset of SCLC conduction, in which the electron quasi-

Fermi level in the i-ZnO layer moves through a deep trap level to yield a power-law

dependence greater than two. [72] Finally, at the largest applied forward biases, the

log(I)-log(V) curve deviates from a square-law dependence, bending upward with a

much greater slope; this regime is probably due to the onset of a SCLC trap-filled

limit [72], where the electron quasi-Fermi level moves through a trap level, or perhaps

(but less likely) to the onset of double injection or breakdown.

Thus, it appears that the forward bias current-voltage characteristics are dom-

inated by the flow of SCLC in the i-ZnO region. The ratio of injected free electrons

to total (free and trapped) injected electrons, 0 (Section 2.3.2), can be calculated as

a function of voltage,
1(V)

0(V) 9 V2'(4.2)
where the denominator is the ideal trap-free SCLC relationship (Eq. 2.6). Figure 4.7

plots 0 as a function of forward bias voltage for the CuYO2:Ca / ZnO / ITO diode,

with f = 9.0 0 [57] and j = 11.9 cm2/V s (Section 4.1).
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Figure 4.7: Forward bias calculated SCLC 9(V) for a CuYO2:Ca / ZnO:Al / ITO
p-i-n heterojunction diode.

The abrupt increase in 9 beginning at 3 to 4 V coincides with the quasi-Fermi

level beginning to move through the trap level responsible for the shallow-trap SCLC

current-voltage characteristics. The total injected charge per unit area (according to

the ideal, simplified SCLC model) is given by [72]

2eV
(4.3)

where t and e are the thickness and dielectric constant of the ZnO layer, respectively

(C ZnO = 9.0 j [57]). The average injected free electron concentration, n, is then given

by

Q= 9free+trapped = 9, (4.4)

where q is the electron charge. This expression can be used to approximate the free

electron concentration when the quasi-Fermi level is in the vicinity of the trap level

(3.5 V in Fig. 4.7); the resulting value of n (-A.7 x 1011 cm3) can be used to



estimate the location of the trap level using the standard expression [57]

E EF=kTIn() (4.5)
\fl

where N is the conduction band effective density of states. N can be calculated

from the density-of-states effective mass for electrons (m) as [57]

T312
N 2

(2irrnök

)
M, (4.6)

where k is the Boltzmann constant, T is the temperature, h is the Planck constant,

and M is the number of equivalent conduction band minima. Using values of O.27rn0

and 1 for the ZnO electron effective mass [57] and M, respectively, yields N equal

to 3.5 x 1018 cm3. The trap depth can now be estimated using Eq. 4.5 to be 0.44

eV. An estimate of the trap concentration can be obtained by realizing that the quasi-

Fermi level moves through the trap level when the total injected space charge (Eq. 4.3)

is on the order of the trap density; this approximation yields a trap concentration of

'-2.1 to 2.7 x 1016 cm3.

If the transition from I oc V1 to I cx V25 at '-'0.1 V does indeed correspond to

a transition from ohmic to SCLC conduction, Eq. 2.10 can be used to estimate the

equilibrium carrier concentration of the ZnO layer. Using 0 = 8 x 10-6 (Fig. 4.7)

and V = 0.1 V in this expression yields an equilibrium free electron concentration

of --6.4 x i09 cm3. An upper bound can be placed on the equilibrium free electron

concentration by assuming that the I cx V1 and I cx V5 regions arise due to contact

effects and using V = 1 V in Eq. 2.10, yielding a value of '.6.4 x 10l cm3.

4.2.3 Capacitance characteristics

Figure 4.8 presents capacitance-voltage (C-V) characteristics at selected mea-

surement frequencies between 100 Hz and 10 MHz. Figure 4.9 shows the measured

capacitance-frequency (C-f) characteristics at reverse biases from 0 to -4 V. Capaci-

tance measurements shown here are for an Al-doped ZnO device, but are typical of

capacitance measurements for both undoped and Al-doped ZnO devices.
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Figure 4.8: Reverse bias C-V characteristics of a CuYO2:Ca / ZnO:Al / ITO p-i-n
heterojunction diode obtained at frequencies of 100 Hz, 1 kHz, 10 kHz, 100 kllz, 1
MHz, and 10 MHz.

The capacitance of a typical trap-free diode is expected to decrease with in-

creasing reverse bias, due to an increase in the depletion region width, and to be

independent of the measurement signal frequency. Thus, the voltage dependence of

the 100 Hz, 1 kHz, and 10 kHz curves shown in Fig. 4.8 is at least qualitatively con-

sistent with the expected trend. In contrast, the voltage independence of the 100

kHz, 1 MHz, and 10 MHz curves and the frequency dispersion seen in all of the C-V

curves are not expected. These anomalous trends are attributed to the presence of

bulk traps and to measurement artifacts, as discussed in the following.

For a trap to contribute to the measured capacitance, both capture and emission

of a carrier must occur quickly enough so that the trap is able to dynamically maintain

a steady-state occupancy with respect to the measurement signal frequency. [105]

Above a certain frequency for each trap, the trap can no longer follow the applied AC

measurement signal so that it no longer contributes to the measured capacitance.
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Figure 4.9: Reverse bias C-f characteristics of a CuYO2:Ca / ZnO:A1 / ITO p-i-n
heterojunction diode for reverse biases of 0, -1, -2, -3, and -4 V.

In practice, trap emission (as compared to capture) usually establishes the

steady-state trap occupancy. Assuming this to be the case, the maximum depth

(distance below the conduction band minimum) beyond which an electron trap can

no longer maintain steady state with an arbitrary measurement frequency may be

estimated as [105]

IOVthNc1E,max kT hi
[ j, (4.7)

where k is the Boltzmann constant, T is the temperature, ci, is the trap capture cross

section for electrons, Vth it the electron thermal velocity, N is the conduction band

effective density of states, and f is the measurement signal frequency.

A decrease in capacitance corresponds to an increase in the effective distance

across which AC charge modulation occurs; the measurement signal frequency deter-

mines the critical energy depth of the traps that are able to contribute to the capac-

itance by capturing and releasing carriers in response to the measurement signal. A
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decrease in the measured capacitance can arise from either a DC bias voltage-induced

increase in the steady-state depletion region width, or as a consequence of an increase

in the AC measurement signal frequency, due to the inability of traps to follow the

measurement signal.

With these ideas in mind, consider Fig. 4.9, which displays the capacitance

frequency dependence with reverse bias voltage as a parameter. First, note that the

frequency dependence is at least as strong as the voltage dependence. Thus, traps

play an important role in establishing the capacitance trends shown in Fig. 4.9, as well

as in Fig. 4.8. Next, note that the bias dependence is negligible above --'2OO kllz; this

disappearance of bias dependence indicates that charge modulation is taking place

across a fixed spatial distance and that bulk traps are no longer able to respond.

This situation clearly indicates that charge modulation takes place across the entire

ZnO layer, however the magnitude of the capacitance at this point is somewhat

troubling; it is significantly smaller than the expected capacitance of the entire ZnO

layer (-.32 nF/cm2). The capacitance of the ZnO layer should be the smallest possible

capacitance of this structure. Although the measured capacitance is expected to

decrease due to parasitic RC effects, this should not occur until '3 MHz; this is,

in fact, seen in Fig. 4.9 (in this assessment it is important to recognize that in the

device the parasitic R (ITO substrate resistance, ''15 Il) and C (diode capacitance)

are in series, whereas the capacitance measurement is performed with the impedance

analyzer set to assume a parallel RC model; this results in a roll off in measured

capacitance much earlier than expected from the RC time constant).

Realizing that this reduction in measured capacitance cannot be attributed to

parasitic RC effects and that the effective thickness of the diode capacitor cannot be

larger than that of the physical ZnO layer, the only remaining possibility is that the

effective area of the diode capacitor becomes smaller than the physical area defined by

the CuYO2 region (Fig. 4.1) at high frequencies. Such an area is, in fact, defined by

the In contact to the CuYO2. Attaining the full capacitance defined by the CuYO2
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region requires that current injected at the In / CuYO2 contact be able to move

laterally throughout the CuYO2 region in response to the measurement signal in

order to charge and discharge the ZnO layer capacitance. The sheet resistance, R8h,

of the CuYO2 is 33 kcl; the capacitance of the ZnO layer with an area defined by

the CuYO2 region is 2.2 nF. A reasonable approximation for the resulting time

constant, using R Rsh/4, yields a corner frequency for the resulting RC roll off

of '-'50 kHz. Fig. 4.9 does indeed indicate a significant increase in attenuation of

measured capacitance in this region (i.e. at '-'30 kHz). Thus, the high-frequency

capacitance trend seen in Fig. 4.9 can be understood as follows. For frequencies

below '--'10 kHz the measured capacitance is established by the area of the CuYO2

region, and approaches the expected high-frequency asymptote of '--'30 nF/cm2. From

-30 kHz to --'1 MHz, the effective area (and thus the effective capacitance) decreases

to that defined by the In contact ('-'20% to 25% of the CuYO2 region area) due to

the parasitic resistance of the lateral current path from the In contact throughout

the CuYO2 region (i.e. two-dimensional current flow). Finally, beginning at '-'3 MHz,

the measured capacitance again decreases due to the parasitic resistance of the ITO

substrate.

Returning to the disappearance of bias dependence above -'200 kllz (Fig. 4.9),

and recalling that this indicates that bulk traps are no longer able to respond to the

measurement signal, Eq. 4.7 can be used to estimate the minimum trap depth in the

ZnO bulk to be '-0.25 to 0.37 eV (assuming a neutral capture cross section of 10-16

to 10-14 cm2).

The decrease in measured capacitance with decreasing frequency seen in Fig. 4.9

for low frequencies is also a measurement artifact. The diodes exhibit a relatively

large reverse leakage current, which acts as a conductance in parallel with the diode

capacitance. For high frequencies, the impedance of the diode capacitance (Z =

(wC)') is much smaller (due to its inverse frequency dependence) than that of the

parallel small-signal conductance (Zd = dV/dI), so that the impedance analyzer



can easily and unambiguously measure the capacitance. As the frequency decreases,

however, Z, increases until it becomes comparable to Zd and eventually much

larger, sinceZd is not frequency dependent. Above some critical ratio, ZpI/Zd,

the impedance analyzer begins to lose its ability to extract the capacitance from the

net measured impedance (the imaginary component of the net impedance becomes

unmeasurable). In fact, the ratio Z,,I/Zd evaluated at the low frequency Ca-

pacitance peaks in Fig. 4.9 is essentially a constant at '5 for all values of reverse

bias. This effect is also responsible for the unexpected behavior of the 100 Hz curve

in Fig. 4.8, decreasing rapidly and eventually dropping below the higher frequency

curves as reverse bias is increased; the capacitance given by the impedance analyzer

is much smaller than the true diode capacitance, and this effect becomes stronger

with increasing reverse bias as the diode small-signal conductance increases.

Although Fig. 4.9 does not reveal a low frequency maximum capacitance below

which all traps are able to respond to the measurement signal (due to the low fre-

quency roll off discussed above), it is clear that additional traps continue to respond

with decreasing frequency for frequencies as low as 100 Hz. Thus Eq. 4.7 indicates

that the ZnO bulk contains traps as deep as --0.45 to 0.57 eV (assuming a neutral

capture cross section of 10-16 to io cm2). Note that the range between the maxi-

mum and minimum trap depths obtained from the low frequency and high frequency

capacitance characteristics contains the trap depth estimated in Section 4.2.2, -'0.44

eV, as indicated in Table 4.1.

Although capacitance measurements do not reveal the maximum trap depth

(since traps continue to respond at the lowest frequencies for which the capacitance

measurement provides valid data), the value obtained using SCLC theory analysis

of the DC current-voltage characteristics (Section 4.2.2) provides an estimate of the

maximum ZnO trap depth. Thus, a combination of the DC current-voltage and AC

capacitance analyses indicates a range of electron traps starting at 0.44 eV and

extending '70 to 190 meV toward E.
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Table 4.1: Bulk ZnO electron trap depth estimates obtained from current-voltage and
capacitance measurements.

Trap depth

estimation method

DC current-voltage

(SCLC theory)

Capacitance

(low frequency)

Capacitance

(high frequency)

Trap depth (eV) 0.44 0.45 0.57 0.25 0.37

Finally, note that the high frequency roll off in measured capacitance starting at

'-p20 kllz (due to the parasitic resistance from the In contact horizontally through the

CuYO2 film) could be easily avoided by providing a more conductive transparent top

contact across the entire area of the CuYO2. Since the CuYO2 layer is degenerately

doped, it is trivial to make ohmic contact using ITO or any other degenerately doped

n-type transparent conductor.

4.3 Optical characterization

For optical transmission measurements, the diode structure is fabricated under

identical conditions on a glass/ITO substrate, but without use of the shadow mask

for deposition of the p-type CuYO2:Ca. Figure 4.10 shows the optical transmission

spectrum of a CuYO2:Ca / ZnO:Al / ITO p-i-n heterojunction diode with a total

thickness of 0.75 pm. The optical transmission is 20% to 70% in the visible region

of the electromagnetic spectrum. This compares to an optical transmission of 20%

reported by Sato et al. for their p-NiO / i-NiO / i-ZnO / n-ZnO p-i-n heterojunction

diode [34] and 70% to 80% reported by Kudo et al. for their p-SrCu2O2 / n-ZnO p-n

heterojunction diode. [84]
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Figure 4.10: Optical transmission spectrum of a CuYO2:Ca / ZnO:Al / ITO p-i-n
heterojunction diode.

4.4 Conclusions

This chapter describes the results of a detailed electrical characterization study

of transparent p-CuYO2:Ca / i-ZnO / n-ITO p-i-n heterojunction diodes. Rectifica-

tion is observed, with a forward-to-reverse current ratio as high as 60 in the range -4

to 4 V. As expected from energy band considerations, the forward bias current-voltage

characteristics are dominated by the flow of space-charge-limited current (SCLC) in

the i-ZnO layer with electron injection from the n-ITO / i-ZnO interface; forward

bias hole injection is suppressed by the large hole injection energy barrier at the p-

CuYO2:Ca / i-ZnO interface. SCLC theory analysis is used to estimate the density

and depth of bulk traps (-p2.1 to 2.7 x 1016 cm3 and '0.44 eV, respectively) that

control the current-voltage characteristics.

Capacitance measurements show strong frequency dispersion and somewhat

anomalous frequency dependence. The measured capacitance characteristics are at-
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tributed to bulk traps in the i-ZnO layer and to measurement artifacts (low frequency

roll off in measured capacitance due to the diode small-signal conductance, high fre-

quency roll off due to two-dimensional current flow from the In contact through

the CuYO2:Ca layer, and higher frequency roll off due to the ITO substrate resis-

tance). The trap depth range estimated from capacitance measurements (maximum

trap depth '-0.45 to 0.57 eV, minimum trap depth '0.25 to 0.37 eV) agree with the

maximum trap depth obtained from SCLC theory analysis of current-voltage charac-

teristics ('-'0.44 eV). The diode structure is semi-transparent, with a total thickness

of 0.75 pm and an optical transmission of 20% to 70% in the visible region.
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5. FABRICATION AND CHARACTERIZATION OF HIGHLY
TRANSPARENT ZnO-BASED THIN FILM TRANSISTORS

This chapter describes the fabrication and characterization of novel, highly

transparent ZnO-based thin film transistors (TFTs). The average transmission in

the visible region is 90% or higher, far better than has been attained for previously

reported semi-transparent transistors (Section 2.4.2). Figure 5.1 shows a substrate

with three vertically oriented transparent TFTs, through which the OSU logo is

clearly visible.

OREGON STATE
UNIVERSITY

Figure 5.1: Three transparent TFTs on a 1 inch glass substrate, with the OSU logo
clearly visible through the TFT structure (TFTs are oriented vertically). Soldered
In contacts at the bottom corners provide contact to the bottom ITO layer.

The transparent TFTs are fabricated using ion beam sputtered ZnO (channel)

and ITO (source/drain) layers on a 1 inch square glass substrate coated with a 200 nm
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indium-tin-oxide (ITO) layer and a 220 nm aluminum-titanium-oxide (ATO) layer,

which function as the gate electrode and gate insulator, respectively. The ZnO chan-

nel and ITO source/drain regions are patterned using Al shadow masks. The ITO

source/drain and ZnO channel layer thicknesses are typically '--p300 nm and '-400 rim,

respectively.

Current-voltage measurements indicate fairly typical n-channel, enhancement

mode behavior. Excellent drain current saturation is obtained, and the drain current

on-to-off ratio is The experimentally extracted threshold voltage and channel

mobility are "'10 to 20 V and to 2.5 cm2/V s, respectively. The C-(V,f) charac-

terization technique (described in Section 3.3.3) is employed to further elucidate TFT

electrical characteristics; this section aLso serves to verify the validity of the C-(V,f)

method.

Although the light sensitivity of these devices has not been studied in detail,

several general traits are observed. Exposure to a typical ambient light intensity and

spectrum has little to no observable effect on drain current characteristics. Direct

exposure to ultraviolet (IJV) radiation has a much stronger effect, due to the creation

of electron-hole pairs by UV photons with energy greater than the ZnO bandgap.

Light sensitivity is reduced by decreasing the ZnO channel layer thickness.

5.1 Fabrication and materials characterization

Figure 5.2 shows the typical device structure (hereafter referred to as structure

1). The 1-inch glass substrate, coated with a 200 rim sputtered ITO film and a 220 nm

atomic layer deposition (ALD) ATO ifim, is supplied by Planar Systems, Beaverton,

OR. The ITO is highly transparent and has a conductivity of to iO cm1.

ATO is an engineered insulator developed by Planar Systems for use in alternating

current thin film electroluminescent (ACTFEL) displays; a superlattice composed of

alternating layers of Al2 03 and Ti02 is capped on either end by an Al2 03 layer. The

ITO layer serves as the TFT gate, and the ATO layer as the gate insulator. The



104

measured capacitance of the ATO layer is '-.'45 nF/crn2, yielding a dielectric constant

11 This analysis assumes the ATO thickness to be 220 run, as specified by

Planar Systems. However, Planar Systems also specifies an ATO dielectric constant

of "-p18 o; clearly one or both of these specified values are in error.

Source Drain

(ITO, 300 nm) (ITO, 300 nm)

Channel (i-ZnO, 100 nm)

Gate insulator (ATO, 220 nm)

Gate (ITO, 200 nm)

Substrate (glass)

Figure 5.2: The typically employed TFT device structure (structure 1).

The ZnO channel and ITO source/drain electrode films are deposited via ion

beam sputtering (Section 3.1.2) in i0 Torr of Ar/02 (80%/20%); the substrate is

unheated during deposition. Shadow masks are used to pattern the ZnO channel

and ITO source/drain electrodes. A 300°C RTA in Ar immediately prior to both the

ZnO and ITO depositions serves to remove adsorbed contaminants from the exposed

surface, yielding a noticeable improvement in film quality (particularly for ITO films).

After deposition of the ZnO layer, a rapid thermal anneal (RTA) (typically 600 to

800°C in 02) is employed to increase the ZnO channel resistivity, to improve the
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electrical quality of the ATO / ZnO interface, and to enhance the crystaffinity of the

ZnO layer. Following deposition of the ITO source/drain electrodes, a 300°C RTA in

02 is employed to improve the transparency of the ITO layer.

The choice of ambient accompanying the ZnO RTA has a smaller effect on

TFT characteristics than might be expected. Although a thorough investigation

of the effect of annealing ambient on device characteristics has not been carried out,

characterization of several devices fabricated using Ar rather than 02 during the ZnO

RTA yields results quite similar to those obtained for analogous devices employing

the typical 02 RTA. As discussed in Section 2.2.1, ZnO conductivity is enhanced

by an oxygen-deficient stoichiometry, so that an 02 RTA is expected to serve as an

important process step in attaining an insulating ZnO channel region. The ZnO

RTA temperature, on the other hand, is perhaps the most important process step

in establishing TFT characteristics. As discussed in Section 5.2.2, drain current

saturation requires that the ZnO RTA be carried out at 700°C or higher (in either

Ar or 02). Although the mechanism responsible for this improvement in device

characteristics has not yet been directly established, the most likely explanation is

that a temperature of 700°C or higher is necessary to substantially crystallize the

as-deposited ZnO layer, with a concomitant improvement in electrical transport and

field-effect control of space charge in the ZnO channel.

The source/drain contacts to the ZnO channel can alternatively be made by

selectively doping the source/drain regions of the ZnO channel. This was verified by

depositing a thin ('5 nm) ITO layer using the source/drain shadow mask prior to

depositing the ZnO channel layer; a high temperature (--'600 to 700°C) RTA following

the ZnO deposition is used to diffusion-dope the ZnO, forming n-ZnO source/drain re-

gions. In a third variation of the TFT structure, the ITO source/drain electrodes are

deposited prior to the ZnO channel layer; the ZnO channel layer is deposited confor-

mally over the ITO source/drain electrodes and the channel region. Similar electrical

characteristics are exhibited by each of these structures. Structure 1 (Fig. 5.2) is
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preferable as it allows high temperature processing of the ZnO channel layer prior to

deposition and low temperature processing of the ITO source/drain contacts.

Two shadow mask sets with different width-to-length ratios are used for TFT

fabrication. The first (mask set 1) yields a channel width and length of 6200 pm and

3100 pm, respectively, for a width-to-length ratio of 2:1; the source/drain contact

dimensions are 6200 pm x 6200 pm. The second (mask set 2) yields a channel width

and length of 15000 pm and 1500 pm, respectively, for a width-to-length ratio of 10:1;

the source/drain contact dimensions are 15000 pm x 1500 pm.

5.2 Electrical characterization

5.2.1 Energy band considerations

Figure 5.3 presents an equilibrium (zero bias) energy band diagram through

the source (drain) electrode of a TFT fabricated according to structure 1 (Fig. 5.2).

Note that, as discussed in Section 4.2.1, the ITO source electrode provides excellent

electron injection into the i-ZnO channel layer.

The ATO layer is depicted as A1203 only (alternating Ti02 layers are not mdi-

cated); since the ATO is capped on either end by an Al203 layer, it is the ZnO/A1203

interface that is important from the point of view of TFT operation, while the Ti02

layers modify the dielectric constant and breakdown voltage of the ATO layer as a

whole. The bandgaps of ITO, ZnO, and Al203 are 3.6 eV [55], 3.3 eV [58], and 9.5 eV

[115], respectively. The band aligmnents at the ZnO / A1203 and A1203 / ITO inter-

faces are drawn somewhat arbitrarily; as long as the energy barrier is large enough to

block electron injection into the Al203 gate insulator, the precise magnitude of the

barrier is not important.

The equilibrium (zero bias) energy band diagram through the channel of a TFT

fabricated according to structure 1 (Fig. 5.2) is shown in Fig. 5.4. Again, the band
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Figure 5.3: Equilibrium energy band diagram vertically through the source (drain)
electrode of a TFT fabricated according to structure 1 (Fig. 5.2).

alignments at the ZnO / A1203 and A1203 / ITO interfaces as well as the band

bending at the exposed ZnO surface are somewhat arbitrary.

5.2.2 DC current-voltage characteristics

Figure 5.5 shows the ID-VDS curves for a TFT fabricated according to structure

1 (Fig. 5.2), using mask set 2 (with a width-to-length ratio of 10:1), and employing

700°C (02) and 300°C (02) RTA cycles after the ZnO channel (100 urn) and ITO

source/drain (300 nm) layer depositions, respectively. The corresponding log(ID)-

VGS and log(II)-Vcs characteristics are portrayed in Fig. 5.6.

Before proceeding with a discussion of Figs. 5.5 and 5.6, a brief comment is in

order regarding measurement methodology. Transistor I-V characteristics are typi-

cally obtained using a curve tracer, whereas results reported herein employ a true DC

measurement setup (a picoammeter with dual integrated DC voltage sources) and a
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Figure 5.4: Equilibrium energy band diagram vertically through the channel region
of a TFT fabricated according to structure 1 (Fig. 5.2).

relatively long settling time (e.g. '-.40 seconds or longer) for each data point. The

capacitance of these TFTs is much larger than that of a typical FET (as a conse-

quence of the large device dimensions employed), so that a typical 60 Hz curve tracer

drain voltage sweep is far too rapid to yield DC ID-VDS characteristics. In the TFT

structure portrayed in Fig. 5.2, the gate completely overlaps the drain and source (in

addition to the channel), so that the total gate capacitance for the TFT with I-V

characteristics portrayed in Figs. 5.5 and 5.6 is '-'30 nF. The maximum frequency at

which the drain voltage can be switched (with no load capacitance, e.g. as in a curve

tracer measurement) can be roughly estimated as

ravg
1D (Vcs)

Jmar '- PAT1
1iL.1 VDS

(5.1)

where VGS is the gate voltage, j9 (VGS) is the average drain current (across the

drain voltage sweep range) at a given gate voltage, C is the gate capacitance, and

IVDS is the change in drain voltage. Equation 5.1 is obtained by calculating the time
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required to charge the gate capacitance to the maximum drain voltage (assuming a

constant current equal to Iv), and realizing that the time required to charge and then

discharge the gate capacitance (i.e. one measurement cycle) is twice this value; the

maximum frequency is equal to the inverse of the time required for one measurement

cycle.

Table 5.1: Approximate maximum drain voltage switching frequency (with no load
capacitance, e.g. as in a curve tracer measurement), estimated using Eq. 5.1, for the
TFT with I-V characteristics portrayed in Figs. 5.5 and 5.6 (IVDS and C are 40 V
and 30 nF, respectively).

hGS (V) Jg (pA) (Hz)

10 1.4 0.6

20 8.6 3.6

30 25 10.5

40 52 21.8

Table 5.1 estimates the maximum frequency at which the drain voltage can

be swept to obtain DC current-voltage characteristics such as those illustrated in

Figs. 5.5 and 5.6. Although this is admittedly a rough approximation, it is clear that a

typical 60 Hz curve tracer measurement is not appropriate for DC I-V characterization

of these TFTs. Finally it should be noted that, although the frequencies estimated

in Table 5.1 are too small for practical application, a reduction in device dimensions

acts to directly increase the maximum operating frequency (due to a reduction in

gate capacitance). A reduction of the channel width and length to 150 pm and 15

pm, for example, would increase the maximum frequency values estimated in Table

5.1 by four orders of magnitude.
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Figure 5.5: ID-VDS characteristics for a TFT fabricated according to structure 1
(Fig. 5.2), using mask set 2 (with a width-to-length ratio of 10:1). A 10 second
settling delay is allowed at each point before taldng a current measurement.

Returning to Figs. 5.5 and 5.6, note that this device exhibits "hard" saturation,

indicating that the entire thickness of the i-ZnO channel can be depleted of free

electrons. The TFT operates as an n-channel enhancement mode device; a positive

gate voltage is required to induce a conducting channel, and channel conductivity

increases with increasing positive gate bias. Figure 5.6 indicates a maximum drain

current on-to-off ratio of i07. The gate leakage current magnitude is also quite

reasonable; since gate leakage current scales directly with gate area (while the drain

current is not affected by absolute device dimensions for a given width-to-length ratio)

the gate leakage current for a device of reduced dimensions appropriate for practical

application is expected to be quite small.

The experimentally extracted effective mobility and saturation mobility, Ieff

and 1sat, along with the corresponding threshold voltage estimates, VT, for this de-

vice are displayed and discussed in Section 3.3.2 (Fig. 3.4). The estimated channel
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Figure 5.6: log(ID)-Vcs and log((JQ()-Vcs characteristics for a TFT fabricated ac-
cording to structure 1 (Fig. 5.2), using mask set 2 (with a width-to-length ratio of
10:1). A 90 second settling delay is allowed at each point before taking a current
measurement.

mobility and threshold voltage are 0.35 to 0.45 cm2 /V s and 10 to 15 V, respectively.

Devices fabricated using the same process and employing mask set 1 (with a width-

to-length ratio of 2:1) exhibit quite similar drain current characteristics (scaled as

expected by their relative width-to-length ratios) and extracted mobility and thresh-

old voltage. The estimated threshold voltage can be used to approximate the ZnO /

ATO interface trap density according to

= (5.2)

where is the gate insulator dielectric constant, q is the electron charge, and t is

the gate insulator thickness; the resulting ZnO / ATO interface trap density is 2.75

to 4.15 x 1012 cm2. Equation 5.2 assumes that the TFT channel space charge is

located exactly at the channel / gate insulator interface.
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Despite this apparently successful estimation of threshold voltage, Fig. 5.6

shows measurable channel current for gate voltages as low as -10 V, far below the

estimated threshold voltage obtained in Section 3.3.2 (10 to 15 V). This effect is

attributed to a combination of typical pre-threshold interface channel current and

residual bulk conductivity due to a non-negligible free electron concentration in the

ZnO layer. Since this TFT structure employs source and drain contacts with the

same conductivity type as the channel layer, there is not a reverse biased pn junction

at the drain acting to suppress current flow through the channel layer bullc, as there

is in a conventional MOSFET structure; the channel layer bulk acts as an alternate

current path in parallel with the interface channel. Thus, the TFT can be treated as

exhibiting two independent threshold voltages, one established by channel formation

(-40 to 15 V) and the other established by depletion of the channel layer bulk (-10

to-5V).

The process employed in fabricating the device discussed above (with current-

voltage characteristics depicted in Figs. 5.5 and 5.6) appears to be near the optimal

process from an overall device performance perspective. In addition to demonstrat-

ing prototypical n-channel, enhancement mode TFT operation, this device does not

exhibit significant variation of drain current with time or extended transient response

with changing bias (as observed with alternate fabrication processes). The ZnO

channel RTA temperature appears to exert the strongest effect on transistor electri-

cal characteristics. If the ZnO channel RTA is carried out at a temperature of 600°C

or lower (in either 02 or Ar), the drain current saturation apparent in Fig. 5.5 is

no longer observed, although some degree of gate-controlled modulation of the chan-

nel conductance is retained for ZnO RTA temperatures as low as 300°C. Figure 5.7

shows a typical set of 'D-VDS characteristics for a TFT exhibiting non-saturating

drain current; the device is fabricated according to structure 1 (Fig. 5.2), using mask

set 2 (with a width-to-length ratio of 10:1), and employing 600°C (Ar) and 300°C

(02) RTA cycles after the ZnO channel and ITO source/drain depositions. The ZnO
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channel and ITO source/drain layer thicknesses are nm and '--23O run, respec-

tively.
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Figure 5.7: ID-VDS characteristics for a TFT fabricated according to structure 1
(Fig. 5.2), using mask set 2 (with a width-to-length ratio of 10:1). A 20 second
settling delay is allowed at each point before taking a current measurement.

Additional improvement in TFT characteristics due to improved ZnO / ATO

interface quality and enhanced ZnO layer crystallinity might reasonably be expected

for ZnO channel RTA temperatures higher than 700°C, however the glass substrate

is also expected to exhibit progressively worse softening and warping during the RTA

cycle as the temperature is increased. Figure 5.8 portrays the ID-VDS curves for a

TFT fabricated according to structure 1 (Fig. 5.2), using mask set 2 (with a width-to-

length ratio of 10:1), and employing 800°C (02) and 300°C (02) RTA cycles after the

ZnO channel (100 nm) and ITO source/drain (300 urn) layer depositions, respectively.

Figure 5.9 shows the corresponding experimentally extracted effective mobility and
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saturation mobility, &id Isat, along with the corresponding threshold voltage

estimates, VT. The threshold voltage (10 to 20 V) is similar to that obtained with

a 700°C ZnO channel RTA, however the mobility is significantly higher (1 to 2.5

cm2 /V s). Along with this improvement in mobility, however, these devices exhibit

a reduced degree of stability and reliability as compared to those employing a 700° C

ZnO channel RTA; this is tentatively attributed to substrate softening-induced strain

and damage to the TFT films, as discussed above.
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Figure 5.8: ID-VDS characteristics for a TFT fabricated according to structure 1
(Fig. 5.2), using mssk set 2 (with a width-to-length ratio of 10:1) and employing an
800°C (02) ZnO RTA. A 10 second settling delay is allowed at each point before
taking a current measurement.

The gate insulator (ATO) layer tends to be electrically shorted for approxi-

mately one in three as-fabricated devices, and is typically able to sustain a maximum

voltage during testing of '40 to 60 V. Since the ATO layer is generally quite reliable
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Figure 5.9: Experimentally extracted effective mobility, /ef f (ID(VGS) measured with
VDS = 1 V), and saturation mobility, Isat (ID(VGS) measured with VDS = VGS),
along with the corresponding threshold voltage estimates, VT, for a TFT fabricated
according to structure 1 (Fig. 5.2), using mask set 2 (with a width-to-length ratio of
10:1) and employing an 800°C (02) ZnO RTA. A 10 second settling delay is allowed
at each point before taldng a current measurement.

and typically exhibits a breakdown voltage of '4O0 V or more, this diminished de-

gree of reliability must be related to some aspect of the TFT fabrication process. The

ion beam sputtering process seems a likely candidate, as some degree of exposure to

high-energy ions and electrons certainly takes place. Attempts to reduce such effects

by varying the physical orientation of the substrate during deposition do not have

any noticeable effect. Further investigation is required to establish the nature of this

apparent degradation of the ATO layer.

As the TFT structure is made up entirely of oxide films, it is no surprise that

the device properties appear to be quite insensitive to extended atmospheric exposure.

Although a detailed aging study has not been accomplished, no significant change in

electrical properties is observed for devices exposed to atmosphere for as long as three
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to four months; furthennore, direct exposure to water appears to have little effect on

device characteristics.

Finally, note that although the voltages required for TFT operation are rather

large as compared to those typically used with conventional FETs, the operating

voltages can easily be reduced by decreasing the gate insulator thickness. The cur-

rent insulator thickness of '-'220 nm could certainly be reduced by a factor of four,

and perhaps by as much as a factor of ten or more. Thus, the rather large operat-

ing voltages required for the devices realized here could be easily reduced to levels

appropriate for practical applications.

5.2.3 Capacitance characteristics

Capacitance measurements are performed according to the C-(V,f) technique

discussed in Section 3.3.3; notation used throughout this section is based upon that

presented in Section 3.3.3. Figure 3.6 presents a C-(V,f) contour plot using the

test structure depicted in Fig. 3.5, with an injector area (A3) of '--'0.08 cm2 and a

semiconductor area (A3) of '0.18 cm2. The injector and semiconductor layers are

ITO (300 rim) and ZnO (100 nm); the ZnO and ITO layer depositions are followed

by 700°C (02) and 300°C (02) RTA cycles, respectively (the process is identical to

that used to fabricate the TFT with DC I-V characteristics depicted in Figs. 5.5 and

5.6). Figures 5.10 and 5.11 portray the corresponding capacitance-voltage (C-V) and

capacitance-frequency (C-f) plots.

Note the capacitance plateaus at C8 (forward bias [10 V], low frequency {

1 kHzJ), C (remainder of the forward bias region), and C (reverse bias), as dis-

cussed in Section 3.3.3, with capacitance values of '--'7.8, 3.5, and 2.3 nF, respectively.

The ratio of C (Eq. 3.41) to C (Eq. 3.42), '--'2.25, is equal to the ratio of the

ZnO and ITO areas, as expected. Equation 3.41 (or 3.42) yields a dielectric constant

of '--'11 ij for the ATO layer (assuming the ATO thickness to be exactly 220 nm, as

specified by Planar Systems). Equation 3.43 can be used to estimate the dielectric
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Figure 5.10: Capacitance-voltage characteristics corresponding to the contour plot
depicted in Fig. 3.6 for frequencies of 100 Hz, 1 kHz, 10 kHz, 100 kHz, 1 MHz, and
10 MHz. Capacitance plateau notation is defined in Section 3.3.3.

constant of the ZnO layer, yielding a value of '9 to 10 o, in agreement with the ex-

pected value of 9.0 0. [57] The high frequency capacitance roll off is attributed to the

ITO injector layer lateral resistance from the physical point contact throughout the

remainder of the injector layer area, R (Fig. 3.9c). The reverse bias high frequency

roll off at --'1 MHz indicates an effective resistance of 400 11; this is a reasonable

value, since the 300°C (02) RTA employed to improve the transparency of the ion

beam sputtered ITO layer tends to yield a modest reduction in conductivity.

As discussed in Section 3.3.3 (Eq. 3.44), the ZnO layer carrier concentration can

be estimated from the change in bias voltage (zVj) required to attain depletion.

For V 10 V (Fig. 5.10), the resulting ZnO carrier concentration is 2.75 x

1017 cm3, corresponding to a resistivity and sheet resistance of '2.3 f cm and 230

k1/D, respectively (assuming a mobility of 10 cm2/V s). However, as discussed

in Section 3.3.3, this estimate applies only to the ZnO region directly beneath the
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Figure 5.11: Capacitance-frequency characteristics corresponding to the contour plot
depicted in Fig. 3.6 for bias voltages of -35, -25, -15, -5, 5, 15, 25, and 35 V. Capaci-
tance plateau notation is defined in Section 3.3.3.

ITO layer. Since exposed ZnO surfaces are strongly affected by adsorbed oxygen (as

discussed in Section 2.2.2), it is quite reasonable to assume that the exposed ZnO

region (i.e. the channel region in the TFT structure) does indeed contain far fewer

carriers than the ITO-covered region. This might occur due to depletion resuiting

from negative surface charge or as a result of more complex interactions occurring

during deposition and processing of the ITO layer.

Further evidence that the carrier concentration is different in the exposed ZnO

region is provided by the ID-VGS characteristics presented in Fig. 5.5, which indicate

a channel resistance of '700 k to 300 k (for gate voltages from 10 V to 30 V

and small drain voltage) for a TFT fabricated using the same process as employed

for the C-(V,f) structure presently under consideration. Since the width-to-length

ratio for this TFT is 10:1, this channel resistance can be compared to one-tenth of

the sheet resistance estimated above based on the ZnO layer carrier concentration
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estimate (assuming, for the moment, that this estimate does indeed apply to the

exposed ZnO layer region), yielding a resistance of '-'23 kl. Since this resistance

is more than an order of magnitude smaller than the experimental TFT channel

resistance, it is clear that the exposed ZnO region does not exhibit such a large carrier

concentration. Furthermore, Figs. 3.6 and 5.10 clearly show that the maximum low

frequency capacitance plateau is not immediately observed when a forward bias is

applied so as to undeplete the ZnO layer. Rather, a forward bias approximately equal

to the estimated TFT threshold voltage ('10 to 15 V) must be applied before the

capacitance increases from its intermediate, undepleted value, C, to the maximum

plateau, C, (in particular, note the 100 Hz curve in Fig. 5.10). The lateral bulk

resistance of the exposed ZnO layer, Rt, is clearly much larger than that of the

induced channel, PJan, so that the ZnO layer carrier concentration estimated from C-

(V,f) data for the ZnO region beneath the ITO layer is indeed significantly larger than

that of the exposed ZnO region. Conductivity measurements for similarly processed

ZnO films also support this conclusion, indicating extremely large values for resistivity

(i.e. p 108 ci cm). These results indicate that the TFT source and drain regions

retain a much higher conductivity than the channel region, so that electron injection

and extraction is easily and efficiently accomplished while simultaneously achieving

a highly insulating channel region.

5.3 Optical characterization

Figure 5.12 shows the optical transmission spectrum of a typical transparent

TFT. The ZnO and ITO thicknesses are 100 and 300 urn, respectively; the ZnO and

ITO RTA cycles are 700°C (02) and 300°C (02). The average optical transmission

in the visible region of the electromagnetic spectrum is '--'90%. The source/drain ITO

layer is responsible for much of the absorption witnessed in Fig. 5.12; the channel

region, without the ITO source/drain contacts, exhibits even higher transparency.
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Figure 5.12: Optical transmission spectrum of the source/drain region of a transpar-
ent TFT. The ZnO channel and ITO source/drain thicknesses are 100 and 300 mn,
respectively.

Although the light sensitivity of these devices has not been studied in detail,

several general traits are apparent. Exposure to typical ambient light intensity has

little to no effect on current-voltage characteristics; as expected, the channel light

sensitivity decreases with decreasing ZnO channel layer thickness. A device fabricated

with a channel thickness of '15 to 20 rim and employing 700°C (02) and 300°C (02)

RTA cycles for the ZnO and ITO layers, respectively, exhibits an increase in drain

current due to ambient light exposure of 1% for VDS and Vs equal to 40 V

(the current-voltage characteristics of this device are essentially the same as those

portrayed in Fig. 5.5, for an analogous device with a 100 nm ZnO channel layer).

Furthermore, the ZnO films used in the TFT structure exhibit the persistent

photoconductivity (PPC) discussed in Section 2.2.2 to varying degrees, depending

upon the fabrication process employed. Although strong sensitivity to ultraviolet

(UV) radiation is not desirable for many TFT applications, it is possible that this
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anomalous effect could be creatively applied to yield beneficial results. A series of

papers by Coidren, Davis, and others reports the use of ZnO ifims in acoustic surface

wave (ASW) memory devices; field effect action on the ZnO across a Si02 insula-

tor layer is combined with UV illumination to yield charge storage memory with

retention times as long as a day. [45, 116, 117, 118, 119, 120, 121] The results of a

cursory investigation indicate that the TFTs reported in this chapter exhibit a similar

effect; a persistent change in channel conductance can be induced by simultaneous

UV illumination and the application of a gate bias. This effect is undoubtedly re-

lated to the anomalous PPC exhibited by ZnO (Section 2.2.2), with space charge at

exposed surfaces and grain boundaries modified by adsorption, chemisorption, and

photodesorption of oxygen. Further investigation is required to fully understand the

mechanism responsible for this behavior and to evaluate its potential for use in prac-

tical applications.

5.4 Conclusions

This chapter presents the fabrication and characterization of novel, highly

transparent ZnO-based thin film transistors (TFTs). The average transmission in

the visible region is 90% or higher, far better than has been attained in previously

reported semi-transparent transistors (Section 2.4.2).

Current-voltage measurements indicate fairly typical n-channel, enhancement

mode behavior. Rather large operating voltages ('-40 V) are employed. However,

these voltages are directly dependent on the gate insulator thickness which can cer-

tainly be reduced by a factor of four or more, yielding a much more desirable range

of operation. Excellent drain current saturation is obtained, and the drain current

on-to-off ratio is '--i iO. The experimentally extracted threshold voltage and channel

mobility are '-'10 to 20 V and '-.0.3 to 2.5 cm2/V s, respectively (mobility increases

with ZnO annealing temperature). Although gate-controlled modulation of the chan-
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nel conductance is maintained for ZnO annealing temperatures as low as 300°C, drain

current saturation requires a temperature of 700°C or higher.

The capacitance-(voltage, frequency) [C-(V,f)] characterization technique (de-

scribed in Section 3.3.3) is employed to further elucidate TFT electrical charac-

teristics; this section also serves to verify the validity of the C-(V,f) method. C-

(V,f) measurements indicate that the ZnO source/drain regions (covered by the ITO

source/drain contacts) exhibit a carrier concentration and conductivity much larger

than that of the ZnO channel region (where the ZnO surface is exposed).

Although the light sensitivity of these devices has not been studied in detail,

several general traits are observed. Exposure to a typical ambient light intensity and

spectrum has little to no observable effect on drain current characteristics. Direct

exposure to ultraviolet (EJV) radiation has a much stronger effect, due to the creation

of electron-hole pairs by UV photons with energy greater than the ZnO bandgap.

Light sensitivity is reduced by decreasing the ZnO channel layer thickness; TFTs

with a channel layer thickness of '-'-'20 nm exhibit drain current characteristics nearly

identical to those observed for devices with a 100 nm channel, while light sensitivity

is greatly reduced.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK

6.1 Conclusions

The goal of this thesis has been, in large part, to provide an initial demonstra-

tion of the feasibility of constructing active electronic devices based upon transparent

material systems. This goal has been achieved, most strikingly, in the fabrication of

ZnO-based thin film transistors (TFTs) with an average transparency above '-'90%

throughout the visible portion of the electromagnetic spectrum; this is, in fact, the

first report of the fabrication of a highly transparent transistor. These transistors

exhibit prototypical n-channel, enhancement mode TFT operation, confirming that

conventional electronic device behavior can, indeed, be realized using transparent

material systems.

This thesis has also focused on electrical characterization of transparent elec-

tronic devices. A novel technique for characterization of carrier injection into an

insulator and of interface channel formation, the capacitance-(voltage, frequency) [C-

(V,f)] technique, is proposed; the C-(V,f) method is employed in characterization of

ZnO-based TFT structures. A detailed electrical characterization study of CuYO2 /

ZnO / iTO p-i-n heterojimction diodes is carried out; this effort represents the first

such detailed study of a transparent or semi-transparent diode. Electrical characteri-

zation of these diodes yields insight into the likely operational mechanisms responsible

for the behavior of previously reported transparent and semi-transparent diodes, for

which electrical characterization has generally been lacking. The results of this char-

acterization study indicate that the development of transparent diodes should focus

on p-i-n structures.

Finally, several theoretical issues pertinent to experimental results presented

herein are elaborated in some detail. In particular, energy band analysis of the de-
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generate semiconductor / insulator heteroj unction yields insight into the mechanisms

underlying charge injection into an insulator. Although this analysis relies upon the

direct application of basic heterojunction energy band theory, the results are some-

what novel, and yield important implications for the analysis of heterojunctions where

carrier injection into an insulator is achieved.

6.2 Recommendations for future work

As is the case for any research effort, the completion of this thesis has left

many questions unanswered. The purpose of this section is to summarize potential

directions for further research based upon that presented in this thesis.

6.2.1 Transparent thin film transistors

The fabrication of highly transparent ZnO-based TFTs represents a significant

achievement, with considerable technological potential. As such, further exploration

is certainly warranted. Most obviously, the device structure and fabrication process

reported herein should be optimized. A careful study of device characteristics for a

series of channel layer thicknesses would be quite useful; both electrical characteristics

(e.g. threshold voltage) and light sensitivity should improve with decreasing channel

thickness, as indicated by preliminary results reported in this thesis.

The TFT annealing process is extremely important in establishing device per-

formance; optimization of the annealing process is likely to yield improved device per-

formance. Furthermore, if optimal performance can be attained without exceeding

processing temperatures of 5OO°C, the value of this technology is greatly increased

from a manufacturing perspective. In addition to rapid thermal annealing, other an-

nealing methodologies (e.g. furnace annealing and hydrothermal anneaiing) should be

explored. The annealing gas ambient provides an additional parameter whose effects

on device performance and stability should be explored. Substrate heating during
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ZnO deposition should also be explored as an alternate route to achieving enhanced

crystaffinity and device performance at moderate processing temperatures.

The TFT gate insulator (ATO) sustains damage at some point in the TFT fab-

rication process, yielding unexpected insulator instability and a relatively low break-

down voltage. The cause of this apparent insulator damage should be established and

corrected; since insulator damage is tentatively attributed to high energy ions and

electrons in the ion beam sputtering process, the fabrication of an identical struc-

ture using an alternate deposition method (e.g. RF sputtering) might yield a simple

resolution to this issue.

Alternate TFT gate insulator materials should be explored in the ZnO-based

TFT structure. Perhaps the most obvious choice is A1203, since the A1203 cap layers

on the ATO insulator layer presumably act to establish the chemical and electronic

nature of the TFT channel interface. Other potential insulator materials include

Si02, Si3N4, and silicon oxynitride. The extent to which the insulator thickness

can be reduced should also be investigated, since a reduction in insulator thickness

corresponds to a direct reduction in TFT operating voltages.

Although the shadow mask patterning employed for TFT fabrication to date

is quite attractive in the initial evaluation of candidate TFT material combinations,

the ZnO-based structure exhibits sufficient promise as a viable technology that the

time investment required to realize more sophisticated test structures is certainly

warranted. This requires that a lithography methodology be developed to pattern,

minimally, the ZnO layer. If doped ZnO is employed (in the place of ITO) for the

gate, source, and drain electrodes, a single chemical etch process should suffice (with

the gate insulator a blanket layer). With a lithography process in place, reasonable

device dimensions can be attained; characterization of such devices should yield a

better indication of practical performance parameters such as maximum operating

frequency and transient switching characteristics.
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Due to the sensitivity of the ZnO surface to ambient gases (particularly oxygen),

passivation of the exposed ZnO surface should be explored as a route to the attainment

of ZnO-based TFTs with long-term stability. In addition to protecting the ZnO

surface from contamination and damage, such a passivation layer should establish

well-defined and stable surface characteristics and suppress oxygen diffusion to and

from the ZnO surface. Surface passivation should minimize the anomalously large

persistent photoconductivity (PPC) often observed in ZnO, since this phenomenon is

generally attributed to surface oxygen adsorption/photodesorption.

The ZnO persistent photoconductivity (PPC) effect should be investigated as

a possible route to achieving an electrical/optical memory element. Gate-controlled

modulation of ZnO channel charge provides an added degree of control in harnessing

the ZnO PPC effect so as to obtain predictable and repeatable cycling behavior.

Preliminary investigation indicates that PPC in the ZnO TFT channel is indeed

influenced to some degree by the application of an appropriate gate voltage, although

further work is required to establish the details of this interaction.

Finally, alternative material systems should be explored using a similar TFT

structure and fabrication process, particularly in view of the fact that the simplicity

of the TFT test structure and shadow mask patterning employed herein lends itself

to a rapid and efficient development cycle. Therefore, although some degree of care

should be employed in selecting potential material combinations, the best course

of action probably consists of simply cycling through as many potential material

combinations as possible in order to identify the most promising candidates for further

development. Both p-channel and n-channel operation should be pursued; p-channel

operation opens to door to complementary circuit applications. There are many

potential channel materials that should be evaluated in the TFT structure. Potential

n-channel materials include Sn02, ZnS, SrS, and BaS; potential p-channel materials

include NiO, Bi203, BaCuSF, and many of the delafossites (which can often be made

much more transparent as insulators than as conductors). Note that, in many if
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not all cases, attaining efficient electron or hole injection into the channel insulator

may present a greater challenge than attaining a mobile carrier accumulation layer

(channel).

6.2.2 Transparent diodes

Further transparent diode work should focus on p-i-n heteroj unction structures,

where one or both of the n- and p-type injectors exhibit efficient injection into the

intermediate insulating layer. Rectification can be attained with either single or dou-

ble injection. Double injection, however, opens the door to low voltage DC injection

electroluminescence (EL), where electrons and holes injected at opposite ends of an

insulating phosphor layer produce light output arising from radiative recombination.

6.2.3 Characterization

Since the capacitance- (voltage, frequency) [C-(V,f)] method was conceived quite

late in the process of completing this thesis, its capabilities and limitations as a char-

acterization technique have not been established, nor fully developed. The C-(V,f)

method appears to be an attractive technique, as it lends itself readily to a rapid

and efficient material system evaluation methodology. Perhaps most significantly,

the characterization of charge injection into an insulator using this method can be

accomplished using AC measurements; this allows the use of a test structure that of-

fers a number of fabrication and material compatibffity benefits. Further utilization

of the C-(V,f) method, however, requires that it be more completely developed into

an established characterization technique.



128

BIBLIOGRAPHY

1. K. Badeker Ann. Phys. (Leipzig), vol. 22, P. 749, 1907.

2. H. Kawazoe, M. Yasulcawa, H. Hyodo, M. Kurita, H. Yanagi, and H. Hosono,
"P-type electrical conduction in transparent thin fflrns of CuA1O2," Nature,
vol. 389, pp. 939-942, Oct. 1997.

3. H. Morko, G. B. Gao, M. E. Lin, B. Sverdlov, and M. Burns, "Large-band-gap
SiC, llI-IV nitride, and TI-VT ZnSe-based semiconductor device technologies,"
J. Appi. Phys., vol. 76, pp. 1363-1399, Aug. 1994.

4. H. Yanagi, T. Hase, S. Ibuki, K. Ueda, and H. Hosono, "Bipolarity in elec-
trical conduction of transparent oxide semiconductor CuInO2 with delafossite
structure," Appi. Phys. Lett., vol. 78, pp. 1583-1585, Mar. 2001.

5. T. Otabe, K. Ueda, A. Kudoh, H. Hosono, and H. Kawazoe, "n-type electrical
conduction in transparent thin films of delafossite-type AgInO2," Appl. Phys.
Lett., vol. 72, pp. 1036-1038, Mar. 1998.

6. S. Ibuki, H. Yanagi, K. Ueda, H. Kawazoe, and H. Hosono, "Preparation of
n-type conductive transparent thin films of AgTnO2:Sn with delafossite-type
structure by pulsed laser deposition," J. Appi. Phys., vol. 88, pp. 3067-3069,
Sept. 2000.

7. N. Ueda, H. Maeda, H. Hosono, and H. Kawazoe, "Band-gap widening of CdO
thin films," J. Appl. Phys., vol. 84, pp. 6174-6177, Dec. 1998.

8. Z. M. Jarzebski, Oxide semiconductors. Oxford: Pergainon Press, first ed.,
1973.

9. K. L. Chopra, S. Major, and D. K. Pandya, "Transparent conductors a status
review," Thin Solid Films, vol. 102, pp. 1-46, 1983.

10. T. J. Coutts, D. L. Young, and X. Li, "Characterization of transparent con-
ducting oxides," MRS Bulletin, pp. 58-65, Aug. 2000.

11. K. Yanagawa, Y. Ohki, T. Omata, H. Hosono, N. Ueda, and H. Kawazoe,
"Preparation of Cd1_Y1Sb2O6 thin film on glass substrate by radio frequency
sputtering," Appi. Phys. Lett., vol. 65, pp. 188-190, July 1994.

12. J. M. Phillips, J. Kwo, G. A. Thomas, S. A. Carter, R. J. Cava, S. Y. Hou, J. J.
Krajewski, J. H. Marshall, W. F. Peck, D. H. Rapkine, and R. B. van Dover,
"Transparent conducting thin films of GaInO3," Appi. Phys. Lett., vol. 65,
pp. 115-117, July 1994.



129

13. T. Minami, "New n-type transparent conducting oxides," MRS Bulletin,

pp. 38-44, Aug. 2000.

14. T. Kawabata, T. Matsuda, and S. Koike, "GaN blue light emitting diodes
prepared by metalorganic chemical vapor deposition," J. AppI. Phys., vol. 56,
pp. 2367-2368, Oct. 1984.

15. R. P. Vaudo, I. D. Goepfert, T. D. Moustakas, D. M. Beyea, T. J. Frey,
and K. Meehan, "Characteristics of light-emitting diodes based on GaN p-n
junctions grown by plasma-assisted molecular beam epitaxy," J. Appl. Phys.,
vol. 79, pp. 2779-2783, Mar. 1996.

16. T. Minami, Y. Takeda, S. Takata, and T. Kakumu, "Preparation of transparent
conducting In.4Sn3O12 thin films by DC magnetron sputtering," Thin Solid
Films, vol. 308-309, pp. "13-18", 1997.

17. H. Un'no, N. Hikuxna, T. Omata, N. Ueda, T. Hashimoto, and H. Kawazoe,
"Preparation of MgIn2O4_ thin films on glass substrates by RF sputtering,"
Jpn. J. Appi. Phys. Part 2, vol. 32, pp. "L1260-L1262", Sept. 1993.

18. H. H. Wang, F. Chen, S. Y. Dai, T. Zhao, H. B. Lu, D. F. Cui, Y. L. Zhou,
Z. H. Chen, and G. Z. Yang, "Sb-doped SrTiO3 transparent semiconductor
thin films," Appi. Phys. Lett., vol. 78, pp. 1676-1678, Mar. 2001.

19. Y. Igasaki and H. Saito, "Substrate temperature dependence of electrical prop-
erties of ZnO:Al epitaxial films on sapphire (110)," J. Appi. Phys., vol. 69,
pp. 2190-2195, Feb. 1991.

20. T. Minami, H. Sonohara, T. Kakumu, and S. Takata, "Highly transparent and
conductive Zn21n205 thin films prepared by rf magnetron sputtering," Jpn. J.
Appi. Phys. Part 2, vol. 34, pp. "L971-L974", Aug. 1995.

21. T. Minami, H. Sonohara, S. Takata, and H. Sato, "Highly transparent and
conductive zinc-stannate thin films prepared by RF magnetron sputtering,"
Jpn. J. Appi. Phys. Part 2, vol. 33, pp. "L1693-L1696", Dec. 1994.

22. J. Tate, M. K. Jayaraj, A. D. Draeseke, T. Ulbrich, A. W. Sleight, K. A.
Vanaja, R. Nagarajan, J. F. Wager, and R. L. Hoffman, "P-type oxides for use
in transparent diodes," Thin Solid Films, vol. 411, pp. 119-124, July 2002.

23. S. Park, D. A. Keszler, M. M. Valencia, R. L. Hoffman, J. P. Bender, and J. F.
Wager, "1ansparent p-type conducting BaCu2S2 films," Appl. Phys. Lett.,
vol. 80, pp. ??-??, June 2002.

24. H. Yanagi, S. Inoue, K. Ueda, H. Kawazoe, H. Hosono, and N. Hamada, "Elec-
tronic structure and optoelectronic properties of transparent p-type conducting
CuA1O2," J. Appi. Phys., vol. 88, pp. 4159-4163, Oct. 2000.



130

25. R. Nagarajan, A. D. Draeseke, A. W. Sleight, and J. Tate, "p-type conductivity
in CuCr1_MgO2 films and powders," J. Appl. Phys., vol. 89, PP. 8022-8025,
July 2001.

26. F. A. Benko and F. P. Koffyberg, "Opto-electronic properties of p- and n-type
delafossite, CuFeO2," J. Phys. Chem. Solids, vol. 48, no. 5, pp. 431-434, 1987.

27. K. Ueda, T. Hase, H. Yanagi, H. Kawazoe, H. Hosono, H. Ohta, M. Orita, and
M. Hirano, "Epitaxial growth of transparent p-type conducting CuGaO2 thin
films on sapphire (001) substrates by pulsed laser deposition," J. Appi. Phys.,
vol. 89, Pp. 1790-1793, Feb. 2001.

28. N. Duan, A. W. Sleight, M. K. Jayaraj, and J. Tate, "Transparent p-type
conducting CuScO2+ films," Appl. Phys. Lett., vol. 77, pp. 1325-1326, Aug.
2000.

29. M. K. Jayaraj, A. D. Draeseke, J. Tate, and A. W. Sleight, "P-type transparent
thin films of CuYi_CaO2," Thin Solid Films, vol. 297, no. 1-2, pp. 244-248,
2001.

30. K. Chirakawikul, T. Sujaridchai, B. Ratwises, D. Kruangam, S. Panyakeow,
W. Boonkosum, T. Sugino, and J. Shirafuji, "Preparation of p-type poiy-
crystalline diamond films and their applications to hole injection layers in
amorphous SiC:H thin film light emitting diodes," J. Non-Crystalline Solids,
vol. 227-230, pp. 1156-1159, 1998.

31. K. Okano, H. Kiyota, T. Iwasaki, Y. Nakarnura, Y. Akiba, T. Kurosu, M. 1.ida,
and T. Nakamura, "Fabrication of a diamond p-n junction diode using the
chemical vapour deposition technique," Solid State Electron., vol. 34, no. 2,
pp. 139-141, 1991.

32. T. Phetchakul, H. Kimura, Y. Akiba, T. Kurosu, and M. lida, "Backward diode
characteristics of p-type diamond/n-type silicon heterojunction diodes," Jpn.
J. Appi. Phys. Part 1, vol. 35, pp. 4247-4252, Aug. 1996.

33. K. Ueda, S. Inoue, H. Kawazoe, and H. Hosono, "Transparent p-type semicon-
ductor: LaCuOS layered oxysulfide," Appl. Phys. Left., vol. 77, pp. 2701-2703,
Oct. 2000.

34. H. Sato, T. Minami, S. Takata, and T. Yamada, "Transparent conducting p-
type NiO thin films prepared by magnetron sputtering," Thin Solid Films,
vol. 236, pp. 27-31, 1993.

35. P. Puspharajah, S. R.adhakrishna, and A. K. Arof, "Transparent conducting
lithium-doped nickel oxide thin films by spray pyrolysis technique," J. Mater.
Sci., vol. 32, pp. 3001-3006, 1997.



131

36. A. Kudo, H. Yanagi, H. Hosono, and H. Kawazoe, "SrCu2O2: A p-type con-
ductive oxide with wide band gap," Appi. Phys. Leit., vol. 73, pp. 220-222,
July 1998.

37. H. Hirose, K. Ueda, H. Kawazoe, and H. Hosono, "Electronic structure of
Sr2Cu2ZnO2S2 layered oxysuffide with CuS layers," Chem. Mater., vol. 14,
pp. 1037-1041, 2002.

38. D. S. Ginley and C. Bright, "ansparent conducting oxides," MRS Bulletin,
pp. 15-18, Aug. 2000.

39. G. D. Mahan, "Intrinsic defects in ZnO varistors," J. Appi. Phys., vol. 54,
pp. 3825-3832, July 1983.

40. E. G. Bylander, "Surface effects on the low-energy cathodoluminescence of zinc
oxide," J. Appi. Phys., vol. 49, pp. 1188-1195, Mar. 1978.

41. H. Nanto, T. Minami, and S. Takata, "Photoluminescence in sputtered ZnO
thin films," Phys. Stat. Sol. (a), vol. 65, pp. K131-K134, 1981.

42. S. A. Studenikin, N. Golego, and M. Cocivera, "Fabrication of green and orange
photoluminescent, undoped ZnO films using spray pyrolysis," J. Appi. Phys.,
vol. 84, pp. 2287-2294, Aug. 1998.

43. 5. Takata, T. Minami, and H. Nanto, "DC EL in annealed thin ifim of sputtered
ZnO," Jpn. J. Appl. Phys., vol. 20, no. 9, pp. 1759-1760, 1981.

44. J. Muller and S. Weibenrieder, "ZnO thin film chemical sensors," &esenius J.
Anal. Chem., vol. 349, pp. 380-384, 1994.

45. B. T. Khuri-Yakub and G. S. Kino, "A monolithic zinc-oxide-on-silicon con-
volver," Appi. Phys. Lett., vol. 25, pp. 188-190, Aug. 1974.

46. J. Vufflod, 'Properties of ZnO films prepared by dc and rf diode sputtering,"
J. Vac. Sci. Technol., vol. 9, no. 1, pp. 87-90, 1972.

47. A. Valentini, F. Quaranta, M. Penza, and F. R. Ftizzi, "The stability of zinc ox-
ide electrodes fabricated by dual ion beam sputtering," J. Appi. Phys., vol. 73,
pp. 1143-1145, Feb. 1993.

48. W. S. Lau and S. J. Fonash, "Highly transparent and conducting zinc oxide
films deposited by activated reactive evaporation," J. Electron. Mater., vol. 16,
no. 3, pp. 141-149, 1987.

49. J. D. Merchant and M. Cocivera, "Preparation and doping of zinc oxide using
spray pyrolysis," Chem. Mater., vol. 7, pp. 1742-1749, 1995.

50. A. E. Jimenez-Goazalez, J. A. S. Urueta, and R. Suarez-Parra, "Optical and
electrical characteristics of aluminum-doped ZnO thin films prepared by solgel
technique," J. Crystal Growth, vol. 192, pp. 430-438, 1998.



132

51. S. Komuro, T. Katsumata, T. Morikawa, X. Zhao, H. Isshiki, and Y. Aoyagi,
"Highly erbium-doped zinc-oxide thin film prepared by laser ablation and its
1.54 pm emission dynamics," J. Appi. Phys., vol. 88, pp. 7129-7136, Dec. 2000.

52. A. Tiburcio-Silver, J. C. Joubert, and M. Labeau, "Optical band-gap shrinkage
in highly transparent and conducting ZnO thin films deposited by the pyrosoi
process," J. Appi. Phys., vol. 76, pp. 1992-1994, Aug. 1994.

53. W. W. Wenas, A. Yamada, K. Takahashi, M. Yoshino, and M. Konagai, "Elec-
trical and optical properties of boron-doped ZnO thin films for solar cells grown
by metalorganic chemical vapor deposition," J. Appl. Phys., vol. 70, pp. 7119-
7123, Dec. 1991.

54. M. Izaki and T. Omi, "'l}ansparent zinc oxide films prepared by electrochemical
reaction," Appi. Phys. Lett., vol. 68, pp. 2439-2440, Apr. 1996.

55. T. Minami, T. Miyata, and T. Yamamoto, "Work function of transparent con-
ducting multicomponent oxide thin films prepared by magnetron sputtering,"
Surf. and Coatings Technol., vol. 108-109, pp. 583-587, 1998.

56. R. K. Swank, "Surface properties of il-VI compounds," Phys. Rev., vol. 153,
pp. 844-849, Jan. 1967.

57. S. M. Sze, Physics of semiconductor devices. New York: John Wiley & Sons,
second ed., 1981.

58. V. Srikant and D. R. Clarke, "On the optical band gap of zinc oxide," J. Appi.
Phys., vol. 83, pp. 5447-5451, May 1998.

59. R. G. Gordon, "Criteria for choosing transparent conductors," MRS Bulletin,
pp. 52-57, Aug. 2000.

60. D. C. Look, "Recent advances in ZnO materials and devices," Mat. Sci. and
Eng. B, vol. B80, pp. 383-387, 2001.

61. D. H. Zhang and D. E. Brodie, "Photoresponse of polycrystaffine ZnO films
deposited by r.f. bias sputtering," Thin Solid Films, vol. 261, pp. 334-339, 1995.

62. D. H. Zbang, "Fast photoresponse and the related change of crystallite barriers
for ZnO films deposited by HF sputtering," J. Phys. D: Appi. Phys., vol. 28,
pp. 1273-1277, 1995.

63. Y. Takahashi, M. Kanamori, A. Kondoh, H. M.inoura, and Y. Ohya, "Photo-
conductivity of ultrathin zinc oxide films," Jpn. J. Appi. Phys. Part 1, vol. 33,
pp. 6611-6615, Dec. 1994.

64. S. A. Studenikin, N. Golego, and M. Cocivera, "Carrier mobility and density
contributions to photoconductivity transients in polycrystalline ZnO films," J.
Appi. Phys., vol. 87, pp. 2413-2421, Mar. 2000.



133

65. J. A. Van Vechten, "A simple man's view of the thermochemistry of semi-
conductors," in Handbook on semiconductors (S. P. Keller, ed.), vol. 3, ch. 4,
pp. 58-68, Amsterdam: North-Holland Publishing Company, 1980.

66. T. W. Dobson and J. F. Wager, "Enthalpy of formation of antisite defects arid
antistructure pairs in HI-V compound semiconductors," J. Appi. Phys., vol. 66,
pp. 1997-2001, Sept. 1989.

67. J. F. Wager, "Energetics of self-diffusion in GaAs," J. Appi. Phys., vol. 69,
pp. 3022-3031, Mar. 1991.

68. J. F. Wager, "Thermodynamics and kinetics of vacancy self-compensation in
wide-bandgap semiconductors," Philos. May. A, vol. 67, no. 4, pp. 897-904,
1993.

69. N. F. Mott and R. W. Gurney, Electronic processes in ionic crystals. London
and New York: Oxford University Press, second ed., 1940.

70. A. Rose, "Space-charge-limited currents in solids," Phys. Rev., vol. 97,
pp. 1538-1544, Mar. 1955.

71. R. W. Smith and A. Rose, "Space-charge-limited currents in single crystals of
cadmium sulfide," Phys. Rev., vol. 97, pp. 1531-1537, Mar. 1955.

72. M. A. Lampert and P. Mark, Current injection in solids. New York and London:
Academic Press, 1970.

73. A. Rose, Concepts in photoconductivity and allied problems. Huntington, New
York: Robert E. Krieger Publishing Co., 1978.

74. R. H. Bube, Photoelectric properties of semiconductors. Cambridge, Great
Britain: Cambridge University Press, 1992.

75. C. M. Wolfe, N. Holonyak, Jr., and G. E. Stillman, Physical properties of

semiconductors. Englewood Cliffs, NJ: Prentice Hail, 1989.

76. R. L. Anderson, "Experiments on Ge-GaAs heterojunctions," Solid State Elec-
tron., vol. 5, pp. 341-351, 1962.

77. R. W. Smith, "Properties of ohmic contacts to cadmium sulfide single crystals,"
Phys. Rev., vol. 97, pp. 1525-1530, Mar. 1955.

78. J. G. Simmons, "Electronic conduction through thin insulating films," in Hand-
book of thin film technology (L. I. Maissel and R. Glang, eds.), ch. 14, pp. 3-13,
New York: McGraw-Hill Book Company, 1970.

79. D. 0. Van Ostenburg and D. J. Montgomery, "Charge transfer upon contact
between metals and insulators," Textile Res. J., vol. 28, pp. 22-31, Jan. 1958.



134

80. A. Many, Y. Goldstein, and N. B. Grover, Semiconductor Surfaces. Amsterdam:
North-Holland Publishing Company, first ed., 1971.

81. P. N. Murgatroyd, "Simple models of injecting metal-insulator contacts," Amer.
J. Phys., vol. 42, pp. 677-680, Aug. 1974.

82. Y. Ohya, M. Ueda, and Y. Talcahashi, "Oxide thin film diode fabricated by
liquid-phase method," Jpn. J. AppL Phys. Part 1, vol. 35, pp. 4738-4742, Sept.
1996.

83. W. Y. Lee, D. Mauri, and C. Hwang, "High-current-density ITO/NiO thin-
film diodes," Appi. Phys. Lett., vol. 72, pp. 1584-1586, Mar. 1998.

84. A. Kudo, H. Yanagi, K. Ueda, H. Hosono, H. Kawazoe, and Y. Yano, "Fabrica-
tion of transparent p-n heteroj unction thin film diodes based entirely on oxide
semiconductors," Appi. Phys. Lett., vol. 75, pp. 2851-2853, Nov. 1999.

85. H. Ohta, K. Kawamura, M. Orita, M. Hirano, N. Sarukura, and H. Hosono,
"Current injection emission from a transparent p-n junction composed of p..
SrCu2O2/n-ZnO," Appi. Phys. Lett., vol. 77, pp. 475-477, July 2000.

86. H. Kawazoe, H. Yanagi, K. Ueda, and H. Hosono, "Transparent p-type con-
ducting oxides: design and fabrication of p-n heterojunctions," MRS Bulletin,
pp. 28-36, Aug. 2000.

87. R. L. Hoffman, J. F. Wager, M. K. Jayaraj, and J. Tate, "Electrical charac-
terization of transparent p-i-n heterojunction diodes," J. Appi. Phys., vol. 90,
pp. 5763-5767, Dec. 2001.

88. M. K. Jayaraj, A. D. Draeseke, J. Tate, R. L. Hoffman, and J. F. Wager,
"Transparent pn heteroj unction thin film diodes," in Proceedings of the April

OO1 Meeting of the MRS, (Denver, CO), MRS, Apr. 2001.

89. H. Yanagi, K. IJeda, H. Ohta, M. Orita, M. Hirano, and H. Hosono, "Fabri-
cation of all oxide transparent p-n homojunction using bipolar CuJnO2 semi-
conducting oxide with delafossite structure," Solid State Commun., vol. 121,
pp. 15-17, 2002.

90. T. Aoki, Y. Hatanaica, and D. C. Look, "ZnO diode fabricated by excimer-laser
doping," Appi. Phys. Lett., vol. 76, pp. 3257-3258, May 2000.

91. Y. R. Ryu, W. J. Kim, and H. W. White, "Fabrication of homostructural ZnO
p-n junctions," J. Crystal Growth, vol. 219, pp. 419-422, 2000.

92. X. Guo, J. Choi, H. Tabata, and T. Kawai, "Fabrication and optoelectronic
properties of a transparent ZnO homostructural light-emitting diode," Jpn. J.
Appi. Phys. Part vol. 40, pp. L177-L180, Mar. 2001.



135

93. H. Kawazoe. Private Communication to J. Tate, Apr. 2001.

94. M. W. J. Prins, K. Grosse-Holz, 0. Miler, J. F. M. Cillessen, and J. B. Giesbers,
"A ferroelectric transparent thin-film transistor," Appi. Phys. Lett., vol. 68,
pp. 3650-3652, June 1996.

95. K. Grosse-Holz, J. F. M. Ciliessen, M. W. J. Prins, P. W. M. Blom, R. M. Wolf,
L. F. Feiner, and R. Waser, "Semiconductive behavior of Sb doped Sn02 thin
films," Mat. Res. Soc. Symp. Proc., vol. 401, pp. 67-72, 1996.

96. J. F. M. Cillessen, P. W. M. Blom, R. M. Wolf, and .J. B. Giesbers, "Semicon-
ductor device having a transparent switching element." United States Patent
Number 5,744,864, Apr. 1998.

97. J. F. M. Cillessen, P. W. M. Blom, R. M. Wolf, and J. B. Giesbers, "Semi-
conductor device provided with transparent switching element." International
Patent Application Number PCT/1B96/00749, International Publication Num-
ber WO 97/06554, Feb. 1997.

98. S. Kobayashi, S. Nonomura, T. Ohmori, K. Abe, S. Hirata, T. Uno, T. Gotoh,
S. Nitta, and S. Kobayashi, "Optical and electrical properties of amorphous and
microcrystalline GaN films and their application to transparent TFT," Appi.
Surf. Sci., vol. 113/114, pp. 480-484, 1997.

99. M. Kawasaki and H. Ohno, "Transistor and semiconductor device." Euro-
pean Patent Application Number 99972374.5 (International Application Num-
ber PCT/JP99/06300, International Publication Number WO 00/30183), Sept.
2001.

100. D. L. Smith, Thin-film deposition: principles & practice. New York: McGraw-
Hill, 1995.

101. R. A. Smith, Wave mechanics of crystalline solids. London: Chapman and
Hall, second ed., 1969.

102. J. I. Pankove, Optical processes in semiconductors. New York: Dover Publica-
tions, 1971.

103. P. Y. Yu and M. Cardona, Fundamentals of Semiconductors. Berlin: Springer,
1996.

104. R. H. Bube, Electrons in solids. New York: Academic Press, 1981.

105. D. K. Schroder, Semiconductor material and device characterization. New York:
John Wiley & Sons, second ad., 1998.

106. L. J. van der Pauw, "A method of measuring specific resistivity and hail effect
of discs of arbitrary shape," Philips Res. Rep., vol. 13, pp. 1-9, Feb. 1958.



136

107. L. J. van der Pauw, "A method of measuring the resistivity and hail coefficient
on larnellac of arbitrary shape," Philips Technical Rev., vol. 20, no. 8, pp. 220-
224, 1958/1959.

108. R. Chwang, B. J. Smith, and C. R. Crowd, "Contact size effects on the van
der Pauw method for resistivity and Hall coefficient measurement," Solid State
Electron., vol. 17, pp. 1217-1227, 1974.

109. L. Kronik and Y. Shapira, "Surface photovoltage phonemena: theory, experi-
ment, and applications," Surf. Sci. Rep., vol. 37, pp. 1-206, 1999.

110. F. A. Benko and F. P. Koffyberg, "The optical bandgap and band-edge positions
of semiconducting p-type CuYO2," Can. J. Phys., vol. 63, pp. 1306-1308, 1985.

111. A. C. Tickle, Thin film transistors. New York: John Wiley & Sons, 1969.

112. L. F. Mattheiss, "Electronic properties of the ordered delafossite-type superox-
ides YCuO25," Phys. Rev. B, vol. 48, pp. 18300-18303, Dec. 1993.

113. R. J. Cava, H. W. Zandbergen, A. P. Ramirez, H. Takagi, C. T. Chen, J. J.
Krajewski, W. F. Peck, J. V. Waszczak, G. Meigs., R. S. Roth, and L. F.
Schneemeyer, "LaCuO25+ and YCuO2.5+ delafossites: materials with trian-
gular Cu25 planes," J. Solid State Chem., vol. 104, pp. 437-452, 1993.

114. X. Nie, S. Wei, and S. B. Zhang, "Bipolar doping and band-gap anomalies in
delafossite transparent conductive oxides," Phys. Rev. Lett., vol. 88, p. 066405,
Feb. 2002.

115. W. H. Strehiow and E. L. Cook, "Compilation of energy band gaps in elemental
and binary compound semiconductors," J. Phys. Chem. Ref. Data, vol. 2, no. 1,
pp. 163-193, 1973.

116. L. A. Coldren, "Effect of bias field in a zinc-oxide-on-silicon acoustic convolver,"
Appi. Phys. Lett., vol. 25, pp. 473-475, Nov. 1974.

117. L. A. Coldren, "Zinc oxide on silicon memory cells scanned by acoustic surface
waves," Appi. Phys. Lett., vol. 26, pp. 137-139, Feb. 1975.

118. K. L. Davis, "Storage of optical patterns in a zinc-oxide-on-silicon surface wave
convolver," Appi. Phys. Lett., vol. 26, pp. 143-145, Feb. 1975.

119. L. A. Coldren, "Zinc-oxide-on-silicon acoustically scanned imager with positive
sensitivity and storage capabilities," Appi. Phys. Lett., vol. 27, pp. 6-8, July
1975.

120. J. K. Elliot, R. L. Gunshor, R. F. Pierret, and K. L. Davis, "Zinc oxide-silicon
monolithic acoustic surface wave optical image scanner," Appi. Phys. Lett.,
vol. 27, pp. 179-182, Aug. 1975.



137

121. L. A. Coidren, "Characteristics of zinc-oxide-on-silicon signal processing and
storage devices," Proc. of the IEEE, vol. 64, pp. 769-771, May 1976.




