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ABSTRACT OF DISSERTATION
CHARACTERIZATION OF CADMIUM TELLURIDE GRAIN BOUNDARIES
IN CADMIUM TELLURIDE/CADMIUM SULFIDE SOLAR CELLS

The in-plane electrical properties of polycrystalline CdTe have been evaluated at
various stages in the processing ot CdTe/CdS solar cells. This was made feasible by a
new lift-off technique, which separates the CdTe layer. In addition, the theory for
electrical conduction across grain-boundaries has been extended in that an analytical
solution was developed for both one-step and twe-step, thermally-assisted tunneling
mechanisms. When compared to other conduction mechanisms, it was found that the
thermally-assisted tunneling conduction mechanisms gave the best fits to in-plane current
versus temperature data for most of the lift-off CdTe samples herein. Values for the
grain-boundary barrier height, the barrier height inhomogeneity, and the doping within
the vicinity of the grain boundary were determined from the fits.

The CdCl, treatment was found to increase the hole grain-boundary barrier height by
about 37%, and the doping in the vicinity of the grain boundary was found to increase by
about 0.5 - | order of magnitude. Also shown was a non-uniform doping level in the
grains all samples, with the doping near the grain boundary several orders of magnitude
higher than the bulk concentration. The bulk concentration was determined trom a high-
frequency, in-plane impedance measurement. This information has allowed a detailed
development of the grain-boundary band diagram, which predicts an electron, or

minority-carrier barrier due to the variable p-type doping. This barrier may act to reflect
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the minority carriers before the grain boundary. and reduce minority-carrier
recombination.

It was also shown that the Nitric-Phosphoric (NP) etching reduces the grain-boundary
barrier heights to a value that correlates with the valence-band offsets between CdTe and
Te. This etfect of the NP-etch on grain boundaries extends down a minimum of 2.5 um
from the etched back contact surface. The effects of the NP-etch are also shown to be
unstable and could translate to severe increases in the back-contact series resistance of
devices.

Finally. it was shown that there was no significant effect of the CdTe source plate usage
on the in-plane electrical properties, and that there is no indication of any grain-boundary
barrier height inhomogeneity in any of the samples.

Lawrence M. Woods
Dept. of Electrical and Computer Engineering
Colorado State University

Fort Collins, Colorado
Fall 2000
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Chapter 1

INTRODUCTION

This dissertation is ultimately about improving the current state of the art of solar cells.
Herein, the understanding ot one particular technology will be extended, so that one day
it may be cost competitive with non-renewable resources for generation of terrestrial
electric power. This is not a new goal, as researchers have been pursuing this goal for
over 40 years after the first solar cell with a reasonable efficiency was produced.'
However, at this time, as we start the new millennium, it appears as if this goal is more
tangible than ever. Several private companies (albeit mostly owned by gas and oil
companies) are currently making a profit by manutacturing solar panels tor third world
countries that have no national infrastructure for providing electrical power. Thus, solar
panels are already cost effective in these countries. Additionally, aside from the ever
looming threat of gas and oil depletion,” there is pressure on industrialized nations to
curtail the emissions trom the burning of fossil fuels. These emissions are believed to
contribute to global warming. Recently, governments around the world have responded
by encouraging renewable energy through government sponsored programs and tax
breaks.” The sum of the above has resulted in over 30% annual growth in the worldwide
sales of solar cell power for the last couple of years.* Currently, companies are building
larger manufacturing plants, which should resuit in lower priced solar cells due to the

economy of scale. This fact, combined with emergence of companies producing thin film
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solar cells, which have potential for high efficiency yet low manufacturing costs, give
new hope that solar cells may soon be cost competitive everywhere.
L.1 Solar Cells

Solar cells produce electrical power by absorbing sunlight and are based on the
photovoltaic effect originally observed by Becquerel in 1839.° In semiconductor devices,
electron-hole pairs are generated from a quantum mechanical process that occurs when
photons with energies greater than the bandgap of the semiconductor are absorbed in the
device. These photo-generated charges are separated by the presence ot a built-in electric
field. This results in an electric current, which can be extracted by forming contacts with
the device. The built-in electric tield is created by forming a p-n junction in the
material,” and is usually located within the area of photo-absorption.

Historically, the material most otten used to make solar cells has been crystalline
silicon. as it was the first material to achieve a high conversion efficiency in 1954.! The
high conversion efficiency was achieved by breakthroughs in the purification of silicon
material, by growing crystals using the Czochralski method, and by forming p-n junctions
by high-temperature vapor diffusion.” However, crystalline silicon is relatively
expensive to manufacture into solar cells. Also, it has an indirect bandgap and therefore
requires the aid of phonons to create electron-hole pairs. Consequently, a thicker layer of
material is needed to absorb all the sunlight. This increases the cost of the solar cell.
Thus, there is an opportunity for lower cost materials and technologies to develop and
enter the solar cell market. Some well known direct gap materials, such as GaAs or InP,
can be much thinner due to the shorter absorption length, and have demonstrated

efficiencies greater than 30%.® However, these devices are complicated, and the materials

i~
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are more expensive on a per unit weight basis.” However, these devices may prove cost
effective in concentrator systems where less photovoltaic material is required. Other
direct gap materials, such as thin-film, polycrystalline CdTe, polycrystalline CulnGaSe;,
and amorphous silicon, have recently achieved a level of technical maturity that has
demonstrated highly efficient and stable devices.'” The thin-film devices show promise
for having the best cost versus efficiency trade-off for terrestrial and space applications
when compared against crystalline Si, GaAs and InP. This has sent many solar cell
manufactures into the production of solar cell modules based on thin-film, polycrystalline
materials.
1.2 Thin-film Polycrystalline CdTe based Solar Cells

Thin-film solar cells, which work well in the polycrystalline form, have the advantage
over their crystalline counterparts in that they can be deposited with cheaper techniques.
CdTe-based devices have demonstrated this capability. In addition to its short absorption
length and nearly ideal bandgap (1.5 eV) for solar energy conversion,'' high efficiency
devices have been grown from a variety of deposition techniques.'> The best devices
have achieved nearly 16% efficiency.”” A cross-sectional schematic showing the
ditferent layers in a typical solar cell device is shown in Figure 1.1. The cell is made on a
transparent glass superstrate. The first layer deposited is a transparent conducting oxide
(TCO), which acts as the front (sun side) contact and is transparent to the solar spectrum.
This is followed by a thin layer of CdS, which acts as the n-type material for the built in
electric field and is also mostly transparent to the solar spectrum due to its large bandgap
of 2.4 eV. Then the light-absorbing, unintentionally-doped, p-type CdTe is deposited at a

thickness of 2-10 um. Following the film depositions, a post deposition CdCl: heat
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treatment is required for high efficiency devices. For small grained CdTe, the CdCl; heat
treatment has been shown to increase the average grain size after treatment.'’

Additionally, it is thought to passivate grain boundaries.'>'®

e ()

Glass

Back contact metalization

Figure 1.1 CdTe/CdS solar cell device in cross-section showing the individual layers.
White lines denote grain boundaries and the material polycrystailinity.

The final layer to be applied is the back contact metalization. This final step is not
trivial, as a Schottky barrier tunneling contact must be formed due to CdTe’s high
electron work tunction.!” CdTe material suffers further in that it is a self-compensated
material, meaning that it is difficult to introduce a high level of electrically active dopants
into the material without the material counteracting with neutralizing defects. This effect
is pronounced in polycrystalline material.'>'® This fact, coupled with CdTe’s high

electron work function, makes it difficult to torm Schottky barrier tunneling contacts
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between p-type CdTe and the back contact metalization. However, this difficulty has
been mostly overcome in recent years. The current standard practice is to use an etchant,
which creates a tellurium-rich p+ CdTe layer, prior to the back contact metalization.”*!
This step in the processing has proven that it contributes to the formation of stable, low
resistance back contacts.
1.3 Grain Boundary Origins and Definition

Inherent in the thin film polycrystalline materials are grain boundaries, which form the
intertaces between the individual crystallites. This is depicted in Figure 1.1 by the jagged
lines criss-crossing the CdS and CdTe layers. Figure 1.2 shows the difference between
fine-grained polycrystalline material, large-grained polycrystalline material, and
columnar grains where the grain diameters are on the same order as the film thickness.

The grain boundaries form during the growth of the film and arise from misorientation
of adjacent crystallites during the coalescence stages of growth. Fahrenbruch and Bube™
have previously categorized the grain boundaries into three classes, which are
paraphrased as follows:

(1) Coherent twins.  These have negligible electrical activity.

(2) Low-angle grain boundaries. These include a net of edge dislocations
accompanied by lattice strain fields. Electrical activity is moderate.

(3) High-angle grain boundaries and incoherent twinning. Includes high
densities of dislocations, much lattice strain, and considerable
impurity segregation. They show strong electrical activity.

The grain boundaries described in (2) and (3) above are a source of intra-gap defect states

due to dangling bonds, impurity segregation, and/or an interruption in the periodicity of

the lattice. A high density of intra-gap defect states, such as those from (3) above, can
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(a) Fine Grain Structure

AP0

(b) Large Grain Structure

AL

(¢) Columnar Grain Structure

Figure 1.2 Polycrystalline Grain Types

“pin” the Fermi level local to the grain boundary. The energy at which the Fermi level
gets pinned depends on the energy distribution of the intra-gap defect states, and the
amount of charge transferred between these states and the bulk of the surrounding
semiconductor. If the pinned Fermi level at the grain boundary is at a different energy
than the Fermi level in the bulk of the grain, relative to the band edge, then this creates a
potential energy barrier. Several types of grain boundary potential energy barriers are
possible and are shown in the band diagrams of Figure 1.3 for a p-type material. The

grain boundary states are depicted as short horizontal lines at the grain boundary in the
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Grain Boundary
States

(a) Depleted Grain Boundary Region

(b) Inverted Grain Boundary Region

'

quoT )

S-S

Evf

1 -

(c) Accumulated Grain Boundary Region

Figure 1.3 Types of Grain Boundary Potential Barriers.
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figure. The areas adjacent to the grain boundary can be depleted, inverted or
accumulated. In the figure, the difference between the band edge energy of the majority
carrier in the bulk and at the grain boundary, is denoted as gF%, where q is the electron
charge. The difference between the Fermi level energy in the bulk and the valence band

edge energy in the bulk is £, The sum of the two is:

qd, =9V, +E, eV (L.1)
where q @, is the typical definition of barrier energy in the Schottky barrier literature.
However, },, will be referred to as the zero-bias grain-boundary barrier potential
throughout this dissertation. It is commonly believed that the grain boundaries in thin-
film p-type polycrystalline CdTe, are of the depletion or slightly inverted type.” The
grain sizes in polycrystalline CdTe solar cells vary with deposition technique,
temperature, and substrate, but tend to be that of the large grain structure in Figure 1.2(b)
with grain sizes in the 1-5 um range. An example of the morphology of the CdTe used in

these studies is evident in the image generated by a scanning electron microscope, and

shown in Figure 1.4.
[.4  General Eftects of Grain Boundaries on CdTe Devices

Exploiting CdS/CdTe solar cell devices to their fullest potential has been a
technological struggle for several reasons. In addition to the back contact issues
described earlier, the grain boundaries have debilitating effects on the processing and
subsequent operation of CdS/CdTe solar cells. One effect is from defects and impurities,
which tend to segregate toward these surfaces during high temperature processing, and
therefore contribute to a variable doping level within the grains.”** Also, the grain

boundaries exhibit enhanced diffusion compared to the bulk.”®*’ This results in the
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Figure 1.4 SEM image of polycrystalline CdTe viewed at a 45° angle to the top and
cross-sectional surfaces. CdTe deposited at the National Renewable Energy
Laboratory.

following problems: compromised spatial control of wet chemical etching, and
penetration by impurities and atmospheric gases during processing and over time, which
compromise the solar cell device stability.

The severity of the problems described above are greatly dependent on the size of the

grains or number of grain boundaries. In thin films the grain diameter tends to be no
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more than the film thickness, which also tends to be of the same order as the minority
carrier ditfusion length. Excess minority carriers within a diffusion length of the grain
boundary depletion region, could get pulled into the grain boundary by the electric field
and recombine. Thus, the grain boundaries can have detrimental effects on the minority
carrier lifetime and ultimately the device pertormance. A decreased minority carrier
lifetime would reduce the solar cell open-circuit voltage. If the grain boundary
recombination occurred in the bulk of the device, before the light generated carriers had a
chance to do any work, then this would result in a decreased short-circuit current. Grain
boundaries within the junction depletion region would act as a source of junction
recombination and consequently increase the diode ideality factor and/or reduce the cell
fill-factor. The grain boundaries can also affect the carrier transport properties. If grain
boundaries must be traversed to reach the contacts, then the grain boundary potential
barriers act to increase the material resistance, which would result in increased solar cell
series resistance. Solar cell shunt resistance can also be compromised if metallic
impurities diffuse down the grain boundaries, and penetrate through the junction. Thus,
every solar cell performance parameter is potentially affected by grain boundaries.
Several researchers have modeled the effects of grain boundaries on solar cell
operation.”***® Lee and Gray’' performed numerical modeling of two dimensional
CdS/CdTe solar cells with grain boundaries perpendicular to the heterojunction plane and
extend from the front junction to the back contact. In the modeling, no grain boundaries
are in the direction normal to current flow, and the grain boundaries were modeled as a
thin layer with a number of Shockley-Read-Hall (SRH) recombination centers to simulate

the intra-gap defect levels. The effect ot grain boundary defect density on the current-
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voltage curves of illuminated solar cells is shown in Figure 1.5. The figure shows that
short circuit current, I (I @ V=0), open-circuit voltage, V. (V @ 1=0), and the diode
ideality factor, or sharpness of the knee in the curve, are all adversely affected by
increasing grain boundary defect density.

Few CdS/CdTe solar cell device measurements have been correlated with grain
boundaries. However, the effects of grain size and grain boundary passivation have been
measured on other materials.*>** The effect of grain size on device efficiency is shown in
Figure 1.6. for experimental polycrystalline thin film cells. Since larger grain sizes have
a reduced surface-to-volume ratio, Figure 1.6 generally confirms the detrimental effects
of grain boundaries.

1.5  Electrical Characterization Problems

Routine electrical characterization of thin film, polycrystalline CdTe device material is
complicated by the presence of grain boundaries and the intrinsic nature of the CdTe due
to self-compensation. Hall measurements are no longer routine. Intra-grain carrier
concentrations and Hall mobility must be derived using electrical models of the
polycrystallinity and known values for the following ratios: non-depleted grain size to
grain boundary depletion width, grain boundary resistivity to intra-grain resistivity, and
the grain boundary mobility to intra-grain mobility.”*** Furthermore, characterization of
CdTe films not grown as devices may not be an accurate evaluation of device CdTe. It
has been shown that diffusion of impurities up grain boundaries from the underlying
films and substrate greatly affect the electrical properties of the CdTe film during growth
and subsequent high temperature processing of a CdS/CdTe device.”® Thus, the difficulty

in characterization further inhibits device control, optimization and understanding.

11
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1.6 Optical Characterization

Optical thin film characterization techniques do not suffer from the complications or
drawbacks that the standard electrical characterization techniques do. Optical methods
such as photoluminescence (PL), and time-resolved photoluminescence (TRPL), have
been used to study the effects of grain boundaries on excess carrier recombination and
lifetime on solar cells. The effects can be separated into device junction intluences and
device bulk influences since the solar cells can be optically excited from either the front
or back (no back contact). Ahrenkiel et al.’” measured the ettect of grain size on minority
carrier lifetime on CdS/CdTe devices. Later TRPL measurements showed a relation
between minority carrier lifetime and V,..** The etfects of grain size on PL intensity and
TRPL litetime is shown in Figure 1.7. In these particular films, the large grain (= 4 um)
material was adjacent to the CdS and the small grain material (= 1-4 pm) was located at
the back of the film. The film thicknesses were about 10 um and the absorption length in
CdTe is approximately 0.2 um for 600 nm excitation. The PL intensity plot shows that
the large grain material has a PL intensity that is an order of magnitude greater than that
of the small grain material. This result indicates that the small grain material has a
greater amount of non-radiative recombination due to the increased grain boundary states
from an increased grain surface-to-volume ratio. Furthermore, the TRPL measurement
shows a reduced lifetime for the small-grain tilm. This result reflects the fact that the
photo-generated carriers are on average closer to non-radiative grain boundary sites in

smaller grain material.
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Other PL measurements by Levi and this author”® demonstrated spectral changes in
junction side photoluminescence due to the back contact nitric-phosphoric (NP) etch.

The PL spectra for the NP-etched and non-etched samples are shown in Figure 1.8.

Junction PL spectrum - incremental NP etch

1400 v r pma— Y———————
1200
- 1000
=
'Ei' 800
2
@
§ 600
=
2 400
200
0
14 145 1.5 1.55
Energy (eV)
Non-etched — — 20s NP etch
-— 10s NPetch ----- 30s NP etch
Figure 1.8 Photoluminescence spectra for NP etched and non-etched CdTe showing a

spectral change due to a grain boundary etchant.”

The NP-etch has been previously shown to preferentially etch the grain boundaries and

create a tellurjum rich layer at grain surfaces.” The conclusion from the PL study was
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that the NP-etch changed the local fields at the grain boundaries which changed the
location of radiative recombination. The radiative recombination occurred closer to the
grain boundary in the non-etched films. These PL results prompted the electrical
characterization contained within this dissertation, in order to clarify the effects of a
backside NP etch on the front-side grain boundaries.

1.7 Statement of Dissertation Objective

It is the atorementioned difficulty in the electrical characterization and understanding of
polycrystalline CdTe that this dissertation aims to improve on. A new technique will be
utilized to lift-oft or separate the post-processed, thin-film polycrystalline CdTe from the
CdS. SnO- and glass substrate, without the use of chemical etches. The technique will
enable electrical characterization to aid understanding of how device processing affects
the grain boundaries. Subsequently, the grain boundary information can be used in two-
dimensional device emulation programs to determine the effects on device operation.

The goal of this dissertation is to determine the grain boundary barrier potentials,
depletion widths, and doping densities near the grain boundaries in polycrystalline CdTe.
These properties are to be determined as a function of processing and depth into the film.
Quantitative knowledge of these properties as a function of depth will aid in determining
more accurate two-dimensional models of the polycrystalline devices. Subsequently, this

may lead to improved device understanding.
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Chapter 2

BACKGROUND

The studies reported in this dissertation utilize fundamental concepts as well as
electrical and opto-electronic characterization techniques. This chapter presents relevant
background of previous electrical studies of CdTe grain boundaries that have been
accomplished to date, and topics necessary to discuss the experimental results herein.

2.1 In-plane Electrical Model of Polycrystalline Films
Numerous studies have been completed to determine the role ot grain boundaries on the

in-plane resistance of polycrystalline films.*'***

Simple electrical models of
polycrystalline films have been proposed to help explain in-plane impedance
measurements, and conclude that the grain boundary resistance dominates the DC in-
plane resistance.' For the purposes of this study, it is necessary to demonstrate that the
DC resistances of the films tested herein are dominated by the grain boundary resistance,
so that the DC conduction can be characterized by theory for conduction across grain
boundaries described in Chapter 3. A method for establishing a dominant grain boundary
resistance is discussed in sections 2.1.1 — 2.1.2 as follows.

2.1.1 Frequency-Dependent Resistance of Polycrystalline Material

Snowden®' showed that the polycrystalline PbS film can be modeled electrically with a

simplified RC network as shown within the dotted frame of Figure 2.1. The model in
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Figure 2.1 Polycrystalline electrical model (a) showing two grains only with grain
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Complete model to be considered for measurement purposes (b) includes
contact resistances, R. and capacitances, C,, and shunt pathway, R,.
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Fig. 2.1(a) includes an intra-grain resistance, R, in series with a grain boundary region
modeled as a parallel combination of a resistor, R, and capacitor, C;,. A more complete
model of polycrystalline material would include the effects of a possible shunt path, R; in
Figure 2.1(b). This shunt path could be due to highly conductive grain boundaries, or a
highly conductive ohmic layer within the film. Also, during electrical measurements, the
intluence ot the contacts, R, and C, in Figure 2.1(b), must be considered. Ignoring for the
moment the influence of the shunt path and contacts, then the real part of the impedance,
Re(Z). tor the circuit in Figure 2.1(a) is defined as R(w), and is given as

= (n — I)Rb
R(w)= l+(wR,C, )

+nR,  ohms .1

where 7 is the number of identical grains in series. According to the model, if R, >> Ry,
then a measurement of R(@) should show a breakpoint when w27 = (27R,C)’, followed
by a dramatic decrease at intermediate frequencies. At higher frequencies, R(@) should
show another breakpoint when @/27 =(47R.R,Cy")"*, and then flatten out at frequencies
beyond this breakpoint. R(w) is shown in the solid curve of Figure 2.2 for this case of R,
>> R,. If Rg >> R, then R(w) would exhibit little frequency dependence. At low
frequencies R(w) is equal to the DC resistance or Rpc. From equation (2.1), Rpc =n(R,, +
Ry for n >> [. At frequencies between the two breakpoints, R(«) is approximately
proportional to @~. At higher frequencies, R(@) = Ryr = nRe, as the higher frequencies

effectively shorts out R, via C,. Thus, a measurement of Rpc and Ryr would allow

separation of Ry and R,.
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Figure 2.2 Theoretical R(w) for polycrystalline films (R, = 10° Q, C, =5x10" F, R, = 10
Q, n = 100). Sample dimensions: length/cross-sectional area = 40 cm™.

As mentioned earlier, a more complete model of polycrystalline material would include
the effects of a possible shunt path, R, in Figure 2.1(b). In this analysis, it is assumed that
the polycrystalline material is electrically isolated in that there are no other parailel films
or substrates that are highly conductive and would confound the measurement. However,
in the event R, << n(Ry + Rg) for n >> I, then a measure of the Re(Z) from a to b would
not show any frequency dependence. If R, >> n(R, + Ry) for n >> [, then R; can be

ignored and Re(Z) can be described by R(w).
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At this point in the impedance analysis, if the measured Re(Z) has the shape of the
curve in Figure 2.2, then Rpc =(n-1)Rp, and a DC measurement enables us to measure the
grain boundary properties. However, in the event of a non-negligible contact resistance,
then Rpc = (n-1)Ry + 2R.. Thus, another measurement technique is required to show that
the contact resistance can be neglected, and is described later.
2.1.1.1 Frequency Dependence Resistance with Grain-Boundary Feedback

The simple grain-boundary electrical model assumes that the grain-boundary barrier
height does not change with the application of a small AC voltage. However, during the
application of the AC signal some charge is injected into grain-boundary traps, which
changes the occupancy of the these trap states. Depending on the amount of charge
injected and the density of trap states at the grain boundary, then this could significantly
alter the quasi-Fermi level at the grain-boundary. If so, then there is an out-of-phase
modulation of the barrier height, which yields an out-of-phase conduction and
capacitance component. Pike and Seager modeled this effect assuming a constant grain
boundary density of trap states, and therefore a single time-constant (t) for equilibrating

trapped charge at the grain boundary, and is given as follows: H

R -1
Rb(w)=[ L, © ’CD] ohms (2.2a)
R, l+o'r
) .
Cy(w)=Cyr +—2— farads (2.2b)
l+w r”

where R, and C, are now dependent on the frequency of the AC signal, R, represents the
frequency-independent part of the grain-boundary resistance, Cyr is the grain-boundary
capacitance measured at high-frequency, and Cj is the capacitance related to the changes

in the right- and left-hand side grain boundary depletion regions with applied bias. By
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definition, Cp >> Cyr. These trequency-dependent values of R, and C, can then be
inserted into equation (2.1). The low and high-frequency breakpoints of R(@) without
grain-boundary feedback, or r >> R, Cp, become ayr = (R, rC D)" and wyr =(RFR, CD")
respectively, using these modified definitions of R, and C,. If 7 << R/ Cp, then the
modified theory with grain-boundary feedback contains four breakpoints located at @, =
i = (RuCo)'. w2 = (ReCo)!. @5 = (tCur/Cp)”'. and @y = (Co/(TR,Crr)) ", listed in
order of appearance with increasing trequency. Note that @ r is still present in this case
with grain-boundary teedback. Also, if ris very small, then @, @; and @, are not
observed as wyr appears first. Several examples of the frequency-dependent resistance
with grain-boundary feedback are given in Figure 2.3 where 7 R.r R, Cyr, and Cp are
as given in the tigure.

[t is important to note that at very low frequencies, R(w) = n(R.r + Rg) for n >> I, and
is unattected by the grain-boundary feedback. Likewise at high-frequency, R(@) = nR,.
Thus if R g >> R, then Rpc = (n-1)R.r or the grain-boundary resistance, as in the simple
theory. and R(w) will show a drop between low and high frequencies with either two or
tour breakpoints.

Lastly, the modified theory with grain-boundary feedback accounts for only a single
time constant, 7, and capacitance Cp, corresponding to a constant grain-boundary density
of states. It is more likely that the grain-boundary density of states is a smoothly varying
function of energy,” thus rand Cp would be smoothly varying with the applied voltage.
This in effect would act to smooth out the frequency dependence between the low and

high-frequency breakpoints, as no single set of breakpoints would be apparent due to the
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continuous array ot breakpoints. Thus, the slope of the R(@) frequency dependence

would most likely deviate from the w” dependence as predicted by the simple theory

without grain-boundary feedback.

1.E+10 y
our2n 2 (2xR ¢ Co) Ryr = 107 ohms, R, = 10 ohms, Ce = 107" farads, n = 100 grains
1.6409 .y . .
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Figure 2.3 Theoretical plots of R(w) modified to include grain-boundary feedback.
Several examples are shown with variable values of Cy, and 1 as indicated.

2.1.2  Contact Resistance

Tunneling Schottky barrier contacts can be modeled in a similar way as grain
boundaries. That is, the metal semiconductor junction can modeled as a capacitor, C,, in
parallel with resistor, R, as shown in Figure 2.1(b). The same surface states that pin the
Fermi level near mid-gap at grain boundaries can also pin the Fermi level at a Schottky
barrier metal-semiconductor interface. This could lead to similar band bending and
depletion widths in the semiconductor and thus similar barrier potentials. Consequently,
the resistance of the Schottky barrier contacts may be similar to that of the grain

boundary. If R, is large, then it may interfere with an attempt to directly measure the
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polycrystalline film DC resistance as discussed above. To form a low resistance
tunneling contact, the doping under the contact must be greatly increased, and the contact
area should be made as large as possible. A method for determining if the contact
resistance is negligible compared to the film resistance is discussed as follows:

The Transfer Length Method (TLM)

For the purposes of this study, it is necessary to demonstrate that the contact resistance
is negligible compared to the film resistance when measured over a wide range of
temperatures and illumination conditions. The TLM** is ideally suited for this purpose
as it provides a direct measure of the contact resistance. The method requires several
parallel contacts to be deposited on the film and ot the same length (L) and width (W),
but spaced at various distances from each other. Here again, it is assumed that the
polycrystalline material is electrically isolated in that there are no other parallel films or
substrates that are highly conductive and would confound the measurement. A top view
of a possible contact configuration is shown in Figure 2.4(a). The resistance is measured
across the various gaps and is plotted against the gap widths as shown in Figure 2.4(b).
The extrapolated intercept of the fitted line to the resistance axis, represents the point of
zero film resistance, and is equal to twice the contact resistance, 2R..

2.1 Previous In-plane CdTe Electrical Studies

This section contains information on previous in-plane electrical characterization of
CdTe. Few researchers™*” have characterized CdTe grain boundary barrier potentials in
the past due to the difficulty in accounting for polycrystalline effects. Previous grain
boundary electrical characterization has focused primarily on bicrystals, as the single

grain boundary can be well defined. With bicrystals, measurements of the bulk doping,
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number of grain boundaries (one), and grain boundary cross-sectional area are more
easily accomplished. This makes capacitance techniques for measuring the grain
boundary barrier potential possible. Bicrystal samples are usually made from thick, large
grained, polycrystalline wafers sawn from a polycrystalline ingot. However, it is likely
that the grain boundaries in the ingot growth may be much different that those created
during the coalescence stages of thin film growth. The growth conditions, intrinsic
doping level, degree of impurity segregation, grain size, and orientations could all be
different than that of films grown by thin film growth. Consequently, any conclusions
drawn from bicrystals, are at best, merely indications of possible polycrystalline
behavior. Therefore, it is desirable to extract grain boundary information from
polycrystalline material. However, bicrystal data will be used to validate the theories
presented in chapter 3 by comparing the results from these theories with the results from
capacitance techniques described below. To date, measurements of polycrystalline CdTe
have usually been limited to resistivity and photoconductivity measurements. The only
attempts to estimate the grain boundary barrier potentials have been from measuring
conductivity activation energies. More refined techniques has been applied to Si and
GaAs polycrystalline material and will be discussed later.
2.2.1 Bicrystals

Bicrystal samples are created by cutting out a sample from the watfer that contains a
single grain boundary that is approximately straight and forms a plane that bisects the
sample. Contacts are applied on both sides of grain boundary to characterize the single
grain boundary. Additional contacts can be applied to characterize the surrounding bulk

crystalline material. Thorpe et al.” used bicrystals to evaluate several techniques for
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studying the etfects of ditferent passivation techniques on grain boundary barrier
potentials. The techniques employed were: 1) measurement of the zero bias grain
boundary capacitance, Co; 2) measurement of voltage intercept from the grain boundary
capacitance-voltage relation; and 3) measurement of conductivity activation energy, E,.
In this dissertation, bicrystals will be used to validate a method for determining grain
boundary barrier potentials, which will then be applied to polycrystalline thin films. The
following describes the measurement techniques used by Thorpe et al. in greater detail.
22.1.1. Zero Bias Capacitance Measurements

The grain-boundary barrier potential at zero bias, V), can be determined from

Poisson's equation as applied to a double depletion region or:

qe N, A°

V. =
*8c,

V (2.3)

where & is the semiconductor bulk permittivity, A is the grain boundary cross-sectional
area, N, is the doping density in the vicinity of the grain boundary and Cp, is the
measured grain boundary capacitance at zero bias or C, in Figure (2.1a). Cy is found
from the imaginary part of the impedance Im(Z), and can be determined at any frequency
provided R, and R, are known (n = 2 for bicrystals). However at high frequencies, Im(Z)
is proportional to Cpp only. Thus the measurement is typically performed at high

frequencies. Cy is also given by:

&4
2x49

Cho = F (2.4)

where x4 is the grain boundary depletion depth at zero bias. Thus, the frequency of the
applied field should be also be high enough such that the width of the grain boundary

depletion region is not influenced by deep level defects,*® or any grain-boundary teedback
g
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effects as described earlier. The accuracy of Vy is primarily limited to an accurate
knowledge of the N,. Here, N, is assumed constant and independent of position. Using
values of the doping density measured from the bulk may be misleading due to impurity
segregation and diffusion near the grain boundaries. Additional complications arise in
accurately measuring Cpg, as it may be difficult to separate Cp; from the serially
connected contact capacitances, C,, which may be comparable to or smaller then Cy). At

. . . . . . . 49
zero bias, C, or the metal-semiconductor junction capacitance, is given as:

C =4 fﬂN—" F 2.5)
29

where . is now the the contact area, N, is the semiconductor doping concentration
immediately under the metal contact, and @ is the junction built in potential. Thus,
equation (2.5) is a similar expression to that of the capacitance for a single grain
boundary (solve equation (2.3) for Csy). Assuming for the moment that V;y ~ ¢ as
discussed in section 2.1.2, then either the contact area must be made very large, or N,
must be made very large in order to increase the contact capacitance above that of the
grain boundary capacitance. If possible, both contact area and N, are adjusted. N, is
usually made large anyway to reduce the contact resistance, but very high levels are
difficult to attain due to compensation. Also, the cross-sectional area of a grain boundary
may be comparable to that of the top surface contacts when using thick bicrystals.
Finally, Cpy may be very large due to impurity segregation in the vicinity of the grain
boundaries. All of these factors make it difficult to separate C,, tfrom C.. The magnitude

of the C. can be found from a capacitance measurement of the bulk single crystal material
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next to the grain boundary by using an adjacent set of contacts not spanning the grain
boundary.
22.1.2 In-Plane C-V Measurements

A second technique makes use of the C-V relation for a grain boundary assuming the
applied voltage is supported on the reverse-biased side of the grain boundary:*

(x—”"-ljz = 1+L (2.6)
C 50

Vs is determined by the voltage intercept obtained by extrapolating a plot of the left hand
side of equation (2.6) versus voltage. An example of this technique is shown in Figure

2.5 for a CdTe bicrystal measured by Thorpe et. al.> This technique is not limited by

a c

Q6 Q0.4 0.2 02 Q.4 06 08 1C
V(voits)

Figure 2.5 In-Plane C-V Measurement on CdTe bicrystal. Left side of Eqn. (2.6) versus
applied voltage. Extrapolated voltage intercept is Vyo."
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needing to know the values of N, or the grain boundary cross-sectional area. However,
the accuracy of this technique may still be compromised by the contact capacitance as
discussed earlier.
2.2.1.3. Activation Energy Measurement

A third technique for determining the grain boundary barrier potential is accomplished
by measuring the current or conductance versus temperature, and using the assumption of
thermionic emission as the conduction mechanism over the grain boundary barrier. The
details of the thermionic emission theory will be discussed later in Chapter 3. The
temperature dependent data is plotted on an Arrhenius plot, and the slope ot the line is the
activation energy, £,. Under the assumption of thermionic emission, then £, = q@,,
where q®,, is as shown in Figure 1.3. With additional knowledge of the energy
separation between the Fermi level and the majority-carrier band edge, or E.,in Figure
1.3. near the boundary, then the barrier potential can be found from:™

qVpw=E,-E, v @.7)

An example of this technique was performed as a function of illumination intensity and
is shown in Figure 2.6 for CdTe bicrystals. In this example, the authors™® could not fit the
data with a single activation energy, and only used fits to the low temperature data to
calculate the barrier height as a function of illumination (see inset of Figure 2.6). In this
experiment the bulk doping was measured to be 2 x 10" cm™ and the barrier height was
determined from equation (2.7). The experiment demonstrates the effect of illumination
on CdTe grain boundaries. That is, the light generates electon-hole pairs which increases
the minority carrier current to the grain boundary and neutralizes oppositely charged

grain boundary defects. This results in a diminished density of defect states at the grain
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Figure 2.6 CdTe Bicrystal Activation Energy Measurement. Arrhenius plots of
conductivity versus temperature data under various levels of illumination.
The slope of the line is the activation energy, E,. Inset shows barrier height
as determined from eqn. (2.7) versus light intensity.”

boundary, unpinning the Fermi level and lowering the grain boundary barrier height.
However, since the dark data can not be fit by a single activation energy, then the
assumption of thermionic emission as the majority carrier current conduction mechanism
is questionable. As discussed in chapter 3, other grain boundary conduction models such
as thermally-assisted-tunneling, may fit the dark data throughout the entire temperature
range. Thermionic emission theory may describe current conduction in this temperature

range and for typical CdTe bulk doping densities, but not for doping densities above 107
34
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cm™ (see Figure 3.1 in chapter 3). Thorpe et al.” assumed that the doping and
consequently £,, was the same as in the bulk of the material, which may not be accurate
given the tendency tor impurities to segregate near grain boundaries.
2.2.2. Polycrystalline CdTe Activation Energy Measurements

The activation energy measurements described for bicrystals have also been used on
polycrystalline films. Thorpe et al.”> and von Windheim et al.*’ have measured activation
energies on polycrystalline CdTe films. Some activation energy measurements from both
of these studies are shown in Figure 2.7 for various treatments of polycrystalline CdTe
tfilms. The study by Thorpe et al. (Fig. 2.7a) demonstrated that the grain boundary defect
states could be temporarily passivated by diffusion of Lithium atoms. Following just the
dark data for the moment, the conductivity activation energy before the Li diffusion is
0.44 eV with a low conductivity, and 0.35 eV after the Li diffusion with a two orders of
magnitude increase in the conductivity. Two months later, the conductivity and
activation energy have nearly returned to their initial values. The light data follows the
same trend. The study by von Windheim et al. (Fig. 2.7b) used the measurement of the
conductivity activation energy to demonstrated that CdTe grain boundaries are sensitive
to the annealing atmosphere and to tellurium or cadmium diffusions. Using the anneal in
argon as a baseline, von Windheim showed that both an anneal in air, or excess tellurium
can lower the conductivity activation energy, while excess cadmium increases the
activation energy. The tellurium diffusion treatment is of particular interest for later
comparison herein, as the NP etch creates a tellurium-rich layer in the grain boundaries.
None of these studies used CdTe thin films as-processed for devices, but used films

grown on insulating glass substrates only. Consequentially the results may be different
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when compared to films that are subjected to the device processing. However, these
previous studies do demonstrate that the CdTe grain boundaries are sensitive to
processing treatments.

[n these previous CdTe polycrystalline studies, there was no attempt to determine the
barrier energy, V0, presumably due to the difficulty in obtaining an accurate measure of
the doping density or E,, in the polycrystalline material. Thus, the activation energy
measurement is only a relative measure of the barrier energy at best. Despite this fact, a
relative measure of the barrier energy was sutficient to demonstrate processing effects on
polycrystalline CdTe grain boundaries. As discussed earlier, this method is only accurate
it thermionic emission is the conduction mechanism. I[n order to determine accurate
numbers tor modeling, better or more retined methods and understanding are necessary.
2.2.3 GaAs Bicrystal Measurements

One particular in-plane characterization of GaAs bicrystals is included here because it
uses a retfinement to the previously discussed activation energy measurement, and due to
its similarity with the method outlined in chapter 3 of this dissertation. Seager and Pike’'
used both thermionic emission theory and thermally assisted tunneling theory to fit
conductance versus temperature data of lightly doped, 10'* em, and highly doped, 10"
cm”. GaAs bicrystals. At the high doping level, theory suggests that the conduction
mechanism across the grain boundaries should be thermally assisted tunneling. This is
indeed what Seager and Pike found. Thermionic emission fit the data from the lightly
doped samples better, and thermally assisted tunneling fit the data from the highly doped

samples better. The fits are shown in Figure 2.8.
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Figure 2.8 Arrhenius Plot of highly doped (2 x 10'* cm™) bicrystal showing an improved
fit using a thermally assisted tunneling model (TFE + TE) as opposed to a

thermionic only model (TE). Both curves used a barrier height determined
by the zero bias capacitance.”

2.2.4  Effect of Grain Boundary Barrier Potential Inhomogenities

J. H. Werner has done theoretical studies on the effects of grain boundary barrier
inhomogenities during temperature measurements.”>>> The inhomogenities arise from
potential fluctuations along the two-dimensional grain boundary, or spatial
inhomogenities, and potential fluctuations from different types or orientations of grain
boundaries, or structural inhomogenities. Werner’s results showed that the grain-
boundary inhomogenities can produce curved Arrhenius plots for the current or
conductivity. This could interfere with the interpretation of the conduction mechanism,
and lead to misguided calculations of the grain boundary barrier heights and doping
levels. Werner employed a statistical analysis applied to thermionic emission transport,
and will be discussed in detail in chapter 3. The effects of his statistical analysis yield an

additional fitting parameter, which is the standard deviation of the barrier potential.
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Wemer was able to fit data using this extra degree of control, which previous researchers

attributed to tunneling. These fits are shown is Figure 2.9.
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Figure 2.9 Arrhenius plots of assorted films from the literature showing good fits with

thermionic emission theory modified to include grain boundary
inhomogenities.*

2.3 Research Plan

This dissertation will extend the present methods for characterization of polycrystalline
CdTe thin films discussed above. This will be accomplished by using Schottky barrier
theory modified for grain boundaries as described in the next chapter. This theory will be
fit to current versus temperature data to determine the grain-boundary barrier potential,

depletion widths and doping in the vicinity of the grain boundary of as-processed
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polycrystalline CdTe. The technique will be validated on bicrystal data, where the results
can be corroborated with the capacitance techniques outlined in section 2.2.1. Prior to
this, an unambiguous determination of the grain boundary dominance of the DC
resistance must be demonstrated. This will be done with a measure of the resistance
frequency response as described in section 2.1, tor the polycrystalline material.
Additionally, the effects of contact resistance will be shown to be negligible. Finally, the
technique will be used to study the effects of CdTe solar cell processing on the grain

boundaries trom an NP etch, a CdCl, heat treatment, and CdTe source plate usage.
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Chapter 3

THEORY OF CONDUCTION ACROSS GRAIN BOUNDARIES

In this chapter the grain boundary current-voltage characteristic and the theory for
different conduction mechanisms across grain boundaries is presented. Grain-boundary
energy barriers as shown in Figure 3.1 can be viewed as back-to-back parabolic barriers.
Thus, the conduction of current over either side of a grain boundary potential barrier can
be described in a manner similar to Schottky barrier conduction. The primary deterrent
to theoretically determining the magnitude of the conduction across a grain boundary

potential barrier is the lack of knowledge of the doping density within the grain boundary

E

C

Grain Boundary

v

Figure 3.1 Grain boundary band diagram of inverted grain boundary with p-type bulk
at zero bias. Energy is drawn downward for holes. @, is the grain

boundary barrier height, V), is the zero-bias band bending, and x, is the
grain boundary depletion width.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



depletion region. Without this knowledge one can not easily determine whether the
primary conduction mechanism is drift-diffusion, thermionic emission, thermally assisted
tunneling or just tunneling. Figure 3.2, taken from Fahrenbruch and Bube,” shows the
approximate range, value, and dependence on the doping density for each conduction
model given a Schottky barrier of 1.0 eV.

In this dissertation, the conduction mechanism will be determined from an analysis of
the conductivity temperature dependence in the temperature range of approximately
298°K to 400°K. The temperature dependent theory for each conduction mechanism is
fit to the data, and the conduction model that best fits the data is interpreted as the
dominant conduction mechanism. Values of barrier height and doping density are taken
from this best fit. An approach similar to this has been successfully used in the past on
GaAs bicrystals.”'

3.1 Current-Voltage Characteristic Across Grain Boundaries
A current-voltage relation for carriers crossing a grain boundary has been developed by
Mueller,” and is given as follows:
qV
JO)=20- Vo Jank{ 77 |
Alem” (3.1)
where J, is the conduction model-dependent majority carrier saturation current for
conduction across the grain boundary. y is the grain boundary carrier capture coefficient
and is a number between 0 and 1 representing the fraction of carriers crossing the barrier
that are captured at the grain boundary. For the case of polycrystalline films, V becomes
an estimate of the voltage applied per grain boundary. Usually the voltage bias is applied

over hundreds of grain boundaries, which results in the case that the applied bias per
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Figure 3.2 Qualitative plot of zero-bias saturation current, J,, versus doping density, N

B, B’ and B” are constants and T = 300K. The
boundaries of the regions and the values of J, depend on the detailed
properties of the semiconductor. A barrier height of 1.0 eV is assumed.”

grain boundary is small, or QV < 2kT. In the case of a small applied bias, equation (3.1)

can be simplified by approximating the hyperbolic tangent term with its argument. Thus

for small applied biases, the current is linear with voltage.

A convenient feature of

equation (3.1) is that it is independent of the fractional distribution of V over the two

sides of the grain boundary.
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Equation (3.1) applies to all conduction models as long as conduction across each side
of the grain boundary can be described by the Schottky barrier current-voltage relation,

or:

J(V)= Jo[exp(%l—) - l] Alem’ 3.2)

where I’ is positive tor the forward biased side of the grain boundary and negative for
the reverse biased side. Conduction across grain boundaries by drift-diffusion and
thermionic emission tit the form of equation (3.2), however it is an approximation for
conduction by thermally-assisted tunneling. Consequently, equation (3.2) is of limited
applicability and is not valid in the case of tunneling without thermal assistance. This is
discussed further, as well as the derivation of equations (3.1) tor thermally-assisted
tunneling, in Appendix A.

The value of y depends on the grain boundary density of defect states and can vary
widely in polycrystalline CdTe. Mueller” has determined y for Ge bicrvstal grain
boundaries by observing the difference in current between a measurement across a grain
boundary, versus a measurement from the bulk to the grain boundary. The latter
measurement is not easy to perform. However, a measurement similar to Mueller’s may
be possible for polycrystalline materials by using a scanning tunneling microscope

technique developed by Ballif et al. %

Mueller’s results show that v is in the range of 0.2
to 0.6 for the Ge bicrystals, and increases with increasing grain boundary misfit angle.

Spencer® has calculated y to be less than 0.2 on a GaAs bicrystal from measurements of

the grain boundary charge density and the capture cross-sections for the grain boundary
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states. The effects of different values of y for CdTe grain boundaries will be evaluated in
the results chapter.

The current-voltage relation given in equation (3.1) neglects the minority carrier
contribution to the total current across the grain boundary. The minority carrier current
can be approximated by using theory analogous with a Schottky barrier diode or a one
sided, long based diode to describe the injection of excess minority carriers into the intra-
grain quasi-neutral region. This analogy is better understood by considering the inverted
grain boundary as shown in Figure 3.1, where the grain boundary forms the n-side of a

pn-junction in either direction. When modified to reflect grain boundary parameters, the

one-sided, long-based diode J, becomes:’

5 [kT
qni q #n
Jg =————— Alem® 3.3
AN i o

where, 4, and , are the electron mobility and lifetime, respectively. N, and n; are the
grain’s doping density and intrinsic carrier concentration, respectively, in the region
adjacent to the grain boundary. Using values which are typical for bulk CdTe,' n; =
6x10° ecm?. 4;=100 cm*/V-s, and approximating the bulk 7, with the large grained
polycrystalline value of 5 ns as given in Figure 1.7(b), results in a maximum value of J,"
= 0.002/Ny. Thus, if N, is approximated with a typical buik value of 10'° cm™, then J;" =

2x10™"® A/em®. This value of J;" is negligible compared to values of J, for majority

carriers (see subsequent section 3.2).
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The derivation of equation (3.1) also neglects the effects of carrier generation and
recombination from the grain boundary space-charge region. However, CdTe matenals
tend to be highly compensated, and contain a large number of native defect states.
Materials with a larger number of mid-gap states would have smaller bulk carrier
lifetimes, which could increase the generation-recombination current. Thus, the
significance of the current due to generation-recombination must be considered. Using a
one-sided pn-junction to describe one side of the grain boundary as before, then one side
of the grain boundary is treated as a forward-biased one-sided pn-junction, while the
other side is treated with a reverse-bias. Since a forward-biased one-sided pn-junction
gives a net recombination, while the reverse biased one-sided pn-junction gives a net
generation, then the overall current due to generation-recombination is equal to the
ditterence between the torward and reverse-biased sides. However, the reverse-bias
generation current is negligible compared to the forward-biased recombination current for
a small applied biases.® A rigorous analysis of recombination in forward-biased and one-

58

sided pn-junctions has been developed by Shur.” The saturation current from Shur’s

analysis, modified to reflect grain boundary parameters, is given as:

-gkT e .
Jg =L s Alem’ 34
0 2T 4qNbe0 cm ( )

172

where here ris equal to (7,7,) "~ with 7, and 7, being the electron and hole “bulk™ carrier

lifetimes respectively, & is the low frequency bulk material permittivity, and gV} is the

zero-bias band bending. In equation (3.4), V59 is assumed to be much greater than the
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applied voltage and equal to the “built in” voltage. As earlier, the “bulk” lifetimes will be
approximated by the large grained polycrystalline CdTe value of 5 ps. Using typical bulk
values of & = 10.9, ' where & is the permittivity of free space, 10"* cm™ for N, and
using a mid-gap CdTe value of 0.75 eV for gV, then this gives J* =3 x 10" A/em?
This value of J,* is comparable to values of J, from drift-diffusion and thermionic
emission when using these same values of N, and qV3, (see subsequent section 3.2).
However, the generation-recombination current is dependent on N;,"'Z. If N, is large in
the grain boundary space-charge region, N, = [0’ cm™ for example, then generation-
recombination would be negligible. Thus the significance of generation-recombination
will be addressed again after values of N, have been determined in the results chapter.
The primary factor affecting the temperature dependence of J5;*" is n;, since n; « [exp(-
E/kD)] !°_ This temperature dependence results in an activation energy of about /E,.
Since the bandgap of CdTe is about 1.5 eV, then this gives a J;* an activation energy of
0.75eV.
3.2 Models for Conduction Across Grain Boundary Barriers

Current conducted across grain boundary barriers is possible by several mechanisms,
which depend on the doping density in the region adjacent to the grain boundary. As
shown in Figure 3.2, drift and diffusion conduction dominates at low doping densities,
thermionic emission dominates at intermediate doping densities, and thermally assisted
tunneling or tunneling dominates at high doping densities. Each of these mechanisms has
a different temperature dependence, which is contained within the saturation current

factor and discussed below.
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3.2.1 Combined Drift-Diffusion and Thermionic Emission Theory
Crowell and Sze® developed a current conduction model for Schottky barriers that
combines drift-diffusion theory with thermionic emission theory. The saturation current

from this combined theory can be written in terms of N, and V) as:

o
[

1 1 T 3.5)

Jddt YpfoNy exp(— q(VbO_AVb)) Aem®
+
vy fpfou,
where VN, and ¥, are as defined earlier, 4V}, is the image force barrier lowering potential,
and v, and v, are the eftective diffusion velocity due to drift-diffusion carrier transport
and the “recombination velocity” due to thermionic emission carrier transport,
respectively. The factors fp and f; correspond to the degree of phonon backscattering and
quantum mechanical reflection at the top ot the barrier respectively, and have values
between 0 and |. Crowell and Sze have determined that fpfq = 0.5 over a wide range of

electric tields and materials where drift-diffusion or thermionic emission transport is

dominant.

The diffusion velocity in equation (3.5) can be approximated from the value of the

maximum electric field at the barrier, &,.,, or:

Vg = M max M/ (3.6)

where u is the majority carrier mobility. For the grain boundary double depletion region

and small applied bias, &y, can be expressed in terms of N, and V3 and is given as:
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. }2 N .V
Smax = —i—gb—b—o Viem 3.7
S

As an example, v; = 10° c/s, using previously mentioned CdTe values for &, 4, and N,
=10" em™, and gV =0.75 eV.
An expression for v, for carriers thermally emitted over the barrier can be found from

thermionic emission theory and given as:

kT
v, = Sy cm/s 3.8)

Thus, v, is a constant of the material and dependent on the majority carrier effective

mass. m*. This gives v, = 4.5 x 10° cm/s as a typical value for CdTe using m,* =
0.35m,,”" for holes, where my is the mass of an electron in vacuum.

From equation (3.5) it can be seen that if fpfpv; is much smaller than vy, then the current
flow is mostly described by thermionic emission. Conversely, if v; is much smaller than
fefqVs, then the current flow is described by drift-diffusion. The form of equation (3.5)
suggests that the two conduction mechanisms occur in series, such that the limiting
conduction mechanism describes the current flow. For the values of N, and g5, used
above v, is about ‘2 of fpfoV,, and drift-diffusion would be the limiting process.
However, if N, is much higher than the bulk value of 10'° cm™, then thermionic emission

would become the limiting process. For gV = 0.75 eV, v, is approximately equal to v;
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when N, =4 x 10" em™. Again, the actual values of N, and V;, will be determined from

a fit to the data.
The image force barrier lowering effect, AV}, is neglected in the calculation of v; as this
factor is not significant when v; becomes less than v.. However, 4V, may be significant

in the exponential term of equation (3.5). The magnitude of the image force barrier

lowering can be approximated by:*’

AV, = /"5& v (3.8)
4re,

Thus. g4V, = 15 meV using previously stated values of Nj = 10" em” and gVyy = 0.75
eV. This value of AV, is small, but if N, is large for example; N, = 10'7 cm™, then g4V,
=47 meV and is thus significant.

The primary temperature dependence of J,* comes from the exponential factor in
equation (3.5). Thus J;* increases approximately exponentially with increasing
temperature, and has an activation energy of about q(Vy» — 4V;). However, the relative
magnitudes of v, and v, are temperature dependent. The temperature dependence of v,
comes from the temperature dependence of the mobility. At room temperatures or higher
then p is dominated by lattice scattering, which has a 2 dependence for a
semiconductor.”® The temperature dependence of v, can be determined from equation
(3.8) and is T2, Thus, as the temperature increases, vy decreases while v, increases.
This indicates that the limiting conduction mechanism may change from thermionic

emission to drift-diffusion with increasing temperatures, depending on the value of &nqx.
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A preliminary value of Ji™ can be determined using equation (3.5). Using typical
values of 1,, mp*, & for bulk CdTe as given earlier, along with N, = 10" ¢cm™ and qVeo =
0.75 eV, results in J©* = 2 x 10" A/cm® at room temperature. This result confirms J,**
>> Jy" and that the minority carrier current can be neglected in equation (3.1). Using N,
= 10" cm™, then J;™ increases by three orders of magnitude to = 2 x 10® A/cm’ at room
temperature, and generation-recombination currents become negligible.

3.2.2 Thermally-Assisted Tunneling Theory

In the event of very narrow potential energy barriers, carriers can *‘pass through™ the
barrier via quantum mechanical tunneling. The zero-bias depletion width of one side of
the grain boundary barrier region as shown in Figure 3.1, is found from Poisson’s

equation in the abrupt approximation and given as:

)
Xy = ﬁ cm 3.9
\ N,

For a given V), xy decreases when the doping in the region adjacent to the grain
boundary increases. When x, becomes thin enough (= 100 A), then tunneling is possible
through the bottom of the barrier. However with thicker depletion widths or lower levels
of doping, tunneling is possible with thermal assistance up to the thin part of the energy
barrier (refer to Figure 3.1). Thus, thermally-assisted tunneling effects must be
considered when doping levels become moderate. Two types of thermally-assisted
tunneling are considered herein: 1) a one-step tunneling process in which the carriers are

thermally excited up to a thin part of the parabolic barrier;’"®' 2) a two-step tunneling
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process in which the carriers are thermally excited up to a point where the barrier is thin
enough to tunnel to grain boundary defect states, and from there tunnel to the band edge
on the far side of the barrier. For V3 = 1.0 eV, Figure 3.1 indicates that the thermally-
assisted tunneling effect becomes significant beyond a doping level of 10'” cm™.
Tunneling through the bottom of barrier without thermal assistance can occur either
directly or via intra-gap defect states.****** This type of tunneling is mostly independent
of temperature, and any temperature dependence comes via V, through the temperature
dependence of £,. The temperature dependence of V} is discussed further in section
(3.2.4). Tunneling through the bottom of the barrier will not be considered herein as
experimental evidence shows that the current from the samples herein is thermally

activated in the range 300-400°K.
The calculation for the thermally-assisted tunneling current through an energy barrier
will start with a general tunneling expression from Harrison® for the net current from one

side, 1, of the barrier to the other side, 2, or J =J,2- J»_,, and given as:

J= q871’2

S M| MEWENAE-LEME  aem2 G0

/ k, —x

where h is the Planck constant, ¢ is the charge of an electron the summation is over
transverse momentum, K, £ is the total carrier energy, M, is the matrix element for the
transition from side one to side two, N,(E) and N,(E) are the density of states on side one

and side two, respectively and f;(E) and f>(E) are the occupancy factors.

53

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.2.2.1 One-Step Thermally-Assisted Tunneling

Crowell and Rideout®® developed a current conduction model for Schottky barriers,
which accounts for thermally-assisted tunneling. This model covers the full range of
thermally-assisted tunneling from nearly thermionic emission to tunneling through the
bottom of the barrier, however some of the approximations used begin to break down at

these limits. The current for this model can be derived from equation (3.10) and is

written as follows:

A

J = ZT:ET(EP){f[(Ep)—fg(Ep)}{E Alem (3.1

where A* is the Richardson constant equal to 4m*k’/h’, and f; and f; are now the
Boltzmann occupancy functions for the high energy process. Equation (3.11) was
derived by using the semiconductor density of states for N,(E) and N.(E). and integrating
over all transverse momentum states. The integration is accomplished by first
interchanging the order of integration in equation (3.10), then transforming the
integration from transverse momentum to an integration over £ - E,. T(E,) is the
transmission probability for tunneling through the energy barrier for a carrier with energy
E, in the direction perpendicular to the barrier, and is found from the matrix element
assuming a isotropic effective mass m*. The effective mass of polycrystalline CdTe is
taken to be isotropic due to its cubic structure.’’ An isotropic effective mass simplifies
the analysis, which would otherwise have to account for the directional dependence of the

mass in the integral. For the one-step band-to-band transition the matrix element of
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equation (3.10) can be evaluated using traveling wavefunctions for both sides of the
barrier, an exponentially decaying wavefunction inside of the barrier, and using the WKB
approximation®*®*** by assuming a slowly varying barrier potential energy as a function
of position.70 With this matrix element for the one step process, T(E) has been found for

Schottky barriers and is given as:

r(E,)= exp[——j[’m (v()-£,) ]th (3.12)

where the x-direction is perpendicular to the barrier, x, is a classical turning point, or the
position x when £ = gV/(x), and x; is the position of the barrier maximum. F(x) is the
barrier potential energy assuming uniform doping in the barrier depletion region and is
found from Poisson’s equation for an abrupt junction as:

2
V(x)= PVex"

2, (3.13)

for x between 0 and x,. The WKB assumption of a slowly varying barrier potential
energy is not unreasonable when V{(x) « x". In the limit of small applied bias, Seager and
Pike® have commented that for back-to-back parabolic barriers the exponent in T(E) is

just twice that for Schottky barriers, and can be evaluated analytically for the potential

given in equation (3.13):

2qV, [ E ] E (quj
T(E)zexp -—2{ |I1-—— |-——acosh| || =2 314
Eq vy | aV, E G149
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Eno is a constant of the material that is proportional to the square root of N, and can be

expressed as:

eV (3.19)

Two other approximations are contained within the current equation given as equation
(3.11). Due to the high energies of carriers in thermally-assisted tunneling the energy
dependence of the density of states is removed from the integrand and contained within
A* as the density of states is approximately constant for the high-energy process. This
approximation will become invalid when most of the carrier tunneling is near the bottom
of the barrier. Also, a parabolic energy-momentum relationship is assumed with no
mixing of valence and conduction band states. Thus, gV - E, must be less than /%2E; or
the carrier may possess some conduction band character during tunneling.”' The validity
of these approximations are to be determined.

Crowell and Rideout®® were able to derive an approximate analytical solution to the
current given in equation (3.11) by fitting the product T(E,){fi(E,)-f>(E,)} to a Gaussian
distribution which matches the maximum in the energy distribution of transmitted
carriers, £, and curvature centered around £,,. This same approach can be applied to the
back-to-back parabolic barriers, with T(E,) as given in equation (3.14), and is described
in detail in Appendix B. The resulting Gaussian can then be integrated, and gives Jj, for

the one-step thermally-assisted tunneling process as:
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] Alem®  (3.16a)

‘ *T E ‘/rri Vio) E, 2qV,
J(I).sEA T Looy7\q¥po jex[{ f]exp(— 9V

k Ey, cosh( Eoo Eo
2kT
with:
Eq, = Eqgo coth(@] eV (3.16b)
2kT

E., is the position of the Fermi level in the bulk, as shown in Figure 3.1, and can be

expressed in terms of £y as follows:

eV (3.16¢)

2 *
E‘f = 4T In [4”500 j m=¢&,

qh N

v

where N, is the bulk material effective density of states.

The temperature dependence of the one-step thermally-assisted tunneling process is
evident by inspection of equation (3.16). At room temperature and above £, can be
replaced by 2T for CdTe and values of N, less than 10'® cm™. Thus, the major
temperature dependence of thermally assisted tunneling comes from V,y/Ep; in the
exponential term. For values of N, larger than 10* cm™ or when tunneling becomes
dominant, then Eyp >> 2kT and Ej; can be replaced by Eq. The result is a nearly
temperature independent current-voltage expression, with only a slight temperature
dependence coming primarily from the temperature dependence of V;,. The temperature

dependence of Vy is discussed further in section (3.2.4).
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3222 Two-Step Thermally-Assisted Tunneling

If the density of grain boundary defect states is sufficiently high, then thermally-
assisted tunneling through the grain boundary barrier via defect states may be more
probable than the previously described one-step process. For the band to defect
transition, the matrix element can be modeled following the approach of Sarrabayrouse’”
by assuming a delta function potential for the defect at the grain boundary.”” The
amplitude of the delta function is obtained from the solution to Schrodinger’s equation at
the position of the defect using a wavefunction for a three-dimensional square well
potential.”™* The density of defect states at the grain boundary is treated as an

exponentially increasing function of energy toward the valence band-edge, as measured

from CdTe bicrystals,” or:

E
Nra(E)zNa'exF{E_] eV'em” 3.17)

ta

where VN, is the grain boundary density of defect states at mid-gap, and E,, is the
characteristic energy describing the exponentially increasing density of acceptor states.
As an example, the average values for the CdTe bicrystals measured by Thorpe et. al.?
are N;= 102 cm™ eV and E,=0.25 eV.

As before, the order of integration in equation (3.10) is interchanged, and the
integration over transverse momentum is transformed to an integration over E-E,. This

results in the following current equation for band-state to defect-state tunneling:
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4mN,;

J= [dE, de(E,Ep){ﬁ(E)-fg(E)}eX;{f—]dE Alem2  (3.18)
0 Ep ta

where T(E.E,) is the transmission probability for the band-state to detect-state transition

and is given by:

12

[ qVy "EE ] exp[—zl%rf 2m *(qV(.r)— Ep)l 2}&] (3.19)
p

Ty\E.E
d( p) qu— X

1l

Equation (3.19) can be simplified by approximating £= E,, for the high-energy thermally-
assisted tunneling process. Thus Ty(E.E,) = T4«(E,) = T(E,). as given by equation (3.12)
and without the factor of two in the exponent of equation (3.14). After the integration
over E in equation (3.18) assuming f; and f; are the Boltzmann occupancy functions, the

current between the band edge and the grain boundary defect states can be written as:

4mN,; [ 1 &
s=2 [AT 5) [T EMNAE) - HEe ‘{E

ta

JdE p Alem’ (3.20)

[f the product T4E){fi(E)-f(E)}exp(E/E,) is fit to a Gaussian distribution as done in the
previous section, and described in detail in Appendix B, then the saturation current can

be found as:
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-1
o JAmN (11 Eoo\41laVe)) [ Ey) [ aVw
0 = ‘p ., exp
] AT E,,

Eqy> cosh Evo _ Eoo
- kT E,

Alem’ (3.21a)

with:

E, E
E,=E, coth[—#——l_‘_ﬁ’-) eV (3.21b)

For a constant density of grain boundary energy states, then the above equations can be
used with £, = x or N(E) = N,. . During the fitting, N; is eliminated from equation

(3.21a) using an equation tor the conservation of charge at the grain boundary region or:

\/SE;N:I/;O - f an(Eil _f(E‘EI )}[E— f Nm(Eif(E,E’. )kE C/em’ (3.22)
q ’ ’

which states that the total charge at the grain boundary, right-hand side of eqn. (3.22),
equals the total opposite charge in the surrounding grain boundary space-charge regions,
left-hand side of eqn (3.22). In equation (3.22), N,,(E) is as given in equation (3.17), and
N.(E) is the equivalent density of grain boundary states equation for donors. Here also,
Nu(E) is assumed to be exponentially increasing density of states with a characteristic
energy of £, as determined by Thorpe et. al.”> Thus, the right-hand side of equation
(3.22) is just the total ionized donors at the grain boundary (positive charge), minus the
total ionized acceptors at the grain boundary (negative charge). The left-hand side of

equation (3.22) can be found from Poisson’s equation for the double-sided space-charge
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region of the grain boundary. By anticipating that the biggest contributions to the
integrals in equation (3.22) come when (E - Ep) >> kT, or (E; — E) >> kT for the
exponentially increasing density of grain boundary states, then Boltzmann’s
approximation can be used for the occupancy functions. Also, by neglecting insignificant

terms that show up after the integration, equation (3.22) becomes:

NV, E -E E -E, ,
——88"V3Lb° =N,| E, expl ——— |- E,, exp| —— C/em~ (3.23)
q' E!d Ela

From here. (E. — E)) is replaced by (E; — Vi - Ev), and (E;— E.) can be replace by (Vo +

E./). Then equation (3.23) is solved for V,;, and the resulting expression is plugged back
into equation for J,™ and used for fitting to the current versus temperature data. The
fitting parameters for the two-step thermally-assisted tunneling model are Vyo, Eng, Eq,
and E,4. Since there is a wide range of combinations of E£,, and E,, that yield good fits,
then these values were limited to the range found for several bicrystals as measured by
Thorpe et. al. For E,, the range was found to be 0.1 — 0.4 ¢V, and for E,, the range was
found to be 0.05 — 0.3 eV.> Fortunately, the effects of variable values of E,, and £, on
the resultant fitted values of Vyy and Epy is very small, since E,, is systematically varied
while £, is left as a fitting parameter. The sensitivity of the fits to £,, and E,; will be
discussed in greater detail in the results chapter.

The temperature dependence of the two-step thermally-assisted tunneling process can
be found by inspection of equation (3.21). At room temperature and above Ej: can be
replaced by [(1/kT)-(1/Et)]”" for CdTe and values of N, less than 10'® cm™. Thus, the

major temperature dependence of thermally assisted tunneling comes from V/Ey; in the
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exponential term. For values of N, larger than 7 x 10'° cm™ or when tunneling becomes
dominant, then Egy >> [(1/kT)-(1/Et)]”" and Ej: can be replaced by Eq,. The result is a
nearly temperature independent current-voltage expression, with only a slight
temperature dependence coming primarily from the temperature dependence of ¥},. The
temperature dependence of ¥} is discussed further in section (3.2.4).
On a final note for the two-step thermally-assisted tunneling model, y in equation (3.1)
has no meaning for the two-step tunneling process, and is set to zero during fitting.
3.2.3 Energy Distribution of Transmitted Carriers from Thermally-Assisted Tunneling
The maximum in the energy distribution of transmitted carriers, E,, is determined by

the value of Ej, which depends on the doping density, and temperature according to:

Em = cosh ‘Z(fﬂj (3.24a)

tor the one-step thermally-assisted tunneling process, and:

En _ cosh| £ _Ew (3.24b)
Q¥ kT E

ta

for the two-step thermally-assisted tunneling process. The transmission rate, normalized
to En for the two-step thermally-assisted tunneling process, is plotted against the
normalized barrier height for several example values of Eyy and kT as shown in Figure

3.3. This tigure illustrates the energy distribution of transmitted carriers in dimensionless
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Normalized Trasmitted Carrier Density

Figure 3.3 Normalized energy and transmitted carriers distributions for selected values
of kT/Ey and the semiconductor band bending ¢V, in units of kT for the
two-step thermally-assisted tunneling process. E, >> kT is assumed. Solid
lines are for ¢V,o/kT = 40 and dashed lines are for ¢V,,/kT = 10.

units. As can be seen from the figure, when Ey is large compared to £7, then emission is
through the bottom of the band and is primarily tunneling only. When Egy is small
compared to kT, then the carriers are emitted over the top of the barrier or thermionic.
However, when Ej is comparable to k7, then transmission is dominated by thermally-

assisted tunneling. Thus, the value of Ej, indicates which process is dominant. The
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figure also shows that taller barrier heights give smaller spreads in the energy distribution

of transmitted carriers.
3.2.4 Temperature Dependence of the Bandgap

The temperature dependence of the CdTe band-gap is linear and has been measured to
be approximately 3.2 x 10~ eV/°K.”"® Part of this dependence can be attributed to the
absolute change in energy of the valence band, and consequently may intluence the grain
boundary barrier potential. As an approximation, if one half of the band-gap temperature
dependence is assigned to dV,»/dT, then V3, decreases by only 16 meV with a 100 °K
increase. The resultant increase in saturation current due to dV,,/dT is 50%, when using
the thermionic emission theory presented in equation (3.4) with N, = 10" cm™ and Vi =
0.75 eV at 300 °K. This represents only a small fraction of the total change in current
predicted by the conduction models presented herein. The approximation of dV,y/dT = /-
dE/dT will be used in the temperature dependent theoretical fits to the data.
3.2.5 Grain-Boundary Barrier Height Inhomogeneity Theory

The grain-boundary conduction analysis up to this point does not account for the
variable grain-boundary barrier heights in polycrystalline material. For inhomogeneous
barrier heights the current is presumed to tend toward the paths with lower barrier
heights. The influence of the barrier height inhomogeneity was theoretically developed
by Werner and the etfects were discussed in section 2.2.4. To model the effects Werner
employed a statistical analysis using a Gaussian distribution of grain boundary potentials

. 2
as given below:>>>

(3.25)

1 Vsm = Vo)
P(Vy)= — —exp| - Yom
¥s0) 0'5\/—27@(!){ 207

s
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where V3, is the mean zero bias band bending, and o is the standard deviation. If the

saturation current can be expressed as:

—aV ;
%=cem({%@JAmW (3.26)

where C is a constant, then the effective Vs, or Vs, can be found from:

aV pegy = ( quo)
| = Tt | _ - P(V,, )V 3.27
e‘P[ T j _{C exp T (V50 MV 59 (3.27)

using the expression for P(V,,) from equation (3.25) in (3.27). This results in the

following relation:

_ 403
2kT

Vbeﬁ” =Vim V (3.28)

This expression is then used in place of Vi for the current versus temperature analysis.
Thus, oy is now the additional unknown in the fitting of the temperature dependent data.
Werner states that the inhomogeneity analysis is valid for any quantity that is thermally
activated according to the form of equation (3.26). Consequently, Werner’s treatment
can only be strictly applied to the combined drift-diffusion and thermionic emission
saturation conduction theory given by equation (3.5). The thermally-assisted tunneling

saturation current of equations (3.16a) and (3.21a) do not quite fit the form ot equation
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(3.26). However, equations (3.26-3.28) be modified to approximate the thermally-
assisted tunneling case by replacing kT with E,. This is possible it £y is not too large,
since most of the temperature dependence comes from the exponential containing V.
The etfects grain boundary inhomogeneities will be evaluated herein.

3.2.6 Saturation Current as a Function of Temperature

Figure 3.4 summarizes the temperature dependence in the range of 300-400°K for the
various types of saturation current as modeled in this chapter. Two different values of
doping adjacent to the grain boundary (N,), are used for each type of saturation current,
with N, = 10"° ecm™ for Fig. 3.4(a) and N,=10'" cm™ for Fig. 3.4(b). A zero bias band
bending of V3 = 0.75 eV is assumed in both (a) and (b). Also, uniform barrier heights or
o,=0 was assumed, and the values of NV,= 10" cm™ eV and E,, = 0.1 eV was used tor
Jo™.

All current models, except for J,", indicate 3-4 orders of magnitude increase in current
due to increasing the temperature from 300°K to 400°K and when neglecting the
temperature dependence due to the small applied voltage. This current increase is
consistent with knowledge gained a posteriori for CdTe grain boundaries. As discussed
earlier in section 3.1, the minority carrier saturation current, J," is negligible at these
temperatures when compared to the majority carrier conduction mechanisms Jo™, Jo",
and Jozs. Also as discussed earlier in section 3.1, the saturation current due to generation-
recombination, Jo¥, decreases at the higher doping densities, see Fig. 3.4(b). Lastly,
using the grain boundary density of defect states as measured by 'I'horpe,23 then the two-

step thermally-assisted tunneling model, J,”, yields the highest current at both doping

densities.
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Figure 3.4 Temperature dependence for the various types of saturation curremt as

modeled in this chapter., N, = 10'° cm™ is assumed in (a), and N,=10'" cm™ is
assumed (b). A zero bias band bending of V), = 0.75 eV is used in both (a)
and (b). Also, uniform barrier heights or ,=0 was assumed, and the values
of N,=10"” cm? eV and E,, = 0.1 eV was used for J,>*.
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3.3  Bicrystal Barrier Height Measurements: Technique Comparison

In this dissertation, several grain boundary parameters will be determined from
theoretical fitting of current vs. temperature data. As discussed in chapter 2, capacitance
techniques can be used to obtain grain boundary information from bicrystals. Thus,
bicrystals can be used to compare measurement techniques. Using bicrystals with low
bulk doping levels, some studies have already demonstrated a correlation between barrier
heights, as derived from fitting temperature-dependent data with thermionic emission

theory, and barrier heights as derived from zero bias capacitance or capacitance-voltage

data.n'ﬂ

A similar comparison can be done on highly doped bicrystals using thermally-
assisted tunneling theory.

Bicrystal data was used to compare the grain boundary barrier heights derived from the
thermally-assisted tunneling theory with barrier heights derived from zero bias
capacitance measurements described in chapter 2. The thermally-assisted tunneling
theory presented in this chapter was fit to data from a study on GaAs bicrystals by Pike
and Seager.’' The fitting was performed using Peakfit software and as described in
Chapter 4 (later). Two bicrystals were used in the study by Pike and Seager, and the bulk
doping was measured from Hall measurements as 4.6 x 10'" cm™ for bicrystal A, and 2.0
x 10'® cm™ for bicrystal B. In addition, grain boundary barrier heights were determined
from the measured zero bias capacitance and equation (2.4) and given as 0.73 eV and
0.83 eV for bicrystals A and B respectively. Thus, according to Figure 3.2, the measured
doping and barrier heights from this study suggest thermally-assisted tunneling as the
most likely conduction mechanism across the grain boundaries for both of these

bicrystals.
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In order to fit the data given by Seager and Pike, the small signal, (gV << &T),
conductance versus inverse temperature data was converted to current versus temperature
by assuming an applied voltage of | mV. During the fitting an isotropic effective mass
was assumed, with m* = 0.068, & = 13.2, and N, = 1.1x10' em™ as the GaAs material
characteristics.”’ Figure 3.5 shows the data for the two bicrystals and the resultant fits
using the one-step thermally-assisted tunneling model, and the combined drift-
diftusion/thermionic emission model with N, limited to 1x10'" cm™. This is the
approximate value at which drift-ditfusion/thermionic emission is no longer physically
valid for a given barrier height. Bicrystal A is shown in the plot at the top of the figure,
and bicrystal B is shown on the bottom. Without considering the possibility of grain
boundary inhomogeneity for the moment (¢ locked at 0 meV), the one-step thermally-
assisted tunneling model gives the best fit to both bicrystals. The fit using the one-step
thermally-assisted tunneling model yields V,p = 552 meV, and N, = 7.9x10" cm (Eon =
1.7 meV) for bicrystal A, and V4 = 1110 meV, and N, = 4.0x10'° cm™ (Eg = 58 meV)
for bicrystal B. However, the fits yield a low coetficient of determination, r < 0.995, and
fit poorly in the low temperature half of the plot of bicrystal A. The fits are even worse
for bicrystal B, especially for the drift-diffusion/thermionic emission fit (" = 0.597).
When allowing for inhomogeneity among the grain boundaries in bicrystal A, the fits
become much better for the one-step thermally assisted tunneling model (" = 0.997), and
the fitted values become Vyp = 833 meV, N, = 2.6x10'" em (Eonp=9.8 meV), and 6= 82
meV. However, the fit only gets worse for bicrystal B when including any

inhomogeneity with the one-step thermally-assisted tunneling model. In addition to the
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Figure 3.5

Theoretical conduction model fits to GaAs bicrystal data for Bicrystal A (a)
and Bicrystal B (b), using the Drift-Diffusion/Thermionic, and 1-step

Thermally-Assisted Tunneling theories presented herein.

accomplished with Vi, Eyp (N,

Fits were
for Drift-Diff./Therm. Theory), and o;

(barrier height inhomogeneity factor) as fitting parameters, which are given

in the figure.
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poor fits for bicrystal B, the fitted values for V3 and N, for both bicrystals do not match
the values as determined from Hall and capacitance techniques.

When using the values as determined from Hall and capacitance techniques for N, and
Vro, the one-step thermally-assisted tunneling model fits as shown by the dashed lines in
Figure 3.6. Much better fits can be obtained from the rwo-step thermally-assisted
tunneling model, when using the same values of Ny and Vi as determined from the Hall
and capacitance techniques. The two-step fits are shown by the solid lines in Figure 3.6.
These tits assumed exponentially increasing grain-boundary density of states parameters,
as discussed earlier. The Hall and capacitance characterization, together with these
fitting results, indicate that the current across the GaAs grain-boundaries most likely

occurs via a two-step thermally-assisted tunneling process.
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Figure 3.6 Theoretical conduction model fits to bicrystal data for Bicrystal A (a) and
Bicrystal B (b), using the 1-step, and 2-step Thermally-Assisted Tunneling
theories presented in chapter 3. Fits were accomplished using V,y, Ex (or
Ny), values as determined by Hall and Capacitance measurements. This left
o, (barrier height inhomogeneity) as the fitting parameter for the 1-step, and

E, and E, as the fitting parameters for the 2-step thermally-assisted
tunneling models.
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Chapter 4

EXPERIMENTAL PROCEDURES

This chapter presents relevant sample preparation and experimental apparatus
description necessary to discuss the experimental results herein. The sample growth and
processing will be described first in section 4.1 with attention given to the processes that
will be evaluated by in-plane electrical characterization. This will be followed by a
description of the lift-off technique and contacting which enables in-plane electrical
characterization of CdTe from as-processed solar cells. Section 4.2 provides a detailed
description of the in-plane electrical characterization technique and experimental
apparatus. Finally, a description of the data analysis and curve fitting is given in section
4.3.

4.1 Polycrystalline Sample Preparation

All polycrystalline samples described herein were processed at the National Renewable
Energy Laboratory (NREL) using NREL s standard process for CdS/CdTe heterojunction
solar cells. This process has produced solar cell devices with efficiencies in excess of
15%."

4.1.1 Sample Growth and Processing

All films are deposited onto a 1.5 inch square substrate of SnO,-coated Corning 7059

borosilicate glass. The SnO»-coated glass is purchased from Solarex Corp. and acts as a

n-type transparent top contact. The role of the individual device layers was discussed in
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Chapter 1. An additional thin layer of insulating SnO, is first deposited by chemical
vapor deposition (CVD). Next, approximately 1000A of n-type CdS is deposited on the
insulating SnO; by a chemical-bath solution.”® The chemical-bath solution is typically at
a temperature of 100°C, and the deposition time is 35-40 minutes. After the CdS
deposition, the CdS is annealed in hydrogen at 300°C and 30 Torr for 5 minutes.
Following the anneal, CdTe is deposited onto the CdS by close-spaced sublimation

(CSS).”™ The CSS configuration is shown in Figure 4.1.

I—/\/\/\/— IR Lamps —\/\/\/\—J

Graphite blocks Substrate _T

o

>
He and O,

inlet

o

CdTe Source Plate Vacuum

L—/\/\/\/_ IR Lamps _\/\/\/\jl X

Quartz tube

Figure 4.1 Schematic of Close-spaced sublimation chamber.

[n the CSS configuration, a CdTe source plate and substrate are held facing each other
at about a 2 mm spacing. Both He and O are introduced into the chamber to obtain a
background pressure of approximately 0.02 Torr. During the growth, the oxygen partial
pressure is about 0.9 Torr, and the helium partial pressure is about 14.1 Torr. The infra-

red (IR) lamps heat both substrate and source to growth temperatures of 620°C and

660°C. respectively. The growth takes place as elemental gases come off the higher
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temperature CdTe source plate, diffuse over to the slightly cooler substrate, and
recombine on the substrate surface. A typical film thickness is 8-10 um.

After the CdTe deposition, the samples receive a CdCl, vapor treatment in a CSS
configuration.”® This configuration is very similar to that as shown in Figure 4.1, only a
CdCl, source plate is used instead of a CdTe source plate, and the spacing is | mm.
During the treatment, both the source and substrate temperature are held at 400°C for
about five minutes. The growth chamber atmosphere is the laboratory ambient. After the
CdTe deposition and vapor CdCl, heat treatment, the layers are as shown below in Figure

4.2. At this point, the samples are ready for back contact processing.

a'

=10pum
<0.3 um
<01um
SnO =1lum
Glass
Figure 4.2 Cross-sectional schematic of solar cell device prior to back contact
processing,
4.1.1.1 NP etch study

The samples for this study were processed up to the point of back contact metalization,
which is the final layer to be processed. A 30-second dip into a NP etch (about 1% nitric

acid, 70% phosphoric acid, and 29% water) is performed as part of the back contact
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process. The NP etch creates a Te-rich surface, which becomes an interface layer
between the CdTe and the back contact metalization. The Te-rich interface layer is
postulated to aid in the formation of a low resistivity back contact, as NP etched solar
cells have lower series resistance compared to unetched solar cells.”” A side-effect of the
etch is the creation of Te-rich grain boundaries as the etch has been shown to
preferentially etch grain boundaries.’®* It is this side-ettect that will be characterized by
electrical measurements of the grain boundaries herein. Several samples were NP etched,
while companion samples were left unetched for later comparison. The samples are ion-
beam-milled about 0.3 um to remove the Te-rich conducting layer on the surface. The
unetched samples were also ion-beam-milled 0.3 um for consistency. lon-beam-milling
was chosen tor Te material removal, as chemical etching presented a greater chance of
affecting the grain boundaries. Removal of the conducting surface layer by ion-beam-
milling was visible to the eye, however previous x-ray photoemission spectroscopy
(XPS) and Auger electron spectroscopy (AES) analysis show excess Te remaining in the
grain boundaries to depths in excess of 1.2 pum.*>** In order to study the effects of the
NP etch versus depth, ion-beam-milling is performed on etched and unetched samples to
achieve milling depths of approximately 0.3, 1.8, 4.6, 6.1 and 7.8 um. The ion-beam-
milling depths were determined from companion samples with black wax dots as shadow
masks to protect the underlying surface against the milling. After removal of the wax,
the companion samples were subsequently profiled using a Dektak III profilometer to
determine the thickness of CdTe removed. All of the samples prepared for the NP etch

study are listed in Table 4.1 below.
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Table 4.1 — Samples for NP etch study

lon-Beam-Mill Depth
0.3 pm 1.8 um 4.6 pm 6.1 um 7.8 um
NP-etched P360np P360npx P393np P393npx P392np
Unetched P360 P360x P393 P393x P392
4.1.1.2 CdTe source plate usage study

A second group of samples were prepared to study the effects of the CdTe source plate
usage during the CSS CdTe deposition. Typically, a new CdTe source plate is prepared
tor every 12-15 sequentially grown samples. Each group of samples corresponding to a
single source plate constitutes a “run.” Samples from different points in the run
sequence, and from different runs, were taken for electrical characterization. Following
the CdTe deposition these samples received the 400°C vapor CdCl, treatment and a light
0.3 um ion-beam-mill to clean the back CdTe surface. The original CdTe thickness on

these samples was 8.0 um. The samples are listed in Table 4.2 below.

Table 4.2 — Samples for CdTe source plate usage study

CdTe Source Samples ID and position in run
Plate
CdTe 8-25¢ P902, #2; P956, #3
CdTe 8-25b P1019, #2; P922, #7; P991, #12
4.1.1.3 Vapor CdCl, study

Finally, a few samples were cut in half and one half was processed with the 400°C,

vapor CdCl, treatment, and the other without to determine the effects of this treatment on
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the grain boundaries. These samples are listed in Table 4.3 below. Again all of these
samples received the 0.3 um ion-beam-mill described earlier to remove surface

contaminants.

Table 4.3 — Samples for study on the CdCl, treatment

Samples ID and position in run

Untreated P2254a, P2254b, P2257a, P2257b, P2258a, P2258b

CdCl; Treated P2254c, P2254d, P2257c, P2257d, P2258c, P2258d

4.1.2 Description of Lift-off Technique

[n order to measure the different processing effects on the CdTe grain boundaries the
CdTe must be isolated from the more conductive underlying layers. This is necessary
even with the high resistivity ot CdTe, since a thin insulating tilm ofters little electrical
resistance in the direction perpendicular to the plane of the film, compared to the long
distances traversed tfor the in-plane measurements described herein. The CdTe is
removed or lifted-off from the rest of the device by using a technique similar to that of
von Windheim et al..*” but developed independently at NREL for CdTe on CdS. A piece
of 3/8" thick glass is glued to the ion-beam-milled CdTe surface using Torr Seal, a
product of Varian Corp. After a 24 hour curing time, the CdS, SnO, and thinner 7059
glass are popped off from the thick glass, Torr Seal and CdTe film by exerting a
mechanical force at the position as shown in Figure 4.3. This leaves the CdTe that was
formerly adjacent to the CdS as an exposed surface. Smooth films of CdTe can be made

as large as 1.5 inches in diameter using this lift-off technique. The exposed surface is

nearly free of CdS, except for small (< | um), isolated islands of CdS, as determined by
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Lift-off

Film
Thickness
T Thick
Glass
\ Torr Seal™
Adhesive
Thick Glass
“glued” to
back surface
Film Separates at Mechanical
heterointerface echanica
force here
CdS |
SnOz
Thin
Glass
Cross-sectional layer
thicknesses are not to scale
Figure 4.3 Lift-off technique showing isolation of CdTe layer from the as processed

solar cell.

Auger Electron Spectroscopy. It is postulated that the separation occurs at the CdS/CdTe
interface due to interfacial strain after the vapor CdCl, treatment. However for the vapor
CdCl, study herein, some isolated films of CdTe were obtained without the vapor CdCl»

treatment, but with a lower yield. Without the CdCl, treatment, some of the samples did
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not separate at the heterointerface, but within the bulk of the CdTe layer. Following the
lift-otf, an optical microscope examination is performed on all samples to note direction
and magnitude of any cracks that may exist in the isolated CdTe film. These cracks
could potentially reduce the cross-sectional area of the measured film if the crack
propagates in a direction that is parallel to the contacts. If multiple samples are to be
made from a single growth sample, then the growth sample is cut up prior to the lift-off.
This is due to the fragile nature of the lifted-off CdTe films.
4.1.3 Polycrystalline Contacting Scheme

Parallel stripes of gold contacts are evaporated on the lifted-off CdTe using metal
shadow masks. The contacts are 2 mm wide by 11 mm long and can be spaced 0.4, 0.8,
[.2. 3.2, 3.6 and 5.6 mm apart. Four parallel contact stripes enables three separate two
probe measurements and are small enough, when using the smaller contact spacings, to
allow four separate samples to be prepared from a single 1.5 inch square growth sample.

This contacting configuration is shown in Figure 4.4.

Gold
Contacts
2mm wide 0.8 mm
11
mm
Film -
Thickness Thick
Glass
\
CdTe __| Torr Seal™
back surface Adhesive

Figure 4.4 Lift-off CdTe typical sample size and contacting scheme.
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Samples used for the contact resistance determination, have contact gaps of 0.4, 0.8, 1.2,
3.2, 3.6 and 5.6 mm. Due to the large contact gaps and number of contacts, the contact
resistance samples require the entire 1.5 inch square growth sample.

4.2 Experimental Apparatus and Procedure
4.2.1 DC Current vs. Temperature Measurements

DC current versus temperature measurements are made at a fixed bias using a two-
probe method. The DC bias is provided by a HP 6825A power supply and the current is
measured by a Keithley 485 picoammeter. The sample sits on a resistively heated copper
block. which provides the high temperature excursion, and is controlled by thermocouple
feedback to a Lakeshore 330 temperature controller. Measurements in light used a single
halogen bulb as a white light source with a reostat to control intensity. Light intensity at
the sample was set to a l-sun power density (100 mW/cm?) by a calibrated silicon
detector cell. Data acquisition is automated using a Maclntosh SE computer and National
[nstruments’ LabView software. The set-up connections are shown in Figure 4.5 with the
dark colored wiring. The DC current versus temperature measurements were performed
at a fixed bias. The bias was chosen such that the voltage per grain boundary is small and
much less than kT as needed for the theory presented in chapter 3. The number of grain
boundaries per unit distance is determined from Scanning Electron Microscopy (SEM)
images. The measured current across the polycrystalline material can exhibit a long
settling time in response to a step change in voltage or illumination conditions. The
settling time is dependent upon the barrier height, and is due to grain boundary defect

state charging and discharging. The light generated minority carriers changes the
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Figure 4.5 Experimental set-up for impedance measurements using LCR meter and

showing connections (grey colored wires). Set-up can be configured for
current vs. temperature measurements (black wires) using the temperature
controller, picoammeter, power supply, and computer for data acquisition.
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equilibrium minority carmer current into the grain boundary, which consequently
modities the occupancy of the grain boundary defect states as trapped majority carriers
can recombine with the minority carriers. This change occurs very quickly with
illumination as minority carriers are generated instantaneously in the vicinity of the grain
boundary. But upon removal of the light, the change in the defect state occupancy relies
on the dark minority current and the thermal emission of majority carriers to restore the
dark equilibrium condition. Thus, for measurements in the dark, one hour was required
for the current to stabilize. Measurements in light only required one minute of
illumination for the current to stabilize. The sample temperature was varied from
approximately 25°C to 140°C during the measurements. First the sample temperature is
slowly ramped up until the sample reaches the high-temperature set-point of 140°C after
about ten minutes, then the heat is turned off, and the sample is allowed to cool down in
the air ambient to 50°C. Data is taken during the warm up and cool down at ten second
intervals. The cool down time in the dark is approximately 35 minutes. The cool down
time during light measurements is longer by about 15 minutes, which is due to
supplemental heating from the halogen bulb.
4.2.2 Impedance Measurements

The Re(Z) measurements versus frequency measurements were made using HP 4274A
and 4275A LCR meters, which together provided a 100-Hz to 10-MHz trequency range.
Internal power supplies provided DC bias control. The experimental set-up is also shown
in Figure 4.5 with light colored wire connections. The LCR meters are calibrated on a
yearly basis. The resistance range is 10" - 2x10 ohms, and three digit resolution is

specified as a minimum throughout this ranges. When calibrated, the worst case
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accuracy of the resistance measurement is 5%, and occurs when measuring large
resistances. Parasitic resistance, capacitance, and inductance from the leads, probes, and
box are determined as a function of frequency prior to the measurements. Subsequent
measurements are adjusted automatically for the parasitics by the LCR meter.

Here again, darkness and bias are applied one hour prior to the measurement to allow
the sample resistance to stabilize for dark measurements, whereas only one minute is
required for light measurements. The measured resistance is allowed to stabilize for each
change in voltage or frequency. The AC voltage was | V.

DC measurements of the resistance are obtained using a Kiethley 6517A Electrometer
because the sample DC resistance is typically much higher than the impedance analyzer’s
2 MQ maximum. The 6517A has an internal power supply for bias control and can
measure currents as small as 2x10™"* amperes. This enables resistance measurements as
high as 500 Giga-ohms from a 1V bias.

4.2.3 Other Measurement Equipment

Other measurement equipment referred to herein are described as follows:

XPS measurements were made using a Physical Electronics 5600 with a
monochromatic Al X-ray source. The XPS technique involves the bombardment of a
sample surface with X-rays and the measurement of the concomitant photoemitted
electrons.  The photoemitted electrons have discrete kinetic energies that are
characteristic of the emitting atoms and their bonding states. XPS can go beyond
elemental analysis to provide chemical information. For the measurements in this thesis,
the X-ray beam power was approximately 300 W, the spot size was 0.8 mm, and

elemental resolution is 1 at. %.
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AES measurements were performed for elemental surface analysis using a Physical
Electronics 6701 field emission scanning Auger nanoprobe. With AES, a sample surface
is bombarded with a focused beam of electrons. This generates Auger electrons, which
are collected and measured. Auger electrons have discrete kinetic energies that are
characteristic of the emitting atoms, making AES useful for identifying elemental
composition. The ability to focus and deflect the electron beam makes enables surface
composition maps. For the composition maps shown herein, the electron beam size was
100 nm and the elemental surface sensitivity is | at. %.

SEM and electron beam induced current (EBIC) measurements were made using a

JEOL JSM 840. Beam energy and magnification are noted where images are displayed.
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CHAPTER S

RESULTS and DISCUSSION

5.1 Physical Characterization of Lift-off CdTe Film

The lift-off CdTe films were evaluated in terms of grain size, macroscopic defects, and
surface composition. This was accomplished using SEM images, optical microscopy,
and Auger surface mapping, respectively. The physical characterization of lift-off films
is needed because the technique represents a new method for isolating the CdTe films for
later analysis.
5.1.1 SEM Results

SEM images were taken of samples used in the CdCl, treatment study and are shown in
Fig. 5.1(a-d). Images (a) and (c) show the film processed up through the CdCl;
treatment, while images (b) and (d) are of the untreated film. The lifted-off surface is
shown in Figure 5.1(a) and (b), and the back surface prior to lift-off is shown in (c) and
(d). The lift-off surfaces were NP-etched to help delineate the individual grains as the
NP-etch preferentially etches grain-boundaries.’® After the etch, the grains were more
discernible in the CdCl, treated sample, but it is difficult to determine individual grains in
the untreated sample as the morphology appears more motley, pitted and over-etched.
Nonetheless, from a qualitative visual inspection, it is evident that the approximate grain

size on the lift-off side is about the same between CdCl, treated and untreated. In
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(c) Back-side, CdCl; treated. (d) Back-side, untreated.

Figure 5.1 SEM surface images of lift-off CdTe shown in upper images, (a) and (b), and
CdTe back-side prior to lift-off shown in (¢) and (d). CdCl, treated samples
are on the left, (a) and (c), while untreated samples are on the right, (b) and
(d). Lift-off CdTe images shown in (a) and (b) were NP-etched to delineate
grain boundaries. The images shown are from sample P2254 and P2258,
and were taken by Rick Matson at the National Renewable Energy
Laboratory. Scale is as indicated in the images.

addition, the lift-off grain size is about half that of the more clearly distinguishable back

surface grain size.
A measure of the number of grain boundaries per unit distance was obtained from the

back surface images by counting the number of grain boundaries intersected by a

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



horizontal line drawn across each of the images. This was done in ten different places
and an average number of grain boundaries per micron was calculated. For the CdCl;
treated sample, the average number of grain boundaries per micron was found to be 0.66
with a standard deviation of 0.07. Similarly for the untreated sample, the average number
of grain boundaries per micron was 0.69 with a standard deviation of 0.07. Thus, there is
no significant difference in the grain size between CdCl; treated and untreated CdTe
films. Therefore, the grain size is unaffected by the CdCl; treatment. This correlates
with previous studies on the effect of the CdCl; treatment on the grain size."*® It should
be noted that these results, as well as cross-sectional images (not shown) indicate that the
grain size increases toward the back of the film. The non-uniform grain size can lead to
preferential conduction through the area of lower resistance or fewer grain boundaries
(large grain sizes). The effect of cross-sectional area and voltage per grain boundary is
explored in Appendix D. However, based on these images, the nominal voltage per grain
boundary was taken to be the same for equal distance contacts from all samples
measured.
5.1.2  Auger Surface Analysis

Scanning Auger compositional analysis was performed on the lift-off CdTe surface on
samples both with and without a CdCl; treatment. The purpose of the Auger was to
determine if any residual CdS remained on the lift-off surface. None of the samples
demonstrated a continuous CdS layer or web, but tiny discontinuous islands of sulfur
enriched areas were evident. These show up as bright white areas in the SEM image of

the CdCl, treated sample as shown in Figure 5.2(a).
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(a) CdCl, treated (b) untreated

Figure 5.2 SEM of lift-off CdTe surface for CdCl, treated (a) and untreated (b). Bright
areas in (a) correspond to areas with a higher Sulfur content. Contrast is
not comparable between (a) and (b). Mag. = 3000x, or 3 mm =1 um.

A more detailed analysis of individual points on the bright white spots gives a sulfur
signal in the 10-20 atomic % range and a tellurium signal in the 10-20 atomic % range.
Off of the bright white spots, the sulfur signal is in the 2-10 atomic % range while the
tellurium signal is in the 20-30% atomic % range. The remaining constituents were
carbon (25 - 50 at. %) and oxygen (3 — 10 at. %) which are common as adsorbed species
on unprotected CdTe surfaces.®' Carbon and oxygen aside, these measurements indicate
either a mixed CdS.Te,., alloyed surface or sub-micron islands of CdS remaining on the
surface. The untreated samples shown in Figure 5.2(b) did not display bright areas, or
have areas with high sulfur content. The background sulfur signal for this sample was in
the 2-6 atomic % range.

5.2 Lift-off CdTe Film Resistivity

Measurements of the dark in-plane resistivity were performed on most of the lift-off

CdTe samples. Table 5.1 shows the average resistivity values and standard deviation at
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50 °C and 125 °C for 8 samples with the standard treatment (CdCl, treated) before back
contact formation and 3 samples without CdCl, treatment. Each sample had several
different contact spacings, thus the results are based over 30 different measurements. As
can be seen from the average values for the standard treatment, the film dark resistivity is
reduced by about two and a half orders of magnitude from 50 °C to 125 °C. The nature
of the decrease in the film resistivity with increased temperature is discussed in section
5.5. Also, the calculated average and standard deviation values show a significant
difference (about one standard deviation) in the resistivity between samples with the
standard treatment and samples without the CdCl, treatment at 50 °C. The difference at

125 °C 1s not as significant. Thus, the CdCl; treatment increased the film resistivity. The

effect of the CdCl, treatment on the in-plane electrical properties is the subject of section

5.5.2.

Table 5.1 Lift-off polycrystalline CdTe Resistivity at 50 °C and 125 °C, and an

applied bias of 1 V.

Resistivity|Resistivity
Sample(s) Sample | Statistics| At50C | At125C
iD Treatment (ohm-cm) | (ohm-cm)
P902, P956, P972, P991, P1019 Standard |Average 1.3E+08 | 5.7E+05
P2254 C&D, P2257C8D, P2258C8D | . Std. Dev. | 8.3E+07 | 4.0E+05
P2254 A&B, P2257 A&B, P2258 A&B w/o CdCl, |Average 4.0E+Q07 | 2.5E+05
Std. Dev. | 1.5E+07 | 1.1E+05

A large standard deviation was calculated from the resistivity values of the samples
with the standard treatment. This variation was initially thought to be a result of some
cracks as seen in most of the lift-off films. However, there was no correlation between
the length of cracks and the film resistance. Thus, the question of the origin(s) of the

sample-to-sample variations remains. Although not shown herein, the sample thickness
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variation is well characterized for the CSS growth of CdTe, and has been shown to be
less than 15% over the area where the lift-off is performed.*> Thus, the film thickness
variation is insufficient to explain the resistivity variations seen here. One possibility for
the sample-to-sample variation could be any uncontrolled variations in growth and
processing such as the source plate usage which is discussed later in section 5.5.3.

In addition to the samples listed above, the resistivity of several earlier samples was
measured at 10 volts and under 100 mW/cm” of white light illumination. These samples
are shown in Table 5.2. The 10 volt bias was used before careful optimization of the test
set-up and standardization to the | volt bias. As can be seen from the table, the resistance
under illumination decreases by several orders of magnitude, indicating strong
photoconductivity in the unetched CdTe. In polycrystalline materials, photoconductivity
can be due to an increase in the bulk free carrier concentration and/or a lowering of the
grain-boundary energy barrier. The exact cause of the photoconductivity will be
addressed later in section 5.4 of this chapter. Another trend to note is that the samples
that have been NP-etched have a dark resistance almost four orders of magnitude lower
than the standard unetched samples. In addition, the NP-etched samples are not as
photoconductive as the unetched samples, since their resistance under illumination is only
two-thirds of their dark value.

Table 5.2 Lift-off Polycrystalline CdTe Resistivity at room temperature and with an
applied bias of 10 V. Table shows resistivity differences between dark and
illuminated with 100 mW/cm’ white light, and NP-etched versus unetched.

Dark Light
Sample(s) Sample |Statistics|Resistivity| Resistivity
ID Treatment (ohm-cm) | (ohm-cm)
P360 #1, P360 #2, P360 #12 Standard [Average | 6.9E+08 | 2.2E+05

Std. Dev. | 5.1E+08 | 2.3E+05

...................................................................................................

P360np #1, P360np #2, P360np #12 | NP-etched |Average | 4.9E+04 | 1.7E+04
Std. Dev. | 2.6E+03 | 3.3E+03
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5.3 Contact Resistance

The significance of the evaporated gold contact resistance was determined from some
of the samples herein. DC electrical characterization of the lift-off film in-plane
properties is not valid unless the contact resistance is negligible compared to the film
resistance. The contact resistance can be determined using the Transfer Length Method
(TLM) as described in Chapter 2. The TLM for sample P991 is shown in Figure 5.3,
where (a) is the result at 50 °C and (b) is the result at 125 °C. For each plot, a line best
fitting the data is shown to intersect the resistance axis near the zero ohms point. The
nonsensical negative y-intercept shown in Figure 5.3 (a) is a resuit of the y-intercept
being smaller than the standard deviation of the measured resistance. The sizable
standard deviation is due to significant scatter in the data from the individual
measurements on a sample. An example of the scatter can be seen from the different
values of resistance that was measured from the three 1.2 mm contact spacings on sample
P991. Error bars corresponding to + one standard deviation for the three 1.2 mm
spacings are indicated in both plots. Despite the scatter, the trend of the best-fit line
indicates a negligible contact resistance when compared to the measured resistance
values.

Figure 5.3(b) shows the TLM at high temperatures, since it is important for the contact
resistance to be negligible at high temperatures as well. For this case, the indicated

contact resistance is over an order of magnitude less than that of the average resistance

measured.
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Figure 5.3 TLM performed on sample P991 at 50 °C (a) and 125 °C (b).
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The TLM contact resistance results of several samples are summarized in Table 5.3.
The samples tabulated represent all of the processing conditions used for in-plane
measurements. The table also shows the average resistance measured for comparison
with the contact resistance, R.. In all cases, the contact resistance as derived from the

TLM is either negligible, or about an order of magnitude less than the average resistance

measured for all samples from all process conditions.

Table 5.3 Contact Resistance, R, at high and low temperatures as measured using the
TLM.
Processing | lllumination | Temp. | Number of | Average Resistance Re
Sample ID Condition Level (Celsius)| data points measured (chms) (ohms)
P360* | Standard Dark 25 3 4.0E+10 negligible
_P36ONP* | NP-etched| Dark | 25 f 3 | _ 25E+08 | 1.5E+05
P902 Standard Dark 50 3 2.0E+10 1.9E+09
..Po02 | Standard | Dark | 125 | 3 [  13Ev08 | 1TE$07
P956 Standard Dark 50 3 3.1E+10 negligible
..P9s6 | Standard | Dark | 125 | 3 |  12€6+08 | negligible
P972 Standard Dark 50 6 2.7€+10 negligible
..Po72_ | Standard | Dark | 125 | 6 |  92Ex07 | 9.3E406
P991 Standard Dark 50 5 2.4E+10 negligible
..Po91_ | Standard | Dark | 125 [ 5 |  736t07 | S1Ev06
P1019 | Standard Dark 50 6 2.2E+10 negligible
P1019 | Standard Dark 125 6 8.3E+07 negligible
_..P90z° | Standard | Light | 25 T3 T 4BE+06 | negligible.
..P2257" | "Standard | ""Light [~ 28 13712 6E4080 ] 5.4E+05
.P2254 | "Standard | " Light |28 13T ABENS. 3AE+0S
. Pa2s7 " |'wio CdCi2| " Light | 28 13T 3E+06 | negligible.
P2254 | wi/o CdCi2 Light 25 4 7.3E+05 1.7E+05

* Measured at 10 V, all others measured at 1 V.

Also shown in Table 5.3 is the apparent contact resistance under illumination. The film
resistance in the light is several orders of magnitude less than the film resistance in the
dark for the unetched samples. However, since the 2000 A of gold is highly reflective to
the white light, the contact is shaded during the resistance measurement under

illumination. Thus, the measurement of film resistance under illumination is considered
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to be a worst case scenario for contact resistance, since the film resistance is decreased by
several orders of magnitude due to photoconductivity, yet the contact resistance should
be relatively unchanged (except for at the contact edges). The results show that even in
this worst case scenario, the contact resistance is much smaller or negligible compared to
the film resistance.

The results indicate that the TLM values for the dark contact resistance are either
negligible or about an order of magnitude less than the average film resistance.
Therefore, we will proceed with the assumption of a negligible contact resistance for all
samples and from all process conditions.

5.4  Frequency-Dependent Resistance Measurements

The Re(Z) was measured as a function of frequency for the lift-off CdTe films in the
dark. The data is shown in Figure 5.4 for unetched films (a) and NP-etched films (b).
The low frequency Re(Z) for the unetched sample was not measurable by the LCR meter,
which can only measure up to 20 MQ. Consequently the low frequency breakpoint was
not observed as the low frequency resistance was higher than this maximum. However it
can still be seen that the high-frequency dark resistance drops a minimum of four orders
of magnitude from the maximum measurable value for the unetched film. As discussed
in Chapter 2, the high-frequency resistance is comparable to nR,, or the number of grains
multiplied by the bulk resistance, since at high frequencies the grain boundary resistance,
Rs, is shunted by the grain boundary capacitance, Cp. Also, the low-frequency resistance
is equal to nRg+(n-1)Rp. Thus, the grain boundary resistance is a minimum of four orders

of magnitude higher than the bulk resistance for the unetched film. Following the same
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Figure 5.4 Re(Z) vs. frequency for unetched (a) and NP-etched (b) films in the dark.

Also, shown is the fit from the simple electrical model for polycrystalline
films as given by Eqn. (2.1), and the fit to a modified electrical model (PS
fit), which includes a frequency dependent feedback to the barrier
conduction caused by charge injected into grain-boundary traps with a
single time constant.
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analysis, the NP-etched film has a grain boundary resistance that is almost three orders of
magnitude higher than the bulk resistance. The frequency dependent curve shapes also
demonstrate that a low resistance shunt path around the grain boundaries and bulk can be
safely ignored, as discussed in chapter 2.

The measured data were fit to the simple polycrystalline film electrical model, as given
by equation (2.1), and the resultant fits are indicated by the dashed curves in Figure 5.4.
The values for nRg, nR;, and C, are indicated in the figures and are found from the fit to
equation (2.1). The fit to the unetched sample is obviously somewhat arbitrary due to the
lack of low-frequency data, however a DC data point was measured separately (Re(Z) =
10'° Q, not shown) and added to the data at a frequency of 1 Hz to reduce the
randomness of the fit. As can be seen from Figure 5.4, the simple model does not
accurately fit the frequency dependence of Re(Z) for either sample. More specifically,
the behavior of the curve between the low- and high-frequency breakpoints is measured
to be approximately ™! for the unetched sample, and thus not as steep as o, predicted
by simple polycrystalline model (dashed line) in Figure 5.4. In addition, the data from
the NP-etched sample appears to have a couple of additional breakpoints not predicted by
the simple model. In this case, the additional breakpoints would suggest the presence of
a grain-boundary feedback mechanism, as discussed in chapter 2. Thus the Re(Z) data
was fitted using the modified theory with grain-boundary feedback given by equation
(2.2), and shown as the solid line in Fig. 5.4. This fit is labeled as the P&S fit (for Pike
and Seager) and the fitted parameters are given in the figure. The relatively good fit of
the NP-etched sample shown in Figure 5.4(b) would indicate that there is more-or-less a

single dominant t associated with these grain boundaries. In the case of the unetched
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sample, the P&S model also yields a better fit than the simple model despite the obvious
lack of additional breakpoints in the data. Thus, it is postulated that a smoother and more
satisfactory fit to this sample could be obtained by assuming a smoothly varying
distribution of time constants, which would be consistent with a density of grain
boundary trap states that varies with energy as discussed previously. While it is beyond
the scope of this dissertation to model this case and derive an exact fit to the data in
Figure 5.4(a), a smoothly varying distribution of time constants is a potential explanation
for the measured data.

Qualitative differences between data and theory aside, quantitatively it is apparent that
the NP-etch lowers the low frequency, or grain boundary resistance, R;, by at least an
order of magnitude. However, the NP-etch does not appear to change the high-frequency
bulk resistance, R, indicating that the NP-etch only affects the areas adjacent to the grain
boundary. Using a bulk hole mobility 4, an estimate of the net bulk acceptor
concentration, N,, can be calculated from the high-frequency resistance, nR,, according

to:

N, = L(I/—A cm’? (5.1
qu, nR,

where d is the contact spacing and A is the film cross-sectional area. It is assumed that
the acceptor atoms are fully ionized, and that grain boundary depletion width is small
compared to the grain size in this approximate calculation. Using a nominal CdTe bulk
hole mobility x4, = 60 cm’/V-s, and nRe = 2000 ohms as taken from Figure 5.7 for the

unetched sample, then N, = 9 x 10" ecm™. This value of N, is in the range of values of
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bulk doping (N, = 1-15 x 10" cm™) as measured by capacitance-voltage techniques on
similarly processed CdS/CdTe devices.*

The Re(Z) versus frequency measurement was also performed under illumination and
the results are shown in Figure 5.5 for unetched (a) and NP samples (b). As can be seen
from the plot of the unetched sample, the illumination lowers the low-frequency or grain
boundary resistance to a point where it is now measurable by the LCR and thus possible
to observe the low-frequency breakpoint. However, the high-frequency flattening is no
longer fully observable due to the 20 MHz frequency limitation of the LCR meter.

The values for nRg, nR;, and C, are indicated in the figures and are found from the fit to
the simple model given by equation (2.1). Comparing the results to the dark curves of
Figure 5.4, it is noted the illumination decreases the unetched grain boundary resistance,
Rs, by a minimum of three orders of magnitude, but does not change the high-frequency
grain bulk resistance, R,, from its dark value. As stated earlier, the illuminated value of
nR, was not measurable due to the 20 MHz frequency limitation of the LCR meter.
However, the fit from equation (2.1) indicates that this value has not changed much from
its dark value. Thus, the photoconductivity in the CdTe film can be attributed to the grain
boundaries. The grain boundary energy barrier can be lowered under illumination due to
a large increase in the minority carrier current to the grain boundary. This changes the
equilibrium occupancy of grain boundary states by reducing the majority carrier
concentration at the grain boundary and subsequently reducing the barrier height.** This
also reduces the grain-boundary time constant, R;rCp, as discussed in chapter 2. The

smaller time constant pushes the @y r and wyr breakpoints out several orders of
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polycrystalline films as given by Eqn. (2.1).
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magnitude higher in frequency as seen in Figure 5.5. Thus, the feedback time constant,
becomes much greater than R;~Cp and only @y r and wyr breakpoints are observed. Asa
result of this, Pike and Seager’s feedback theory is not necessary to explain the data taken
under illumination.

In contrast to the large photoconductivity of the grain boundaries in the unetched
sample, the NP-etched film does not show as much of a change in grain boundary
resistance from dark to light, as the fitted value of nR, is reduced by about 80%. The
dark and light illumination results indicate that the NP-etch has passivated many of the
grain boundary surface states. Yet, the relatively high grain-boundary resistance of the
NP-etched sample compared to its bulk resistance still indicates a grain-boundary barrier.
This can be explained by the presence of a different material at the grain boundary, where
the barrier is then mostly due to a heterojunction barrier that is formed in the valence
band between the two materials, and therefore less dependent on illumination due to the
reduction of interface states. This is also consistent with the fact that the NP-etch has
been documented to remove cadmium from lattice, and leaves a layer of elemental
tellurium on the grain surfaces.*® This is depicted in the sketch shown in Figure 5.6(a).
Tellurium at thicknesses greater than 50 A is a highly conductive p-type semiconductor
with a bandgap of 0.33 eV.** A type I band lineup between tellurium and CdTe has been
found, and the valence band offset has been measured by Niles et. al.** as approximately
260 meV. The heterojunction barrier and energy band diagram is shown in Figure 5.6(b).

1.40

Niles et. al.™ also claim that the CdTe band bending is also 260 meV, however this

appears to be a maximum. This barrier band bending value will be compared to
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measurements of the grain-boundary barrier height, Vs, of the NP-etched sample

discussed next in section 5.5.1.

Te layer on top surface removed
by ion-beam milling

Te layer

Substrate
(a)
p - Te layer
E,=033eV
=03 eh) E4
E— l
p-CdTe p - CdTe
E;=15eV
E,
Vo= 0.26 €V
AE, =026 eV
(b)
Figure 5.6 (a) Conceptual sketch of a tellurium-rich layer left in the grain-boundaries

after an NP-etch. The tellurium-rich layer on the back surface is removed
by ion-beam milling. (b) Energy band diagram for the region depicted by
line AA” in (a), and as determined found by Niles et al.”’ for CdTe and thick,
highly conductive tellurium (>50 A).
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5.5  Polycrystalline Current vs. Temperature Measurements

Measurements of current versus temperature were performed on several samples of
polycrystalline CdTe, which were processed differently as described in chapter 4. The
polycrystalline measurements do not have the luxury of well-developed alternative
techniques to measure the grain-boundary barrier properties as with bicrystal samples.
Consequently, the grain-boundary density-of-states is not well defined. As discussed in
chapter 3, the two-step thermally-assisted tunneling model uses an assumed energy
dependence of the grain-boundary density-of-states. Thus, when fitting to current versus
temperature data, the value of E, given in equation (3.17) was systematically varied
while Ey was left as an additional fitting parameter. The effect of this assumption and its
effects on Vg and Eyg are discussed in further detail in Appendix D.

5.5.1 NP-etch vs. Unetched; Barrier Heights and Doping

The current versus temperature data for unetched and NP-etched samples were fit to
the different conduction models presented in chapter 3. As discussed earlier, the value of
N, was limited to 10'7 cm™ during the fitting of the thermionic emission/drift-diffusion
model. Current flow in samples with N, greater than 10" cm™ is dominated by
thermally-assisted tunneling for a given barrier height as exemplified in Figure 3.4 in
chapter 3.

An example of the best fit for each of the conduction models is shown in Fig. 5.7 for
the unetched sample (a) and the NP-etched sample (b). As can be seen from the figure,
the two-step thermally-assisted tunneling model gives the best fit (»* = 0.998) for the
tunneling model was 0.81 eV, and Ey was about 17 meV. For comparison, the two-step

thermally-assisted tunneling model yields V9 = 1.092 and Egp = 23 meV. Good fits (r" >
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Figure 5.7 Theoretical conduction model fits to current vs. temperature data from
unetched (a), and NP-etched CdTe films (b). The full film thickness of 10
pm was used during the fitting of the unetched film, while an effective

conduction thickness of 0.1 pm was used during the fitting of the NP-etched
film.
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0.996) were also obtained for the NP-etched samples as shown in Fig. 5.7(b). In this case,
the thermionic/drift diffusion model fits almost as well as the thermally-assisted
tunneling model. However, the fits to this sample yielded large values for the grain
boundary inhomogeneity, o;, when the full film thickness of 10 pm was used (not
shown). This indicates that the NP-etch created a non-uniform grain-boundary barrier
height over the film thickness. Indeed when a film thickness of 0.1 um or less was used
to simulate a thin, dominant conduction layer, then better fits could be attained with much
lower barrier heights and no inhomogeneity. The lower barrier height is consistent with
the four orders of magnitude lower resistivity for the NP-etched samples as shown in
Table 5.2. The thickness used for the fitting of the NP-etched sample is discussed further
in section 5.5.1.1. Using the smaller conduction layer thickness, a barrier height of 0.27
eV was obtained for Vjo using the thermionic/drift-diffusion fit, with the maximum N,

3. This value of N, indicates that thermionic emission dominates over

value of 10'7 cm’
drift-diffusion. Similarly, the one-step thermally-assisted tunneling fit found Vg = 0.27
eVand Egp=3.3 meV (N, = 1.2x10'7 cm™). This good correlation between models is to
be expected, since the fit value of N, is about 10" cm™ , which is the doping value where
a thermionic emission conduction mechanism begins to be dominated by thermally-
assisted tunneling. The reduced doping level in the vicinity of the grain-boundary may
be a result of the etching away of a highly doped outer region of the grain. Finally, the
two-step thermally-assisted tunneling model was used to fit the NP-etch samples. In
order to simulate the p-type, Te semiconductor in the grain boundary with the two-step

model, some modifications were made with the normal fitting procedure. In this case the

value of Eyy was set to 1 eV, which effectively sets Ny = Ny in equation (3.17) and
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simulates a low density-of-states in the forbidden gap. The value of E, was left as a
fitting parameter, and simulates the E'> dependence of the valence band density-of-states
with an exponentially increasing grain-boundary density-of-states. A conduction
thickness of 0.1 pm was also used for this case and as discussed earlier. This resulted in
an excellent fit (+* > 0.999) as shown in Figure 5.7, and yielded the following fitting
parameters; Vo = 0.25 €V, Ego=4.1 meV, and E,, = 39 meV. Thus the barrier height is
slightly lower and the doping is slightly higher than the values as obtained from the one-
step thermally-assisted tunneling model and drift-diffusion/thermionic emission model.
However, the difference between the models may be related to the poor simulation of the
Te valence band density-of-states used in the two-step thermally-assisted tunneling
model.

To better understand the nature of grain-boundary changes due to the NP-etch, grain
boundary measurements were also performed under 1-sun illumination. While the fit is
not shown, the barrier height of the NP-etched sample during illumination was reduced to
Voo = 0.18 eV using the one-step model, compared to 0.27 eV in the dark, while the
unetched barrier height went to zero compared to 0.81 eV in the dark. The relatively
unchanged barrier height between the light and dark for the NP-etched sample is an
indication of a more passivated grain boundary, which means that there are less
electrically active defect states at the grain boundary. The effect of illumination on a
grain boundary was discussed previously in section 5.4. Again, this relative
independence from illumination can be explained by the presence of a different material
(tellurium) in the grain boundaries after the NP-etch. It was discussed previously that the

NP-etch preferentially etches Cd from the grain boundaries and creates Te-rich grain
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boundaries.*® As postulated earlier in section 5.4 and Figure 5.6, this material forms a
heterojunction barrier for holes due to type I band offsets between the new material and
the CdTe. Thus, the heterojunction barrier between CdTe and Te should not have as
much dependence on illumination as the defect-rich grain-boundaries.

5.5.1.1 NP-etch Effects vs. Film Thickness

Using the same technique as in section 5.5.1 above, several samples were analyzed to
determine the effects of the NP-etch versus depth or post ion-beam-milled CdTe
thickness. Recall the impetus for this study versus depth was to help clarify the effects of
the backside NP-etch on the front-side grain boundaries and PL, as discussed in chapter
1. Figure 5.8 plots the value of Vj as determined using the one-step thermally-assisted
tunneling model for each of the NP-etched samples that have been ion-beam-milled down
to various depths. Ion-beam-milled companion samples that were not etched were
measured for comparison. Four samples were processed at each film thickness: two
unetched and two NP-etched as described in chapter 4, and are identified by single data
points for each sample. From this plot, we see that the NP-etch losses its effects on the
barrier height after 5 pm of film have been removed.

A conduction layer thickness of 0.1 um was used during the fitting of the NP-etched
samples with film thicknesses of 10 um and 7.5 pm. The conduction thickness used for
the fitting of the NP-etched samples was determined as follows. The measured film
thickness of sample P360NP is about 10 um, however various film thicknesses were tried
during the fitting of this sample to simulate a thin, but highly conductive layer. When a

film thickness of 10 um was used, the best fits were obtained with large values of o; ( >
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Figure 5.8 Grain-boundary barrier height versus film thickness after ion-beam-milling
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Figure 5.9 EBIC line scans superimposed on an SEM image of a NP-etched film in
cross-section. The peak in the induced current line scans indicates a buried
homojunction. The EBIC was performed by Rick Matson at the NREL.
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100 meV) and yielded similar barrier heights as unetched samples. However, the
unetched samples do not show any barrier height inhomogeneity. This result is consistent
with the fact that the NP-etch only etched part way down the grain boundaries. Thus, a
large variation in the barrier height is expected. When using a 0.1 pm thickness to
simulate a thin conductive layer, no inhomogeneity was observed, o; = 0, and the fits
were better then when using the full 10 um film thickness.” The better fitting film
thickness of 0.1 um was used for the 10 um thick sample in Figure 5.8 and for the
determination of the NP-etched barrier height. Only one of the two samples showed this
effect at the milled down thickness of 7.5 um, and the effect was not observed for
samples milled down more than this.

The barrier height results for the NP-etched samples are consistent with a model of a
elemental Te on the CdTe surface as portrayed by Niles et al.** and as shown in Figure
5.6. In the study by Niles, he found that the band-bending (¥} herein) between CdTe
and Te was 0.26 eV for a thick tellurium layer, and 0.59 for a thin tellurium layer (<50A).
In addition, based on a compositional depth profile of polycrystalline CdTe, Niles et al.
found that the Te-rich signal (above 50% [Te]/[Cd+Te]) quickly decreased from the
surface for about 0.2 ym. At this point the signal decreased more slowly, and extended
down to 1.2 um before it was no longer detectable. Thus, if the band-bending between
CdTe and the tellurium at the grain-boundary form the barrier for the NP-etched sample,

this would indicate a smaller barrier height at the surface (0.26 eV) and increasing to 0.59

' This treatment is not inconsistent with the applied inhomogeneity
theory, as the distribution of barrier heights is assumed to be
Gaussian in shape. Thus, a thin but dominant conduction layer with
lower values of the barrier height would violate this assumption, and
require a separate analysis for the dominant conduction layer.
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as the tellurium layer becomes thinner with depth. This result is consistent with the
results of Figure 5.8 herein, except here we have shown evidence that a thin layer of
tellurium (NP-etch) extends down for a minimum of 2.5 um.

To better understand the results of Figure 5.8 for films milled down below 5 um, cross-
sectional electron-beam-induced-current (EBIC) measurements were performed on
unmilled, NP-etched devices (no lift-off). This is shown in Figure 5.9, where several
EBIC line-scans at different positions are superimposed onto the SEM image of the film
cross-section. The theory of EBIC on pn-junctions indicates that the peak in the cross-
sectional line-scans occurs at the electrical junction.85 Assuming that this is correct, then
the electrical junction occurs about 2.5 um into the CdTe film and is therefore a buried
homojunction as shown by the peak in the EBIC line-scans. The n-type region in the
CdTe may develop as a result of diffusion from the underlying layers during the ceil
processing. Thus, even after the CdTe lift-off, the buried homojunction would remain. A
buried homojunction would deplete the adjacent 1-2 pum, again as evidenced in the EBIC
line-scans, and possibly affect the in-plane electrical measurements up to a film thickness
of 5 um. The in-plane electrical results below 5 um are therefore difficult to interpret.
Thus the conclusions from this section of this dissertation will be based on results for
film thicknesses greater than 5 um.
5.5.1.2 Stability of N-P etch vs. Unetched

The 10-um-thick samples were periodically measured over 9 months to determine the
stability of the barrier-reducing etch. The unetched 10 pm samples were also measured

over time for comparison, and the results are plotted in Figure 5.10. All samples were
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Figure 5.10  Stability of unetched and NP-etched samples over a period of three months.

left in room atmosphere during this time. The different symbols correspond to different
samples. Looking at the first three points in time, it can be seen that the unetched
samples remained relatively stable, whereas the NP-etched samples changed. This
change is most likely due to oxidation of the tellurium in the grain boundaries. The
oxidation of tellurium has been shown in a previous study using X-ray photoelectron
spectroscopy.® In that study, the TeO»/[Te+TeO,] ratio went from about 0 to 0.3 in a
few hours. Thus, it is likely that the NP-etched samples underwent some oxidation
before the first samples were measured. However, the results show that the grain-
boundary barrier height was still changing even after several months. The results of
figure 5.10 also indicate that the barrier height appears to be stabilizing to a lower value
than unetched samples, despite the initial increases. It is possible that the same instability

that affects the grain boundaries found here would also affect the Schottky barrier back
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contacts relying on the tellurium-rich back-surface interface layer of the NP-etch. A
change in the dark barrier height from 0.27 eV to 0.35 eV can increase the barrier
resistance by an order of magnitude. Thus the instability found here may be important
for devices relying on the NP-etch to create a stable, low resistance back contact.

Finally, during the measurements of samples in the NP-etched study just presented, the
applied voltage was an order of magnitude higher, and the temperature range was about
half that of the later samples used for the source plate usage study and the CdCl, study.
Thus, the grain boundary values for the unetched samples in this study are likely to be
slightly different than that of similarly treated samples measured later for the other
studies.

5.5.2 Effect of CdCl, Treatment

Most of the samples studied in this dissertation received the CdCl, treatment as a
normal part of their processing. As stated earlier in chapter 1, this CdCl, treatment is
essential for the creation of high-efficiency solar cells. To determine the effects of this
treatment on the in-plane electrical properties, several CdTe films were lifted-off without
the CdCl, treatment. As shown in section S5.1.1, the grain size and number of grain
boundaries per unit distance did not noticeably change as a result of the CdCl, treatment.
In each case, the one-step and two-step thermally-assisted tunneling conduction models
both yielded excellent fits to the current vs. temperature data. In the case of the one-step
thermally-assisted tunneling model fits, the best fit for both untreated and CdCl, treated
samples was achieved with no detectable inhomogeneity, o; = 0 meV. The effect of o;
on the one-step thermally-assisted tunneling model fitting is discussed further in

Appendix C. Examples of the thermally-assisted tunneling theoretical fits to the
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untreated sample data and CdCl, treated sample data are given in Fig. 5.11 a and b,
respectively. The ¥y and Ego values averaged for all samples and contact spacings are
shown in Table 5.4. Recall that each of three different samples were cut, with one-half
being CdCl, treated, and the other half left untreated. A total of seven contact spacings
were tested from the three halves of each condition. The data from the fits to both
models indicate that the untreated samples have a significantly lower barrier height and
doping in the vicinity of the grain boundary. For the two-step thermally-assisted
tunneling model, the average barrier height for the untreated samples was 788 meV,
which can be compared to 1090 meV for the CdCl; treated samples. This difference is
greater than three standard deviations, which is based on the vanation of all like-treated
samples. For the one-step thermally-assisted tunneling fits, the average barrier height
was 752 meV for the untreated samples, and 952 meV for the CdCl, treated samples. In
this case, the difference between treatments is over two standard deviations. Referring to
the Ego values in Table 5.4, the two-step thermally-assisted tunneling fits yielded an

average Eq value of 10.4 meV for the two untreated samples, and 23.8 meV for the

3

b

CdCl, treated samples. This corresponds to a doping of 1.2 x 10'® and 6.3 x 10'® cm”
respectively. The difference between the two Ego values is greater than three standard
deviations. For the one-step thermally-assisted tunneling, the average Eq value was
about 11 meV for the two untreated samples, and about 30.6 meV for the CdCl, treated
samples. This corresponds to a doping of 1.3 x 10'® and 1.0 x 10'° cm™, respectively.
The difference is slightly less than three standard deviations for the sample-to-sample

variability.
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Table 5.4 Vio and Ey as determined by the one-step and two-step thermally assisted
tunneling models, for untreated and companion CdCl, treated samples.
Also, shown is ¢V, — E,, , or the energy below the top of the barrier where
the tunneling current peaks.

qQV o (meV) Eg (meV) [qVy -E, (meV)
On&steg One-step | Two-step | One-step | Two-step
untreated | Avg. R 752 1,788 A "o ... 104 } .32 1. .. 9....
Std. Dev. 18 2.7 1.6
CdCl, treated Avg. | 952 1090 | 306 238 26 | 510
“'Std. Dev. 6 T 737 s T 23 )

The average value of Eg was found to be 30.6 meV for the CdCl, treated samples from
the one-step thermally-assisted tunneling model. Although this value of Ey is large, it is
less than 56 meV, corresponding to the minimum 247 (minimum temperature of 50 °C)
during the current versus temperature measurement. Thus, the high values do not to
violate the approximations of Egy < 2kT, which were made in the development of the
theory. For the two-step thermally-assisted tunneling, Eq < 28 meV, corresponding to
the minimum kT during the current versus temperature measurement.  Thus,
approximations of Egg < kT, which were made in the development of the theory, are not
violated here either. Also included in Table 5.4 is the value of gV - E,, which
corresponds to the energy at which the tunneling current peaks below the top of the
barrier. This is calculated for both the one-step and the two-step thermally-assisted
tunneling models using equation (3.24a) and (3.24b), respectively. None of these values
approach 2E, or 0.75 eV for CdTe, which would invalidate the approximation used in
the theoretical development (chapter 3) of using a single band model and no mixing of

conduction and valence band states. In addition, the peak in the tunneling current is not
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near the bottom of the barrier, which would invalidate the approximation of using a
constant density of valence band states.

[n summary, the model fitting from this study indicates an increased barrier height and
doping in the vicinity of the grain boundary from the CdCl, treatment, and that the in-
plane transport occurs via thermally-assisted tunneling. While both thermally-assisted
tunneling models predict the same trends with the CdCl; treatment, the two-step model
predicts 4 — 10 % higher Vo values and 10 — 30 % lower Ey values than the one-step
model. Finally, the one-step model does not predict any barrier height inhomogeneity
from either untreated or CdCl, treated samples.

5.5.3 Effect of Source Plate Usage

As discussed in chapter 4, the CdTe source plate has been shown to oxidize with usage.
The purpose of this study was to determine the effect of this source plate oxidation on the
in-plane electrical properties of films after the CdCl, treatment. The effect of the CdCl,
treatment was discussed in the previous section. One difference in the analysis of these
samples compared to others in this dissertation is that these samples were potentially
contaminated during the ion-beam-milling of the surface before lift-off. Apparently, the
ion-beam was not aligned correctly which resulted in sputtering of the stainless steel (Ni
and Mo) from the ion gun walls. However, after the ion-beam was realigned, other
samples (P2254, P2257 & P2258 discussed in the CdCl; study) were processed, and
measured to have grain boundary parameters that differ by less than one standard
deviation than the samples in this study. This can be seen by comparing the CdCl,
treated values shown in Table 5.4 (previous page), with the results given in Figure 5.12.

Thus, we conclude that effects of the potential contamination are not significant.
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As in the previous samples, the thermally-assisted tunneling conduction models fit the
current vs. temperature data best for all the samples irrespective of the source plate usage.
Again, the two-step thermally-assisted tunneling model (avg. ¥’ = 0.997) tended to fit
better than the one-step thermally-assisted tunneling model (avg. r’ =0.982). And again,
the best fits for the one-step thermally-assisted tunneling model indicate that there is no
detectable inhomogeneity, or o; = 0. The effect of o; on the one-step thermally-assisted
tunneling model fitting is discussed further in Appendix C.

Figure 5.12 (a) shows the barrier height as determined from the one-step thermally-
assisted tunneling fit, and (b) shows the barrier height as determined from the two-step
thermally-assisted tunneling fit. Each point on the graph represents the average barrier
height as determined from several contact spacings on the sample, and each side of the
error bar represents one standard deviation. The vertical y-axis separates the two
different runs (source plates), and the x-axis is labeled according to that sample’s position
in the sequential run of samples grown with a particular source plate. For example, a
sample labeled #2 was the second sample grown from a particular source plate. The
graphs show that the average grain-boundary barrier height varies from 800 meV to just
over 1000 meV, however there is no systematic barrier height dependence on the source
plate usage. In addition, there does not appear to be a run-to-run dependence either. This
lack of systematic dependence may be in part due to the considerable variation found in
some samples. In particular, the standard deviation observed in sample p1019, #2 in run
(8/25),, and sample p902, #2 in run (8/25)., was much larger than other like-treated

samples. The large variation may be due to the relatively new source plate for these
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FigureS5.12  Grain boundary barrier height (V),) as a function of source plate usage, and
as determined from fitting current vs. temperature data with the 1-step
thermally-assisted tunneling model (a), and the 2-step thermally-assisted
tunneling model (b). Two source plate runs are shown with 3 samples from
run (8/25), on the left of the vertical axis and two samples from run (8/25).
on the right. Each point on the graph represents the average from several

contact spacings on the sample, and each side of the error bar represents one
standard deviation.
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Eq as a function of source plate usage, and as determined from fitting
current vs. temperature data with the 1-step thermally-assisted tunneling
model (a), and the 2-step thermally-assisted tunneling model (b).
source plate runs are shown with 3 samples from run (8/25), on the left of
the vertical axis and two samples from run (8/25). on the right. Each point
on the graph represents the average of several contact spacings on the
sample, and each side of the error bar represents one standard deviation.
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samples. It has been previously observed that there is a large variation in solar cell
performance with the first few samples grown from a new source plate.86

Similar results were found for Eg4 as shown in Figure 5.13. Again, no trends were
observable with source plate usage due to the variability found in the number 2 sample.
The average value of £y varied from 15 meV to 20 meV for the one-step fit, and from 12
meV to 20 meV for the two-step fit. A Eygvalue of 10 meV corresponds to a doping level
of Ny=10'8 cm'3, and a Eyg value of 20 meV corresponds to N, = 4x10'® cm™.

The results from this study show that there is no observable trend in the in-plane
electrical properties of CdCl, treated films due to source plate usage.
5.6  Polycrystalline Dark Band Diagram - The Big Picture

The results of the current versus temperature fitting, and the high-frequency resistance
measurements allow the grain-boundary dark band diagram to be determined. As an
example, this was done for the untreated and unetched sample using values from the one-
step thermally-assisted tunneling fit, as shown by the solid line in Figure 5.14(a). The
bulk, p-type doping level, N,, was estimated to be about 7x10"* cm™ and was determined
from the equation (5.2) using the value of the high-frequency resistance, device
geometry, and a nominal value of 60 cm’/v-s as the hole bulk mobility in crystalline
CdTe. Thus, the separation in energy between the Fermi level and valence band in the
bulk, E.;, is approximately 0.25 eV. This bulk doping level is more than three orders of
magnitude less than the doping in the vicinity of the grain boundary, N, = 1.3x10'® cm™,
as determined from Ege. This non-uniform p-type doping bends the valence bands, which

is reflected in the conduction band and gives rise to a minority-carrier barrier, V,,:
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Figure 5.14  Polycrystalline CdTe dark band diagram for (a) untreated (solid line) and
CdCl,-treated (dashed line) thin films, and (b) NP-etched (and CdCl,-
treated). The band diagrams was determined from the one-step thermally-
assisted tunneling model fit to current versus temperature data and the high
frequency Re(Z) data.
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kT N
V., =(7) ln(#] eV (5.3)

Thus, Ve, 1s about 0.20 eV using the above stated values for N, and N, giving £, at the
peak of this barrier of 0.05 eV. The exact spatial extent of the highly doped region is
unknown. However, the grain-boundary depletion region is about 26 nm, as determined
from equation (3.9). The majority carrier barrier height is about 0.75 eV as determined
from Vp9 using the one-step thermally-assisted tunneling model, and the position of the
Fermi level at the grain boundary, @y, is calculated to be 0.80 eV. The areal density of
net positive charge at the grain boundary can also be found by using the principal of
conservation of charge at the grain-boundary and in the surrounding fields of the
depletion regions. Thus, the total negative charge or ionized acceptors in the surrounding

depletion regions approximately equals the positive charge at the grain-boundary, or:

N, =2x,N, cm’ (5.4)
Thus, Ng = 6.8x10" cm™ using the one-step thermally-assisted tunneling model. A
similar band diagram can be drawn from the two-step thermally-assisted tunneling model
(not shown), but in this case the values for V9, @, and V,, are 0.79 eV, 0.85 eV and 0.19
eV, respectively, and x, = 28 nm.

The band diagram for the CdCl, treated sample is given as the dashed line in Figure
5.14(a) and is calculated in the same manner as described above. Here @y, = V9 = 0.95
eV with a grain boundary depletion region of only 11 nm, and V., = 0.25 eV. Also, Ngy =
1x10"* cm™. Again, a similar band diagram can be drawn from the two-step thermally-
assisted tunneling model, but in this case the values for Vg , ®g, and ¥V, will be 1.09 eV,

1.10 eV and 0.24 eV, respectively, and x, = 14 nm.
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The minority carrier barrier, V5, from the variable grain doping has advantages for
solar cell devices. If the minority carrier barrier is wider than electron mean-free-path
length, then this layer could act to reflect the minority carriers from the grain boundary
and effectively separate the oppositely charged free carriers. Thus, the minority carrier
barrier could temper the grain-boundary (majority carrier) barrier effects on minonty-
carrier recombination. The vapor CdCl; treatment, which increases the doping in the
vicinity of the grain boundary, would therefore act to increase the minority carrier
lifetime. This would be consistent with longer minority carrier lifetimes as measured by
time-resolved photoluminescence,87 and increased solar cell open circuit voltage after
CdCl, treatments, which also imply longer lifetimes.

The dark band diagram can also be drawn for the NP-etched grain boundary at the
back of the device, and is shown in Figure 5.14(b). Here the grain boundary is shown
with thick (>50A) p-type tellurium layer. This layer forms a heterojunction barrier with
the adjacent CdTe as discussed in sections 5.4, 5.5.1.1 and Figure 5.6. Thus, the position
of the Fermi level is no longer dependent on the pinning at the grain boundary, as the
tellurium unpins it.** Again, the grain-boundary parameters as determined by the one-
step thermally-assisted model fits are shown in the figure. Thus, the values for Vyg, @,
and V., are 0.27 eV, 0.39 eV and 0.13 eV, respectively, and x; = 57 nm. In this case, the
drift-diffusion/thermionic emission model yielded nearly identical fitted values due to the
lower barrier height and near grain boundary doping. The values from the two-step
thermally-assisted tunneling model are also similar, but are based on an approximation to

the Te-layer density of valence band states.
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The NP-etched band diagram changes gradually back to the CdCl, treated diagram with
depth into the CdTe film (thickness of Te layer) as discussed in section 5.5.1.1. This
indicates that the Te-rich grain boundaries, extend like tails down toward the depletion
region of the CdTe film. These “tails” are believed to be beneficial to the solar cell
device as the low barrier height and high conductivity in the Te-rich boundary may

effectively extend a low resistance back contact toward the depletion region.*
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Chapter 6

SUMMARY and CONCLUSIONS

The in-plane electrical properties of the polycrystalline CdTe films, as processed for
CdS/CdTe solar cells, were evaluated at various stages in the solar cell processing. The
in-plane electrical characterization was made possible using a new technique that enables
the CdTe layer to be lifted-off and electrically isolated after the deposition and any
subsequent processing of the CdTe. It was found that the dark, DC electrical conduction
is dominated by grain-boundary scattering at all stages of the CdTe processing. This was
determined from room temperature measurements of the real part of the impedance
versus frequency, and comparison with a simple electrical model for the polycrystalline
thin film. Several theoretical models for the DC conduction across grain-boundaries
were examined, and an analytical solution was developed for both a one-step and a two-
step, thermally-assisted tunneling mechanism. These analytical solutions enabled quick
and unproblematic curve fitting of the in-plane current versus temperature data. When
compared to other conduction mechanisms, it was found that conduction mechanisms
using thermally-assisted tunneling transport gave the best fit to the current vs.
temperature data from nearly all of the lift-off CdTe samples tested herein. From these
fits, several grain boundary parameters were determined. These parameters are: the
grain-boundary barrier height and its inhomogeneity, and the doping in the vicinity of the

grain boundary. From these fitted parameters, the grain-boundary depletion width can be
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calculated. The sensitivity of the fitted parameters to other model variables such as the
voltage per grain-boundary, cross-sectional area, effective mass, and grain boundary
capture coefficient was found to be minimal. Order of magnitude changes to a model
variable usually resulted in changes to the grain-boundary parameters of much less than
10%. This insensitivity is an advantage over capacitance techniques in which the grain-
boundary parameters are either directly proportional to a model variable or proportional
to the square-root of a model variable.

Several processing effects were evaluated using the in-plane electrical characterization.
When using the one-step thermally-assisted tunneling model, it was found that the NP-
etch reduced the dark grain-boundary barrier height from about 0.8 eV to 0.27 eV. The
NP-etched barrier height correlates with measurements of the Te to CdTe valence-band
offsets found in a previous study.®® This previous study showed that the NP-etch
preferentially etched down grain-boundaries and created a thin p-type tellurium layer on
CdTe surfaces. The barrier height reduction from the NP-etch was measured to extend
down a minimum of 2.5 um. Thus, the etch could act to extend the effective back contact
of'the solar cell devices down the grain-boundaries. This would have implications on the
device performance.’® It was also found that the effects of the NP-etch are initially
unstable as evidenced by increases in the barrier height over a period of three months.
The instability of the etched grain boundary may be indicative of unstable Schottky
barrier back contacts that were formed using the NP-etch. An increased Schottky barrier
height from the NP-etched back contact could result in severe increases in the back-

contact series resistance of devices.
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The effect of the vapor CdCl, treatment on the grain-boundary parameters was also
determined. The vapor CdCl, treatment was found to increase the as-processed CdTe
barrier height by about 0.2 eV, and increase the doping in the vicinity of the grain-
boundary trom about | x 10'® cm™ to 6 — 10 x 10" cm>. The change in barrier height
and doping was similar in both the one-step and two-step thermally-assisted tunneling
model fits. The effect of the increased doping from the CdCl, treatment may actually
“*passivate” the grain-boundary by increasing the minoritv carrier barrier height.

Lastly, the effects of the source plate usage on the CdTe deposition was examined. It
was found that the first couple of samples with a new source plate gave widely variable
results.  Otherwise, there did not appear to be any trends in the grain-boundary
parameters with the source plate usage, despite a well-documented oxidation of the
source with source plate usage.

One of the most significant findings of this research is the very high acceptor doping
levels in the vicinity of the grain-boundary. This implies that a variable doping level
exists in the grains of all samples, with doping near the grain boundary that is several
orders of magnitude higher than the bulk concentration. This information has allowed a
detailed development of the grain-boundary band diagram, which predicts a minority-
carrier (conduction-band) barrier due to the variable doping. We postulate that if the
minority carmer barrier is wider than electron mean-free-path length, then this layer could
act to reflect the minority carriers from the grain boundary and temper the grain-
boundary barrier effects on minority-carrier recombination. Thus, the vapor CdCl,
treatment, which increases the doping in the vicinity of the grain-boundary, should act to

increase the minority carrier lifetime. This has been corroborated with longer minority
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carrier lifetimes as measured by time-resolved photoluminescence, and increased solar
cell open circuit voltage after CdCl, treatments, which imply longer lifetimes.

Finally, a new technique has been established for the electrical characterization of
polycrystalline thin tilms. This technique of fitting in-plane current versus temperature
data to analytical models of conduction across grain-boundaries, enables the
quantification of several electrical parameters associated with the grain boundary. The
methods developed herein are not limited to polycrystalline CdTe, the grain-boundary
parameters of other promising thin film photovoltaic materials, such as CulnSe, based
alloys, can also be studied as a function of variable processing. In addition, the technique
established here can be used for future CdTe studies. Future work should include
studying the effects of post deposition heat treatments in air, the effect ot humidity, and
the influence of variable CdS deposition parameters on the CdTe grain-boundary
parameters. The grain-boundary parameters found herein, and in future studies, can be
used in newly emerging two-dimensional device emulation programs. This should aid in

the development of accurate models of the thin film solar cell device operation.
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Appendix A
Derivation of the Current-Voltage Relation for Two-Step, Thermally-Assisted Tunneling
across Grain Boundaries

In this Appendix the current-voltage relation describing the current crossing a grain
boundary or back-to-back parabolic energy barriers, will be derived using the band-state
to defect-state thermally-assisted tunneling model. This model is described in section
3.2.2.2 and Appendix B.

The derivation starts with the current-voltage relation for one side of the boundary
barrier as derived in Appendix B. Thus, the net thermally-assisted tunneling current for
carriers tunneling from the band-states on one side of grain boundary barrier to the

defect-states at the grain boundary, can be written as:

J¥ = Jé"[exp(qE—V‘—] - IJ Arem’ (A.1)

where V; is the voltage applied across one side of the grain boundary. J,” and Ej; are
given in equations (3.21a) and (3.21b) respectively. A high density of grain boundary
defect states allows the variation of the Fermi level at the grain boundary to be neglected
for small applied biases.”*” Thus, the current from the grain boundary to either side of

the barrier is independent of the small applied bias to a tirst order approximation and is

Al
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equal to zero bias current or J,”. With equation (A.1), the current from one side of the

grain boundary to the grain boundary can then be written as:

4
J¥ = Jgs[exp[i, / H Alem’ (A2)
02

for the torward biased side, and

as 2 v, :
J3* =g {exp(— 9 H Alen’ (A.3)

for the reverse biased side. The ditferent voltages and currents are illustrated in the grain
boundary band diagram as shown in Figure A.l. Also, included in the tigure are currents
tor the one step thermally-assisted tunneling process.

In steady-state, there is no accumulation of charge at the grain boundary. Thus, a
relation for the voltage distribution across the grain boundary can be found by equating
current from both forward and the reverse biased sides to the grain boundary with those

exiting the grain boundary, or
2 2 2
J}s +J;7 =25 (A.4)

Using equations (A.2) and (A.3) this yields the following expression:

V
ex{—uj +ex{— E_‘i) =2 (A.5)
Ep Eg,

Combining equation (A.5) with V' = V; + V,, gives the relation for the voltage distribution

across the grain boundary:

-1
qu qV
ex =2|l+exp| - —
p( Ey, ] [ p[ Ey, H (A9

A2
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q(Vb+ Vr)

Figure A.1 Ilustration of the grain boundary energy band diagram with p-type bulk
showing the different voltages and currents for thermally-assisted tunneling
(two step with 2s superscript and one step with /s superscript).

To determine the current-voltage relation, an equation for the current across the grain
boundary is written. For a dominant two step process, the total current is the same as the
current across one side of the grain boundary as given in equation (A.1), or J** = Jf"r -

Jo* = -(J° = J5™). Thus for the forward biased side:

4
JE=JF {ex;{%) - l} Alem’ (A.7)
02

A3
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Combining equation (A.6) with (A.7), finally yields the current-voltage relation for

current crossing the grain boundary, or

J = 2./023 tanh( v ) Alem’ (A.8)
2E,
In the likely event that £, >> kT and Egy < kT for the 300°K - 400°K measurement,
where E, is defined in equation (3.16), and Ejy is defined in equation (3.14), then from
equation (3.18b), Ep> = kT. Thus in the limit of small applied bias AT can be substituted
for £y in equations (A.7) and (A.8), which yields equations (3.2) and (3.1), respectively.
Recall vy in equation (3.1) has no meaning for the two step process and is therefore set to
0.

A similar analysis can be done for drift-diffusion and thermionic emission and was first
done by Mueller.”> Mueller’s analysis takes into account the grain boundary capture
coefficient, . The analysis can also be extended to the one step thermally-assisted
tunneling process by considering the fact that at least some negligible but finite rwo-step
thermally-assisted tunneling is occurring (yis finite). The voltage distribution across the
two sides of the grain boundary can then be defined according to equation (A.7). Thus,
using J** = J;* = J,” and the one step expressions for J/* and J,”*, then equation (3.1) can
again be derived. This approach also requires Ey; = 2kT , which occurs for Egg < 2kT in

a similar manner as described above.

A4
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Appendix B
Analytical Solution for Band-State to Grain Boundary Defect-State Thermally-Assisted
Tunneling Current
This appendix will derive an analytical solution for the thermally-assisted tunneling

current between the band-states and the grain boundary defect-states. This current is

given in integral form for an as:

-1
_4mN, (1 1) _ E,
== [kT E,,,] (!TJ(EP){fl(Ep) fz(Ep)}exp(E jdEp

ta

A/lem’  (B.1)
which is the same as equation (3.20) given in Chapter 3. In equation (B.1), E, is the
carrier energy in the direction perpendicular to the barrier, and the integration over
tranverse momentum has already been performed. N,; and E,, characterize the
exponentially increasing density of grain boundary states as given in equation (3.17), and
T4«E,) is the transmission probability for the band-state to defect-state transition as given
in equation (3.19).

The applied voltage (7';) dependence can be factored out of {f;(E,)-f(E,)} by assuming
Boltzmann occupancy functions for f;(E,) and f>(E,) for the high-energy process, and by

using gV = Ep — Ej;, where Ej; and Ej> are the Fermi levels on side 1 and side 2 of the

barrier, respectively. Thus,

Bl
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fl(Ep)—fz(Ep)=f1(5p{1—exp(-q—mﬂexv( E’f) (B.2)

kT kT

where E,, is relative to the band edge and E\,is as defined in Figure A.l1. With the voltage

dependence factored out of the occupancy functions, equation (B.1) can be written as:

-1
- 47{an' l 1 E\f = Ep ql/l
/= h (H—E;] ex‘{ﬁ)Jn(Ep)ﬁ(Ep)ex{E_m dEp ] -ex _.ﬁ

A/em2 (B.3)
The product Tu(E,)fi(E)exp(E/E) in equation (B.2) will be hereafter referred to as
P(E,). 1t P(E,) is approximated by a Gaussian distribution, G(E,), with the same
curvature and peak at energy, E,, then an analytical solution to equation (B.l) can be
obtained. The approximation of total energy £ = E, in T4E,) is not necessary for this
approach, and an analytical solution can still be obtained by performing a binomial
expansion on the pre-exponential factor of equation (3.19). However, the binomial
expansion will not be carried through in the fit to the Gaussian distribution for this
Appendix. When using the Gaussian distribution, the approximation of £ = E, results in
an error of about 7% in the magnitude of J at 300°K and 10% at 400°K when using
nominal values of gV = 0.75 eV and Eyp = 0.01 eV. The change in the magnitude ot J
from 300°K to 400°K due to the approximation of £ = E, is insignificant compared to the
orders of magnitude change in current observed experimentally. Thus, with T«E.E,) =

T(E,), then P(E,) can be written as:
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Pla) = exp[—%[a(l—%j+§l_v a)D (B.4)
t 00

where the substitution a = E,/qV; has been made. The factor y(a) in equation (B.4) is
determined from equation (3.14) modified for the band-state to defect-state tunneling, i.e.

without the factor of 2 in the exponent, and is given as:

2
Wa)=(1-a)'? —al{%} (B.5)

P(a) attains a maximum when the exponent in equation (B.4) attains a minimum.
Finding this maximum is not trivial, but can be guessed from the maximum for the
Schottky barrier,®® which occurs when am = [cosh()]2, where ¢ = Eq/kT.  Thus,
guessing om = [cosh(d)]?, where ¢ = Eqo(1/kT - 1/Ey), gives the minimum as confirmed

in Figure B.1 for T =300°K and T = 400°K. Thus P(a,) becomes:

qV, | kT 11
P(a,,) =exp| ——>| —tanh| Eyp| ———
(am) KT | Eqg ( OO[kT E (B.6)

So that the shape of a Gaussian distribution may be later tit to P(a), the curvature of P(q)

is determined by taking the second derivative of the exponent evaluated at ay, or:

B3
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dZ

kT E,
da’ )

1
2Eqnt E -
00 M“{ Oo_kT E, |

Equations (B.6) and (B.7) are more easily derived by substituting o = [cosh(ti))]'2 into

(Pl =

(B.7)

qV, coshz[EOO bl W]

equations (B.4) and (B.5). A Gaussian distribution, which is centered on a,, is written

as!:

G(a)= Cexp(— K[a -a, ]2) (B.8)

where C and K are constants. To fit G(a) to P(a), C is set to P(ay) from equation (B.6),
and the curvature of the /In[G(a)] or -2K is set to the curvature of /n/P(a)] or equation

(B.7). P(a) and the fitted G(a) are shown in Figure B.1 using assumed values of Vyy =

0.75 eV and Ep; =0.02 eV.

With P(a) set to a Gaussian distribution, the integral of equation (B.1) can be evaluated

analytically using the definite integral for a Gaussian distribution, or:

12

q;}bG(a)da = iG(a)da = C(%) (B.9)

Substituting in for C and K, and using dE,= qV,da in equation (B.1), then J can be found

as:

B4
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T

Normalized P(a) and G(a)

Figure B.1 P(a) from equation (B.4), normalized to P(a,) at 300°K and 400°K (solid
lines) as a function of a or E /4qV;, and the corresponding fitted Gaussian
Distributions, G(a), (dashed lines), normalized to G(a,). Vertical dotted
lines are a,, or E,/qV,, as determined from equation (3.22b). Values of V=
0.75 eV and Ey = 0.02 eV were assumed.

-
EydmV, E,
== [H‘_E_j % ZI : - ex:{-k—";:Jex -%&Il-exl{—i—?n
1 2
ta \/—E:COS 00 _ ~00 02
2N kr T E,

A/cm2 (B.10)
where £y, is as given in equation (3.21b). The band bending V}; is a function of the
applied voltage or V}, = Vyp — V;, where V}, is the zero-bias band bending. Thus, equation

(B.10) becomes:
BS
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. 4 714
J=J3( )expl L1 l—ex;{—-—l)
0 ( 1) [{EO?. ][ kT Alem2 (B.11)

where

-1

i L U i exp B expl - Lo

0 h kT E,) & cosh( E, Em] kT E,
02 -

kT E,

A/cm2 (B.12)
Here J,(V,) is a tunction of ¥; via the V¥, term in equation (B.11). It Vye >> V), or
small applied bias, then ¥, can be neglected in the V¥, term, or V¥, = V'V, and Jy™(V))
=Jy". where Jo™ is as given in equation (3.21). Also, in the likely event that £,, >> kT
and Eyp < kT for the 300°K - 400°K measurement, where £, is defined in equation (3.17),
and Ey is defined in equation (3.15), then from equation (3.21b), E5> = k7. When the
substitution, Ep> = kT is taking place within an exponent, then this approximation is only
valid in the case of small applied bias and is invalid for any exponential terms in Vj.

Also, Eyy is less than kT in the case that N, < 10" em”. Thus, using Ey> = kT and V) >>

V1, equation (B.11) can be written as:

V
J= J&‘[exp(uJ— l:l Alem2 (B.13)
Ep

Thus. the thermally-assisted tunneling current from a band-state in the grain, through one

half of the grain boundary energy barrier, and to the grain boundary defect states has been

B6
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determined. The current-voltage relation for current across the entire grain boundary
using equation (B.13) is derived in Appendix A.

Following the same procedure as outlined in this appendix, Jo"* for the one-step
thermally-assisted tunneling can be found starting with the product 7(E,)fi(E,) where

T(E,) 1s as given in equation (3.14).

B7
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Appendix C

Grain-Boundary Barrier Height Inhomogeneity

The presence of grain-boundary barrier height inhomogeneity was analyzed for most of
the samples using the one-step, thermally-assisted tunneling model. The standard
deviation for the barrier height inhomogeneity, o in equation (3.28), was systematically
varied, and the average V34, and Epy values were determined from the best fit for each
standard deviation value. The results for o; = 0, 30, and 60 meV are shown in Table C.1.
An increased o generally yielded fits with increased barrier height, and a slight decrease
in Eyy compared to the o; = 0 meV values. Values of V,y and Ey were tabulated only
from fits where the quality of the fit factor, r°, was greater than 0.95. In general, »
decreased with increasing o;, and the best fits were attained with o; = 0. The exception
was sample P360NP, which was not included in the table since it had a known barrier

height inhomogeneity throughout its thickness due to the NP-etch. This was discussed in

detail in section 5.5.1.1.

The effect of grain boundary barrier height inhomogeneities was also examined using
the thermionic emission model to see if it could improve the fit of this model as
demonstrated by Werner’® and as discussed in chapter 2. The standard deviation for the
barrier height inhomogeneities was varied, and the average barrier height, V9, and Egg
values were determined from the best fit for each standard deviation value. Here again,

the quality of the fit factor, or r°, decreased with increasing o;. In no case did a finite

Cl
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value of o; improve the generally poor fit of the thermionic emission model. The poor
fits precluded tabulation of V,y and Ey values for this model. Thus, conduction by

thermionic emission is not likely as a conduction mechanism for the unetched films

herein.

Table C.1 Grain boundary parameters as a function of assumed barrier height
inhomogeneity, G,, and as determined by numerical fitting using the one-step
thermally-assisted tunneling model.

[Sample ID Voo (MeV) £ (meV) 7+ (Quality of it factor] |

s =0 meV|q, 230 meV| g, 260 meV| 5,2 0 meV | o, = 30 meV| 5, = 60 meV| g, = O meV | g, = 30 meV/| 5, = 60 meV

P2258C 12C 955 950 910 359 334 222 0.999 0.999 0.998

P2258C 120 896 879 909 26.2 2 20.3 0.998 0.997 0.985

P2258C 35 848 843 883 23.5 21.6 20.7 0.99% 0.993 0.976

P2257 12C 982 972 965 30.1 27 205 0.995 0.995 0.989

P2257 120 951 936 949 277 23.9 20.1 0.997 0.996 0.988

P2254 12C 1019 101S 984 35.3 3 234 0.996S 0.9963 0.995

P2254 12D 1012 1008 974 355 332 23 0.9985 0.9984 0.9979

P1019D 12 620 649 737 38 44 6.8 0.998 0.997 0.947

P1019C 12 686 1AL 818 6.6 1.7 13.2 0.998 0.998 0.997

P10198B 12 862 877 19.7 19.7 0.958 0.944 0.892

P1019 08 882 890 215 20.7 0.991 0.988 0.953

P1019 32 823 19.6 0.953 0.938 0.9

P1019A 35 873 887 929 19.9 19.9 1938 0.99 0.983 0.951

P9728B 12 848 858 901 20.5 19.9 20 0.99 0.983 0.948

P972A 08 862 876 20 19.9 0.983 0.975 0.938

P972D 32 856 a71 915 195 19.5 19.7 0.99 0.983 0.947

P972C 12 368 882 19.6 19.6 0.987 0.979 0.943

P972D 12 860 874 19.7 19.7 0.985 0.976 0.938

P9720 35 851 865 19.9 198 0.967 0.955 0.906

PS91D 12 860 874 19.6 19.6 0.982 0.972 0.93

P991A 12 854 19.7 198 0.948 0.933 0.9

P991C 12 857 871 198 198 0.985 0.977 0.94

P9918 35 856 870 196 19.6 0.962 0.949 0.098

P991B 08 862 875 201 20.1 0.985 0.977 0.942

P302 12 979 970 930 38 3.8 208 0.997 0.997 0.996

P302 08 755 787 975 73 8.6 256 0.992 0.993 0.995

P02 35 798 856 927 18 16.9 20.7 0.994 0.995 0.991

P956 12 862 876 19.9 19.9 0.979 0.97 0.934

P356 08 866 878 920 20.5 20.2 20.1 0.987 0.981 0.954

P56 35 872 885 928 199 19.9 198 0.991 0.985 0.955

Vg, .1 S /(S 1 [ AP BN 2 SRS |} M AL A LA e
Std. Dev. a3 5 6 78 8.7 4.2 0.014 0.019 0.034
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Appendix D

Sensitivity to Cross-sectional area, voltage, effective mass, grain boundary carrier-
capture coefficient, and grain boundary density of states.

A tfew parameters in the models for grain boundary conduction were fixed at an
assumed value during the fitting. These parameters were the voltage per grain boundary,
the cross-sectional area of conduction, and the bulk effective mass. The sensitivity of the
fits to variation in these parameters was examined in the event that there was an error in
the assumption or determination of their values. This was accomplished by individually
varying each parameter by a fixed amount and evaluating the subsequent change in Vg,
Eg and quality of fit factor, . These variations were done for both the one-step
thermally-assisted tunneling model and the two-step thermally assisted tunneling model.
The poor fits of the drift-diffusion/thermionic emission model preciuded any meaningtul
interpretation of these variations to the samples herein. In addition to the parameters just
mentioned, the sensitivity to the grain-boundary carrier capture coefficient, y, for the one-
step thermally-assisted tunneling model (not applicable to the two-step), was determined
from the sensitivity to the cross-sectional area as they are linearly dependent parameters.
Reducing y from | to 0.5 would be the lowest value of y before the two-step process
dominates. For the two-step, the additional parameters for the characteristic energies of

the grain boundary density of states £,, and E, were also evaluated. When other

Dl
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parameters were being evaluated the value of E,, was fixed at 0.3 eV and £E,; was allowed
to tloat as an additional fitting parameter.

The sensitivity to cross-sectional area was determined by arbitrarily increasing and
decreasing the area by a factor of 10. However, for the one-step thermally-assisted
tunneling model, the cross-sectional area was decreased by a factor of 2, since decreases
larger than this generally led to poor fits. Conveniently, this sensitivity can also be used
for the y/2 evaluation as mentioned earlier. For the sensitivity to voltage per grain
boundary, the voltage was arbitrarily increased by a factor of 10 and decreased by a
factor ot 10. For the sensitivity to effective mass, m* was arbitrarily increased to 0.75
and decreased to 0.1 from its nominal value of 0.35. The results for each of the
sensitivity factors using the one-step thermally-assisted tunneling model are tabulated in
Tables. D.1 and D.2 for V,y and Epy respectively. For the two-step thermally assisted
tunneling model the sensitivity results are tabulated in Tables D.3 and D.4 for V; and Eg
respectively. The average and standard deviation values of the fitted V5, and Ej were
computed for each of the sensitivity factors.

For the sensitivity to the cross-sectional area, V}, decreases by —63 meV or —6.6% for
the order of magnitude decrease in the area for the two-step, and -32 meV or -3.7% for
the 50% decrease in area for the one-step. Similar results were found for Eg, as a
decrease ot -0.8 meV or -4.9% for the two-step, and -0.8 eV or -3.8% for the one-step for
the decrease in cross-sectional area. For a factor of two increase in cross-sectional area,
Veo increases by 22 meV or 2.3%, and 21 meV or 2.4% for the two-step and one-step,
respectively. Again, similar results were found for £y, as an increase of 0.3 meV or

1.8%, and decrease of -0.4 eV or —1.9% for the two-step and one-step, respectively.
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Table D.1

Sensitivity of fitted barrier height, V,, to Cross-sectional area, voltage, and
effective mass using the one-step thermally-assisted tunneling model.

Sample 1D Voo (MeV)

Default case| Low Area High Area |Low Volitage|High Voltage| Low m* | Highm*

as=0 meV |A= A j2cm?|A= Ay "2 cm?| V=V, /10 VaVyt'10 | M*=0.1 |m*=0.75
P2258C 12C 955 892 772 1115 850 1010
P2258C 12D 896 831 792 779 1078 813 791
P2258C 35 848 805 912 753 1036 788 919
P2257 12C 982 911 1036 833 1149 876 1041
P2257 12D 951 879 1009 819 1125 856 1014
P2254 12C 1019 958 1068 836 1178 919 1073
P2254 12D 1012 952 1060 826 1167 914 1065
P1019D 12 620 622 619 629 618 623 619
P1019C 12 686 690 682 729 679 696 682
P1019B 12 862 837 884 940 823 887
P1019 08 882 849 937 1068 944
P1019 32 823 843 880 846
P1019A 35 873 847 896 858 832 901
P972B 12 848 818 866 1007 804 869
P972A 08 862 836 886 865 821 888
P972D 32 856 832 877 1021 817 879
P972C 12 868 843 890 1028 829 892
|P972D 12 860 835 882 1008 821 885
P972D 35 851 826 873 938 876
P991D 12 860 835 882 995 821 884
P991A 12 854 876 928 878
P991C 12 857 832 880 857 817 882
P991B 35 856 831 878 935 817 880
P9918B 08 862 836 887 1015 820 889
P902 12 979 900 778 1154 833 776
P902 08 755 765 751 816 747 £ 751
P902 35 798 832 784 796 775 832 783
P956 12 862 837 886 999 822 888
P956 08 866 838 898 1038 823 903
P956 35 a72 848 897 1043 831 899

Avg. E: (4 B® 875 787 972 818 583 |
| Std. Dév. 83 56 98 61 142 57 100 |
Delta Vw (meV)
Defauit case] Low Area High Area | Low Volitage | High Volitage| Low m* | High m*
s =0 meV|A= A J2em?| A= A 2em?| V=V, /10 V=V,'10 [m*=0.1|m*=0.75
Avg. BE6 32 4l 35 09 17
[~ Std. Dev. 83 % ki 95 kL) 42 52 |
D3
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Table D.2 Sensitivity of fitted E, to Cross-sectional area, voltage, and effective mass
using the one-step thermally-assisted tunneling model.

[Sample 1D E o (meVy

Default case| Low Area High Area [Low Voitage(|High Voltage| Low m* | High m*

as=0 meVIAs A j2em? A=A 2em?| V=V, /10 [ V=V 10 | m*=0.1 ‘m' =0.75
P2258C 12C 35.9 31.3 21.7 45.2 27.6 395
P2258C 35 235 214 29.2 21.3 379 21.2 29.7
P2257 12D 27.7 21.7 32.2 20.6 39.3 20.8 3258
P2254 12D 355 34 384 21.2 439 28.3 38.7
P1019D 12 38 s 3 8.6 17 59 29
P1019C 12 6.6 89 5.1 18.7 29 10.8 5
P10198 12 19.7 199 19.5 19.6 195
P1019 08 21.5 20.7 25.7 354 26.3
P1019 32 19.6 19.3 16.9 19.2
P1019A 35 19.9 20 19.9 9.5 20.1
P9728 12 20.5 20.1 19.8 313 20.3 19.8
P972A 08 20 20.1 20 1.3 20.2 20.1
P972D 32 19.5 19.8 19.2 30.7 19.9 19.1
P972C 12 19.6 19.8 19.4 30.2 20 19.3
P972D 12 19.7 20 19.5 28.8 20 19.5
P972D 35 19.9 20 19.7 209 19.7
P991D 12 19.6 19.8 194 27 20 194
P991A 12 19.7 19.6 19.3 198
P991C 12 19.8 20 19.8 10.9 20.1 19.8
P991B 35 19.6 198 194 19.7 20 19.8
P9918 08 20.1 20.2 20.2 299 20.4 203
P902 12 348 279 7.8 219 45.7 21 7.6
P902 08 7.3 10.2 5.6 22.3 32 13 55
P902 35 1.8 18.8 8.6 211 4.7 21.2 8.3
P956 12 19.9 20 19.2 275 20.1 199
P956 08 20.5 204 21.6 a3 205 219
P956 35 19.9 20 20 319 201 20

Avg. 213 05 198 207 BT 207 205 |
[ Std. Dev. 75 55 8.9 39 134 45 L % B
Delta E,, (meV)
Default case| Low Area High Area | Low Voitage | High Voitage| Low m* | Highm*
as =0 meV]A=ALJ2cm?| A=Ay 2cm?| V=V, J10 VaV,'10 | m*=0.1 I m*=0.75
Avg. 2.3 48 3 ] 3.2 L& 15 1-‘%7:]
| Std. Dev. 75 30 56 108 78 51 .
D4
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Table D.3 Sensitivity of fitted barrier height, V,, to Cross-sectional area, voltage,
effective mass, and grain boundary density of states using the two-step
thermally-assisted tunneling model.

[Sample 1D Voo (MeV)
Default case| LowE, High €, Low Area High Area |Low Voltage|High Voltage| Low m* | High m*
3.=0 meV [E, =20.1eV[E,201eV]AzA J10CM| Az A 2cm?| VaV /10 VaVv 10 | m* = 0.1 [m‘ = 0.75J
P2258C 12C 1026 1023 1025 910 1053 915 1105 819 1172
P2258C 12D 990 991 987 848 1018 855 1083 823 172
P2258C 35 1054 1059 1050 912 1090 919 1169 881 1182
P2257 12C 1164 1169 1159 1123 1198 1038 1273 997 1214
P2257 120 1093 1096 1090 1052 1126 966 1197 931 1204
P2254 12C 1194 181 1156 1218 1199 1291 1018 1233
P2254 12D 1108 1107 1107 1072 1138 996 "2 958 1196
P10130D 12 656 644 658 667 652 667 639 656 655
P1019C 12 723 712 725 123 120 723 708 1A} 724
P10198 12 838 891 886 840 926 843 978 827 920
P1019 08 1098 1105 1093 956 1135 962 1216 925 1185
P1019 32 841 848 840 801 850 803 866 788 872
P1019A 35 939 945 934 84S 981 843 1056 824 1067
P972B 12 848 853 847 837 858 812 887 796 887
P972A 08 940 947 934 891 981 839 1062 822 1080
P9720 32 852 852 851 842 358 820 864 805 874
P972C 12 872 873 875 834 880 836 891 820 901
P972D 12 867 868 866 827 876 829 895 814 901
P972D 35 872 885 876 884 888 820 981 813 964
P991D 12 868 872 866 829 876 830 892 815 898
PI91A 12 a8s 898 882 36 898 838 931 822 932
P991C 12 831 899 878 828 907 830 982 814 978
P9918B 35 877 a78 875 832 889 834 921 820 919
P9918 08 962 969 957 910 1003 839 1082 821 1125
P902 12 815 804 817 802 a4 803 804 786 823
P902 08 1144 1140 1020 1176 1025 1247 979 1237
P902 35 1085 1088 1082 955 1119 961 1099 923 1170
P956 12 964 971 958 846 1005 849 1088 830 1147
P956 08 1031 1038 1026 882 1069 888 1149 858 1150
P9S6 35 939 945 94 838 938 883 1052 824 1064
Avg. 9XY 937 57 .14 977 14 O 23 0I5 |
[ Std.Dev. | 137 — 2z 129 110 142 103 154 L 183 |
Defta V,, (meV).
Defauit case] Low E, High €, Low Area High Area |Low Volitage|High Voltage| Low m* | High m*
0. =0 meV |E, =0.1eV lE_ 201V A=A J10cm?| AnA2cm? | Vav J10 Vav, 10 | m*=0.1 | m*=0.75
Avg. 7 ) 3 3 33 Z 13 5
Std. Dev. ik 7 3 49 18 49 49 58 - .

D5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table D.4 Sensitivity of fitted Eq, to Cross-sectional area, voltage, effective mass, and

grain boundary density of states using the two-step thermally-assisted
tunneling model.

Sample 1D [ [meV)

Defauit case| LowE,, High €, Low Area High Area |Low Voitage|High Voltage| Low m* | High m* J

6.=0 meV [E, =0.1aV [E, 0.1V ASAJ10cm?| AsA2cm?| VaV J10 | Vav, 10 | m*=20.1 |m*=0.75
P2258C 12C 23 24.2 225 20 23.6 20.2 24.6 19.1 233
P2258C 12D 19.8 21 19.3 15 20.5 153 221 14.2 23.3
P2258C 35 24.1 25 234 20.1 25 204 26.6 19.2 235
P2257 12C 25.5 274 24.7 24.6 26.2 25 27.7 21.6 23.2
P2257 12D 228 24.1 221 21.8 235 19.3 25 18.4 23.1
P2254 12C 273 26.1 26.5 s 30.2 28.8 233 23.7
P2254 120 239 25.2 233 231 24.5 21.2 228 20.4 235
P1019D 12 7 8.5 6.8 9.5 6.3 9.4 5 9.2 58
P1019C 12 8.5 10.2 84 10.9 7.8 10.8 6.3 10.6 1.2
P10198B 12 11.8 12.5 1.5 1.7 13 126 14 12.3 1.3
P1019 08 23.7 25.2 229 19.7 24.6 19.9 26.3 18.9 2.9
P1019 32 11.4 143 11 126 11 12.6 9.9 12.2 10.8
P1019A 35 15 16.1 144 12.9 16.4 12.6 18.6 12.2 18.8
P9728 12 11.4 14.1 mn.1 1.8 149 12.5 13 12.2 1.4
P972A 08 15.5 16.7 148 138 16.9 13 19.2 125 19.6
P9720D 32 10.8 13.3 10.5 1.3 10.3 121 9 11.8 10
P972C 12 11.3 19 1 124 10.9 124 9.9 121 10.8
P972D 12 11.3 19 11 124 11 124 104 121 "
P972D 35 11.7 15 1.7 13.5 1.7 121 15 123 143
P991D 12 11.2 14 10.9 124 10.9 1223 10 12 10.8
P991A 12 12 15.5 1.7 129 1.8 1228 "7 12.5 122
P991C 12 12.3 16.4 1.9 12.7 13 12.6 15.5 122 15.3
P991B 35 11.6 9.6 11.2 12.5 1.3 12.5 1.2 122 11.5
P991B 08 16.8 18 16.2 13.1 18.1 131 20.3 12.6 213
P902 12 10.3 12.5 10.1 12.3 9.7 12.3 8.1 12 9.2
P902 08 26.4 25.6 23.6 271 238 28.3 28 23.7
P902 35 23.9 25.3 23.2 20.5 24.6 20.7 2.5 19.7 232
P956 12 16.5 17.9 15.9 13.3 17.9 13.3 20.2 12.9 2.8
P956 08 20.6 22 19.9 158 216 16 235 15 2.2
P956 35 15.1 16.2 145 134 15.5 13.9 18.6 12.2 188

Avg. ALK 173 L% i1 1 B8 L %1 73X 137 17
"~ Std. Dev. 6.1 3.3 3.9 4.7 5.6 43 7.3 40 [
Defta E ,, (meV)
Default case| LowE, High E,, Low Area High Area |Low Voltage|High Voltage| Low m* | High m*
0.0 meV |E, =0.1eV |E, =01V A=A J10cm?| AxAL2em?| VaVv J10 VaV, 10 | m*=0.1 [m* =0.75
Avg. 10.4 0.4 4.5 4.8 0.3 i 0.9 i 0.9 16 X

~ Std. Dev. 6.1 74 0.3 .3 0.7 24 .1 45 43
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These results demonstrate that the sample fits are not very sensitive to possible errors in
the determination of the sample cross-sectional area (with the exception of samples with
a known inhomogeneity throughout the thickness as discussed in section 5.5.1.1 and
Appendix C). This is in contrast to capacitance techniques, which are very sensitive to
the sample cross-sectional area. From equation (2.4) for the capacitance technique: Vyy
A7 and VNV, A", when used for determining ¥y or N, (recall Egyp x VN,).

The sensitivity to reducing the grain-boundary carrier capture coefficient by a factor of
two for the one-step model has the same effect as reducing the cross-sectional area by a
factor of two as given above. Here again, this is =32 meV or —-3.7% tor the 50% decrease
in vy for Vs, and -0.8 meV or -3.8% decrease in Ey. Thus, the grain-boundary carrier
capture coefficient has only a small effect on the fitted parameters.

For the sensitivity to the order of magnitude decrease in voltage per grain boundary,
the value of ¥}, decreased by about ~74 meV or -7.8% for the two-step thermally-
assisted tunneling model, while the value of £y decreased by -0.8 meV or -5.5%. For the
one-step thermally-assisted tunneling model, a -85 meV or -9.8% decrease was observed
for V4, and for Epy a decrease of —3.2 meV or -15% was observed. Thus, the one-step
model is more sensitive to the order of magnitude decrease in voltage, however the
sensitivity is minimal.

For the order of magnitude increase in voltage per grain boundary, the value of Vs
increased by about 68 meV or 7.2% for the two-step, while the value of Ey increased by
0.9 meV or 5.5%. For the one-step, a 109 meV or 12.5% increase was observed for ¥y,
while Eg, increased by 4.8 meV or 22.5%. Thus, except for Ey, using the one-step

thermally assisted tunneling model, the voltage per grain-boundary has only a small
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etfect on the fitted parameters. Here again, the sensitivity of the fitted parameters to the
voltage per grain boundary is minimal when compared to the capacitance techniques.
From equation (2.4) again for the capacitance technique: Vyy x ¥ or VW x (Vo — 75
when used for determining Vg or N, (recall Egp x V).

For the sensitivity to the increase in effective mass of holes to 0.75, the value of Vy
increased by about 79 meV or 8.3% for the two-step thermally-assisted tunneling model,
while the value of Eg increased by 0.4 meV or 2.4%. For the one-step thermally-assisted
tunneling model, a 17 meV or 2.0% increase was observed for V. while for Eq4) a
decrease of ~0.7 meV or -3.3% was observed. For the decrease in eftective mass of
holes to 0.1, the value of ¥}, decreased by about —~103 meV or 10.9% for the two-step,
while the value of Ejg decreased by —1.6 meV or —9.8%. For the one-step, a decrease of -
50 meV or -5.3% was observed for V3, while for £y, a decrease of -1.5 or —7.0% was
observed. Here also, these sensitivity results indicate only a small dependence on the
effective mass.

Finally, the effect of variable characteristic energies, £,, and E,4, for the grain boundary
density of states was evaluated for the two-step thermally-assisted tunneling fits. The
value of £,, was systematically varied from 0.4 to 0.1 in accordance with the values as
measured by Thorpe for CdTe bicrystals.” It should be noted that there is no reason to
expect these values to be the same for the processed polycrystalline samples herein,
however they serve as a starting point for evaluating the sensitivity to these factors. The
value for E4 was left as an additional fitting parameter. Interestingly, the fitted value of
E.; was found to fall within the range of E,; values (0.05 — 0.3) as also measured by

Thorpe. The net effect of this variation on ¥}, was very small, much less than 1%
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variation. The effect on Ej, was also small with a 2.4% decrease in its value for low
values of £y, and a 3% decrease for high values of E,,. Thus, the main effect appears to be

on Ey with little effect on Vg or Egq.
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