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The digital revolution has brought information to every corner of our daily lives.
Inexpensive and flexible integrated circuits are needed for this continuing revolution.

Silicon technology, the current workhorse of microelectronic industry, is far from
inexpensive and flexible. Researchers are taking several different routes to achieve
this goal. Amorphous silicon is the current material of choice for low cost thin film
transistors (TFT). They are relatively cheap compared to their single crystal silicon

cousin. Organic (molecular crystals or polymeric semiconductors) electronics with
the advantages of flexibility and compatibility with low cost plastic substrates are the

other major candidate. Another promising alternative is to fabricate compound
semiconductor devices by low temperature (plastic compatible) processing
technology.

In this work, a solution-based low temperature processing method known as
Chemical Bath Deposition (CBD) was explored to fabricate thin film transistors.
CBD is an aqueous analog of Chemical Vapor Deposition (CVD). The constituent

ions are dissolved in a water solution, and the thin films are produced through a
heterogeneous surface reaction at a temperature of 60° C. It is known that CBD is

capable of producing an epitaxial layer (e.g., CdS) on a single crystal surface. This
thesis reports a functional TFT using a CBD deposited CdS semiconductor layer.

A 950 A thick CBD CdS film was deposited on thermally grown

Si02

at the

surface of a heavily antimony doped (nt) silicon wafer. Twenty and forty micron
transistors were fabricated by conventional photolithography using Al deposited on

CdS as source and drain contacts. Thus, the device is essentially an inverted gate
thin film MOS transistor with

Si wafer serving as the gate contact. It has clearly

demonstrated transistor action as shown from the I-V measurements.

More

importantly, the device characterization data and modeling shows that the CdS film

is n-type with a doping concentration of

2x10'6 cm3

and an effective carrier

mobility of 2 cm2/V s. This performance is comparable to most amorphous Si (0.1

to 1 cm2/V s) and better than a typical organic thin film transistor

(102 cm2/V.$).

The interface state distribution at the CdS-Si02 interface was also determined by C-V
measurements.
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Fabrication of a Cadmium Sulfide Thin Film Transistor
Using Chemical Bath Deposition

CHAPTER 1
INTRODUCTION

The digital revolution has brought information to every corner of our daily lives.

This pervasive spread of information is continuing to expand.
computing is called "ubiquitous" or

"pervasive".1

The future of

Cheap and flexible integrated

circuits are needed for this continuing revolution.2 Silicon technology, the current
workhorse of microelectronic industry, is far from cheap and flexible. Amorphous

silicon is the current material choice for low cost thin film transistors. They are
relatively cheap compared to their single crystal silicon cousin. However, the cost is
still too high for large area and low cost applications.

Researchers are taking several different routes to achieve this dream. Organic
electronics (molecular crystals or polymeric semiconductors) with the advantages of
flexibility and compatibility with low cost plastic substrates are major candidates. In

the past ten years, research in organic electronics has increased immensely. In spite
of their potential in low cost and low temperature processing, it is doubtful they will

find their way into computers. Current organic semiconductors lack the switching

speed required, due to their typically low carrier mobility.

Superscripts refer to similarly numbered entries in References Cited.

In traditional silicon

technology, aluminum has been used as the interconnection between devices. If
metal interconnects or other inorganic structures were used along with polymers the

need for flexibility within the inorganic structures must also be considered. Indeed,

most reported organic devices today used inorganic materials as gate, source, and
drain.

The truly organic transistors were reported by only two groups of

researchers.3'4

The first all-polymer transistor was reported by Gamier et

al.3

They

used a printing technique to lay down the organic semiconductors, and materials for

the electrodes. As a result, their transistor was still functional even when bent in a
900 angle.

They obtained a field effect mobility of

6x 1 02

cm2/Vs in their

transistors. A group working in the Philips Research Laboratory went one step
further. They fabricated all-polymer integrated device with switching frequencies on

the order of kHz.4
It appears there is a trade-off between an organic molecule's carrier mobility and

the processing cost.

For example, high mobility organic thin film transistors

comparable to amorphous silicon (0.1 to 1 cm2/V.$) have been

reported.5

The

organic semiconductor layers used in these devices, however, were deposited by
costly vacuum evaporation process. Spin coating and printing techniques are two

popular low cost methods for depositing polymers. In spin coating, a polymer

suspended or dissolved in a solvent is applied to a substrate and spun until the
desired thickness is achieved. Then, the solvent is removed by heating. Spin coating

is a well understood process and if suitable solvent-polymer systems can be

generated this method has a good chance of being successful in polymer

3

semiconductor fabrication. Printing technology is somewhat more complicated than

the inkjet printer, but the principle of a pattern generation is applied, and instead of
ink, a solvent-semiconductor could be used.6

The low field carrier mobility problem observed in the all-polymer IC's needs to
be overcome before applications required higher switching speed could be realized
with flexible electronics. Organic-inorganic hybrids show the potential for improved
speed and mobility.7 A group from IBM combines the mobility of inorganic crystals

with the flexibility of organic molecules. The hybrid transistor was made by spin
coating a solution containing perovskite (C6H5C2H4NH3)2SnL crystals, and the field

effect mobility of 0.6 cm2/Vs was achieved. This class of materials is promising,
however, it is also a compromise between an all organic and all inorganic device.

Another approach is to continue using inorganic semiconductor materials with
high intrinsic mobilities on flexible substrates such as plastics. In the quest for using

polymer substrates, one of the key issues to overcome is the low temperature
processing required by polymers. Polymers have weak molecular bonding, which

allows the desired flexibility and solvent

solubility.6

However, their melting

temperatures are typically below 250° C, while in contrast, the operating temperature

of a chemical vapor deposition (CVD) reactor is usually well above 400°

C.8

Thus,

it becomes evident that in order to use a polymer substrate, a low temperature
process is necessary.

For example, Ridley et

al.9

fabricated CdSe TFT's using

solution containing CdSe nanocrystals. They took advantage of the melting
temperature depression due to the nanosize effects of nanocrystal precursors. They

4

were able to achieve a mobility of 1 cm2IVs after annealing the film at a temperature
of 350° C.

It is proposed to explore a solution based low temperature processing method
known as Chemical Bath Deposition (CBD). The advantage of CBD over the other
mentioned methods above is that a variety compounds can be deposited directly onto

a substrate, whether it is a polymer or a silicon wafer. An added benefit is that the
purity of the starting material can be minimal, provided the impurities are soluble.

CBD is considered the analogue of chemical vapor deposition (CVD). Similar to
CVD, CBD can proceed through a surface reaction that is heterogeneous in nature.

CVD in microelectronics application requires a vacuum and often a high
temperature. Since maintaining a vacuum is expensive and most process chambers
are small, the advantage of CBD over CVD is most dramatic for large area devices

such as solar cells and computer displays. CBD can be easily operated in a surface
reaction limited regime rather than a mass transfer controlled regime, at a relatively

low temperature (< 80° C). For this reason, CBD has already been shown a useful
process in high efficiency

CuInSe2

and CdTe solar

cells.1°

Much of the CBD work

that focuses on solar cell processing considers the deposition process of cadmium
sulfide (CdS). CdS thin films are used as buffer layers for

CuInSe2

and CdTe-based

polycrystalline thin-film solar cells.1'

The objectives of the current study are two-fold. The first is to build thin-film

field-effect transistors using chemical bath deposited CdS semiconductor.

The

second is to better understand the CBD CdS process in order to engineer a cost

effective (desired film quality, high yield, and minimal waste) chemical process.
This is the first step to test the CBD process as a viable process for applications in
flexible, low cost, and large area electronics.

CHAPTER 2
DEVICE LITERATURE REVIEW

Cadmium sulfide is a direct band gap (2.4 eV) semiconductor, which belongs to
the Il-VI compound semiconductor family. The free carrier concentration is expected

to be very low for pure CdS crystal. Pure CdS, however, always appears as an ntype semiconductor. This n-type conductivity is a result of excess free electrons

generating from intrinsic point defects, mainly the vacancies. A cadmium vacancy

acts as an acceptor, while a sulfur vacancy acts as a donor. Stoichiometric CdS is
thought to be n-type due to large differences in the ionization energies of the donor
and acceptor levels, which results in the large ratio of ionized donors to

acceptors.'2

The limitation to dope CdS as a p-type semiconductor is best explained by the
doping limit rule given by Zhang et

al.'3

They have shown that the spontaneous

formation of a compensating defect is responsible for this observation. The electron

mobility for single crystal CdS is around 300 cm2/Vs, however, hole mobility has
not been accurately measured and reported due to its low concentration.

Field-Effect Transistors (FET' s) are devices in which transistor action (e.g. signal

amplification) is achieved by the field effect. There are two classes of FET's with
different mechanisms of conductance modulation; the first is a junction field-effect

transistor and the second is a surface field-effect transistor. In the junction field-

effect transistor, semiconductor p-n junctions or rectifying metal-semiconductor
junctions are used to change the cross-sectional area of the conducting channel. In

7

the surface FET, the carrier concentration in the conducting semiconductor surface
(the channel) is modulated by an electric field applied at the insulated gate.

A Thin Film Transistor (TFT) uses thin film semiconductor to provide the
conducting channel instead of using bulk single crystal semiconductors. In fact, the
first transistor invented by Lilienfield back in

1926

was a thin film

transistor.14

The

transistor consisted of a copper sulfide semiconducting channel under an aluminum

metal gate, and gold source and drain. However, a working device based on this
principle could not be realized due to the large surface states. Bardeen and Brattain
demonstrated the first working transistor in

1948.14

It was a point-contact surface-

ion induced inversion-channel germanium transistor. The performance of early
FET's was hindered by high concentration of surface states. Significant progress
was made by Kahang and Atalla'6 around

silicon by thermal oxidation.

1960

by controlling the surface states of

They successfully built an enhancement-mode

inversion-channel silicon n-channel Metal-Oxide-Semiconductor (NMOS) transistor.
Out of the next 50 years grew the semiconductor industry of the present.
In

1961,

Weimer was looking for a high-gain transistor that was completely

manufactured using evaporation

techniques.'7

The goal was an easily made device

that would compete with the single crystal devices that were emerging. Weimer
fabricated a thin-film transistor using vacuum-deposited CdS as the semiconductor

and gold as metal contacts. His results were promising, but silicon with its easily
grown oxide became the dominant semiconductor. The need for TFT's is again in
demand due to the growth of personal display devices such as laptop and palmtop

8

computers. Polycrystalline silicon thin film is the dominant material of choice for
the semiconductor. The LPCVD process for polysilicon deposition is not compatible

with low cost polymeric substrates and a solution-based CBD process might be a
viable technique for the low cost and large area applications. There has been no
report of CdS TFTs fabricated using the CBD technique.

9

CHAPTER 3
DEPOSTION LITERATURE REVIEW

The deposition of CdS using CBD technique stems from early work during WWII

when PbS films were deposited in aqueous alkaline solutions in the presence of
thiourea (SC(NH2),). Kitaev et

al.

extended this PbS deposition technique during the

mid 1960's to thin film deposition of CdS.'8 They proposed a thin film growth
mechanism based on colloidal formation and adsorption of colloidal particles onto a

surface. A CdS film was formed by coagulation of adsorbed particles. They also
suggested the presence of a cadmium hydroxide (Cd(OH)2) precipitate provides the
catalytic surface for thiourea decomposition, and concluded that Cd(OH)2 solid must
be present in order to produce CdS films.

In contrary, Kaur

et. al.'9

found that Cd(OH)2 was not necessary to obtain CdS

films. They proposed an ion-by-ion growth mechanism to account for the growth of

high quality films, and suggested the colloidal growth is responsible for loose and
powdery film. Their proposed mechanism begins with cadmium ion in solution,
which can be originated from any salts such as CdSO4, Cd(NO3)2, Cd(CH3COO)2,
and CdC12 through the dissociation reaction given in reaction 3.1.
CdSO4

>Cd2+SO

{3.1]

10

Then, in an alkaline solution consisting of ammonium hydroxide, the equilibrium
reaction 3.2 provides ammonia in the solution, acting as a Lewis acid.

NH+OH <

>NH3+H20

[3.2]

Cadmium ion then complexes with ammonia, controlling the concentration of free
cadmium ions.

Cd2 +nNH3

ii

Cd(NH3) 2+

[3.3]

The coordination number of cadmium ion-ammonia complexes (n) ranges from 1 to

6. Rieke and

Bentjen2°

provided a table of cumulative formation and stability

constants. The equilibrium reaction constants for the six cadmium ion complexes
with ammonia are listed in Table 3.1.
to Table 3.1.

Cd(NH3)42

is the dominant species according

11

Table 3.1. Equilibrium Constants for the Complex of Cadmium Ion with Ammonia.

Complex Coordiantion Number Logarithm of the Equilibrium Constant
Cd2 + NH3 t Cd(NH3)12

2.65

Cd2 + 2NH3 t Cd(NH3)22

4.75

Cd2 + 3NH3

Cd(NH3)32

6.19

Cd2 + 4NH3

Cd(NH3)42

7.12

Cd2 + 5NH3 t Cd(NH3)52

6.80

Cd2 + 6NH3 t Cd(NH3)62

5.14

Continuing with the reaction mechanism, the hydrolysis of thiourea releases free
sulfide ions following reaction 3.4 and 3.5.

SC(NH2)2 *H2S+CN2H2

[3.4]

H2S+OH' II 2H'

[3.5]

+S2

Free cadmium ions then react with free sulfide ions to form CdS.
Cd2

+

S2

*CdS

[3.6]

The reaction of free cadmium ion and sulfide ion can occur both in the homogeneous

solution phase as well as on the surface. In fact, this reaction mechanism is more

12

likely to be the mechanism for homogeneous nucleation process rather than the
heterogeneous one.

Various groups of
surfaces such as Sn02,

investigated the influence of different substrate
CuInSe2,

glass, and silicon on the CBD CdS deposition rate.

No dependence was found between the terminal film thickness and substrate used.
The only exception they found is hydrophobic surfaces such as Teflon would resist

compact film growth. These groups also studied the effect of agitation on growth
rate. The conclusion was that the reaction is slow enough that it is kinetics limited,
and not mass transfer limited. This fact also confirms the heterogenous nature of the
reaction.

Kitaev et al. provided quantum-mechanical calculations of the electronic
structures of thiourea and its complexes with cadmium ion. Kitaev states, "the
complexes are regarded in this mechanism as obligatory transition (intermediate)

states in the formation of the final product."2'

They supported this proposed

mechanism by observation of adsorption of cadmium and thiourea on CdS film by
radio chemical measurement.22

Ortega-Borges and

Lincot23

performed initial rate studies using a Quartz

Crystal Microbalance (QCM) to further clarify the mechanism of chemical bath
deposited CdS. They identified three main deposition regimes. The regimes are
shown in their sample growth curve shown in Figure 3.1.
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Figure 3.1 Typical growth curve of CdS film deposition using the chemical bath
deposition technique.

The first growth regime is an induction or coalescence range. During this
regime the reaction rate is slow and not evident. The second regime is the compact

layer growth. The compact layer is the desired layer producing high quality, and
tightly adhering films. The third regime is a porous layer regime. This regime is
largely due to colloids created during the homogenous reaction, which stick to the
surface, and then becoming overgrown during the heterogeneous deposition reaction.

A major conclusion of the Lincot et al. study was that the compact layer was not
caused by a coagulation of colloids. Following the suggestion of Kitaev, a series of

surface reactions following a Rideal-Eley mechanism, with an adsorbed cadmium-

14

hydroxide-thiourea intermediate complex was proposed for the second regime. The
overall reaction forming CdS is given in reaction 3.7.
Cd(NH3 )

+ SC(NH2 )2

+

20ff

> CdS + CH2N2 + nNH3 +

2H20

[3.7]

By performing initial rate studies using the QCM Lincot et al. arrived at the
following empirical rate
r=

K(T) [cd(so4)]°6 [sc(NH2 )2 }O.8

[3.8]

[NIFI3]33[H+}'5

Based on equation 3.8, they developed a kinetic rate law which stems from the
following heterogeneous reaction

scheme.24

k

Cd(NH3)42

+ 20H + Site

Cd(OH)2ads

+ 4NH3

[3.9]

k1

Cd(OH)2 ads +SC(NH2)2

>[Cd(SC(NH2)2(OH) 2 lads

[3.10]

[cd(sc(NH2)2(oH) 2]ads

>CdS+CN2H2 +2H20+Site

[3.11]

They assumed reaction 3.10, thiourea formed a complex surface intermediate with

the adsorbed dihydroxo-cadmium species is the rate-limiting step. The rate law
shown in equation 3.12 was derived assuming the number of surface sites is constant,
and all other previous steps are in quasi-equilibrium.

15

kIk2[OW]2[Cd(NH3)][SC(NH2)2]
k1 [NH3 J4 + k1 [OH-

[cdH3

[sc(NH2 )2]

k

[oHk

]2

[cdH3

][sc(NH2 )2}

[3.12]

Doña and Herrero25 were the next group of researcher to investigate the
growth mechanism of CBD CdS thin films. They arrived at the following empirical
growth rate equation using initial rate studies.

r

K(T)[0Wj17 [cd(so4)]°9 [sc(NIH2)2]''

[3.13]

[NH3118

A modified reaction mechanism based on the Lincot et al. rate law was proposed.

Doña and Herrero suggested the formation of an adsorbed dihydro-diamminocadmium complex on the surface instead of cadmium hydroxide.
k1

Cd(NH3)

+ 20W + Site

)[CdOH)2(NH )
3

+ 2NH3

[3.14]

k1

This adsorbing dihydroxo-diammino-cadmium complex then reacts with thiourea to
form the adsorbed intermediate, Cd(OH)2(NH3)25C(NH2)2, as in equation 3.15.

[cd(oH)2 (NH3 )2 1ads

+

[sc(NH2 )2]

[cd(OH)2 (NH3 )2 SC(NH2 )2

1ads

[3.15]

Finally, decomposition of adsorbed intermediate complex occurs yielding the CdS
film, and regenerats the active site.

[cd(oH)2(NH3)2 SC(NH2)2]d

CdS + CN3H5 + NH3 + H20 + Site

Ir1

[3.16]

Reaction 3.15 above was considered the rate-limiting step, and yielded the following
theoretical rate law expression.
kik2[OH]2[Cd(NH3)J[SC(NH2)2]
k_1[NH3]2

+kl[Offj2[cd(NH3)]+k2[Sc(NH2)2]+L-[off]2[cd(NH3)][Sc(NH2)2]

[3.17]

This expression is almost identical to the rate equation 3.12 proposed by Lincot

et al.

The only difference comes from the dependence of ammonia concentration (the
exponent change from 4 to 2). The rate law can be simplified to equation 3.18,
which is very similar to the empirical rate law 3.13, by using order of magnitude
analysis for solution with high ammonia concentration.

F

k1k2

r=

2

[oHj [cd(NH3 )
k_1 [NH3

J[SC(NH2 )2}

[3.18]

]2

Both reaction mechanisms agreed well with most of the available experimental

data; although, there are still some experimental observations that could not be
explained by these proposed mechanisms. First is the effect of the cadmium salt
source on the growth rate. A rate reduction when different cadmium salts were used
in both Kitaev and Lincot

et al.

studies. If the reaction proceeds through a series of

17

ionic equilibrium stages, the salt source should not influence the rate. Secondly these

models neglected the effect of solvent ionic strength. Experiments were performed
and reported without keeping a constant ionic strength. To maintain a constant ionic
strength, it is a common practice in studies of ionic reactions to use excess inert salts
in reactions;26 however, this procedure has been avoided in these studies.

Finally none of the studies performed a dynamic analysis and account for both

homogeneous particle formation, and heterogeneous film growth.

In this work,

measurements of the total solution cadmium concentration and particle formation as

a function of time were attempted to further understand the mechanism of this CBD
process.
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CHAPTER 4
EXPERIMENTAL METHODS

DEVICE FABRICATION

The CdS TFT is fabricated on a 57 mm diameter n-type silicon wafer. The silicon

is highly doped with antimony in the <100> orientation, and has a bulk resistivity of

0.015 acm. The first step in the fabrication process was to clean the wafer using a
wash bottle spraying technique. The Acetone-Methanol-Deionized water (AMD)

cleaning method was used repeatedly throughout the process.

The AMD clean

consists of holding the wafer on the edge with a tweezers, and spraying the wafer
sequentially with acetone, methanol, and water, each for 2-5 seconds. Next, the
wafer was blown dry using moisture-free nitrogen supplied from a liquid nitrogen
source. The wafer is then baked at 90° C to remove trace water.
All TFT's made in this work are inverted gate field effect transistors. Figure 4.1 is a

representation of the process in which minor steps are omitted. A thin silicon
dioxide layer was grown as the gate oxide. A sacrificial oxide etch was performed
prior to growth of the gate oxide in order to improve the oxide quality. In all cases,

oxide growth occurred under dry oxygen conditions at 11000 C. The CdS layer is
deposited on top of the gate oxide. The CdS deposition took place in a batch reactor
(1000 ml beaker) with an initial condition of 0.015 M CdC12, 1.39 M NH4OH, and
0.0 16 M thiourea at 62° C. The deposition process took approximately five minutes.
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The wafer was removed from the bath once the desired thickness achieved.
Deionized water was continuously sprayed on the wafer during the removal process

to prevent particles sticking on the surface. The wafer was then cleaned using the
AMD cleaning method and inspected under a microscope and the surface was lightly

brushed while submerged in deionized water using a cotton swab. Care was taken
not to scratch the CdS surface.

The source and drain contacts with a separation of 20 1.lm were defined using
contact mask and positive photoresist. The metal contacts were created by thermal

evaporation of aluminum layers onto patterned photoresist followed by the lift-off
technique. The advantage of lift-off method is the absence of using any acid or base.

Most acid and basic solutions will etch the CdS layer below the metal; thus, precise
endpoint control during etching is necessary if these etchants were used. The lift-off

method, however, has its limitations. The physical force necessary to penetrate

below the evaporated aluminum level also has a tendency to delaminate the
aluminum layer from the desired contact and resulted in a low device yield across the
wafer.

The backside of the highly doped Si wafer functions as the gate contact for the
device, and therefore it is necessary to remove any oxide grown during the previous

steps and the CdS film on the backside, prior to making metal contacts. A layer of
photoresist is applied to protect the aluminum and CdS layers at the front side of the
wafer. Hydrochloric acid is first used to etch any backside CdS, and then a buffered
HF etch is used to remove the oxide. A thin layer of aluminum is then evaporated on
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the backside. The front side photoresist is then removed during the AMD clean after
the aluminum deposition. Table 4.1 is included below to provide greater detail of the
process steps in summary form.

Table 4.1 Process sequence used to fabricate the CdS thin film transistor.
1.

AMD Clean (Acetone, Methanol, Deionized water rinse, 2mm. bake at 90°C)

2.

Native Oxide etch in Buffered HF acid ( 40 g NH4F, 1 OOml H20, I Omi 48% HF)

3.

Dry Oxidation in furnace 11000 C for 15 minutes approximately 360A oxide

4.

Etch sacrificial oxide etch in buffered HF

5.

AMD Clean

6.

Gate oxide growth, dry oxidation in furnace at 11000 C for 35 minutes approximately
750 A oxide thickness

7.

CBD CdS growth in (0.015 M CdCl2, 1.39 M NH4OH, 0.016 M Thiourea, 62° C)

8.

AMD Clean

9.

Physical Cotton swab clean in deionized water

10.

AMD Clean.

11.

Spin Coat Positive Resist (Shipley 812 Positive Resist I .2um at 4000 rpm)

12.

Soft Bake 90° C 10 minutes

13.

Expose and develop (Shipley MF-3 19 Microposit Developer)

14.

Thermal evaporate aluminum for lift-off etch 6.7x Ø6 ton

15.

Acetone lift-off etch, power spray with hypodermic needle

16.

AMD Clean

17.

Spin coat friont side protection layer photoresist softbake 90° C 10 minutes, hard bake
15 minutes

18.

Backside etch with 5 M HC1 to remove CdS

19.

Backside etch with buffered HF to remove oxide

20.

Deionized water clean

21.

Thermal evaporate gate contact to backside

22.

AMD Clean to remove passivation layer photoresist

23.

Thermal anneal in vacuum for 30 minutes at 200° C
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computer that records the data. The temperature is controlled by a Omega controller
connected to a heating mantle, and the stirring is accomplished using a large (3 cm)
magnetic stir bar, and the whole apparatus is set on top of a VWR Dyla-Dual heater
and magnetic stirrer. A schematic of the reactor is shown in Figure 4.4 below.

quartz crystal probe

thermometer
plastic cover

heating mantle
stir bar
Dyla Duel stir bar control

Figure 4.4 Schematic of the CBD Reactor including the QCM probe.

The principle of the quartz crystal microbalance (QCM) operation is relatively

simple. A change in inertia occurs when additional mass is added to a vibrating
quartz crystal, and the resulting change in vibration frequency of the crystal can be

related to the added mass. This was first demonstrated by Lord Raleigh and put to
practical use by Sauerbrey.27 If the added mass is assumed to have the same density
as quartz, the following equation results for thickness.
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NqPq(

)

m=

[4.1]

A

Where:

m

Mass of film

Nq

Frequency constant for AT cut quartz 1 .668x 1 0 cmls
Density of the quartz crystal
Frequency of the deposited film
Frequency of the quartz crystal
Area of the crystal

Pq

f
fq

A

Or in terms of film thickness, x,
1

NqPq('
fq7)

x=

[4.2]

Pf

QCM's were first used only in the gas phase, and in the 1980's, liquid phase
applications of the QCM were developed. The reason liquid phase applications were

not developed sooner is because viscous coupling occurs between the vibrating
surface and the liquid. Kanazawa and Gordon showed for low viscosity solutions,
the frequency change associated with this coupling was insignificant.27 If the quartz
crystal becomes heavy and overloaded, equation

4.1

is no longer valid. The quartz

crystal and deposited layer must then be treated as a composite resonator, and the
following equation results.
1

x=

1
I

iN 1

Pj)

/R)

arctan R tang

1

'q

[4.3]

Z

f
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R is the ratio of the acoustical impedance quartz to the acoustic

deposited film. R is used to account for the transmission of the shear wave that

occurs between the two materials. Equation 4.3 reduces to equation 4.2 when the

acoustical impedance of the deposited film is equal to the acoustical impedance of
quartz.

QCM provides thickness and growth rate; however, additional analytical methods

are needed to follow the concentration change of a reactant with time in order to
provide a dynamic analysis. The first method considered was to monitor ions using in

situ Ion Selective Electrodes (ISE).

Commercial ISE's are available for both

cadmium and ammonium ions. The cadmium ISE is sensitive to free cadmium ions;

however, the optimum pH region for the cadmium ISE is between 2-7.

This is

because cadmium hydroxide will precipitate above this pH range without additional

complex agent. In this study, however, cadmium is complexed with ammonia and
very low free cadmium ions remain in the solution. This rendered the probe useless
since the cadmium ion concentration was below the reliable detection limit. The use

of ISE's in the experiment is also limited by temperature. For example, the
ammonium ion ISE has an upper temperature limit of 45°C, and unfortunately this is

below the desired temperature for the current study.

There are several other

limitations in using ISE. ISE's often require a reference electrode, which allow a
small amount of filling solution to diffuse into the sample. if the sample is intended

for measurement only, this method is fine, however, the electrode slowly
contaminates the sample over time. Moreover, it is possible that CdS film will

deposit on the probe surface and create an offset during the measurement, either by

limiting the flow of reference electrode solution or by creating a diffusion barrier

over the ISE sensor area. For these reasons, ISE's were not used to follow the
reaction in situ. Since the ISE method of following reactant concentration is not
applicable here, an external method by periodically taking samples and then using
Atomic Absorption (AA) was used to determine the total cadmium concentration. A
summary of this method is listed in Table 4.2.

Table 4.2 A summary of the centrifugal sampling method.

1. Remove 2 ml of solution using auto pipet
2. Centrifuge the sample for 1 minute

3. Remove I ml of supernatant liquid without disturbing solid and dilute it to 100
ml using volumetric flask with water and 1-2 ml of 5 M HC1

4. Add

5

ml of 5 M HC1 to remaining sample, mix until all solid phase fully

dissolved
5.

Transfer to 100 ml volumetric flask and dilute with water and additional 5 M
HC1 as needed

Several limitations of this method are worthwhile mentioning. The first is the
assumption that the sample represents the uniform concentration within the reactor.

The second limitation is the time period of approximately

1.5

minutes between

sampling from the reactor and liquid sample aliquot removal. During this time the
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reaction may still proceed. This effect was minimized by chilling the test tubes prior
to sample addition. No film was observed on the tubes after the centrifuging process.

The third limitation is the centrifuge is not an ultra-centrifuge, and particles smaller

than 0.05 tm could not be removed. The particles that were not removed would
contribute to the reactor liquid concentration.
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These pinholes are surface particles that adhere to the surface after the device is
fabricated. The surface particles

are

not thought to affect the device performance.

Annealing had a significant effect on the device performance. Figure

5.3

shows

the increase in conductivity of the transistor at zero gate voltage. The conditions for
the anneal were 2000 C in a low vacuum environment for a duration of 30 minutes.

-L

[iefore Anneal
erAnne

ci)

Voltage (V)

Figure 5.3 The effect of annealing the CdS transistor at 200° C for 30 minutes under
light vacuum; the curve with greater slope has been annealed.

The channel resistance measured under illumination from the probe station light
decreased from 3.9 M to 1.1 M upon annealing. The reduction in the channel
resistance results from improved contacts with aluminum to the CdS film since some

sintering occurs. The anneal also forces out any residual water that could be trapped
within the device. It is also likely that during the anneal, the CdS layer undergoes
some recrystalization which increases the grain size.
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When the device dimensions are taken into account, the corresponding bulk
resistivities are 371 Qcm and 102 fkm, before and after anneal respectively. Chopra
et

al.28

cited the resistivity of an evaporated CdS thin film transistor to be 60 fkm.

The transistor cited by Chopra et al. had been annealed at 2000 C, but no information

is provided on the type of contact or the device dimensions. There is no report to our

knowledge of the characterization of electronic transport parameters for solution

grown CdS, or that anyone has attempted to fabricate a MOSFET from solution
deposited CdS. This is largely due the interest in CdS that has been confined to its

optical properties intended for solar cell applications.

Cadmium sulfide is a

photoconductor; hence its use as a photodetector. It is not too surprising to find that
our device made using CBD also exhibits this feature. Figure 5.4 shows the effect of
light on the device.
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Figure 5.4 The effect of light on the CdS semiconductor device.
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The device shows a modest increase in the drain current when the light from the

probe station is switched on. The increase in the drain current is the result of lightstimulated excess carriers. The characterization that follows has been conducted
with the probe station light off and covered with a dark cloth.

DEVICE CHARACTERIZATION

The device is a depletion mode device, which means that at a zero gate voltage or

equilibrium, the transistor is on. Figure 5.5a is a representation of the equilibrium
depletion layer that exists. The depletion layer results from the surface potential
between the semiconductor and gate insulator. This surface potential manifests itself
as an electric field that extends into the semiconductor and depletes charge carriers.

S

S

D

D

V<O
VG=O

VG=O

VG>O

G

a.

G

b.

Figure 5.5 MOSFET representing an idealized depletion layer: Source(S), Drain(D),
Gate(G).
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For an n-type material when the gate voltage,

VG,

is biased in the positive

direction, while at the same time the source and drain remain at ground potential, the

depletion layer is reduced thereby increasing the effective channel thickness.
Conversely when the gate voltage is biased negatively, the depletion width increases

and reduces the effective channel thickness. These situations are represented in
Figure 5.5b. When the drain is also biased the idealization of a uniform depletion
width no longer applies.

When the drain is biased it influences the electric field.

Figure 5.6 illustrates the effect on the depletion layer when the drain voltage is
positive and the gate voltage remains zero.

DVD>O

S
III_1

Increasing

VD=VDsat

G
Figure 5.6 The effect of the drain bias on the depletion layer.

As the drain bias is increased, the depletion region under the drain expands, and

reduces the effective channel. This occurs until the drain voltage equals the drain
saturation voltage and the current eventually saturates at a near constant value. Now

34

looking at the actual device, Figure 5.7 is a family of curves showing the effect of the

depletion width modulation. The curves in Figure 5.7 show depletion mode operation
and were measured on a Hewlett-Packard 4145 Semiconductor Parameter Analyzer.
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Figure 5.7 Family of ID vs.

curves taken in the dark using a Hewlett-Packard
4145 Semiconductor Parameter Analyzer, showing depletion mode operation.
VD

Notice for gate voltages less than approximately 6 V. the gate bias has a negligible
effect on the ID-

VD

characteristics. This is a sign that the depletion width caused by

decreasing the gate bias is approaching the thickness of the semiconductor. In

enhancement mode operation, as the gate bias is increased, the depletion width
decreases.
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Increasing the gate voltage increases the effective channel thickness, and
consequently the channel current also increases. Unlike in Figure 5.6 where the
biasing of the drain contributes to the pinching off of the channel, the depletion layer

caused by the drain bias does not show current saturation up to the maximum drain
voltage measured.

This is demonstrated by a plot of drain current versus drain

voltage shown in Figure 5.8 for a wide range of positive gate voltages.
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Figure 5.8 Family of 'D vs.

VD curves taken in the dark using a Hewlett-Packard
4145 Semiconductor Parameter Analyzer.

For larger gate voltages, the drain current does not saturate, and the curve become
linear and the device behaves more like a resistor. The linearity of the curve is due to

the incomplete depletion of the semiconductor channel, and an effective channel
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width approaching the thickness of the film. An interesting characteristic of these

curves is that there is a shift in the I-V curves down and to the right as the gate
voltage increases.

Another family of curves is shown in Figure 5.9. This figure is

a plot of drain current versus gate voltage for a range of drain voltages.
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Figure 5.9 Family of ID vs.

curves taken in the dark using a Hewlett-Packard
4145 Semiconductor Parameter Analyzer, showing operation of the device in the
depletion mode.
VG
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These curves draw attention due to the rounding of the curves such that the current
become negative as the gate voltage is increased. This feature is probably a symptom

caused by leakage across the gate. In fact, the negative drain current for

VD

greater

than zero in Figure 5.8 is also most likely due to the current leakage across the gate.
The leakage is likely the result of pinholes and weak spots created in the gate oxide,

and the pinholes are typically created by particles.

Since the gate oxide was not

grown in a cleanroom, this is not an unreasonable explanation. Another possible
reason for the curve shift is the oxide is reaching its breakdown voltage. This is less

likely since breakdown voltages for gate oxides are typically 5-10 MV/cm and the

electric fields in the experimental device are at most 4.3 MV/cm when the gate
voltage is 32 V, and the curves exhibit a shift well below this

voltage.29

The thin film transistor device is also characterized by capacitance measurements.

Figure 5.10 is a high frequency capacitance curve. The test structure for this curve
was a rectangular aluminum contact pad with an area of 0.0019 cm2. The curve has a

stretched out and elongated shape. This indicates the existence of interface traps

which are addressed later in the paper. The curve also has a shift to the right. This
shift is the flat band voltage due to the difference in the metal semiconductor work
function difference. The flat band voltage is also addressed later in the chapter.
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Figure 5.10 High frequency capacitance curve of the CdS transistor obtained using a

Hewlett-Packard 4280A 1MHZ Capacitance Meter/C-V Plotter. The area of the
capacitor is 0.00 19 cm2.

Further analysis of the device requires calculating several unknown parameters.
However, in order to determine these parameters it is necessary to develop a model
for a depletion mode device. Using this model as a framework, the threshold voltage

V, and the flat band voltage

VFB

are determined. Then using threshold voltage and

flatband voltage, the mobility and doping concentration are also estimated.

DEVICE MODEL

Referring to Figure 5.11 for orientation and notation for an inverted MOSFET, the
drain current is given by equation 5.1.
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Figure 5.11 Cross section of the CdS device used to assign notation.

'L)

=-pz(Q

dx

[5.11

Where:
ID

VD

Drain Current (A)
Electron Mobility (cm2IV.$)
Drain Voltage Relative to the Source (V)
Gate Voltage Relative to the Source (V)

The initial charge per unit area due the uniform doping in the CdS is given by
Equation 5.2.

Q,, =qNd

[5.2]

Where:
q
Nd
d

Charge of an electron (1.6x1019 C)
Net Dopant Concentration (cm3)
Thickness of the CdS Film (cm)

The charge induced by the gate voltage and a function of position x direction is
given by equation 5.3.
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= C(Vb

V(x))

[5.3]

C is the average series combination of the oxide and cadmium sulfide depletion layer
capacitances. Then substitution into equation 5.1 yields equation 5.4.
[5.4]

-v)iv

'D

Integration of Equation 5.4 for depletion mode when

V'G <0

yields Equation 5.5.

JInzc

[5.5]

L

V =VV

[5.6]

The threshold voltage Vr is defined by Equation 5.7.
[5.7]

VT

As mentioned earlier, the CdS layer in the experimental device is an n-type

semiconductor in which electrons are the majority carriers.

Finally, the

transconductance, gm and drain conductance g are given by equations 5.8 and 5.9.

g,= aIDI

PnZCV

I

ÔVGIV

gd=-

aIDI

[5.9]

I

8VDV

[5.8]

L

L

If the doping level were known, finding the effective mobility would be a matter
of differentiating an

'D

vs. VD curve and then solving equation 5.9 for the effective

mobility. Unfortunately, due to the methods used to deposit the CdS semiconductor,
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the net doping level is unknown.

However, using equation 5.9, the definition for

threshold voltage, and equation 5.6 for

V'G,

then substituting these values into

equation 5.9 yields:

PZC( -v VDVT)
G
FB

[5.10]

L

aVDf

Equation 5.10 was developed for depletion mode however, when the device is in
enhancement mode, the average capacitance is substituted for the oxide capacitance.

In enhancement mode, the channel becomes fully open as the capacitance of the

semiconductor becomes much larger than the oxide.

The result is that the

capacitance, C, becomes equal to the oxide capacitance,

CO3

the gate oxide

capacitance. Similarly, equation 5.5 becomes equation 5.11 for enhancement mode
and all subsequent equations through equation 5.10 use the oxide capacitance.
/izC0
L

r(

VD2 1

c0

+ vbjvD

2]

[5.11]

Where:

Ks0 A

[5.12]

tox

K
A

Silicon dioxide dielectric constant (3.9)
Permittivity of free space (8.85x104 F cm')
Gate oxide thickness (7.5x106 cm)
Area of the device (0.00 192 cm)

Table 5.1 is a summary of the expressions that are used to calculate the effective
mobility depending on the mode of operation.
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Table 5.1 Mobility expressions for operation below
Mode of Operation

VD<VDSat.

Expression

gL

Depletion
I11

=(VG

VFB VD VT)ZC

V'G <0

Enhancement

/eff

gL
(vG VFB VD VT)ZCOX

V'G >0, V1 < V'G

gL

Partial Enhancement
Iteff

(V

VFB

VD

v ) zc

V'G >0, VD> V'G

One problem in using the equations in Table 5.1 is

VT

and

VFB

are the unknowns.

However, before discussing the method used to determine the values of VT and
brief overview of factors affecting the

VFB

VFB,

is appropriate.

For an ideal MOS device, the flat band voltage is zero. In a non-ideal device, a
non-zero flat band condition occurs. This condition is explained by considering the
metal semiconductor work function difference, the fixed oxide charges at the oxide-

semiconductor interface, the mobile ion charge within the oxide, and the interfacial
traps. The flat band voltage is a sum of these terms and shown in equation 5.13.

VFB=ØMS

__QMYM _QJTr(øs
cox

cox

cox

0)

[5.13]
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Where:

Metal semiconductor work function difference (V)
Fixed charge near interface (C cm2)
Mobile charge (C cm2)
Charge distribution factor
Interface trapped charge (C cm2)
Semiconductor surface potential (V)

ØMS

QF

QM
TM
QIT

qs

MS

is the metal semiconductor work function difference and is the potential that

results near the surface of the oxide-semiconductor interface whenever two unlike
materials having different work functions are connected.
The relationship between gate voltage and

05

is given by equation 5.14.
[5.14]

VG = V0 +

Where the voltage across the oxide,

V0

is given by equation 5.14.
[5.14]

Vox
Lox

Where:
[5.16]

Q(çb) = qNw(Ø)

The charge per unit area, Q( q), given in equation 5.16 is the depletion layer charge

as a function of

.

The depletion layer width, w, as a function of

çb5

which is given

by equation 5.17.

kT"
qN

[5.17]
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Where:

K

Dielectric constant of the CdS (8.73)
Themal voltage (0.0259 eV at T300 K)
Boltzman constant (8.617x105 eVIK)

kT/q

k

The factor of kTI2q accounts for the Debye length, and at q0, this expression
automatically reduces to Debye length. Then, from the depletion width, the depletion
capacitance is determined by equation

5.18.

CD (çb) =

[5.18]

w(Ø)

The total capacitance when

C0

and CD are added in series is given by equation

5.19.

C0C
[5.19]

hf

COX+CD

This series of equations is in fact the method used to calculate the low frequency
capacitance, and it is for this reason that the applicability of this series of equation is
limited to the depletion portion of the C-V curve.

The typical approach to determine the flat band voltage is to calculate the ideal

capacitance curve, and then find the difference between the voltages for the ideal
capacitance at 4 equal zero, which for an ideal device occurs at

VG

equal zero.

However for this work, the method is somewhat complicated because the value ofNd
is unknown due to the unconventional method used to deposit the CdS film.
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CALCULATION OF UNKNOWN PARAMETERS

VFB, VT AND

Nd

Recall that it was found in the above section that not only
unknown, but also
equations

Nd.

To

VFB

and VT are

find these three values, simultaneous solution of six

are required, those equations are 5.7, 5.10, 5.17, 5.18, 5.19, and Figure

5.10. Figure 5.10 is the functional relationship that provides values for the voltage
given, the value for capacitance estimated using equation 5.20.

The process of finding the unknowns begins by using the family of
curves shown in Figures 5.7 and 5.8. A g vs.
VD

VG

'D

vs. VD

curve is constructed for case when

equal zero, as shown in Figure 5.12. The intercept is then extrapolated from the

linear portion of this curve. The extrapolated value is l.83V.
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Figure 5.12 Extrapolation used to determine the threshold voltage and flat band
voltage.
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Then using the extrapolated intercept and equation

5.10,

which simplifies to equation

5.21.

VG =VFB +VT

[5.21]

Equation 5.21 sets a constraint on values of

VFB

and

VT.

Next an iterative process

begins by guessing the flat band voltage and calculating a threshold voltage from
equation

5.21.

The net doping concentration is determined using equation

5.7.

From the doping concentration, the depletion width is determined using equation
5.17

by assuming q is equal to zero (flat band condition). Using the depletion width,

the depletion capacitance from the semiconductor CD is determined from Equation
5.18.

The depletion capacitance is then used in equation

high frequency capacitance.

5.19

to determine the total

Finally, using the value of the high frequency

capacitance, a voltage is read from the experimental C-V curve, Figure

5.10.

When

this voltage read from the experimental C-V curve equals that of the guessed for the
flat band voltage, the iterative process is complete.

The results of this iterative procedure are a flat band voltage of 2.66V, a threshold

voltage of 0.83V, and doping concentration estimated at

2x10'6

cm3. This doping

concentration is near that found in the literature for evaporated CdS films. The
carrier concentration cited by

Chopra et al.28

evaporated CdS films annealed at 200°

C.

range from

1016

to 1017 cm3 for
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MOBILITY ANALYSIS

Mobility is considered the central parameter to the performance of a MOSFET
device. Since a conventional method of depositing CdS films is by evaporation, a

comparison of the mobility of evaporated CdS to that of chemical bath deposited
CdS is presented. In 1962,

Wiemer17

fabricated a thin film transitor from evaporated

CdS and found electron mobilities of 1.1 cm2/Vs to as high as 140
etal.28

cm2/Vs. Chopra

cited a mobility of 10 cm2/Vs for annealed films at 2000 C.

The mobility that Wiemer actually reports is the field effect mobility using
equation 5.22, which is essentially determined from the transconductance, g,, using
equation 5.9 with the mobility isolated.

gL

/JFEVCW
If this method is used to determine mobility Figure 5.13 is produced.

[5.22]
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Figure 5.13 Field effect mobility as a function of VG at a constant VD1O V.

Determining mobility from the transconductance is typically not reported since when

deriving equation 5.21, the mobility is assumed to be independent on gate voltage,
and this is not necessarily true. More typically, the equations in Table 5.1 are used
because the field effect mobility, as defined by equation 5.22, yields lower mobilities

than the effective mobility calculations. This will become evident as the equations
with varying assumptions are applied.
When applying the equation in Table 5.1 there are varying degrees of assumptions

and non-idealities that are considered. The first idealities are threshold voltage and
flat band voltage are zero. It is known that this is not the case; however, results for
the effective mobility are shown in Figure 5.13.
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equals
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Both Figures 5.13 and 5.14 show a large voltage dependence of the mobility on

VG.

The effective mobility in Figure 5.13 is about equal to the field effect mobility in
Figure 5.14. This is not the case when Vrand VFare no longer assumed zero

When the estimations for

VT and VFB

are incorporated, the result is Figure 5.15.

The influence of the threshold voltage and flat band voltage are found to be small
when the applied gate voltages are large. All three methods used to calculate the
mobility yield value between 2 to 2.5 cm2/V-sec. However, adjusting for
increases the effective mobility at lower voltages.

VT

and

VFB
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Calculated mobilities dependence on gate voltage incorporating
estimations of V--0.83 Vand VFB-2.66 V.

The result of this mobility analysis is that chemically bath deposited CdS has a
mobility near

2

cm2/Vs. Recall that the range for the mobility of evaporated films

was from 1.1-140 cm2/V s, and the mobility of all polymer and amorphous silicon

semiconductors ranges from 0.01-1 cm2/Vs. Simple CdS devices fabricated using
CBD are on par with these other materials and at the current level are equally viable.

The downside to CdS devices is the potential environmental effects; however CdS is
considered stable and insoluble in water.
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INTERFACE TRAP DENSITY

Recall for an ideal MOS device, the flat band voltage is zero; however in a nonideal device, a non-zero flat band condition occurs due to oxide charges at the oxide-

semiconductor interface, mobile ion charges within the oxide, and interfacial traps,
that were summarized in equation 5.13. These non-ideal charge effects are the result
of processing conditions, and can be reduced using other processes such as annealing

of the gate oxide in an inert atmosphere to reduce fixed oxide charges, or hydrogen
atmosphere annealing of the MOS structure after metallization to reduce interfacial
traps by tying up dangling bonds. In a flexible device on a plastic substrate, the use

of silicon dioxide as the gate insulator is probably not very likely since the
temperature requirements to deposit silicon dioxide exceed the melting temperature

of most plastics.

However, our MOSFET does use silicon dioxide as the gate

insulator that was grown from the inflexible substrate silicon. Thus, it is reasonable
to expect some level of oxide defects, especially given the fact that leakage across the
oxide was significant at higher gate voltages.

Using the previously discussed method of calculating the ideal capacitance, the

process of characterizing the interface traps is possible. The Terman

method3°

to

determine interface trap density uses the high-frequency capacitance curve. Interface
traps do not respond to the high frequency ac probe signal, but they do respond to the

slowly changing dc gate voltage. The result of this response is a stretched out
experimental high frequency capacitance curve. The Terman method is most widely

used for trap densities greater than 1010 cm2eV', and requires knowledge of the
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doping density. Therefore, it is important to mention this method of characterizing
the interface densities is doping dependent and its accuracy is limited by the method

used to determine doping density. Since the method used to determine the doping

concentration is an approximation, the Terman method provides an estimate of the
trap density (C,), and its dependence on the applied gate voltage.

[dvGi]c(Ø)

[5.23]

Cit(c) _1-oxI

L dq55

The derivative in equation 5.23, used without derivation,6 is determined by using the

calculated ideal C-V curve. The method involves finding

qs

for a given value of

capacitance, and then using the experimental data to match the applied gate voltage
(VG)

to the given value of capacitance. From this correspondence, a relationship

between Ø and

VG

is found, and from which the derivative in equation 5.23

calculated.

Once the capacitance due to the interface traps is determined as a function of
surface potential, equation 5.24 is used to determine the density of states, D,.

() =

C(Ø)

[5.24]

q

Plotted on Figure 5.16 is the interface trapped charge density surface potential. In
silicon devices, interface trap density of the oxide interface ranges from 1012 cm2
directly after oxidation to as low as 1010 cm2 after a hydrogen anneal.3' These trap

densities for silicon-silicon dioxide are considerably lower than the CdS device
densities for several reasons. First, the experimental device was not annealed in

53

hydrogen, and second, the semiconductor-gate interface was not grown from a silicon

substrate. Recall that in the CdS device, the semiconductor was deposited onto the
gate oxide. This is analogous to Ill-V semiconductors where the gate dielectric is

deposited onto the semiconductor. For this reason, comparison to devices with
heteromorphic insulators is more appropriate.
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Figure 5.16 Interface trapped charge density versus surface potential, as determined
using the Terman Method for determining interface trap density.

For a gallium amsenide and indium phosphide devices with silicon dioxide gate

material, the interface trap density ranges between

1013 cm2

Figure 5.16 illustrates, the trap density ranges between 1

to 1015

cm2.32

As

15
cm2 to 1 cm2, which

is good considering the process condition are multiphase for the experiment. In
Si/Si02

devices dangling bonds and stress produced by the oxide are thought to cause
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interface traps; however, in heteromorphic insulators, there are numerous

contributions to the interface trap density. These include: trapping of solvent at the

interface to create voids, nonstoichiometric deposition, etch and cleaning defects,
residual organic liquid, surface roughness, and subcutaneous reactions between the
insulator and substrate.

In the experimental CdS device, particle formation and subsequent particle
adhesion to the oxide is more than likely the greatest contribution to the large trap
density, and for that reason investigation into the deposition process is required in
order to minimize defects caused by particles. These defects not only contribute to
the flat band voltage and trap density, but also are expected to reduce the mobility.
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CHAPTER 6
DEPOSITION RESULTS AND DISCUSSION

DEPOSITION PROCESS

It is necessary to understand the CBD CdS deposition process in order to design a

reactor and tailor the process conditions for production of high quality thin films at
high yield.

There are several independent chemical reactions taking place in the

deposition solution. A cadmium species can either react in the bulk solution or
diffuse to the surface to react. Figure 6.1 shows that the solution is complex, but in
general the basic steps that occur in a CBD process include:
1.

Mass transport to the surface by convection andlor diffusion

2. Adsorption and reaction
3. Surface Diffusion allowing crystal growth
4. Desorption of reaction by-products

5. Homogeneous chemical reaction in which reactive intermediates, for example
the decomposition of thiourea forms sulfide ion that react with cadmium ions
to form CdS particles
6.

Coagulation, particles of CdS sticking together to form larger particles

7.

Particle settling and sticking (porous film growth)

56

Cadmium Species

5
I

/

5

\

\

(

N

-------

_/ (

0 Thiourea

/\
6'\

Cadmium Sulfide
U

I
)

)

Water or Hydroxide
By-products

Figure 6.1 Several reactions take place in the deposition solution, the main
reaction leads to the production of CdS film.

The current understanding of CBD CdS growth mechanism is best represented by

the model proposed by Ortega-Borges and

Lincot.24

In their model the CBD CdS

growth is limited by the surface reaction, and not the mass transport to the surface.
They have identified three growth regimes: induction, compact layer growth through

heterogeneous surface reactions, porous layer growth by particles. They proposed a
heterogeneous reaction for the second regime and obtained a corresponding rate law
using initial rate studies.

TRANSPORT LIMITED VERSUS KNETICS LIMITED REACTION

Formation of CdS by chemical bath deposition requires a certain species to arrive

at the surface upon which reaction occurs. There are two possible scenarios that
limit the rate of the deposition reaction. It is possible the surface reaction is faster

than the rate reactant(s) can arrive to the surface. This case is said to be a mass
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transfer or transport limited deposition. The alternative scenario is the mass transport

of reactant(s) is faster than the rate of the intrinsic surface reaction. This is called a
surface reaction limited deposition. One of the first steps in studying the reaction is

to understand the relationship between surface reactions and transport limiting
reactions. Previous work shows the surface reaction is reasonably slow, and slight
agitation is sufficient for adequate mass

transport.24'25

The experiments consisted of

holding reactor conditions constant and only changing the mixing rate, and then
measure the deposition thickness over time.
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Figure 6.2

Influence of stirring rate on film growth curves. [CdC12]3.7x10

4,[SC(NH2)2]3.6x 103,[NH3]1 .86x 103,[NH4C1]1 .1 x 103,T75° C.

A similar study is performed in this work; however, the concentration of reagents

is an order of magnitude lower than typically reported concentrations, and the
temperature is 150 C higher. It is found that the reaction could be limited by mass
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transport at certain concentration ranges in contrast to conclusions of several research
A series of CdS film thickness versus time curves under different stirring

groups.24'25

rate is given in Figure 6.2. There are several interesting features in the growth curves

shown in Figure 6.2. First, it is clearly shown that the film growth rate is strongly

dependant on the stir rate. This was demonstrated by taking the slope of linear
portion of the curves in Figure

6.2.

This slope represents the maximum deposition

rate and was used to generate Figure 6.3.
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Figure 6.3

Deposition rate in the linear region plotted against stir rate.

[CdC12]3.7x 1 O,[SC(NH2)2]3 .6x 1 03,[NH3]1 .86x 1 03,[NH4C1]1

.1 xl 03,T-75°

C.

This increase in deposition rate is not likely the result of a greater number of particles

sticking to the surface since the stirring rate is sufficient to keep the bulk fluid well

mixed. However, increasing stir rate does seem to have an effect on the boundary
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layer thickness and presumably increase the deposition rate.

However, the exact

hydrodynamic is not known since the reactor does not follow any conventional
geometry allowing the calculation of a boundary layer thickness. A QCM reactor
with a defined fluid flow pattern based on impinging jet concept is recommended for

further clarification of this problem (see Chapter

7).

The second feature of Figure

6.2 is a strong dependence of the terminal film thickness on the stirring rate. The
relationship between terminal thickness and stir rate is shown in Figure 6.4.
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Influence of stirring rate on terminal thickness.

SC(NH2)2]3.6x I O3,[NHJl .86x 1 03,[NH4C1]1
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.1 xl 03,T75° C.

Figure 6.4 has a similar shape to Figure 6.3, which is not unexpected since a
majority of the film thickness is deposited when the deposition rate is the greatest.

This feature is a clear demonstration of the competition between homogeneous

particle growth and heterogeneous film formation.

It is clearly shown in Figure 6.3

that the heterogeneous growth rate is strongly dependent on the stirring rate. On the

other hand, the homogeneous reaction is not. The heterogeneous and homogeneous
reactions are competing for reactants before they get depleted. In other words, the

reactants would be depleted mostly by homogeneous reaction if the heterogeneous
reaction were relatively slow.

ROLE OF PARTICLE FORMATION ON THE GROWTH CURVE

It has been well established in the literature that reactions at higher concentration
are not mass transfer limited.24'25 Figure 6.5 is a plot of thickness versus time curve

of CBD CdS in the concentration range where the deposition is not mass transfer
limited.
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Figure 6.5 CBD growth curve at higher concentrations. [CdNO3]0.O1l,
[SC(NH2)2]0.027, [NH3]l .81, T60° C, in a volume of 0.6 L.

[1I

In contrast to the curves shown in Figure 6.2, most of the film thickness in Figure

6.5 is attributed to deposition by physical means. The transition from a chemical
deposition process to a physical deposition process is easily identified by the creation

of a kink in the growth curve. Once the kink occurs the physical deposition
dominates the growth curve; however the heterogeneous reaction is most likely still

taking place. The heterogeneous reaction is probably occurring not only on the
reactor and probe surfaces, but also on the surface of particles.
Figure 6.6 shows the formation of particles as measured by taking a sample during

the reaction, and centrifi.iging the sample to isolate the particles. The particles where
then dissolved in acid and measured by cadmium atomic absorption.
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Figure 6.6 The growth of film as measured by the QCM, and the moles of cadmium
particles produced in solution, and the moles of cadmium converted to particles.
[CdNO3]=O.O1 1, [SC(NH2)2]=O.027, [NH3]=1 .81, T=60° C, in a volume of 0.6 L.
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The kink coincides reasonably well with the particle data, and also coincides with

the rapid clouding of the solution. Deposition after the kink is a result of both
physical deposition and heterogeneous reaction. Previous researchers simply ignored

the effect of particles by restricting the growth to short reaction times or by cleaning

particles from the surface and reporting only the compact film growth.

No

researchers have attempted to mass balance the system and perform a dynamic
analysis.

Figure 6.7 is a mole balance plot that includes the moles of cadmium

available for reaction into cadmium sulfide, the moles of CdS particles, and the mole
of CdS in the film.
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Figure 6.7 A mole balance of the reactor. [CdNO3]0.0l 1, [SC(NH2)2]0.027,
[NH3]=l.81, T=60° C, in a volume of 0.6 L, estimate wetted area of 397

cm2.
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The effect of particle formation is that it acts as a sink for cadmium, competing

for reagents with the heterogeneous reaction. The heterogeneous reaction can also
occur on the particles; thus, the depletion of reactant is also accelerated due to the
increase of available surface area. This is evident in the way cadmium concentration

drops rapidly as soon as the moles of CdS particles exceeds the moles of CdS film,

and as the growth curve passes the kink portion. With particle formation acting as
such a large cadmium sink, the most striking feature of this graph is that even though

the concentration changes dramatically during the reaction, the deposition rate
remains constant.

There are several possible hypotheses that could explain this feature.

For

example, for a linear growth curve region to occur during such a large concentration
change suggests the reaction is not operating in a reaction kinetics limited regime, or
the reacting species has saturated the surface. However, these two possibilities could

be ruled out based on previous studies, which show a clear dependence of growth
rate on initial reactant concentration. The conditions of the present work are well
within the experimental conditions of the previous studies, which suggest another
hypothesis.

It is possible that a cadmium species, perhaps a cadmium complex,

whose concentration remains constant during the linear growth regime is responsible

for the heterogeneous reaction.

The cadmium species would have to be an

intermediate in the reaction mechanism, and have pH dependency so that the net
result is a constant reservoir of cadmium. The concept is essentially the same as a
buffer, only concentration is held constant instead of pH. A comparison of current
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experimental data with the rate law proposed by by Lincot et

al.24

is performed in the

next two sections in order to shed some light on this problem.

MODEL DEVELOPMENT

The model used in this study follows the practical rate expression proposed by
Lincot

et al.24

The practical rate expression is a simplified version of the theoretical

rate law, equation 3.12. This equation was developed in Chapter 3.

k1k2 [oH- ]2

k1 [NH3

]4 + k1 [ow ]2
EcdNH3 )

[cdH3 )2+ ][scH2

]+ k EscH2

2

2

I

I

[OH- ]2 [Cd(NH3 )

}SCs.H2

2I

[3.12]

This theoretical rate law is written in a manner that uses the concentration of
hydroxide ions, and the concentration of the tetra-amino cadmium complex, but the
practical rate law uses pH, and the total cadmium concentration.
Lincot et

al.

use a combination of curve fitting, and literature thermodynamic data

to determine the numerical constants in equation 3.12.

Conversion of [OFF] is

accomplished using K, the equilibrium constant for water and pH.

The total

cadmium concentration was determined by estimating the overall complexation
coefficient, a. The complexation coefficient is given by equation 6.1.

n

a =1+>J3Lfl[L]
L

[6.1]

n=1

Where L is the ligand such as Off, NH3, and SC(NH2)2; n is the cordinatin number;
/3L,n

is the corresponding stability constant for a given complex. The complexation

coefficient was used to relate the concentration of free cadmium ions to the total
concentration of cadmium as show in equation 6.2.
[6.2]

[CdT] = a[Cd2]

By assuming the contributions of hydroxide and thiourea were negligible to the
overall complexation coefficient, the expression for a used by Lincot
in equation
a =

et aL24

is given

6.3.

10713 [NH3 }433

[6.3]

However, the ammonia concentration is limited to

1-3 M.

After substituting values in for K, a, the practical rate expression proposed by
Lincot et

al. is

given shown in equation 6.4.

Fk1k2

k_1[NH3

+kl1O2''[CdTINH3]

02pH

[c

J[NH3 ]-0.33[sc(NH

2I

+k2[SC(NI)2]+_L2- lo2PhI[cdTINH3

j0.33 [sc(N)2I

[6.4]

The factor F converts the units of the practical rate expression into moles per second,
since the original expression was in units of pm/h.

The model consists of a set of simultaneous differential equations and supporting

algebraic expressions including equation 6.5 to 6.14. It also uses the stoichiometry

consistent with the mechanism proposed by Lincot

et al.

This mechanism was

outlined in the Chapter 3 Literature Review.

Equation 3.10 is written in differential form and simplified as equation 6.5
showing the rate of film formation in mole/s.
d(CdS)

[6.5]

r
dt

Equation 6.6 represents the loss of thiourea due to the CdS film forming reaction of
equation 6.5.
d{Tu]

(r

[6.6]

dt

Where V is the volume of the reactor, which is assumed constant.
The tetra-amino complex is the most prevelant cadmium containing species in the

reactor, and thus following the proposed mechanism, the amount of free ammonia
increases as the desired film forming reaction occurs.

This is represented below in

equation 6.7.

d[NH3J4r
dt

V

[6.7]

Hydroxide ion is consumed during the process by two different reactions. In each
reaction, two moles of hydroxide are required to decompose the thiourea into water
and cyanamide, as shown in equation 6.8.
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d[OH_hj

=

2[__J

[6.8]

Finally, since the practical rate expression is written in terms of total cadmium

concentration, the total cadimium is determined considering only the desired
reaction. For short reaction times, equation

6.9

also predicts the concentration of the

tetra-amino cadmium complex since it is the dominant cadmium species in range of
the model.
d[Cd]

(r'\
[6.9]

di'

Table 6.1 Supporting constants found in equation

6.4.

5.15x1026

Fk1k2

0.75

l.9x102'
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k1 k2

l.7x102°
k3

The system of equations were solved using Polymath Version

4.02

using the

Runge-Kutta-Fehlberg (RKF) algorithm. The initial conditions used are similar to

the experimental conditions

[SC(NH2)2]0.027

M, pHl 1.74,

[NH4OH]1 .8

M,
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[Cd(NO3)2]=O.O1 M, [S]=O M. Details of the code are found in Figure A.11 of the
Appendix.

Figure 6.8 shows a comparison between the experimental growth curve and the

model using the Lincot et al. rate law. The model predicts an approximately linear

rate over the first ten minutes of the reaction and very nearly matched the
experimental growth curve. This is not surprising since the conditions of the present
work are well within experimental conditions used to develop the rate law; however,

the slopes are slightly different. There are a few possible experimental reasons for
this different slope.
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Figure 6.8 A comparison of the model and experimental data early in the deposition.
Using the following initial conditions, [SC(NH2)2J0.027 M, pHl 1.74,
[NH4OH]=1.8 M, [Cd(NO3)2]=O.O1 M.

First is the Lincot et al. rate law was developed using a polished surface QCM
crystal, and the current experimental data was collected using an unpolished QCM
crystal.

The specifications for the underlying quartz crystals are significantly

different.

The maximum roughness for a polished crystal is 50

maximum roughness for the unpolished crystal is 18 kA.

A,

while the

The quartz crystal is then

coated with approximately 2.4 kA of gold, using a profilometer the roughness of the

unpolished gold surface was estimated. Maximum roughness of the unpolished gold

surface as measure from a baseline was 3 kA, with an approximate average
roughness of 1000 A. Since the film thickness deposited in the first ten minutes is
less than 1000 A, the crystal roughness has a significant effect on the early deposition

thickness since the effective surface area is greater for an unpolished crystal. With a

greater surface area for reaction, the experimental growth rate is slightly higher

because the QCM actually measures the mass, not the thickness.

The second

possible reason is related to the different bath chemistry used to determine the
experiment.

As noted by

researchers,24'34

the deposition rate when using

Cd(NO3)2

as the

cadmium source is greater than the deposition rate when CdSO4 is used as the
cadmium source. CdSO4 was used to generate the rate law. The reason the nitrate

system has a greater deposition rate is that cadmium ion does not complex as easily

with nitrate as it does with sulfate. The result is an increase in the concentration of
favorable cadmium complexes.
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Finally, there are several assumptions related to the Lincot et al. rate law
parameters that required further consideration.

The first is the rate law was

developed using an initial conditions that was determined at room temperature. The
experimental reaction, however, occurs at 600 C.

The rate expression is very sensitive to the value of pH. This is not surprising
since pH is the negative logarithm of hydrogen ion activity, and a small change in pH

is a ten-fold change in the concentration. For example, the model includes the
concentration of hydroxide ions as measured by a pH method. However, the pH at
20° C is different than the pH at a reaction temperature of 60° C.
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Figure 6.9 The effect temperature has on pH and its effective reduction in the
hydroxide ion concentration.
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A simulation using HSC Chemistry for Windows V. 2.03 shows that the change in

pH is predictable and the simulated pH curve agrees well with the observed pH
change. A summary of the species used in the simulation is given in Table A.4 in the

Appendix. It also must be mentioned that theoretically pH is the negative logarithm

of the hydrogen ion activity, but in practice the measurement is based on a
convention of standardized buffers that are used to calibrate a pH probe. The present
discussion on the influence of pH raises the question as to the ultimate validity of the

constants used in the Lincot

et

al. rate expression. The deviation in the pH is

probably not a major reason for the difference between the current experimental data
and rate law prediction, since the experimental pH measured at 20° C was used in the

current model.

This does point out the danger of using room temperature

thermodynamic data for aqueous systems at higher temperatures. Other examples of

the thermodynamic data different than pH are complex stability constants, and the
dissociation constants for acids and bases.

These constants are often determined

using a background electrolytes, or at very dilute concentrations. In most cases
complex stability constants and dissociation constants are determined near room
temperature.

The limitation in using these thermodynamic data that differs from the actual
conditions is that a detailed quantitative value can be an unreasonable expectation.
The incorporation of Lincot et al. rate law into a model was intended for a qualitative

illustration with acceptance of the limitations of the rate expression.
Lincot

et

Finally, the

al. rate law is just that, a rate law, and not a reactor design equation that
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includes the mass balance for the reaction when particles are considered. In the next
section, a preliminary investigation of particle formation is presented, and the role of
undesired reaction portion of the model is further developed.

PREMLIMNARY STUDY OF PARTICLE FORMATION

Figure 6.10 show a comparison between the rate law and the experimental date
over the entire deposition period.
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Figure 6.10 A comparison of the model and experimental data over the full
deposition time. Using the following initial conditions [SC(NH2)2]0.027 M,
pHll.74, [NH4OHJ1.8 M, [Cd(NO3)2]0.01 M.

At long reaction times, the bath chemistry deviates from the initial conditions,
and the deposition becomes dominated by the physical deposition process. Since a
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mass balance of the deposition was performed, an analysis between the experimental

conditions and the rate law predictions are possible. Figure 6.11 is a plot of the

concentration of total cadmium predicted using the model compared to the
experimentally determined concentration.
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Figure 6.11 Comparison of the total cadmium predicted using the Lincot model
versus experimentally determined concentration. Using the following initial
conditions [SC(NH2)2]=O.027 M, pH=1 1.74, [NH4OH]1.8 M, [Cd(NO3)2]0.O1 M.

The difference between the prediction and the experimental values is quite
significant. Recall that the rate law was determined from initial rate studies. The

experimental data show the concentration change is significant, even at short reaction
times.

The reason for the rapid concentration change is the formation of small
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particles and reactor wall deposition.

In the previous section, it was shown that

particle formation occurs early in the reaction.

Particle formation consumes

chemical reagents and reduces conversion. In addition, it was shown in the device
fabrication section that high quality films with few particles are desired for making
devices with favorable I-V characteristics. A preliminary study of particle formation

is conducted, and the model used in the previous section is expanded to include the
reactions that lead to particle formation.

One hypothesis for particle formation is that dust, pollen, or small particles
already in the solution provide a surface for the heterogeneous reaction. To test this
hypothesis, a Wyatt Technology Dawn EOS laser photometer was used to follow the
reaction over time.

3.5
3
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Figure 6.12 Raw voltage output as a function of time using a Wyatt Technology,

Dawn FOS laser photometer. Shows the existence of homogeneous particle
formation very early during the reaction before naked eye detection.
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Figure 6.12 shows the voltage output as a function of time using dynamic light
scattering.

This result indicates particles were forming and growing from the

beginning of the reaction. The reagents were filtered with 0.02 pm filter prior to

reaction, and the Dawn EOS was used in a batch mode. The Dawn EOS has a
sensitivity of 0.02 .tm. Since dust and pollen and typical airborne particles are on the

order of 0.1 tm in size, this evidence suggests that particles are not caused by the
heterogeneous reaction occurring on foreign seed particles. Some other mechanism

is responsible for the homogeneous particle formation. In addition, these data do

suggest that CdS film could grow by cluster formation and subsequent cluster
sticking. CdS clusters do not have a bulk crystal structure, and consist of mobile
molecules with unstable surfaces. This curve is not used for quantitative analysis in
this study since it is necessary to understand how the voltage measurement is related

to particle size, and to particle size distribution, which requires a quasi-elastic light
scattering system.

Homogeneous reactions are most likely the source of particles, and one possibility
is the precipitation of cadmium hydroxide, according to equation 6.15.

Cd2 + 2(OH)

-

Cd(OH)2(PP)

[6.15]

Rieke and Bentjen2° performed a series of simulations and found that Cd(OH)2
precipitate exists at pH above 10.4 and also mentioned the possibility of thiourea
decomposition catalyzed by Cd(OH)2. They supported their conclusions with XPS

spectra which showed CdS films with some Cd(OH)2 solid incorporated into the
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surface. Researchers have not mentioned that Cd(OH)2 could also act as a seed

particle, similar to dust, for the heterogeneous reaction involving the cadmium
complex.

A second reaction scheme is shown in equations [6.16]-[6.18] with CdS
precipitate from the decomposition of thiourea.

SC(NH2)2 -H2S+CN7H2

[6.16]

k

H2S+OH' III 2H' +S2

[6.17]

k

Cd2 + S2 -+CdS(PP)

[6.18]

The rate law, Equation 6.19, was incorporated into the overall reaction mass

balance as a way to determine if particle formation could result from the
homogeneous decomposition of thiourea reaction.

dS2_i
di'

[6.19]

V

The mass balance equations that were equations 6.6 through 6.9 now have the
unwanted reaction, r introduced into each expression and become equation 6.20

through 6.22.
d[Tu]
dt

d[0H'
di'

(r+r

[6.20]
J

2(rr
V

)

[6.21]
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d[Cd]

[6.22]

di'

The assumption made in this model is that the homogeneous reaction between
sulfide ion and cadmium ion is faster than the decomposition of thiourea, thus the

formation rate of sulfide ions approximate the formation rate of CdS.

This

assumption is made because kinetic data are not available for the homogeneous
precipitation of CdS. The mechanism of thiourea decomposition has been the topic
of several papers. Kitaev

et al.'8

were the first to suggest that Cd(OH)2 catalyzes the

decomposition of thiourea, but later showed that free sulfide ions are also produced

during homogenous reaction between thiourea and OHY5

They determined an

empirical rate law for the hydrolysis of thiourea in alkaline solution.

r = 7.8x109 [SC(NH2 )2 )]{0H

]1.2

[6.23]

Where the rate constant has units of L'2Imol'2 Is.

Figure 6.13 is a plot of the integrated form of equation 6.19 and shows the
accumulation of sulfide ion as a function of reaction time. The figure was calculated

using the model developed earlier, and incorporates the homogeneous reaction of
thiourea proposed by Kitaev et

al.
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Figure 6.13 Integrated form of the Kitaev rate law showing the formation of free
sulfide ions due to the decomposition of thiourea.

The rate constant for the decomposition reaction of thiourea is rather small;
however, the homogeneous precipitation occurs when the solubility product for CdS

is exceeded. The solubility product of CdS is

10261.

Most of the cadmium is

complexed with NH3, and a small amount of free cadmium is available for
homogeneous reaction.

Figure 6.14 was calculated using HSC Chemistry for

Windows V. 2.03 (Outokumpu Research Oy. Pori Finland). The calculation uses the
initial

conditions

of [SC(NH2)2]=0.027

[Cd(NO3)2]=0.01 M.

M, pHl 1.74, [NH4OH]1 .8

M,

The plot shows the effect pH or more specifically the

concentration of NH4OH on the concentration of ionic cadmium.
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Figure 6.14 Simulation showing the concentration change of free cadmium ions as a
result of adding ammonium hydroxide.

Figures 6.13 and 6.14 show clear evidence that soon after the thiourea is
introduced, the accumulated

S2

easily exceeds the solubility limit for CdS

precipitation. From Figure 6.13, the concentration of sulfide ion is approximately 1O
'

M, and from Figure 6.14, the concentration of Cd2 is approximately iO M, for a

1 .8M NH4OH concentration. The product of these two concentrations is 1

Ø20

exceeds the solubility product limit by several orders of magnitude.

Rieke and

which

Bentjen also concluded that very little thiourea decompostion must occur before CdS

saturation is achieved from their

simulations.2°

The conclusion from the above

simulation is that the particles measured in Figure 6.7 are likely the result of the
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homogeneous precipitation reaction, and contribute significantly to the overall bath
mass balance dynamics.

This precipitation model suggests that dilute concentrations of cadmium and

thiourea are needed to minimize particle formation.

This is consistent with

observations that experiments with lower cadmium concentrations do not form
particles as rapidly. In terms of reactor design, the goal is to eliminate particle
formation all together.

However, the product of free cadmium and sulfide ion

concentrations must remain below the solubility product.

At such a dilute

concentration, the deposition rate of the heterogeneous film is more than likely very

slow as well. The result is that a commercial deposition would likely occur in a
transport limited regime, with a heated surface. If a CBD reaction is operated in a

transport limited regime, obtaining uniform films becomes a challenge since the
deposition rate becomes a function of the hydrodynamic situation. This provides
motivation to study the reaction under a known hydrodynamic condition such as an
impinging jet or laminar flow cell.

In closing this section, the present discussion shows the inability to fit the
integrated form of the established rate law to the experimental data. This lack of fit

of provides avenues for further research. The primary interest is to confirm reaction
intermediates proposed by Lincot et al., and to decouple the surface reaction from the

homogenous reaction. Experimental evidence suggests an intermediate other than

the proposed tetra-amino complex could be acting as a cadmium reservoir, and the
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lack of fit of the establish rate law has also been attributed to particle formation that
reduce the available cadmium concentration.

82

CHAPTER 7
FUTURE WORK

In this work, thin-film transistors have been successfully fabricated using chemical

bath deposition. The mobility analysis showed that chemical bath deposited CdS has

electron mobility of 2 cm2/Vs.

This mobility is comparable to competing

alternatives that include amorphous silicon with a mobility value that range from

0.01 to lcm2/Vs, and organic semiconductors with a typical mobility of
cm2/vs.

The disadvantage in production of CdS devices

is

6x102

the potential

environmental effects of using cadmium that result in a strict management of the
product life cycle.

A dynamic analysis of the homogeneous particle formation and
heterogeneous thin film growth mechanism has been performed using a quartz crystal

microbalance and atomic absorption measurement. The result has shown that the
deposition rate remained constant in spite of a dramatic concentration change during
the compact film growth regime. It was demonstrated that particles form very early
in the reaction and are suspected to reduce the available cadmium concentration. The

established rate law proposed by Lincot et al.23, was used to compare with the
experimental data. The model fit the film growth rate reasonably well, but failed to
explain the concentration data. This outcome posed a question whether the reaction
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intermediates proposed by Lincot et al., are indeed controlling the surface reaction.
Several hypotheses were proposed to explain this effect.

Three future research areas were suggested that include: fabrication of
flexible semiconductor devices, investigations of mass transport effects, and studies

of the fundamental reaction and growth mechanism. These three areas of future
work can proceed at the same time and contribute to the ultimate goal of producing
flexible electronics suitable for large area applications at a low cost.

FABRICATION OF FLEXIBLE SEMICONDUCTOR DEVICE

The intended motivation for investigating CBD in this study is to take

advantage of its low temperature and low cost nature, which would allow
applications in fabrications of flexible and large area electronics on plastic substrates.

An inverted gate MOSFET using CBD deposited CdS on oxidized silicon has been

demonstrated in this work. Therefore, it would be natural to fabricate a TFT using

the same techniques as the present study, only this time on a plastic substrate.
However, it is necessary to grow an oxide layer in order to fabricate a MOSFET on a

plastic substrate. Since most deposition techniques for growing a quality gate oxide
require relatively high temperatures, a MESFET (Metal-Semiconductor Field Effect
Transistor) device seems to be a good alternative.
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successful, electrical transport properties and materials characterization can be
measured, as well as an evaluation on how the TFT is able to withstand stress caused
by twisting and bending.

So far the discussion has been limited to only cadmium sulfide, but cadmium

can pose an environmental hazard since it is a heavy metal. For this reason, other
materials might be chosen that are less harmful. A number of semiconductors such
as ZnSe, ZnO, ZnS, InS, CuS, Cu2Se, CuO, and CuInSe2, which have been deposited

by CBD, are potential candidates. The challenge lies in finding chemistries and

processing conditions that produce high quality thin film in a chemical bath
environment. Clearly, there are many research opportunities in this area.

EFFECTS OF MASS TRANSPORT ON CBD

Mass transport of deposition precursors to the substrate is a basic step common to
most deposition techniques. It is important to better understand the effects of mass

transport on CBD growth mechanism. This area, however, has not been the focus of

research in earlier investigations based on arguments that CBD are mostly operated
in a surface reaction limited regime. The results of the present work have shown that

the reaction can be operated in the mass transport limited regime. Regardless of the
method, the goal is to incorporate a well-characterized fluid flow situation. There are

a number of reactor designs that can be employed to achieve this goal. For example,

laminar flow cell, rotating disk reactor, and impinging-jet flow cell.

The
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combination of impinging-jet flow cell and QCM used by Gabrielli

et al.36

in

studying electrochemical dissolution reaction seems to be a suitable candidate. This

technique enables the boundary layer thickness to be calculated as a function of
reactor geometry and flow velocity. Using the boundary layer equations, and growth

rate measured by the QCM, it is possible to calculate concentration gradients and
mass transfer coefficients. The flow cell would also limit the problem of particles
depositing on the surface provided the residence time across the disk is short.

REACTION AND GROWTH MECHANISM

The next area of further research is much more basic and difficult. It is
related to understanding the reaction and growth mechanism for cadmium sulfide
deposition and particle formation. The mechanism proposed by Lincot

et al.

appears

to provide a rate expression that fits well with the experimental film growth rate data.

However, there has not been any experimental verification of the proposed
intermediate species. The use of an

in-situ

optical probe, such as Raman and IR

Spectroscopy, on the growth surface would enable verification of the adsorbed and

intermediate species. The established mechanism alone may not be responsible for

the film deposition. There is some evidence that suggests the film might be grown
by a cluster deposition mechanism in which clusters of CdS that are perhaps twenty

molecules large adsorb to the surface, and that the reaction is not actually
heterogeneous, but purely a homogeneous reaction, with a physical deposition
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component. If a heterogeneous reaction is valid it becomes necessary to decouple the
two reactions.

The optical methods discussed above can also be used to study the chemistry

In addition, the nucleation and growth rate of

of homogeneous reaction.

homogeneous particle formation are needed. Nucleation is usually a fast process,
which makes it difficult to study. To overcome this problem, it is suggested to take
advantage of microreaction technology combined with Quasi-Elastic Light Scattering

system to investigate the nucleation and growth process for synthesis of nanocrystals

using solution chemistry. A schematic diagram of the proposed setup is shown in
Figure 7.2.
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Figure 7.2 A schematic diagram of a micro reactor and quasi elastic light scattering
system.
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In this setup an interdigital micromixer and a microchannel will be combined

to form a microreactor for

in-situ

investigation of burst nucleation and crystal

growth. The interdigital channel mixer was developed by the group in Institut fir
Mikrotechnik Mainz

(Germany).37

Fast and uniform mixing is the necessary

condition to create a uniform supersaturation for burst nucleation. This micromixer
will offer features, which can not be easily achieved by macroscopic devices, such as

ultrafast mixing on microscale and integration in complex systems. For example,
Bökenkamp

et al.38

fabricated a micromixer as a quench-flow reactor to study fast

reactions (millisecond time resolution).

Reactants A and B to be mixed are

introduced into the mixing element as two counter-flows and will enter interdigital

channels ( 20 to 50 tim) and split into many interpenetrated substreams.

The

substreams will leave the interdigital channel perpendicular to the direction of the
feed flows, initially with a multilayered structure. Fast mixing through diffusion will

soon follow due to small thickness of the individual layer. In addition, the laminar
flow in the microreaction channel would reduce the possibility of particle collisions

and alleviate the problem of nanoparticle growth through coagulation. This feature
will allow studies of nanocrystal growth through heterogeneous growth mechanisms

only. The study of the particle forming reactions could provide a way to produce
particle free films improving film optical and electrical properties.
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Figure A.1. A graph showing the calibration of the VWR Dyla-Dual magnetic
stirrer setting number to RPM.

- -.

T

5A

4

-

zoc,

Figure A.2. A scan of the Alpha Step Strip chart used to determine CdS Thickness.
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Table A.1. Atomic Adsorption calibration data.
Calibration Samples
1

2

3

4

Concentration (M)
7.895E-04
1.316E-04
7.178E-05
2.193E-05

Absorbance
out of linear range
0.620
0.456
0.194

2.0E-04

!.5E-04

0

y = 2.SIE-04x 3.12E-05
1.OE-04

R2 = 9.66E-01

5.OE-05

0.OE+00

0

o

0.1
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-5.OE-05
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Figure A.3. Atomic Adsorption Calibration Curve.

Table A.2. Atomic Adsorption Results.

Time
Samples (mm)
1

1

2

4

3
4
5
6
7

6.75

8

20

9

11.5
14

18

Absorbance
Sample Concentration (M)
Supernatant Dissolved Supernatant Dissolved
Liquid
Liquid
Solid
Solid
0.560
0.520
0.340
0.365
0.250
0.175
0.045
0.024

0.580
0.590
0.620
0.627
0.620
0.620
0.640
0.680

1.09E-04
9.94E-05
5.42E-05
6.04E-05
3.16E-05
1.27E-05
7.08E-06
3.78E-06

1.14E-04
1.17E-04
1.24E-04
1.26E-04
1.24E-04
1.24E-04
1.30E-04
1.40E-04
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Table A.3. Concentration of Cadmium dissolved in solution and as particles.
Reactor Cd
Concentration (M)
As

In

Time(min) Solution Particles
1.09E-02
9.94E-03
5.42E-03
6,04E-03
3.16E-03
1.27E-03
7.08E-04
3.78E-04

1

4

6.75
9
11.5
14
18

20

Tm,-

2.51E-04
8.79E-04
3.52E-03
3.29E-03
4.65E-03
5.59E-03
6.12E-03
6.79E-03
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Figure A.4. Unpolished quartz crystal surface scan using Alpha Step.
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Figure A.5. Change in pH over the deposition time at 60°C.
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Table A.4. List of species used in HSC Chemistry for Windows V. 2.03 simulations
for pH and concentration as a function of ammonium hydroxide.
Chemical Species

H20

0H
H
NH3
NH4

NH4OH
Cd(NO3)2
Cd(NH3)22

Cd(NH3)42

CdNH32
Cd2

NO3
Cd(OH)2

CdOH
Cd(OH)3
Cd(OH)42

Figure A.6. SEM image of the device showing the metal lift-otT and device surface.
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Figure A.7. SEM cross-section image showing aluminum contact and lift-off.

Figure A.8. SEM image of CdS surface showing the CdS surface roughness.

98

Figure A.9. SEM cross-section image showing lift-off and channel region.

Figure A.1O. SEM cross-section image showing the region of the metal contacts.

d(Tu) /d(t)=(-r-ru) /V

d(NH3)/d(t)=(4*r)/V
d(OH) /d(t)=2* (-r-ru) /V
d(CdS) /d(t) =r

d(S)/d(t)=ru
d(Cdt) /d(t)=(-r-ru) /V
v=0 .6

Kw=10"(-14.0)
ku=6 .7e-4/3600/24
K=10"(-14.7)
H=Kw/ OH
area=393 .7

dug=CdS*144 47*1e6/area
dum=CdS*144 .47/4. 83/area1e4

ru=ku*Tu*OH1 2*V
pH=-log(H)
21*10 (2*pH) *NH3 (-0.33) *Cdt+70*Tu+1 .7E2O*10' (2*pH) *NH3" (
0.33) *Cdt*Tu)
t(0) =0
Tu ( 0) = 0 . 027

NH3 (0) =1.8
OH (0) = 0 . 0054

CdS (0) =0

S(0)=0
cdt (0) =0. 01

t(f)=600

Figure A.!!. Polymath Version 4.02 code used to simulate the reaction.

