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ABSTRACT

Nitrogen is incorporated into CulnSe2 (CIS), and other related materials, using a
scalable, commonly used, technique. The growth characteristics, film morphology and
electronic properties of these N doped materials, as it is affected by nitrogen, are studied, both

in films grown with nitrogen, and in films implanted with nitrogen.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Global climate change as a result of greenhouse gas emissions is a widely recognized
problem facing humanity. At the same time developing countries are looking for ways to
deliver electricity to an ever expanding population in ways that are both carbon neutral, and
distributed, allowing them to skip expensive grid infrastructure. Solar power technologies, and
specifically photovoltaics, are poised to fill these needs. Photovoltaics (PV) is a rapidly growing
technology and is being deployed in record numbers across the globe. Each year the area
covered by PV, the production capacity for PV, and the efficiencies of PV are all increasing while

manufacturing and installation costs drop[1].

1.2 Goal

This thesis is a study of the creation and characterization of nitrogen doped CulnSe;
(CIS:N), CuGaSe; (CGS:N) and AginSe; (AIS:N), tolearn about N doping of CIS in general. The
research determines dopant concentrations as a function of growth conditions and dopant
supply, and measures changes to film morphology and composition. My work evaluates the
electronic properties of the films, particularly looking at resistivity. | also explore the potential

of other materials with an initial look into nitrogen doping in AginSe; and CuGaSe:.

CIS:N is an attractive material as a back contact to thin film photovoltaics for several
reasons: 1. As a back contact in CIGS solar cells with higher p-type dopant levels, this will act to

increase the built in electric field in the CIGS absorber layer. A similar method has been



demonstrated already in more easily doped Si cells[2]. 2. CdTe has a very high electron affinity
which has made it difficult to make a good ohmic contact. The common solution to the contact
problem is to dope the back surface of the CdTe with Cu. CIS:N could act as an intermediate
layer, reducing the barrier height significantly, and also act as a stable source of Cu for the CdTe
layer. CdTe devices typically rely on a small amount of Cu doping near the back contact to
improve conduction of charge carriers, but simple metallic compounds or Cu doped graphite
diffuse more and more Cu into the CdTe over time. CIS:N can also be alloyed with other
materials, such as a Sulfur — Selenium substitution to match the valence band of the CdTe more
closely[3]. 3. CIS:N can also potentially be used in non-PV applications. CIS has already been
used to create simple diodes and transistors[4], [5], but more complicated electronic devices
could be fabricated with the better, more controlled, p-type doping of CIS:N. This could include
tunnel junction diodes and electronics printed on flexible low temperature substrates, at low

cost.

A good understanding of CIS:N could allow nitrogen to be used in over chalcopyrites.
The chalcopyrite system, having a I-1lI-Vl, composition, includes materials with much wider
bandgaps, which could be used as transparent conductors. Transparent conductors represent a
wide variety of materials used in computer screens and PV amongst other applications, but
most are n-type[6]. Nitrogen doped chalcopyrites could be a good p-type transparent
conductor, if their bandgap was wide enough and if sufficient doping levels can be achieved
reproducibly. In combination with n-type transparent materials it would be possible to create

entirely transparent electronic systems as well.



CHAPTER 2

BACKGROUND

2.1 Background

Photovoltaics research in recent years has focused on a wide variety of aspects, but
arguably the most important one is the efficiency of solar to electrical energy conversion. With
improved efficiency comes reduced cost, per unit of energy produced, of installation, land
usage and general balance of systems. As manufacturing costs have dropped in recent years,

efficiency has become a larger limitation in the adoption of solar power.

Crystalline silicon (c-Si) represents the majority of the current PV market, as both the
oldest and most developed type of solar cell, but has challenges moving forward. C-Si costs and
efficiencies have improved over time[7]. However, they are rapidly reaching a point of
diminishing returns. C-Si module efficiencies are approaching their theoretical limit[8], [9], and
costs are being limited by the energy intensive refining processing and high purity required[10].

To continue improving PV technologies it is necessary to move to different material systems.

Second generation PV, so called thin film technologies, represent the best opportunity
to realize those improvements. The two main thin film technologies are CdTe and Cu(InyGai-
x)Se2 (CIGS), and make up almost all of the remaining PV power market[1]. Both have higher
theoretical efficiencies than Si, due to having a more ideal direct band gap. Thin film

technologies are also able to be manufactured much more quickly, inexpensively, with simpler



precursor materials[11], and can be deposited on a variety of low cost, light and sometimes
flexible substrates. The latter make both roll to roll continuous production possible and
installation easier and available in more locations, such as unreinforced roof tops. CdTe and
CIGS PV have also been around for a long time, allowing for extensive study and a proven track

record of reliability, unlike many newer technologies such as organic or perovskite PV.

While all of the previous facts about CdTe and CIGS might make them seem like
perfected technology, many aspects of thin film PV cells are either less than ideal, or poorly
understood. In fact, while CdTe and CIGS both have high theoretical efficiencies, the actual
observed efficiencies are consistently lower than those of c-Si, with record cell efficiencies
measured at 22.1% (CdTe) and 22.3% (CIGS) compared to c-Si efficiency of 25.0%[7]. One
particular aspect that can be improved, with better materials, is the back contact of these
devices. In CdTe devices the back contact is typically a copper containing metallic layer, which
results in both a large Schottky barrier[12] and copper diffusion over time into the CdTe
layer[13]. Both of these mechanisms reduce the overall efficiency and lifetime of CdTe PV.
CIGS back contacts are usually Mo with a thin MoSe; layer[14], which forms a good site for
charge recombination, leading to loss in efficiency. The typical solution to this is a band gap
grading of the CIGS near the back contact[15], which results in a less than ideal absorption

profile and depletion region in the device.

Thin film PV cells have a heterojunction structure and are constructed with a back
contact, formed of a metal layer, then the main p-type absorber layer (either CdTe or CIGS),
then n-type CdS (or other similar wide-gap n-type semiconductor), and finally a transparent

conductor, typically Al doped ZnO. The structure is shown in figure 2.1. In CIGS devices the
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absorber layer is generally thought to be converted to n-type near the CdS layer due to Cd
infiltration into the CIGS [16]. CdTe is made heavily p-type near the back contact by indiffusion
of Cu from the back contact, which helps lower the back contact barrier[13]. CIGS cells often
have band gap grading with increased Ga at the rear of the absorber layer[15] to reduce
minority carrier recombination at the back contact. Many of the recent improvements in
efficiency have come from improved process control and better material quality, and a thinning
of the CdS layer in both CIGS[17], and CdTe[18] devices. Improvements to CdTe cells over the
past 5 years have mostly improved carrier collection[19], [7]. No real change to back contact

structure or processing for CIGS cells has occurred recently[20].

CIS:N and relatively wider gap chalcopyrites are attractive materials to provide the back
contact of thin film photovoltaics because of its ability to be grown in a variety of conditions
and processing techniques. CulnSe; (CIS) and related materials, very generally (Cui-xAgx)(In1-
vGay)VIz (VI =S, Se, Te) alloys, have been grown on glass[21], steel[22] and polymer[23]
substrates, while maintaining good optical and electronic properties. It has been grown by
evaporation[21], sputtering[24] and annealing of metal films in a Se atmosphere[25].
Stoichiometric CIGS stable up to 800°C[26], while deposition at lower temperatures also yields

good material[27].

Defects in these highly ionic semiconductors either form neutral defect clusters, or (for
polycrystals) migrate to grain boundaries and disappear, leaving carrier mobilities and lifetimes
relatively high[28]. The bandgap of chalcopyrites is direct and tunable over a wide range, from
0.95 eV for CulnTe; [29] and 1.04 eV for CulnSe; to 2.67 eV for AgGaS;[30]. In addition, the

energy of the conduction and valence bands can be shifted independently through changes to

5



anion and cation chemistry. In the case of creating back contacts to CdTe, alloying Cu(In,Ga)Se;

with Cu(In,Ga)S;[3], the valence band can be shifted to be close to the valence band of CdTe.

CIS has largely been studied with samples that have not been intentionally doped. This
undoped material is generally lightly p-type. Large single crystal CIS grown with the Bridgeman
technique has typical p-type carrier concentrations at room temperature of 108 carriers/cm3
with carrier mobility on the order of 200 cm?/V s[31]-[33]. However, these fairly large carrier
concentrations and mobilities have not been adequately explained and have not been observed
in polycrystalline thin films. Polycrystalline thin films, similar to record solar cell device
material, show much lower cross grain mobilities on the order of 5 cm?/V s and carrier
concentrations at around 10*° carriers/cm3 [34]to 10*® carriers/cm? [35] in very large grain
films. Behavior similar to that of bulk crystals has been observed in epitaxial films grown on
GaAs, with high mobilities and carrier concentrations[36]. In some cases, lower mobilities
similar to polycrystalline films is observed in epitaxial films[37], [38]. In one study, much higher
carrier concentrations, as high as 6x10?° carriers/cm?3, have been demonstrated in epitaxial
films of CGS, without a significant loss in mobility, indicating that the conductivity of the

chalcopyrite films can be greatly enhanced[39].

The most commonly studied extrinsic impurity in CIS, and one that was be used in some
films for this study, is Na. Na is present in all record efficiency solar cells. The removal of Na
has been shown to decrease the efficiency of CIGS cells[40]. If CIS:N is going to be effective in
CIGS solar cells it will have to perform with Na present. Na has been demonstrated to have
several effects in CIS films. In Se rich films, it increases the majority carrier concentration by

reducing compensating defects[41]. This effect may be important in creating p+ CIS:N. In Se
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poor films Na has been shown to change the majority carrier type from p-type to n-type[31]. It
has also been proposed that Na helps to passivate grain boundaries in CIS[42]. The films in this

study were be grown on substrates that are both Na free and Na containing.

Experiments have already shown that N can be used as a p-type dopant in CIS films
grown with molecular beam epitaxy. These films were grown on quartz substrates at
temperatures from 500°C to 475°C[43]. Cu, In and Se were supplied with individual
evaporation cells, while N* ions were implanted at an energy of 10 keV and an area density of
5*%10' cm™. A later study by the same group used a radical N source, formed a magnetically
contained plasma, with an accelerating voltage from 50-150 volts, with controlled ion
current[44]. Films had resistivities below 1 ohm-cm for ion implantation and 66 ohm-cm for
samples grown with a radical N source, 2-3 orders of magnitude lower than typical for
polycrystalline films. These studies did not measure carrier concentrations or mobilities

directly, though all films with N were observed to be p-type.

A similar semiconductor, ZnSe, has also shown enhanced p-type conductivity with N
doping[45]. ZnSe has a wider band gap than CIS, but has a similar crystal structure, lattice
constant and direct bandgap. With the valence band of both materials dominated by Se 4p
orbitals, both materials should show similar extrinsic p-type doping by the same elements. N
doping of ZnSe has been done through the addition of diluted N, gas in Ar in a RF plasma[46].
This doping was done to ZnSe on a GaAs wafer substrate, and doping was achieved up to 10%°
cm3 at a low activation energy. Density functional theory has been used to predict that N sits
on a Se site in ZnSe[47], which is relevant in the CIS system because if N sits on a similar site in

the chalcopyrite lattice, it will contribute one less valence electron, yielding p-type doping.
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2.2 Figures

Al:Zno Metal
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Figure 2.1: Thin film PV cell typical structure. CIGS is illuminated from the top, while CdTe is

illuminated from the bottom.



CHAPTER 3

EXPERIMENTAL METHODS

3.1 Sample Growth

CulnSe2 films were grown using a hybrid sputtering and evaporation technique
described in detail in Reference[48], [49]. The deposition chamber base pressure is typically
7x10* Pa. Metallic Cu and In targets are dc magnetron sputtered independently in a 0.27 Pa
sputtering gas, typically Ar, in the presence of a Se flux from an effusion cell. The sputtering
currents on the Cu and In targets are controlled to achieve the desired film stoichiometry. The
Se cell is initially heated to a set point of 520°C to accelerate heating of the Se, then after 5
minutes the set point is reduced to 320°C for the duration of the growth for the desired
deposition rate of approximately 40 nm/min. The sputtering sources are separated from the
substrate during growth by 25 cm, while the evaporation cells sit 18 cm from the substrate.
This configuration allows material from the sputtering targets to be thermalized by the time it
reaches the substrate, since the mean free path for low energy species in the sputter gas is
around 6 cm. The substrate is clipped to a resistive heater. Temperature is measured both
with a thermocouple attached to the heater and using a pyrometer to measure the substrate
temperature directly. In the case of glass substrates, temperature is measured after 5 minutes

of growth to allow a thin film to form.

Three substrates were used for the growth of films. Polished (100) oriented GaAs is
used to grow epitaxial CIS films. Epitaxial films are of interest to this study because they

eliminate the complicating effect of grain boundaries and generally exhibit much higher in



plane carrier mobilities than polycrystals. Films grown on soda lime glass substrates were also
studied as this material is commonly used as a substrate in high efficiency and commercial CIS
devices. Soda lime glass has a thermal expansion coefficient similar to CIS, and it contains Na,
that diffuses into the film during growth. Na is typically found to improve device performance.
However, soda lime glass is limited by its low glass transition temperature of 573°C, which sets
an upper limit on growth temperature. Single crystal Si with only the native oxide, is used as
the third substrate to grow polycrystals at elevated temperatures without Na. Films grown on

glass were deposited at 580°C, while films grown on GaAs and Si were deposited at 680°C.

N was introduced during growth by adding N» to the Ar sputtering gas, keeping the
overall pressure constant. The relative partial pressures of N, and Ar are controlled with needle

valves and ultra-high purity (99.99% purity) gases are used.

N was also introduced to films after growth using ion implantation. Five films grown
without any N, and slightly Cu poor, have been implanted at an energy of 400 keV and a dose of
5x10% cm™. This led to a projected range of 500 nm, in 700 nm thick films. This depth was
selected to result in the bulk of the implanted atoms remaining inside the film and yields a

volumetric density of 102° cm3. A simulated implant profile is shown in figure 3.1.

Thin films were also grown using slightly different materials. By switching sputtering
targets, AginSe; (AIS) and CuGaSe; (CGS) were grown with varying amounts of nitrogen. AIS
was grown using pure elemental Ag and In targets. CGS was grown using a pure Cu target and a
30% Cu, 70% Ga sintered target. AIS and CGS are similar to CIS, while having larger band gaps

(1.24 eV for AlS and 1.68 eV for CGS).
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3.2 Sample analysis

Samples were analyzed for composition, morphology and electrical properties. It is
important that new phases are not formed by the introduction of N, while achieving the desired

doping effects.

Structural characterization was done initially through secondary electron imaging (SEl)
in a scanning electron microscope (SEM). The SEM was a JEOL 7000F field emission SEM using a
20 keV beam at 500 pA and 10kx magnification. While the SEI derived information is largely
gualitative it gives a good estimate for grain size, film thickness and general film structure. X-
ray diffraction (XRD) was the primary tool for detecting possible second phases created by the
addition of N, as well as detecting changes in average grain orientation. The instrument used
was a Phillips X’pert diffractometer. The x-ray source was collimated Cu K, radiation (A=0.154
nm). w-26 scans were performed over a range of 10° to 90° with a step size of 0.05° and time
of 2 seconds. Films grown on GaAs and Si were aligned to the substrate’s <100> (GaAs) and
<111> (Si) planes. The data was compared to powder diffraction files for peak positions and
areas. XRD was especially important in establishing the epitaxial relationship between films

grown on GaAs and the substrate.

Chemical characterization was done with complementary techniques of energy
dispersive x-ray spectroscopy (EDS), x-ray photoelectron spectroscopy (XPS) and secondary ion
mass spectroscopy (SIMS). EDS is a SEM-based technique that is quantitative, but has a limited
elemental sensitivity, down to around 1 atomic percent (at%) and has difficulty detecting light

elements. This made EDS useful in controlling the stoichiometry of the deposited compounds.
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EDS can also be used to get rough approximations of the spatial distribution of elements,
allowing mapping of elements across different parts of the films or as a function of depth. EDS
was performed using the same conditions described for SEI, over ~10 umx 10 pum square area.
The Thermo Scientific EDS detector had a 35° takeoff angle. Quantification was done using a
Phi-Rho-Z correction method [50]. The 20 keV beam energy allowed me to use Cu and Se K
lines for quantification, eliminating interference in the L lines. There was some overlap
between N k emission and In M lines, but analysis of the data showed no correlation between

In content and observed N content. EDS results were used to quantify bulk film stoichiometry.

XPS gathers quantitative elemental information, similar to EDS, but is surface sensitive
and more sensitive to lighter elements, like N. Chemical information is also available, indicating
the bonding state of individual elements and fermi level. XPS was performed using a Kratos
AXIS Ultra, with an Al x-ray source at 1.486 keV. Spot size was ~1mm x Imm. Spectra were

taken from O to 1100 eV.

SIMS has much higher sensitivities for most elements, collects some chemically sensitive
information, and gives a much higher depth resolution. As a result SIMS was used for the
detection of very small quantities of dopants, such as N and Na, and to detect changes in

elemental concentrations as a function of film depth.

SIMS was performed with Cs and Au ion beams for sputtering and analysis respectively,
over 50 um x 50 um square area in a PHI Thrift lll time of flight (TOF) SIMS instrument. This
dual beam system used Cs* ions to sputter material away in a larger 600 umx 600 pum square

area, and then a Au* beam was used for analysis. Analysis took 21 seconds and then sputtering
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was carried out for 30 seconds. During analysis, negative ions were collected from 0 to 800
amu. This cycle was repeated until the substrate material was reached. Some samples had
smaller amounts of N than could be detected with EDS. Because the SIMS detection sensitivity
is typically consistent over a range of compositions the same scale factor could be used as was
determined at higher concentrations. The overall trend of increasing N with N> gas during
growth matched with the values observed in XPS, and allowed for quantification below XPS
limits. In my experiemnts | used Cs+N- molecular ions (147 AMU) to detect N. Previous works
have used Se+N" (94 AMU) which gives higher sensitivity but was not observed in the current

experiments for reasons that were not clear.

Electronic characterization was done with a 4-point probe, hot point probe, Hall Effect
and the Vander Pauw technique. Hot point probe and Hall Effect were used to establish carrier
type. Hot point probe used nickel plated leads spaced 1 cm apart with one tip heated to ~300°C
using a soldering iron. Hall Effect measurements were performed on samples grown on glass
substrates with four In solder contacts made directly to the CIS. The contacts were roughly 1
mm in diameter on the corners of 1 cm? samples. Hall Effect measurements were performed in
a 1 Tesla magnetic field, switching current directions, which leads were having current driven or
voltage measured, and magnetic field directions. Four point probe and Vander Pauw
established sheet resistance. Four point probe was performed with WC tips spaced 1 mm apart
with a current of 10 pA. Vander Pauw measurements were performed using the same contacts
as for Hall Effect without the presence of a magnetic field. After establishing the film thickness
through cross sectional SEI, the relationship p = t*Rs (where p is resistivity, t is film thickness,

and Rs is sheet resistance) is used to calculate film resistivity, the most important factor in using
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these materials as an electrical contact. Hall Effect is based on transverse voltage measured as

a function of applied current (200 mA) in a magnetic field. Carrier concentrations can be

. . IB . . . . . .
derived from the equation n = P (where n is carrier concentration, | is applied current, B is
h

applied magnetic field, Vi is the transverse voltage, e is the charge of an electron, and t is the

film thickness). The carrier concentration in turn is used to calculate carrier mobilities using the

relation u = " where uis mobility, n is carrier concentration, p is resistivity and e is the

charge of an electron.

3.3 Figures
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CHAPTER 4

RESULTS

4.1 Nitrogen Incorporation

I measured an increase in N exponentially with the N partial pressure, shown in figure
4.1. The maximum measured concentration is around 10 at%, based on XPS, shown in figure
4.2. There was a corresponding linear decrease in Se, in a 1:1 ratio to the added N measured
with EDS. These changes were observed in films grown on Si but not on glass, as shown in figure
4.3. This suggests that N is sitting on Se sites in the chalcopyrite lattice. Films grown on GaAs,
and films of AIS, were more not analyzed with XPS. Nitrogen was detected in these films in
SIMS, but large enough sample sizes were not available to establish any clear relationship with

growth conditions.

EDS results also showed that Cu and In content varied. Adding N, reduced the In
content in general, resulting in some cases in Cu-rich and highly conductive films (Figure 4.4). It
was concluded that during start-up of the deposition process the In target surface may have
been converted to InN. This problem was corrected through a 5 minute pre-sputter of the
targets in pure Ar. With the pre-sputtering approach no change in film composition was
observed under different N> fraction in the sputtering gas. This showed that no preferential

sputtering of the substrate was occurring as a result of the change in gas content.

4.2 Morphology
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SEl was used to confirm that the thin films grown on glass and Si were polycrystalline
and formed from dense columnar grains. SEI showed epitaxial films on the GaAs substrates,
with facets along (112) planes, similar to what has been seen previously[51]. Epitaxy was
confirmed by XRD, as discussed below. Characteristic planview images are shown in Figure 4.5
for samples on the three different substrates. For these images the deposition conditions were
as follows: All samples were grown in pure Ar, with the sample grown on glass heated to 580°C,
and samples grown on GaAs and Si heated to 680°C. These images were used to estimate the
grain size for films on Si at around 500 nm, and soda limes glass at around 250 nm, which is
typical for CIS polycrystals. SEl also measured film thickness via fracture cross sections, which
showed that growth rates were consistent across various nitrogen partial pressures, at 9.4+1.5

nm/min.

XRD analysis of the deposited films showed that the polycrystals grown on soda-lime
glass showed a random orientation, consistent with standard powder diffraction on the
material, for N, sputtering gas fractions up to ~0.4 (Figure 4.6) but showed a significant increase
in the preferred (112) orientation for higher fractions of N,. The films on Si showed a greater
amount of (112) texture for zero and 100% N in the sputtering gas with a general preference
for (112) at intermediate N3 levels (Figure 4.7). No evidence of the formation of amorphous or
other second phases was found with N, addition. This indicates that no surface or grain-
boundary segregated phases such as InN were present in the films. The peak positions do not
change significantly with N, addition, which is surprising given the replacement of the large Se
anions with much smaller N anions. However, it is clear that N, was incorporated and Se was

lost so presumably other factors dominated the lattice constant. Analysis of the XRD peak
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positions showed that the lattice constants were a=0.574+£0.001 nm and ¢=1.155+0.002nm.

This is ~0.4+0.3% smaller than the bulk lattice constants for CIS.

High quality epitaxial films could be grown on GaAs with up to 9% N2 in the sputtering
gas. High N; levels resulted in the formation of polycrystalline films, heavily oriented to the
substrate but with some (112)-oriented grains appearing (see for example, Figure 4.8). Low
levels of added N, appear to produce a more well-defined (400) epitaxial film peak without
statistically-significant peak shifts. There is minor evidence of a shift to lower diffraction angle
(larger lattice constant) with addition of N> but any shift is within the noise of the
measurement. Furthermore there may have been a change in the migration of Ga out of the
substrate, consistent with the clearer CIS peak with less intensity at the diffraction angles

between CIS and GaAs.

The addition of N» to the sputtering gas during growth of AIS and CGS showed a lack of
morphological change when grown on glass. SEM imaging of AlS was difficult due to the
sample’s high resistivity causing charging. Therefore no estimate of grain size could be made.

XRD was not performed on the AlS and CGS films.

4.3 Increased p-type Conductivity with Nitrogen

Carrier concentration increased approximately exponentially in polycrystalline films by 4
orders of magnitude, with N, addition to the gas (Figure 4.9). For Ny sputtering gas fractions
above 0.6, films grown on glass continued to decrease in conductivity another 2 orders of
magnitude, while films grown on Si did not grow less resistive. It is proposed that the presence

of Na from the soda-lime glass was responsible for the continued decrease in conductivity at
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the highest N2 concentrations. However, the interaction of Na with the films was not
determined. However, Na has been shown to reduce the effects of compensating donor

defects in CIS films[41].

To determine if doping was occurring, XPS was performed to measure the peak
positions for elemental core levels. These showed an overall peak shift of -26 to -38 meV at
50% N gas fraction, and -50 meV at 100% N gas fraction, for the Cu, In and Se peaks. This
matches qualitatively with the expected fermi level change from increased p-type doping. The

valence band was not measured.

For films grown on GaAs, no change in resistivity was observed with increasing N as
long as the films stayed epitaxial. At 10% N2 gas fraction, where epitaxy is preserved, the
expected change to resistivity is within the variability of different growths, and the amount of N
detected by SIMS is in the background noise. At higher concentrations of N the films were no
longer epitaxial, so direct comparisons to epitaxial material was less meaningful. Polycrystalline
CIS:N grown on GaAs followed a very similar trend in resistivity to samples grown on Si, under

similar conditions (Figure 4.10).

Hall effect measurements showed no change in carrier mobility in the polycrystalline
films as a function of N; in the sputtering gas, although the mobilities were dominated by grain
boundaries in the polycrystalline films. Mobilities in polycrystals were < 1 cm?/Vs, which is not
unusual for polycrystalline CIS films. This observation also suggests that no second phases were

present in the grain boundaries, similar to the conclusion from the XRD results.
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The percentage of N actively contributing acceptor states can be calculated by
combining measured carrier concentrations with N concentration in the films. This is shown in
figure 4.11, and changes from very low values to a few percent of nitrogen atoms adding
acceptors. Because of the variation in the measured values no trend can be ascribed to the
results, although Figure 4.11 is suggestive that the incorporated N is becoming more active as

its concentration increases.

Implanted samples showed a significant reduction in resistivity, as shown in figure 4.12.
Past experiments have shown that ion implantation of any element can reduce the resistivity of
CIS [52],[39], although this varies significantly as the carrier mobility within the grains can also
be reduced. Overall it appears very likely that the samples that were ion implanted showed a

significant increase in conductivity.

4.4 CGS and AlS

Experiments on AIS and CGS were not as successful as those performed with CIS. AIS
remained highly insulating at all levels of N in the sputtering gas, to the point where current
could not be pushed through 4 point probe leads, and static charge made SEl difficult. CGS did
show some changes in conductivity, but without a clear dependence on N; content, as shown in

figure 4.13.

4.5 CdTe contacts

CGS:N was deposited as a back contact to CdTe devices. The devices were made at the
University of Toledo, and were complete except for the back contact. The contacts were a
4mm diameter circle of CGS deposited at 50% N gas fraction. The resulting devices behaved as
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a diode in the dark. However, under illumination they behaved as resistors with the addition of
photocurrent generation (Figure 4.17). The best device had a fill factor of 0.25 and open circuit
voltage of 0.6 V. However, the greatest loss seemed to be in carrier collection, which was > 100
times lower than when using a standard Cu/Au metallic contact on similar devices. The

resulting I-V curves are shown in figure 4.17.
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Figure 4.1: SIMS data also shows an increase in N content with increasing nitrogen gas fraction,

allowing for better detection at small values of nitrogen. These films were grown on glass.
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Figure 4.3: Se decreases with additional nitrogen content at almost exactly a 1:1 ratio in films

grown on Si. The data shown here is for films grown on Si and glass.
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Figure 4.5: Planview SEl images of CIS films on a) soda lime glass, b) Si (111), c) GaAs (100)
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Figure 4.6: XRD peak areas, of films grown on soda lime glass, of the (112) peak is divided by
either the (204/220) peak or the (116/312) peak, then compared to the expected powder
diffraction values. The (112) peak is significantly larger then in a randomly oriented film in films

grown with N.
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Figure 4.7: XRD peak areas, of films grown on Si, of the (112) peak is divided by either the
(204/220) peak or the (116/312) peak, then compared to the expected powder diffraction
values. The (112) peak is significantly larger then in a randomly oriented film in films grown

with pure Ar or N.
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Figure 4.8: The disruption of epitaxy is shown in the decrease of the epitaxial (400) peak and

the increase in the randomly oriented (112) peak, with increasing nitrogen gas fraction
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100000
[
10000 @
€
?
£ 1000
=)
Z
= 100
k2] ®
(%]
[}
o
10 b
¢ [
1
0 0.1 0.2 0.3 0.4 0.5 0.6
©CGS on glass Nitrogen Gas Fraction

Figure 4.13: Resistivity as a function of nitrogen gas fraction during growth in CGS

27



CGS:N on CdTe

1.00E-05

5.00E-06

oTooTToOY

Curregt (A)

-1.50E-05

Voltage (V)

Dark = Light

Figure 4.14: Light and Dark curves for a CdTe device using a CGS back contact
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CHAPTER 5

CONCLUSIONS

Nitrogen was successfully added to CIS thin films. Nitrogen was detected through 2
separate methods that agreed within experimental error. The uptake of nitrogen was
controlled and varied similarly in samples grown on both glass and Si substrates. The addition
of nitrogen did not disrupt the growth of polycrystalline CIS films significantly, which are the
kinds of films that would be used in devices. The addition of nitrogen does not form any new
crystalline phases detectable with XRD, and does not have a consistent effect on overall film

stoichiometry, besides replacing Se.

The resulting films were highly conductive, with a 4 order of magnitude decrease in
resistivity from undoped films. Nitrogen apparently did act as a p-type acceptor. The lowest
conductivity films had resistivities of around 1 Ohm-cm, higher than typical transparent

conducting oxides.
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