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ABSTRACT OF DISSERTATION

ROLE OF THE CU-O DEFECT COMPLEX IN CDTE SOLAR CELLS
Thin-film CdTe is one of the leading materials used in photovoltaic (PV) solar cells.
One way to improve device performance and stability is through understanding how various
device processing steps alter defect states in the CdTe layer. Photoluminescence (PL) stud-
ies can be used to examine radiative defects in materials. This study uses low-temperature
PL to probe the defects present in thin-film CdTe deposited for solar cells. One key defect
seen in the thin-film CdTe was reproduced in single-crystal (sX) CdTe by systematic in-
corporation of known impurities in the thin-film growth process, hence demonstrating that
both copper and oxygen were necessary for its formation.
Polycrystalline (pX) thin-film glass/SnO,:F/CdS/CdTe structures were examined.
The CdTe layer was grown via close-spaced sublimation (CSS), vapor transport deposi-
tion (VTD), and physical vapor deposition (PVD). After CdTe deposition, followed by a
standard CdCl, treatment and a ZnTe:Cu back contact, a PL peak was seen at ~1.46 eV
from the free back surface of all samples (1.456 ¢V for CSS and PVD, 1.460-1.463 eV for
VTD). However, before the Cu-containing contact was added, this peak was not seen from
the front of the CdTe (the CdS/CdTe junction region) in any device with CdTe thickness
greater than 4 ym. The CdCl; treatment commonly used to increase CdTe grain size did
not enhance or reduce the peak at ~1.46 eV relative to the rest of the PL spectrum. When
the Cu-containing contact was applied, the PL spectra from both the front and back of the

CdTe exhibited the peak at 1.456 eV.
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The PL peak at ~1.46 eV was present in thin-film CdTe after deposition, when the
dominant impurities are expected to be both Cu from the CdTe source material and O in-
troduced in the chamber during growth to assist in CdTe film density. Since Cu and/or O
appeared to be involved in this defect, PL studies were done with sX CdTe to distinguish
between the separate effects of Cu or O and the combined effect of Cu and O. Photolumi-
nescence on the sX samples revealed a unique transition at 1.456 eV, identical to the one
seen in CSS thin-film CdTe, only when both Cu and O were introduced simultaneously.
Theoretical calculations indicate that this PL line is likely a transition between the valence
band and a Cu;-Or, donor complex 150 meV below the conduction band.

Formation of a Cu;-Or. donor complex was expected to limit the performance of
the CdS/CdTe solar cell. However, this was difficult to observe in the prepared devices,
likely because other beneficial processes occurred simultaneously, such as formation of
Cugg acceptors in the CdTe layer and improvement in the quality of the back contact by
including Cu. It was possible to see the theoretical effects of this defect using AMPS-
1D numerical simulations. The simulated J-V curves indicated that a donor level 150
meV from the conduction band would reduce the V., hence reducing the overall device
efficiency. Therefore, despite the lack of direct experimental evidence, it is very plausible
that the Cu;-Orp, defect observed with photoluminescence may serve to limit the possible
attainable efficiency in CdS/CdTe solar cells.

Caroline R. Corwine
Physics Department
Colorado State University

Fort Collins, CO 80523
Summer 2006
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Chapter 1

Introduction

1.1 The Need for Solar Energy

Over the past two decades, it has become apparent that there is a need for renew-
able energy sources. The argument for renewables has increasingly focused on global
warming caused by carbon dioxide emissions produced when fossil fuels are burned.
One model predicts that, even if CO; emissions were stabilized at today’s levels, the
global temperature and sea level would continue to rise for another 50-100 years [1].
The substantial changes in climate are certainly a good reason to look for alternative
energy sources. Economic and national security factors also make it desirable to sig-
nificantly reduce the U.S. dependence on fossil fuels.

Although there are many kinds of renewable energy and each one will play an im-
portant role in replacing fossil fuels, one must consider the amount of energy required
50-100 years from now and whether the various technologies will be able to produce
that amount of power. In a popular talk by Dr. Nate Lewis of the California Institute
of Technology [2], the various renewable energy sources are discussed in terms of the
available resource—e.g., land mass for windmills—and technological feasibility. He
concludes that only photovoltaics are capable of contributing the required amount of

power.
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1.2 The Role of Thin-film Solar Cells

The push towards thin-film technology has been driven largely by predictions of
future economic viability. Traditional single-crystal solar cells, such as Si and GaAs,
demonstrate very high efficiencies (20-30%), but the production of crystalline material
is expensive. The original reason thin-film materials were pursued was because they
use much less material, which is directly related to the cost of production.

Two of the leading thin-film materials are CdTe and CulnGaSe,, chosen because their
direct bandgaps require a smaller absorption length than Si (requires less thickness for op-
timum performance). Studies during the past 40 years have also indicated that, for reasons
not completely understood, these two materials can achieve performance levels in the 15-
20% range while still containing significant amounts of impurity as well as numerous grain

boundaries.

1.3 Progress in CdTe Solar Cells

Over the last 50 years, much effort has been put into developing high-efficiency, low-
cost thin film polycrystalline CdTe/CdS solar cell devices. CdTe is a nearly ideal material
for terrestrial solar cell production, as its band gap of 1.45 eV (room temperature) yields the
maximum theoretical efficiency for a solar cell, about 29%. The current record one-of-a-
kind laboratory research cell was fabricated in 2000 and has an efficiency of 16.5% [3]. The
best laboratory cell efficiencies range from 14 to 16.5%, the typical research cells from 10

to 14%, and typical modules from 7 to 10%. Some of the processes that have significantly
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raised the efficiencies of these cells include the introduction of O, during the CdTe growth,
a CdCl; treatment prior to contacting the CdTe, and a back-contact process that contains
Cu. All of these processes are necessary to obtain research cells with efficiencies above
10%. However, there is presently little agreement regarding how these processes, either
individually or collectively, affect the defect states in the CdTe layer to enhance device
performance.

Thin-film CdS/CdTe solar cells are heteroface photodiodes (see Figure 1.1). CdS is

Incident Light

IR

et ——————

Glass Superstrate 2.00 mm

1 TCO 0.20 pm

i

o CdTe | 4.00 pm

Figure 1.1. Device structure of a CdS/CdTe heteroface solar cell.

chosen mainly because of its high band gap (E, = 2.4 ¢V at room temperature) compared to
that of CdTe (E, = 1.47 eV at room temperature). The bulk of the photons from the sun are
below 2.4 eV, thus are not absorbed in the CdS layer. These photons pass through to the
CdTe layer for collection. Hence, the CdS layer is often referred to as the “window layer.”
In addition to a high band gap, a good window layer should have lattice constant(s) similar

to those in the absorber layer, since lattice mismatch between the window and absorber

3
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layers creates interface defect states, and is a source for losses in device performance.
Materials other than CdS have been investigated for use as a window layer to CdTe (such
as ZnO and ZnSe [4, 5]), but the devices with CdS performed best. This was somewhat
surprising, as the lattice mismatch between CdS and CdTe is 10% (acqs = 5.82 A, acare=
6.48 A) [6], which is a significant amount with respect to formation of recombination sites
at the interface. However, the CdS and CdTe layers tend to intermix near the interface
during device preparation, which creates a gradient in the film’s lattice constant. This
has been credited with an improvement in device performance, possibly because the large
lattice mismatch is accounted for within a large volume, thereby reducing its detrimental

effects [7].
1.3.1 Processing Techniques for CdS/CdTe Solar Cell Fabrication

CdS/CdTe solar cells were originally grown in a substrate configuration, where Molyb-
denum foil was used as the substrate and acted as the back contact to the device [8] (see
Figure 1.2a). In this configuration, the CdTe layer was grown in two stages: a very thin
layer of CdTe was deposited onto the Molybdenum via evaporation (0.2-0.5 ym), followed
by a thick CdTe layer (10-20 um) deposited via a high-temperature gas transport method.
Then a graded CdS,Te;_, layer —starting with CdTe and ending with CdS — was evapo-
rated. Finally, an indium grid contact was applied. Two of the major problems with this
type of cell fabrication were difficulty in doping the CdTe and a poor back contact forma-
tion [8]. One of the major reasons for switching to the superstrate configuration shown in

Figure 1.2b was to gain better access to the back contact region with hopes of improving
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this contact. Other reasons include: historic availability of glass coated with a Transpar-
ent Conducting Oxide (TCO); historic use of solution-grown CdS; and the advantageous

formation of CdS,Te;_, when CdTe is grown at high temperatures onto CdS.

(a) Substrate CdTe Cells (Circa 1972) (b) Superstrate CdTe Cells (Present Day)
Incident Light Incident Light
Glass Superstrate 200 mm

TCO 0.20 pm
- CdS ‘ 0.05 pm

CdTe 4.00 um

Molybdenum Foil Substrate

Contains Cu

Figure 1.2. Schematic drawing of the CdTe/CdS solar cell structures: (a) Substrate struc-
tures used in earlier devices, and (b) superstrate structures used in today’s devices.

The currently-used device fabrication technique begins with depositing a TCO, typi-
cally SnO2:F, onto soda-lime glass (many manufacturers buy pre-coated glass). The pur-
pose of the TCO is to collect and laterally transport current at the front side of the device.
The n-CdS layer is deposited next, followed by the CdTe layer. Common commercial
growth methods of CdS and CdTe are vapor transport deposition (VTD, 600°C), close-
spaced sublimation (CSS, 600°C), and physical vapor deposition (PVD, 250°C). A CdCl,
treatment (described below) is performed on the CdTe layer. Finally, a series of processes

are used to form the back contact.
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The development of particular CdTe, CdCl,, and the back contact processes has pri-
marily been empirical, with the focus on finding processing technique combinations that
increase final device efficiency. Efforts to understand the effect of each processing step is
complicated because probing the electrical operation of the device is possible only when
all process steps are completed. The details of each CdTe processing step, as well as what

the community understands about each step, are discussed in the following sections.
1.3.1.1 O, Use During Growth of Thin-film CdTe

An oxygen-containing atmosphere is commonly used during the CdTe growth process
when making solar cell devices, regardless of the growth method — CSS, VTD, or PVD.
For these films, oxygen is not only unavoidable, but is often deliberately introduced to
improve device performance. The CSS process is performed with the CdTe source and
the glass superstrate near to 600°C (source at 660°C, superstrate at 620°C) [9]. The VID
process holds the source at 800°C and the glass at 600°C. The PVD growth uses the lowest
temperatures, with the deposition performed at 200°C.

Studies have shown that Oy can alter the characteristics of thin-film CdTe during
growth. Without Oy, the CdTe grains are very large, and there are gaps between the grains,
often called pinholes, that can go from the free CdTe surface to the CdS film [10]. These
pinholes are known to create shunt paths during some back contact processes [9]. O, pro-
duces a denser film by stimulating the growth of smaller grains in the film. Oxygen is also
known to provide significant benefit during the post-growth treatment with CdCl,. How-

ever, the reason for these benefits are not clear.
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1.3.1.2 CdCl; Treatment of CdS/CdTe Devices

After the CdTe layer has been grown, the CdCl, treatment is performed. This treat-
ment can be done with either CdCl, in solution or with CdCl, vapor. A typical liquid
CdCl, treatment consists of dipping the CdS/CdTe solar cell in a saturated methanol:CdCly
solution for about 30 s then annealing in an “air-like” ambient (80% Nz / 20% O,) at
400-450°C for 30 min [9]. The typical vapor CdCl; treatment is performed in a vacuum
chamber. CdCl, powder or a glass slide coated with CdCl, is placed in close proximity
to the CdS/CdTe sample, sometimes in a CSS configuration. The CdCls slide is heated in
a He/O, atmosphere for 8 min at 400°C. The vapor CdCl, treatment is considered more
reproducible because the CdCl, dose and atmosphere can be controlled more accurately.
However, the liquid treatment may have industrial advantages because it can be performed
at ambient pressure.

The use of a CdCl, treatment has been shown to be crucial in developing high-efficiency
CdS/CdTe solar cells. CdCl; is unique in its improvement in device efficiency, and other
chloride treatments, such as MnCl;, do not have the same positive effect on device para-
meters as does CdCl, [11]. One of the commonly reported effects of the CdCl, treatment
is the recrystallization of small-grain films such as those produced by CBD-, PVD-, and
MOCVD-grown CdTe [7]. The recrystallized structure has larger grains, which would de-
crease the effect of grain boundaries and reduce the lattice strain. For larger-grain materi-
als, such as CSS- and VTD-grown CdTe, there are significant changes in grain boundaries,
but no evidence of recrystallization [12]. The CdCl, treatment has also been credited with

facilitating the interfacial mixing of the CdTe and CdS layers [7], which may assist with
7
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lattice matching. Recrystallization has been reported in various studies using different
growth methods, while the enhanced interfacial mixing of CdS and CdTe have been ob-
served only in PVD-grown devices [7,13, 14]. Heat treatment alone also leads to improved
device performance, but not to the extent observed following the CdCl; treatment [13, 15].

In one thin-film CdTe study [7], it was noted that the CdCl, treatment increases the
minority carrier lifetime. The minority carrier lifetime, in this case, was measured using
time-resolved photoluminescence (TRPL). This increase in minority carrier lifetime was at-
tributed to a decrease in the deep defect levels, although no direct evidence was presented.
It is interesting to note that the results from TRPL showed an increased minority carrier
lifetime for all samples treated with CdCl,, regardless of whether or not the samples re-
crystallized. This suggests that the improvement in device performance following a CdCl,
treatment is primarily due to changes in material properties beyond the often-observed

structural modifications.

1.3.1.3 Back Contact Processes

Forming a back contact on a CdTe device is complicated by the difficulty in mak-
ing ohmic metal contacts to p-type CdTe. For the case of simple Mott-Schottky theory,
whether a metal contact forms an ohmic contact or a barrier to a semiconductor depends on
the work function of the metal, ¢,,, and the work function and electron affinity of the semi-
conductor, ¢, and x,, respectively (note that interfacial reactions and Fermi level pinning
may negate these simple rules of Mott-Schottky theory). When a metal is connected to a

semiconductor, band bending occurs [16]. Figure 1.3 shows the band bending for a p-type
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Figure 1.3. Metal-semiconductor (MS) diodes for p-type semiconductors. (a) For the case
o, ¢, the metal forms an ohmic contact to the seimconductor. (b) For the case ¢,,,«¢, the
metal forms a barrier for holes.

semiconductor for the cases ¢,, » ¢, and ¢,, < ¢,. For the case ¢,, » ¢, (Figure 1.3a), the
bands in the semiconductor bend up, allowing holes to flow into the metal, thus forming an
ohmic contact. For the case ¢,, < ¢, (Figure 1.3b), the bands in the semiconductor bend
down, creating a barrier to holes. CdTe has large values of ¢, and x,, and most metals
satisfy the condition ¢,, « ¢,. Hence, most contacts to p-type CdTe are expected to form
barriers.

The back contact processes that have been developed for CdTe are designed to reduce
the downward band-bending in CdTe so that the barrier to holes is reduced and current
can be collected. There are three basic approaches, which are shown pictorially in Figure
1.4: (I) Dope the back of the CdTe with a p-type dopant, such as Cu, which reduces the
band bending in the CdTe; (II) Create a layer with a smaller band gap, which narrows the
barrier and reduces the barrier height; (III) Create a highly-doped layer of another material
with a matching valence band, such that no band-bending occurs in the CdTe layer, but
occurs instead in the subsequent layer, producing a narrow but steep barrier to the metal.

Strategy (I) can be used alone, but is typically incorporated in conjunction with strategy

9
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Figure 1.4. Schematic drawing of the band diagram for CdS/CdTe solar cells using differ-
ent back contact strategies. (a) No strategies used; (b) strategies I and IJ, to use an etchant
and to dope the back; (c) strategy 111, to use a material with matching valence band.

(ID); for these two strategies, the holes are collected via thermionic emission [17, 18]. In
approach (III), holes are collected primarily by tunnelling through the narrow barrier into
the metal [19]. Although a wide variety of processes are used to produce psuedo-ohmic
back contacts for thin-film CdS/CdTe PV devices, they all fall into method I, III, or a
combination of I and II. Representative details of all processes (except for those by the
Industrial VTD partner) are listed in Table 1.1, which is reproduced from Reference [20].
The deposited Colorado State University (CSU) and evaporated University of Toledo
(UT) contacts are the only methods that rely solely on CdTe doping to create a good contact.
For these — and, in fact for nearly all contact processes — Cu is used as the dopant, which
can form Cugy, a relatively shallow acceptor [21], which can serve to narrow the barrier to
holes. The use of Cu as part of the back contact process dates back to work by Nakayama
et al [22], where the CdTe was dipped into a hot Cu ion solution. Studies have shown that

including Cu in the back contact, up to a certain amount, improves device performance,

10
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but “too much” Cu can decrease the device efficiency [23,24]. This decrease in device
performance is presumably due to either formation of shunt paths, an insufficiently wide
depletion width, formation of acceptors in CdS, or the formation of compensating defects

in CdTe (i.e., formation of Cu-related donor levels in the CdTe) [25, 26].

Anneal (Post CdCl,) Etch Contact

CSU - deposited (I) 400°C, 2 min — Vapor deposition of Cu compound,
Spray C/Ni

UT - Evaporated (1) - - Evap. 3 nm Cu, 20 nm Au,
150°C/45 min air

IEC - Evaporated (1, IT) H, + Te Vapor - Evap. 2 - 10 nm Cu, HT 200°C, C
Ink, 100°C anneal

Canrom - Paste (I, II) 420°C NP Cu evaporation, Graphite/Ag paste

NREL - Paste (I, II) - NP Paste C:HgTe:CuTe, 260-280°C 25-
30 min He, Ag paste

USF - Paste (I, IT) 400°C, 25 min 0.01% BrMe | Paste C:HgTe:CuTe, 260-280°C 25-
30 min He, Ag paste

CSM - ZnTe (III) 410°C 30 min Ar 0.015% BrMe | 0.7 nm Cu, 50 nm ZnTe, 220°C 4
min, 50 nm Au, cool

NREL - ZnTe (III) - - Ar ion beam, RF sputter ZnTe:Cu
(360°C), Ti (DC sputter)

UT - ZnTe (IIT) - - RF sputter ZnTe:N, HCL etch, DC
sputter Ni, 200°C in air

Table 1.1. Different back contact processes used at various institutions. Parentheses indi-
cate whether method I, II, or III is used to make good contact.

All paste contacts and the IEC evaporated contact use both CdTe doping and the for-
mation of a thin layer with smaller band gap to improve the back contact collection. The
IEC evaporated contact uses an anneal step in Hy + Te that serves to remove oxides as well
as to create an elemental Te layer at the back of the contact. When Cu from the contact
step diffuses from the paste, some will create Cucy acceptors in CdTe, but some will also
combine with the Te layer to create a distinct Cu,Te; ) layer (E;, = 1.3 eV). The paste
contact processes also create a CuTe layer, but it is achieved by first chemically etching the

CdTe to create a Te-rich layer on the CdTe back surface [9,27-29], and then applying the
11
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paste, which includes Cu. The commonly-used etches are nitric phosphoric acid (NP) and
0.5 - 3% bromine methanol (BrMe). The thickness of the Te layer (or Te-rich layer) is
roughly 10 nm for the BrMe etch [30,31] and »100 nm for the NP etch [32]. The NP etch
also etches along grain boundaries, leaving them Te-enriched. Many benefits have been
ascribed these etches, including a change in the surface pinning of the Fermi level when
metals are contacted to CdTe [27], decrease in the contact resistance when the contact is
formed after etching [32], removal of CdCl, residues, and reduction of the CdTe thickness.
The NP etch also increases the surface area of the CdTe (increases surface roughness),
which reduces the overall resistance of the contact, even when the specific resistance (2
cm?) is unchanged.

The ZnTe contact processes make use mostly of the matching valence band strategy,
although it is presumed that there is some Cu doping in the CdTe for these processes. The
CSM processes uses a light BrMe etch, mostly to remove CdCl, residues, and the NREL

process uses ion beam milling prior to contacting to start with a clean surface.

1.4 Fundamentals of Solar Cell Operation

In solar-cell technology, the key to affordability is the reduction in the cost per kWh.
There are two different approaches to reduce the cost per kWh: (1) decrease the cost of
production, or (2) increase the efficiency of the solar cell, which increases the kW rating.
Ideally, both strategies should be used to minimize cost. Thin-film technology uses thin
(2-8 pm absorber layer) polycrystalline materials that are cheaper to produce than their

single-crystal counterparts. This reduction in cost, however, is not enough to reduce the
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cost per kWh to the point where solar cells can compete with other (nonrenewable) sources
of energy. Thus, the efficiency of these devices must be increased such that solar energy
can compete in a consumer market.

The efficiency of a solar cell is determined by 77 = F,,;/ P;,, Where P,,; is the electri-
cal power generated per unit area and P, is the power density of the solar insolation. The
value for P, is well-defined for earth-orbiting satellites, but varies considerably for terres-
trial applications. In space, the solar insolation outside the earth’s atmosphere (at the mean
earth-sun distance) is referred to as air mass zero (AMO) radiation, and is shown in Figure
1.5 (from Ref. [33]). This radiation intensity is not quite the same as for the case of an
ideal black body emitting at 6000 K. At the earth’s surface, the solar radiation intensity
is reduced from AMO due to scattering and absorption that occur in the atmosphere [34].
The amount by which the radiation is reduced will depend on the length of the optical path
through the atmosphere, which depends on the sun’s location in the sky (this will be de-
termined by the time of day, time of year, and latitude of the observer). When the sun is
directly overhead at sea level and without clouds, the radiation will be at a maximum; this

is referred to as air mass one (AM1) radiation. When the sun is at other locations in the

1

sky, the air mass is defined as air mass =
cos

where 6 = 0 corresponds to the sun being
directly overhead. For terrestrial applications, AM1.5 (48° from overhead) has been es-
tablished as the standard solar insolation (see Figure 1.5), and this corresponds to a power
density of P;,, = 100 mW/cm? [33].

The output power density, F,,;, of the solar cell is determined from the current-voltage

(JV) characteristics of a solar cell, as shown in Figure 1.6. Note that the maximum F,,; is

13
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Figure 1.5. Spectral distribution of sunlight for the cases AMO and AM1.5. Also shown
is the radition from an ideal black body at 6000 K.

Prax- The maximum power can also be determined by the standard JV parameters J,., V.,
and FF (fill factor) by Ppax = Jmax * Vinax = Jsc * Voo * F'F, where I, is the short-circuit
current density (V=0), V,. is the open-circuit voltage (J=0), and FF = J,0x Vinax/ JscVoc-
The ideal diode equation for solar cells has the form:

J = J,(edVAT 1) — Jp, (1.1)
Here, J; is the photocurrent, or current that is produced when light excites electron-hole
pairs close to the junction that can be collected (see Figure 1.7); J, is the reverse saturation
current of the diode; and A is the diode quality factor (or diode ideality factor), where an
ideal diode has A =1 (1 < A < 2). Using the definitions that J,. corresponds to V = 0 and

Ve corresponds to J =0,

Joo = —Jp, (1.2)
and
Ve = ﬂln <£ + 1) (1.3)
q Jo
14
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Figure 1.6. Typical J-V curve, showing the standard parameters used for performance
evaluation.

When striving to increase efficiency, effort is directed at increasing the photovoltaic
parameters J,., Vo, and FF. All of these parameters are affected by defect states in the

solar cell material.

1.4.1 The Impact of Defects on Device Performance

Defects are usually classified as shallow, deep, or intermediate. Shallow defects are
defined as defects within a few k7" of the band edge, such that a hole [electron] from an
acceptor [donor] has a high probability of being thermally excited into the valence [con-
duction] band at typical device operating temperatures. Deep defects, sometimes called
mid-gap defects, are located near the middle of the band gap and typically act as recom-
bination sites for electrons and holes. Intermediate defects are any defect with ionization

energy between that for shallow and deep levels.
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Figure 1.7. Schematic drawing of the photocurrent, J;, produced when light is incident
on a p-n junction. Also represented is the recombination current, Jr, produced when an
electron and hole pair recombine at a mid-gap state within the junction.

1.4.1.1 Shallow Defects

When discussing shallow defects, one must look at both donors and acceptors. The
relative effects of a donor or acceptor will depend on whether the semiconductor is n- or
p-type. For simplicity, consider the case of a p-type semiconductor. An increase in the
number of shallow acceptors will increase the number of holes in the valence band and
increase the carrier concentration. If all other factors are held constant, this will decrease
Jo (the reverse saturation current of the diode). From equations 1.1 & 1.3, a decrease in
J, will increase V,,. but leave J,. unchanged, and the efficiency of the device will increase.
Com)ersely, a shallow donor level added to p-type material will increase J,, which lowers

V¢, and reduces device efficiency.
1.4.1.2 Deep Defects

Deep (mid-gap) defects in the junction region act as recombination centers for holes

and electrons (see Figure 1.7). This causes a recombination current, Jg, in the direction
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opposite to the photocurrent, and this recombination current is added into the ideal expres-

sion for total current given in Equation 1.1:

J = J,(eV 4T _ 1) + Jp — Jp, where Jg = J/(e?V/24KT _ 1) (1.4)
or
J = J, (e _ 1) 4 J/ (e?V/2AT _ 1) — (1.5)
where
Jr = —Jec (1.6)

Note that J; = 0 at V = 0, so in theory J, is not affected by the recombination current
(in reality, however, there may be a change in the depletion width, which would affect J,.).
The V.. will be slightly affected by the presence of a recombination current. Solving
Equation (1.5) when J=0:

0 = JetVee/AKT _ J 4 JetVoe/2AKT _ g* _ J; (1.7)

0= quoc/AkT % (Jo + J(I)e—quc/ZAkT) _ Jo _ J(’) _ JL

- Jo+ J'e—aVoc/2AkT
o

¢@Voc/AKT Jo+Jo+ J,

Hence, the expression for V. with recombination current is:

AkT < Jo+ o+ J, >
= In

Voo = q J, + J(l)e—quc/QAkT (1.8)

It is important to note that, while J;, is the order of 10 mA/cm?, J', and J, are typically

the order of 1077 - 10~ mA/cm?. Thus, the numerator of the parentheses changes very
/

little with increasing J, but the denominator increases as J) increases, which slightly lowers

the overall V..
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The current-voltage parameter that will be most effected by the recombination current
arising from deep (mid-gap) defect states is the FF. The shape of the bend in the JV curve
(Figure 1.6) is influenced by the diode ideality factor, A. For A values close to 1, the bend
of the curve is fairly “square,” producing large values for J,,,o, and V,,,,. However, larger
values of A will cause the curve to be less “square” and the values for Jq, and V,,...
will be smaller. The A factor is governed by the types of recombination occurring in the
device. As the amount of recombination via mid-gap states increases, the value for A will

also increase, which will cause losses in FF (FF = PaxVinax/ JscVoc)-

1.4.1.3 Intermediate Defects

Defects with activation energies intermediate to the shallow and deep defects have
some probability that they will ionize to the band, adding to the V. and J,., and some
probability that they will act as recombination centers, decreasing V,.. Although both
ionization and recombination can occur for intermediate defects, the relative probability of
the two mechanisms will depend on the ionization energy of the defect. A defect with
energy closer to that of a shallow defect (smaller ionization energy) will be more likely
to ionize than to act as a recombination center. Conversely, a defect with energy closer to
mid-gap (larger ionization energy) is more likely to act as a recombination center than to
ionize to the band, and would tend to lower FF and V..

Defects in a solar cell can greatly influence its efficiency, and hence identification
of such defects is important. Identifying a defect is a key step to potentially increasing

device efficiency. This defect must also be related to solar-cell performance and linked
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to the process that introduced this defect. If the defect proves to be detrimental to device
operation, then it may be necessary to change the process to eliminate or mitigate that
defect. Although it is nontrivial to change the processing techniques to remove a defect
without harming performance through some other mechanism, it is important to take that

first step and identify the defects introduced by that process.
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Chapter 2

Photoluminescence (PL)

2.1 The Basics of PL

Photoluminescence (PL) is a technique which is commonly used to study defect
states in semiconductors, and is the primary measurement used in this thesis. Although
the interpretation of PL can be quite complicated, the basic concept of how it works can
be explained using conservation of energy and momentum. CdTe is a direct band gap
semiconductor, which means that its conduction band minimum (CBM) and valence
band maximum (VBM) both occur at £ = 0, as shown schematically in Figure 2.1,
where Ak is momentum. When light with energy E > E, is incident on a semiconduc-

/

Conduction Band

E

Valence Band

Figure 2.1. Energy versus momentum plot of the conduction and valence bands for a
direct band gap semiconductor.
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tor, the energy from one photon may be transferred to one electron. The energy from
the photon gives the electron enough energy to be excited into the conduction band,
leaving a hole in the valence band. The electron in the conduction band and hole in the
valence band are collectively referred to as an electron-hole pair. After the electron-
hole pairs are excited, they will recombine in order to obtain a lower-energy state. This
recombination can occur via a variety of paths, the simplest of which is band-to-band
recombination. However, let us consider the case where an electron moves from the
conduction band to a state within the gap. As the electron makes this transition, the
electron loses energy. This energy must be transferred to some other particle, typically
either a photon or a phonon. Transitions that emit photons are referred to as radiative
processes, and transitions that emit only phonons are nonradiative processes. Addi-
tionally, there are some transitions that emit both photons and phonons.

Because CdTe is a direct-bandgap material, the electron transitions will occurat k = 0
(see Figure 2.1), thus the total momentum of all particles created during the transition must
add to zero. At energies on the scale of 1 eV, a photon has momentum ik = E/c ~
10727 kg*m/s and a phonon has momentum hk = E/Vsuna ~ 10722 kg*m/s. Since the
photon momentum is 5 orders of magnitude smaller than that for a phonon, its momentum
can be approximated as zero, and the phonon will have non-zero momentum. Hence,
any transition that emits phonons must create more than one phonon to satisfy k,e: = 0,
whereas only one photon is required to conserve both energy and momentum. The energy

of this one photon is equal to the change in energy, or transition energy, of the electron:
Ephoton = AEelectron (21)
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where AE jectron 1S the transition energy. Examples of these types of transitions are band-
to-band recombination and band-to-defect recombination. Band-to-band transitions, as
the name suggests, occur when an electron in the conductions band moves directly to the
valence band to recombine with a hole. Using Equation 2.1, the photon energy of band-to-
band recombination is:
Band-to-band: Eppnoton(B) = Ey (2.2)
where E, is the band gap of the material at the measurement temperature.
Band-to-defect transitions occur when either an electron in the conduction band tran-
sitions to an acceptor state (CB-A) or when an electron from a donor state transitions into

the valence band (D-VB). The photon energy for these transitions can be written as:

CB-A: Ephoton(CBA) = Eg - Ey (23)

D-VB: Ephoton(pvs) = Eg — Ep (2.4)
where E4 and Ep are the activation energies of the donor and acceptor (energy measured
from the valence and conduction band, respectively). These donor and acceptor states can
be due to a single defect, such as the direct substitution of Cu on Cd in CdTe (written as
Cucy), or they can be what are referred to as defect complexes. A defect complex is com-
prised of at least two defects that are formed in neighboring lattice sites and have a strong
binding energy, such that it is difficult to separate the two defects. When this occurs, the
two bound defects will act as one defect. These strong binding energies usually require
that one defect have a net negative charge and the other have a net positive charge. How-
ever, isovalent defects can also combine with other species to form a complex, provided
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the atomic radius of the substituting species is much different than the atom for which it is
substituting. One example of a defect complex seen in CdTe is what is commonly referred
to as the chlorine A-center, or Vou-Clre. If these two species acted separately, Vg would
act as an acceptor (net positive) with £4 = 130 meV and Clr, would act as a donor (net
negative) with Ep = 350 meV [21]. The resulting complex is expected to be an acceptor
state with 4 = 140 meV [21,35].

A transition between a donor and an acceptor has a slightly different energy than that in
Equation 2.1. In this case, there is an energy arising from the coulomb interaction between
the negatively-charged donor and the positively-charged acceptor states, and this must be

accounted for with energy conservation. For a donor-acceptor pair (DAP) transition,

qA4qD
4mer

Ephoton(paP)y = Eg — Ep — Ea — (2.5)
where g4 and gp are the charge of the acceptor and donor, respectively, and r is the spacing
between the charges. Note that qp < 0 and q4 > 0, making the coulomb interaction
energy term add to the transition energy, which usually increases the energy of the PL
transition by a few meV. Since the coulomb interaction energy depends inversely on the
spacing between defects , this term will play a larger role when the two defects are closer
in proximity to one another.

Another type of transition is the exciton. Excitons are formed only at low tempera-
tures, and can be free or bound to an atom in the lattice. A free exciton (FE) is created

when a hole from the valence band and an electron from the conduction band begin to or-

bit one another, which reduces the energy between the electron and hole by the energy of
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the coulomb interaction between the two. The exciton state is unstable, and the electron
and hole will quickly recombine, giving off a photon. The principle behind a bound exci-
ton (BE) is similar, except that either the electron is bound to a neutral donor or the hole is
bound to a neutral acceptor. In the case of a donor-related BE, a hole orbits around the neu-
tral donor and electron. In the second case, an electron orbits around the neutral acceptor
and hole, creating an acceptor-related BE. In both the donor-related and acceptor-related
cases, the bound exciton would have a transition energy this is lower than that for the free
exciton. This occurs because there is also some binding energy between the atom and the
electron or hole orbiting it, and the free exciton energy will be reduced by this amount.
The general expression for an exciton transition is:

Exciton: Eppoton(Eec) = AFeqc (2.6)
The value for AFE,,. for a free exciton can be calculated rather easily since it is simply the
difference between the band gap and the coulomb interaction between the hole and electron.
Using a quasi-hydrogenic model (see Appendix A), the calculated coulomb interaction
energy between the electron and hole in CdTe is 12 meV, so that Erg = 1.593 eV at4 K
(CdTe E, = 1.606 eV at 4 K). It is not as straightforward to calculate the transition energy
of bound exciton states since many lattice points exist for binding.

Photoluminescence measures the spectrum of photons produced when the excited elec-
trons recombine with holes, and the energy at which the peaks occur is an indication of the
types of transitions taking place during this recombination process. Figure 2.2 shows the
possible types of PL transitions. The types of transitions seen in PL depend greatly on the
temperature at which PL is taken. For example, at room temperature, the PL is typically
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dominated by band-to-band recombination because all the shallow impurities are ionized
[36]. The resulting room-temperature PL. would show a broad peak centered at approxi-
mately the room-temperature band gap. However, at sufficiently low temperatures, carriers
are frozen on impurities, making it possible to observe transitions to and/or from these de-
fects in the PL signal. There are certain transitions, including one discussed at length in

this thesis, that are only seen at temperatures of less than 40 K.

CB — $
1 l A 2% Laser
CB-A Light
BE FE NN\
D-VB DAP
AN &,
A 1 P

VB

Figure 2.2. Schematic drawing of possible radiative transitions that can occur when ex-
cited electron-hole pairs recombine.

Figure 2.3a shows examples of the types of transitions that may be observed in PL.
Each transition has a Gaussian-like distribution centered at the PL energy. This shape arises
from the fact that each defect is not discrete, but has a Gaussian distribution of possible
energies. PL measures the photon energies given off during the various transitions that
occur after laser excitation. The excitonic PL transitions FE and BE are close to the band
gap of 1.606 eV (at 4 K in CdTe), whereas the transitions involving a donor and/or acceptor
have energies significantly less than the band gap. In general, the D-VB, CB-A, and DAP

transitions could have any energy less than that for excitons, and the peaks in the PL signal
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are not necessarily in the order shown in Figure 2.3a. Note that the D-VB transition in this
figure exhibits peaks shifted by an integral number of longitudinal optical (LO) phonon
energies. These shifted peaks are referred to as LO phonon replicas (see Section 2.2). In
principal all transitions could have phonon replicas. For clarity, they are only shown here
for one transition. The main transition, labeled as D-VB, is often referred to as the zero
phonon line (ZPL). Figure 2.3b is the PL signal corresponding to the transitions shown in

Figure 2.3a, and is the sum of all Gaussian distributions.
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Figure 2.3. Simulated PL transitions: (a) Gaussian distributions of the phonons produced
during possible PL transitions and (b) the corresponding PL spectra.

2.2 Phonon Replicas and the Huang-Rhys Factor

Phonon replicas are manifestations of longitudinal optical (LO) or transverse optical
(TO) phonons produced during the PL process. The exact value of an LO or TO phonon is

characteristic of the lattice parameters of a particular material. In CdTe, only LO phonons
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are observed in PL, with an experimentally-determined energy of £ = hwpo = 21 meV
[37]. At extremely low temperatures, the only phonons observed in the PL spectrum are
those created during the PL-induced transitions, and therefore the phonon replicas will
appear only at lower energies than the zero phonon line (ZPL), or main transition. To put
this another way, at low temperatures, the lattice contains insufficient phonons to allow the
transition to “absorb” a phonon.

The shape of the ZPL and its LO phonon replicas, as well as their relative intensities,
can be quantified by the Huang-Rhys factor, S, which measures the coupling between the
defect and the crystal lattice (see Figure 2.4) [38]. The Huang-Rhys factor is usually
indicative of the type of transition. A small value of S (S < 1) results in a very sharp ZPL
and phonon replicas, and the ZPL has the highest intensity. Small S values are characteristic
of excitonic and shallow defect transitions. Transitions with intermediate S values (1 <
S < 10) still have distinguishable ZPLs and LO phonon replicas, but they are not as sharp
and some of the phonon replica peaks may have greater intensity than the ZPL. These
transitions generally involve defect complexes or intermediate-level defects. For large
values of S (S 2> 10), the ZPL and LO phonon replicas are not distinguishable, and the result
is a broad, smooth peak. Identification of the location of the ZPL for these transitions is
usually not possible. Deep defect states typically have large S values. Another plausible
explanation for a broad, smooth peak is that there are several ZPLs very close together, and

the resulting sum of Gaussian waves is indistinct.
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Figure 2.4. The value for the Huang-Rhys factor, S, determines the sharpness of the
zero-phonon line (ZPL) and its phonon replicas. The two curves have been offset for
clarity.

2.3 Intensity-Dependent Photoluminescence

As the intensity of the incident laser is changed, the intensity of the PL signal will
respond, but not necessarily linearly. Theoretical modeling shows that the mathematical
relationship between PL intensity and laser intensity is characteristic of the type of transi-

tion involved [39]. There is often a basic power-law dependence on the laser intensity:

Ipy, w17

laser

2.7)
The value of p indicates the type of transition. If 1 < p < 2 the transition is likely
excitonic. However, if p < 1 the transition is likely related to a donor and/or acceptor.
These values of p follow from the fact that transitions related to donors and/or acceptors

are constrained by the density of the defect (saturation forces p < 1), whereas excitons
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form almost independent of defect concentration (thus p > 1), although it is interesting
to note that bound excitons will have some dependence on defect concentration and thus
pre > ppe. Although the power law dependence may help eliminate certain types of
transitions, it is not a definitive indicator. Excitonic transitions include both free exciton
and bound exciton transitions. Transitions related to donors and/or acceptors can involve a
DAP, CB-A, D-VB, or countless donor or acceptor complexes. This power-law dependence
holds over laser intensity ranges of roughly 2 orders of magnitude.

Although the power law dependence in Equation 2.7 does not make it possible to
distinguish between a DAP and a CB-A or D-VB transition, there are other ways that the
intensity-dependent PL can suggest the type of transition. A DAP peak will shift to higher
energy with increasing laser intensity. As the laser intensity increases, the number of
photons per area increases, and these photons will tend to excite donors and acceptors that
are closer to each other in the crystal lattice. As this occurs, the distance r in Equation 2.5
(Ephoton(papy = Eq — Ep — E4 — 4442} will decrease, causing the entire fourth term to
increase. Since this fourth term actually adds to the transition energy (qp < 0 and q4 >
0), the PL peak energy will increase with increasing intensity. This shift to higher energies
with increasing laser intensity is often referred to as a “blue-shift.” The CB-A and VB-
D transitions do not have a coulomb interaction, so the PL peak should not shift to higher
energy within a reasonable increase in laser intensity. Hence, the presence of an energetic
shift in a peak with intensity can help support the assignment of a transition to a DAP rather

than a CB-A/D-VB.
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Relevant points of this discussion are shown schematically in Figure 2.5 (log scale),
which is derived from the data in Figure 2.3. In this simulated PL, the p values are as
follows: FE p = 1.5, BE p = 1.2, DAP p = 0.7, CB-A p = 0.6, D-VB p = 0.65. Note
that, with increasing laser intensity, the intensity of the PL signal grows faster for excitonic
transitions (p > 1) than for the donor and/or acceptor transitions (p < 1). Since the FE
has a higher p value than the BE (recall that bound excitons require a defect, and will rely
to some extent on defect concentration), there is some point where the relative intensities
switch position. For the DAP transition, there is a shift to higher energies with excitation,

while the CB-A and D-VB transitions do not exhibit this shift.

Log PL Response [cnts]
L |

1.35 1.40 1.45 1.50 1.55 1.60
Energy [eV]

Figure 2.5. Simulated PL for laser intensities of 1, 2.5, 5, 7.5, and 10 W/cm?. DAP PL
energy shifts with excitation mtensity.

In some instances, a red shift (shift to lower energies) may be observed in intensity-
dependent PL. This can occur when a defect becomes completely saturated and some

of these defects may trap two electrons or holes (doubly excited), which increases the
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activation energy. One example of this is the V¢, defect: for V,;, £, = 130 meV and for

VZ,, E, = 210 meV [21].

2.4 Temperature-Dependent Photoluminescence

Temperature-dependent PL can give supportive information as to the type of PL tran-
sition. In general, a PL transition would be expected to shift to lower energies (red shift)
as temperature increases because the band gap is decreasing. Hence a red shift would be
expected for excitonic and band-to-defect transitions. The DAP PL transition is one excep-
tion to this trend. For the case of a DAP, at sufficiently high temperatures the shallower
defect (donor or acceptor) is ionized, and the DAP transition suddenly becomes a band-to-
defect transition, which has a higher PL transition energy than a DAP transition [40, 41].
This is often referred to as a blue-shift, but it occurs abruptly, unlike the gradual blue-shift
seen with increasing laser intensity (see Figure 2.6, from Ref. [40]). Since hydrogenic
donor levels are shallower than hydrogenic acceptor levels (Appendix A), it is generally
believed that the donor level ionizes first, such that the DAP transition becomes a CB-A
transition. For example, a blue shift with increasing temperature is generally ascribed as a
donor-acceptor pair (DAP) transition.

Many have used temperature-dependent PL to determine activation energy levels. The
intensity of a PL peak is related to the probability that a particular transition will occur.
Probabilities that transitions will occur at certain temperatures can be found by adapting

the equations for the Fermi-Dirac distributions. When only one trap is involved, i.e., CB-A
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Figure 2.6. Example of a DAP that experiences a blue-shift when the donor levels are
thermally ionized at higher temperatures.

or VB-D, this is fairly straightforward.

I(T) 1

- —— (2.8)
o 1+Ce KgT

I and I, are the values of the integrated intensity under the ZPL (I, is the reference value).

The coefficient C and the activation energy E are used as fitting parameters. The best fit

will yield the value of E. When two traps are involved, such as for a DAP, equation 2.8 is

modified to contain two activation energies [42,43]

Inr) 1
Io

= 5 5 (2.9)
1+ Cie 8T + Che *oT

The energies E; and E; must be constrained by the Equation 2.5 (E; + Ey = E; - Epnoton

+ 4—3r2€7)' Although the coulomb interaction term may not be known exactly, it is usually
on the order of a few meV. The smaller of the two energies is generally ascribed to a

donor level. This follows from the hydrogenic defect model, where the activation energy
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is directly related to the effective mass, and the hole effective mass is generally larger than
the electron effective mass.

Recent studies, however, have shown that Equations 2.8 & 2.9 are not accurate for
CdTe at low temperatures (T < 80 K) [44]. In Figure 2.7, taken from Ref. [44], the slope
of the arrhenius plot of three different PL transitions (bands) with temperature is almost
the same, although the activation energies must be very different. Since the slopes in
Equations 2.8 & 2.9 are governed by the activation energies used, it is obvious that these
simple equations do not work for fitting the data in this low-temperature regime. Instead,

all have a slope close to 3/2. A simple change in Equation 2.8 would give:

L,
I =
(T) = 16797 + TP exp(—EJWT)

(2.10)
Note that the T3/2 in this equation not only improves the experimental fit to the data, but it
would also correspond to reasonable approximations of real quantities. The temperature
dependence is governed by the probability of electron or hole capture on an empty site.
This probability is the product of thermal velocity, v (~T'/?), and capture cross section,
o. At low temperatures it is reasonable to approximate that the capture cross section for
electrons and holes will vary as T~2 [45-47].

When dealing with “deep” levels, where exp(—E/kT) < 1 or E 2 50 meV, Equation
2.10 is dominated by the capture cross sections (T3/2 term), and the fit should result in a line
with T3/2 dependence. This explains why only shallow defects can be fit accurately with
temperature-dependent PL techniques. Therefore, the temperature-dependent PL data for

transitions with defects > 50 meV will not be fit, but will be examined for general trends.
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Figure 2.7. Measured temperature dependence of the PL intensity for peaks at 1.08 eV,
1.17 eV, and 1.4 ¢V in CdTe, plotted as log[I,/I(T) - 1] vs. log(T). The lines through the
experimental points are drawn as visual aids only. The straight line with slope m = 3/2 is
included for comparison.

2.5 Luminescence Studies on CdTe

The first photoluminescence study on CdTe was published in 1959 by D. de Nobel
[48,49). These measurements utilized a Hg lamp as a light source, which was passed
through a CuSQ, solution to select infrared radiation for the excitation beam. The PL
spectrum was taken using a quartz monochromator in conjunction with a photomultiplier
tube. All measurements in that study were performed at 77 K.

In the nearly 50 years since the first PL studies, technology has advanced so that these
experiments are much easier and less time-consuming to perform. The wide-spread avail-
ability of lasers makes it possible to use excitation light of a well-known wavelength. Elec-
tronics such as charge collection devices (CCDs) in conjunction with computer interfacing

have made the collection of the PL spectrum very simple and fast. In addition, improve-
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ments to the closed-cycle gaseous helium expander/compressor have made low tempera-
ture measurements much more convenient. Although the technology surrounding PL has

changed, the basic approach used by de Nobel is still being used today.

2.5.1 Single-Crystal CdTe Studies

Since Cu and Cl are routinely incorporated into single-crystal IR detectors as well as
thin-film CdTe solar cells, there have been many photoluminescence and cathodolumines-
cence (CL) studies on Cu and Cl defects in single-crystal CdTe (CL will be discussed in
Chapter 3). However, few of these studies that examined the intermediate-level (1.3 — 1.55
eV) and deep-level (< 1.3 eV) PL regions are conclusive. Instead, many of the more thor-
ough studies focus on the excitonic levels and shallow defects [42,50]. These tend to be
easier to interpret, as these transitions are sharp and well defined, whereas the lower-energy
peaks tend to be broader and involve many phonon replicas, which makes it difficult to
identify the primary transitions. Additionally, reported CL studies on Cl-related deep ac-
ceptor states [35,51,52] were performed at 77-80 K. This temperature range was used for
these studies because historically it was convenient to take PL and CL at liquid nitrogen
temperatures. PL on CdTe has been routinely measured at liquid helium temperatures for
only the last 10-15 years, and CL has only recently been performed at these low tempera-
tures. As will be shown later, PL measurements at liquid helium temperatures are crucial
to observing certain PL transitions.

There is much confusion in the literature over the defect assignment of intermediate-

level defects in crystalline CdTe. One example is the assignment for a peak near 1.45 eV
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in the low-temperature (2-10K) PL spectrum. This peak is typically seen as a broad defect
band centered at 1.45 eV, with phonon lines indistinguishable from the ZPL. This peak
centered at ~1.45 eV has been seen in Cu-containing samples, indicating that this peak
may be caused by a Cu-related acceptor state [42,53]. Some publications suggest that the
1.45-eV peak originates from recombination at oxygen-related acceptors [54, 55]. Others
claim that there is more than one emission that contributes to the PL signal in the 1.3 to 1.5
eV region [56,57]. This peak has also been attributed to the acceptor complex Clr.-Vey,
often referred to as the Cl A-center. Yet another study claims that a peak at 1.454 eV is a
donor-acceptor pair (DAP) involving both Cu and CI [58]. Resolution of these conflicting
interpretations has been a motivating factor for the current work.

The relatively unknown link between PL peaks and defect-related transitions in CdTe
is in stark contrast to other materials, such as GaAs, where the single-crystal PL has been
so well characterized that there are reference books published with the known peaks and
their related transitions. The difference is in part due to the difficulty in growing very pure
CdTe. Since there are a large number of impurities in CdTe, it is difficult to distinguish
between changes in PL that arise from something done intentionally and those arising from
an unintentional activation of impurities present in the as-grown crystal. Another problem
is that CdTe is a material that forms compensating defects during doping. This means that,
as CdTe is doped with a species designed to make it p-type, unintentional defects sponta-
neously form, which can be n-type or, more typically, mid-gap and act as recombination
sites rather than as current carriers [21,59]. These complications are likely one reason

why very few systematic studies are available in the literature. In some studies, more than
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one variable has been introduced. One example of this is the study by Grecu et al., in
which the Cu diffusion was performed in an oxygen-containing atmosphere, but the study
did not separate the role of oxygen during defect assignment. And yet another problem is
that many people appear to believe that PL from CdTe is well understood and thus believe
that there is little more work to be done on single-crystal CdTe. However, a review of the
literature shows that many of the peak assignments are tentative at best if they are given at
all. In most cases, the authors have made no attempt to identify the locations of the ZPLs
of broad-band peaks, let alone make a defect assignment. A systematic study is needed to
separate the possible sources of the intermediate-level defects — Cu, Cl, O, or some com-

bination — so that a distinct assignment can be made.
2.5.2 Photoluminescence on CdS/CdTe Solar Cell Materials

Relatively few PL and CL studies have been performed on thin-film CdTe, and virtu-
ally all have been done in the context of CdS/CdTe solar cells. Most studies focus on the
effects of the CdCl, treatment on the PL spectra. These studies observe a peak at 1.45-1.46
eV, which has been attributed to the V4-Clp. complex [60-62]. These studies range from
looking at the PL after the thin-film CdTe is exposed to Cu, Cl, and O (or some combi-
nation) to studies looking at the effect of annealing atmosphere during a CdCl, treatment.
However, none of these studies included untreated samples (i.e., as-grown thin-film CdTe
that should contain little Cl).

Figure 2.8 shows the PL signal on as-grown (untreated) pX thin-film CdTe as com-

pared to nominally undoped sX CdTe. One glaring difference between the PL signals is
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the presence of a peak at 1.456 €V in the thin-film CdTe that is not readily apparent in the
undoped sX CdTe. This peak is almost identical to the PL signal seen by Valdna [60], but
it was not necessary to use the CdCl, treatment to form this PL peak. It is likely that the
origin of this transition is a defect formed during the thin-film growth process, which typi-
cally includes intentional oxygen as well as unintentional Cu impurities, as was discussed
in Chapter 1. This peak at 1.456 eV will be the primary focus of investigation for this

thesis.
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Figure 2.8. PL on nominally undoped single-crystal CdTe (thick line) and on as-grown
thin-film CdTe (thin line).

To understand the complicated phenomena occurring during device processing, one
should look at the possible species present during the thin-film processes and then attempt
to recreate these PL signatures in carefully controlled single-crystal CdTe samples. When

this is done in a systematic way, it is possible to make reasonable defect assignments.
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2.6 PL Experimental Setup

PL measurements were performed at 4.5 K in a closed-cycle He cryostat. A schematic
of the experimental setup is shown in Figure 2.9. The 632.8 nm line of a HeNe laser were
used for excitation (beam size: d = 500 um, A = 0.2 mm?). The intensity of the laser
line was varied from 0.5 — 10 W/cm? using a neutral density (ND) filter wheel. A 695-nm
long-pass filter was uséd to avoid second order lines from the laser. PL data were collected
with a spectrograph (500-um slit and 600-grooves/mm diffraction grating) and a CCD with
512 pixel resolution. ND filters were used to avoid saturating the spectrograph, and the
data were later corrected for the ND filters as well as for the response of the spectrograph.
Spatial-variation PL was done on several samples to examine how PL varies across the

surface of the sample. Additionally, intensity-dependent PL was performed at 4.5 K and
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Figure 2.9. Schematic drawing of PL setup.
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temperature-dependent (10 — 100 K) PL data were taken with a laser intensity of 0.5 W/cm?.

All PL data were fit using multiple-peak-fitting algorithms available in Igor Pro. When
PL peaks are sharp, the fit results can be as accurate as =1 meV. Transitions red-shifted by
integer values of 21 meV from the next highest transition are generally ascribed as phonon
replicas, and the transition with highest energy in these series is assigned as the zero phonon
line (ZPL), as can be evidenced in Figure 2.4 from Section 2.2. All cited energetic peak

locations are given based on results from the best fit to PL data.

2.6.1 PL Counts: Using Absolute Versus Arbitrary Units

Most papers publishing PL data display the PL counts as arbitrary units rather than as
absolute numbers. Others even use one of several normalization methods, one of which is
to set the free exciton peak intensity to 1000. The problem with using arbitrary units and/or
normalization methods is that some PL changes relating to different sample preparation
may be obscured. The main argument in favor of using arbitrary units is that PL variation
over the sample is so large that it is almost impossible to state the correct PL signal with
any accuracy. This idea was tested by taking PL at various spots on the CdTe sample
(spatial-variation PL).

Spatial variation PL data was taken on single-crystal CdTe that was either as-received
or had received a BrMe etch (Figure 2.10). The data show that the response of a particular
peak may vary by a factor of 2-3 across a sample. The intensities of the excitonic and near-
band edge transitions tend to vary more across the sample than those from the lower-energy

transitions. The reason for this difference is unclear, although it may be that excitons and
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Figure 2.10. Variation of PL over the surface of one single-crystal CdTe sample: (a) as
received and (b) with a 1% bromine methanol etch.

shallow defects are more surface-dependent than the intermediate and deep levels. These
results cast doubt on the method of normalizing the PL signal to the exciton peak, since it
varies more over the sample. It is apparent that for all types of transitions the difference of
a peak’s intensity across a surface is less a factor of 5. Since this is true for PL signals the
order of 10% - 10%, this is a relatively low noise-to-signal ratio. As long as this variation over
one sample is taken into consideration, then absolute units can be used for PL counts. For
all PL data shown in subsequent chapters, shifts in peak intensity from separate samples that
differ by less than half an order of magnitude are considered not of appreciable significance,
and results that differ by one order of magnitude or more are considered to be due to

differences resulting from the experimentally controlled parameters.
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Chapter 3
Supplementary Experimental Techniques and Theoretical

Calculations

3.1 Cathodoluminescence (CL)

Cathodoluminescence is a technique that is similar in many ways to photolumi-
nescence. It utilizes a scanning electron microscope (SEM) that sends a beam of high-
energy electrons into the sample. Because each high-energy electron can produce
many electron-hole pairs, the CL signal is much more intense than a PL signal. The
electron-hole pairs recombine via similar pathways as those discussed in Section 2.6.
The unique capabilities of CL include its ability to spatially map the radiative recom-
bination over the sample (mapping CL) and to probe different depths in the sample
(depth-profiling CL).

Depth profiling can be performed by varying the energy of the electron beam when
it is incident on the top of the sample (plan-view) or by performing a scan along a
cleaved edge of a sample (edge-view), as shown pictorially in Figure 3.1. Increasing
the energy of the electron beam enlarges the size of the probing region, represented as
an oval in Figure 3.1, while scanning along a cleaved edge is generally performed at a
constant e-beam energy and thus a constant probing region size.

Plan-view CL (varying the energy of the electron beam) is the most commonly-

used configuration of CL measurement, and there are several advantages to this method.
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Figure 3.1. Schematic drawing of depth-profiling cathodoluminescence: (a) plan view
and (b) edge view CL.

First, plan-view CL is not inherently destructive, although it would require a free film
surface. Second, this is the orientation used for mapping, so it would be possible
(although tedious) to measure the depth profile over the entire surface of the sample
and examine variations with, for example, grain boundaries. Unfortunately, there are
some challenges in interpreting data taken in the plan-view configuration. As the en-
ergy of the electron beam increases, the relative size of the CL probe region increases.
This larger sampling region would include some near-surface transitions as well as
those deeper in the sample, and it would be difficult to separate these in the CL spec-
trum. An additional challenge comes when interpreting intensity-dependent CL data.
With higher energies (intensity of the signal), the CL will change based on two fac-
tors: (1) the CL signal should increase due to the higher intensity of the signal, similar
to intensity-dependent PL; and (2) the CL will not be probing the same regions as at

lower energies because of a larger sampling region.
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Edge-view CL has the advantage that CL can be taken at different depths without
changing the energy of the electron beam. However, there is the drawback that the sam-
ple must be cleaved in vacuum to reveal a clean edge (destructive to solar cell devices).
An additional problem was revealed in the single-crystal CdTe studies related to this work.
Figure 3.2 shows spatially-resolved CL over a mechanical defect caused by cleaving. The
CL response is displayed at energies corresponding to peak locations in the line-scan CL,
which looks similar to a PL spectrum. The response of these peaks varies widely, and is
dependent on whether or not there is a mechanical defect present. Note that at some wave-
lengths, there is a PL response within the mechanical defect. This difference is not apparent
in all semiconductors. In GaAs, for example, there is no CL signal from a mechanical de-
fect, regardless of wavelength. Although this variation in CL response is interesting and
has some other possibly useful applications (such as distinguishing phonon replicas), the
implication is that depth-profiling scans via edge-view CL are not a wise way to track diffu-
sion parameters in single-crystal CdTe since there are likely to be many mechanical defects
along a cleaved edge. Thus, the method of taking CL from the top of the sample (Figure
3.1a) and increasing the electron-beam energy is the better method of probing deeper into

single-crystal CdTe.

3.2 Surface Analyses

Since photoluminescence is sensitive to the first 0.5 xm and strongly affected by sur-

face conditions, surface analysis techniques were performed collaboratively (see acknowl-
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Figure 3.2. Spatially-resolved CL for single-crystal CdTe. (a) SEM image of cleaved
CdTe with mechanical defect. (b) CL response of specific wavelengths over the same area
displayed in the SEM image.

edgements) as complimentary techniques to help understand changes in the surface chem-
istry and morphology and how this might relate to the changes in the PL signal. Tech-
niques used in this study include: x-ray photoelectron spectroscopy (XPS), ultraviolet pho-
toelectron spectroscopy (UPS), Auger electron spectroscopy (AES), scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM). All techniques except AFM were
performed under ultrahigh vacuum (UHV) of 10~® Torr. The surface studies looked not
only at the samples prepared exclusively for PL, but also were used to study the thermody-

namics of Cu diffusion in UHV.
3.2.1 X-ray and Photoelectron Spectroscopy (XPS)

The techniques of XPS and UPS are very useful in understanding the surface of sam-

ples. A diagram of how XPS works is shown in Figure 3.3. An x-ray, generally of energy
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1-2 keV, is incident upon the sample surface. The x-ray has such a high energy that one
photon can eject an electron from a core level in the sample. The kinetic energy of this
electron is measured with the spectrometer. The binding energy is then determined from

the kinetic energy of the ejected electron:

Eb = hVXray - KEelectron (39)
where v is the frequency of the x-ray. This value for the binding energy will vary slightly
with a change in chemical surroundings.

¢ —————p XPS
T — E, Electron

Conduction Band

E

K
1______ Sample

Surface

Figure 3.3. Energy diagram showing how XPS interacts with the core levels in materials
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Although XPS is often considered a non-destructive measurement technique, it is often
used in conjunction with ion beam milling. XPS is good for probing the chemistry of
a sample very near the surface, but to probe deeper into the sample the surface can be
sputtered away and XPS can be taken again at this new surface. This is referred to as
sputtering depth-profile XPS. This is useful in determining the thickness of a surface layer
on a sample. Another way to measure the thickness of a layer is via angle-resolved XPS,
shown in Figure 3.4. The intensity of the photoemission is governed by the Beer-Lambert

Law:

d
I; = I,exp <_)\sin0> (3.10)

where 6 is the photoemission or take-off angle and ) is the mean free path, which is usually
on the order of 10A. Equation 3.10 can be rearranged to find how the angle  relates to the

depth XPS is probing into the sample.

(2]

d = —Asinfln (%) 3.11)

X-Ray

Photoemission or
Take off Angle, 6

Figure 3.4. Angle-resolved XPS.
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3.3 First Principles Band Structure Calculations

In a collaboration with NREL scientists, theoretically-derived defect energy levels
were obtained from first-principles-band-structure calculations. First-principles-band-structure
calculations, unlike the hydrogenic defect model that gives only an idea of the range of
the activation energies for shallow donors and acceptors, can calculate the activation en-
ergy for a specific defect. The accuracy of the calculations depends on how well the
material properties are known. Previous comparisons between theoretically-calculated
and experimentally-determined activation energies have ranged from 0.04 - 0.1 eV apart
[21,63].

First-principles-band-structure calculations were used to give an approximate solution
to the non-relativistic Schrédinger equation of the defect within the lattice environment.
To go from the non-relativistic Shrodinger equation to a value for the activation energy of
a defect is a non-trivial process, and is explained in detail in Refs. [21,64]. An overview
of this process is as follows: (1) Use the Born-Oppenheimer approximation (the motion
of electrons are independent of the motion of the nuclei) to separate the Schrédinger equa-
tion such that there is one wave function for the nuclei and one for the electrons; (2) since
only electronic properties are being examined, only the equation describing electron mo-
tion is considered; (3) the Local Density Approximation (LDA) is applied, which uses a
homogeneous electron gas to describe the electron exchange correlation (this is accurate
for slowly-varying electron densities); and (4) the supercell approach, which configures an
array of multiple unit cells of CdTe with periodic boundary conditions, is used to solve nu-

merically (using VASP code [65]) for the desired quantities. The calculations are typically
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performed at 0 K, but the activation energies of defects tend to track the respective band,
e.g., the activation energy of an acceptor measured from the valence band approximately

stays the same as the temperature increases.

3.4 AMPS-1D Simulations

AMPS-1D was used in collaboration with colleagues at CSU to determine the possible
effects on solar cell performance (J-V curves) caused by defects observed with PL in the
CdTe layer. AMPS-1D is a simulation software package that was developed at Pennsylva-
nia State University by Stephen J. Fonash and is distributed free of charge. AMPS stands
for “Analysis of Microelectronic and Photonic Structures.” AMPS-1D solves the follow-
ing coupled differential equations in one dimension to obtain band diagrams and, subse-
quently, J-V curves: Poisson and electron and hole continuity equations; carrier transport
equations; optical generation equation; and recombination equations for n-type or p-type
semiconductors. The details can be found in Ref. [66].

Many parameters must be entered into AMPS-1D, such as device properties, layer
properties, and defect states. A baseline case for AMPS-1D has been established using
exact values, when known, and reasonably assumptions for parameters [67]. The baseline
case uses a carrier concentration of 2 x 10'* cm™ in the CdTe layer, and includes a mid-

gap defect (E¢ - 0.75 €V) with concentration 2 x 104 cm™3.
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Chapter 4

Single-crystal CdTe Material Studies

The main goal of the single-crystal (sX) CdTe studies is to systematically intro-
duce different impurities in an effort to reproduce the PL at 1.456 ¢V seen in thin-film
polycrystalline CdTe. Since this peak at 1.456 eV was seen in as-deposited CdTe,
we identified two possible species, Cu and O, from known incorporants and impurities
present in the growth process. Cu is one of the most common impurities present in
the CdTe source [68,69], and O is intentionally incorporated into the growth chamber.
Since others have suggested a Cl-related origin for peaks in this area, some sX CdTe
samples were treated with CdCl,. Finally, theoretical calculations to determine a pos-

sible defect assignment are described.

4.1 Sample Preparation

Undoped single-crystal (sX) CdTe samples (for crystal lattice, see Figure 4.1) were
manufactured by Keystone Crystals with 6/9 (99.9999%) purity starting materials us-
ing the vertical Bridgman technique [37]. The specification of 6/9 purity is based on
manufacturer testing for concentrations of Cu, Fe, Mg, Mn, Zn, Ga, and Ge. The CdTe
crystals were cut and received a mechanical polish on the B-side only (Te-rich) by the
manufacturer. The mechanical polish was done using progressively smaller AlO, grits,
down to 0.1 um. Hall measurements were taken at NREL using the van der Pauw tech-

nique [70], with contacts made using an industrial process consisting of a liquid Cu-
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containing solution applied to each of the four comers, followed by applying indium
solder after the solution had dried. These measurements determined the sX CdTe was

p-type, with carrier concentration 3 — 5 x 10'* cm™2 and hole mobility 30 — 60 cm?/V-s.

Figure 4.1. CdTe crystal lattice (zincblende structure).

Initial studies focused on the effect of surface preparation on the subsequent treat-
ments, including Cu diffusion and a CdCl, treatment. Many publications refer to the use
of bromine methanol (BrMe) in various concentrations either prior to or after anneals, but
the literature is not conclusive on the physical processes involved. The effect of BrMe
alone and with subsequent treatments was examined with PL, AFM, and XPS. The results
of these studies led to the decision not to use a BrMe etch in the Cu diffusion studies. Stud-
ies on BrMe etching of CdTe without other treatments are discussed in Appendix B. The
effects of etching on the PL for CdCl,-treated and Cu-diffused CdTe samples are discussed
within this chapter.

Cu diffusion was studied under various annealing ambients at atmospheric pressure
that ranged from reduction to oxidation. Samples with and without 10-nm electron-beam-

deposited Cu were annealed at 400°C for 1 h in either 10% Hj + 90 % N, (forming gas),
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pure Ny gas, 20% O, + 80% N, (air-like), or pure O,. In each case, the quartz tube was
purged with the selected gas and the total gas flow rate was ~3 ¢/min. It is important to
note that because the annealing tube was not evacuated prior to the purge/anneal sequence,
it was difficult to obtain a completely oxygen-free N, anneal in this configuration. The
experimental matrix can be found in Table 4.1. There were samples with Cu or O, and a
set with both species. For each type of sample, this entire procedure was repeated multiple

times to verify the reproducibility of the results.

Cu | Anneal Atmosphere
None 10% Ha / 90% Nj
None N2
None (0
10 nm 10% Hy / 90% Ny
10 nm Ny
10nm | 20% O2/80% Nj
10 nm Oy

- Table 4.1. Matrix of single-crystal CdTe samples.

4.2 CdCl; Treatment of Single-crystal CdTe

PL data for CdCl,-treated single-crystal CdTe are shown in Figure 4.2. The CdCl,
treatment affects the PL signal differently in the high- and low-energy regions. In the high-
energy region, the PL intensity increases by 2-3 orders of magnitude and the peaks shift
to lower energies after the CdCl, treatment. For these peaks, etching prior to CdCl, has
no effect. This increase in intensity is reminiscent of the effects caused by BrMe etching

alone (see Appendix B), but the CdCl; further enhances the near-band gap PL signal. This
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could also be due to a change in band bending or a reduction in the amount of Cd near the

surface.
10%
- - - As Received (no CdCl,)
S — Etch plus CdCl, / O,
Q
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Figure 4.2. Effect of CdCl, treatment on CdTe single crystals with and without a preceding
BrMe etch.

In the 1.3 - 1.5 eV region of the PL in Figure 4.2, small peaks form after CdCl, at
~1.45 eV and below, and this PL region has an intensity increase of less than one order of
magnitude. For etched samples, this peak and its phonon replicas are shifted to slightly
lower energies. This new PL transition may result from the Cl in the CdCl, treatment, but
Cl is not the only impurity introduced since CdCl, treatments typically include O, in the
ambient and Cu can be present as a CdCl, source impurity.

There is a question whether sufficient Cl diffusion from the CdCl, treatment en-
ters the PL-probed region of the CdTe. The diffusion constant of Cl in single-crystal CdTe
at 400°C (D¢ = 7.5 x 1071* cm?/s) [71] suggests a long diffusion time. It would there-

fore take the order of a month for CI to diffuse through a 10 um sample of single-crystal

53

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



CdTe at standard CdCl, treatment temperatures [72]. Since the CdCl, treatment time in
our study was only 8 min, Cl should not have diffused very far into the bulk CdTe and
would not be expected to alter the PL signal. The possible effects of Cl will be addressed
further in Chapter 5 where one would expect faster diffusion (along grain boundaries) with

polycrystalline material.

4.3 Cu Diffusion in Single-crystal CdTe

4.3.1 Effects of Etching on Cu-Diffused Samples

PL was taken on single crystal samples with different surface preparation prior to the
Cu diffusion step. For the samples represented in Figure 4.3, the anneal is in Ny at 200°C
for 1 hr. The sample that received an etch prior to Cu diffusion shows a reduced PL
response compared to the sample that did not receive an etch. Additionally, the discernible
peaks are not the same for the two samples. In the literature, it is assumed that the broad
peak centered near 1.45 eV is Cu-related, possibly Cucy [42]. If this peak is Cu-related,
then one could assert that the BrMe etch inhibits Cu diffusion into CdTe. This has been
observed with other techniques, which show that the Te-rich layer formed during a BrMe
etch getters Cu, possibly forming a CuTe layer [73]. Regardless of whether the PL peak
centered near 1.45 eV is related to Cu or not, it is obvious that the BrtMe etch does affect
the formation of defects in this PL region, and the resulting PL signal looks much altered.
Hence, subsequent studies involving Cu diffusion did not use a BrMe etch prior to Cu

diffusion.
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Figure 4.3. PL on samples with or without a BrMe etch prior to Cu evaporation and anneal
at 200°C.

4.3.2 Diffusing Cu under Different Ambients

Figure 4.4a shows photoluminescence on CdTe samples without Cu, annealed in at-
mospheres ranging from reducing (forming gas) to oxidizing. A non-annealed sample is
also shown for comparison. None of these non-Cu samples showed structure in the re-
gion of interest below 1.46 eV. There was, however, a set of peaks between 1.535 and
1.550 eV with two phonon replicas. The excitonic transitions in the Np- and O,-annealed
samples were very similar to those for the non-annealed sample. There was a dominant
peak at 1.587 eV and a “shoulder” at 1.591 eV. When CdTe was annealed in forming gas,
however, the 1.587 eV peak disappeared, and the 1.591 eV peak became dominant. Be-
cause an anneal in forming gas should make the surface more stoichiometric, the 1.587 eV
excitonic peak is likely related to an off-stoichiometry defect. The non-annealed and No-
annealed samples also exhibited a peak at 1.475 eV, which was previously identified as a

Y-dislocation [74].
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Figure 4.4. Single-crystal CdTe samples annealed in different ambients. Curves offset
for clarity. (a) CdTe without Cu annealed in forming gas, nitrogen gas, or oxygen gas; a
non-annealed sample is also shown. (b) CdTe with 10 nm Cu annealed in forming gas,
nitrogen gas, air-like gas, or oxygen gas.
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The PL spectra changed dramatically when Cu was deposited prior to annealing, with
the biggest difference in the PL band from 1.35 — 1.53 eV (Figure 4.4b); these anneals
also eliminated the 1.535 - 1.55 eV peaks seen prior to annealing. The nitrogen-annealed
sample had a broad, smooth peak in this region, whereas the other samples had distinct
zero phonon lines (ZPLs) and phonon replicas. This suggests a large Huang-Rhys factor
for the No-annealed sample, possibly suggesting a deep defect state. The O,-annealed and
forming gas-annealed samples are more indicative of intermediate Huang-Rhys factors,
which suggests an intermediate defect level or a defect complex.

Only the Cu samples annealed in an oxygen or air-like ambient had the PL feature of
interest with ZPL at 1.456 eV (Figure 4.4b: Note that the forming gas anneal has a phonon
replica in this region, but the ZPL is at ~1.51 eV). This PL transition is not seen in any
of the sX samples that did not include Cu (Figure 4.4a) or in the Cu samples annealed in
forming gas (reducing atmosphere) or in oxygen-free nitrogen. This peak was only seen
when both copper and oxygen were incorporated in the CdTe. It is important to note that
no Cl was introduced into these samples, hence Cl is not necessary to form the PL peak
at 1.456 eV. Thus, this peak is likely associated with a defect complex involving Cu and
O. Relating this PL peak to a defect complex is certainly consistent with its intermediate
Huang-Rhys factor.

Further annealing experiments were performed to determine the importance of anneal-
ing ambient on the formation of the 1.456-eV PL peak in Cu-coated CdTe samples (Figure
4.5). The sample that had first received an O, anneal was later annealed in forming gas

for one hour Figure 4.5b. The results indicate that the PL signal was almost identical
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to the case where the Cu was deposited, followed by a forming gas anneal (Figure 4.5a).
Forming gas is a reducing atmosphere, i.e., it removes oxygen from the crystal. Since the
1.456-eV PL peak disappears with the removal of oxygen, this is additional evidence that
O is required to form this PL peak. In contrast, the sample that was originally annealed in
forming gas was later exposed to air, and the resulting PL signal looks very similar to the
initial case of 10 nm Cu and an O, anneal. Although no anneal was performed in this case,
it is likely that the forming gas anneal creates dangling bonds that rapidly capture oxygen
when the sample is exposed to air, and the oxygen may penetrate below the surface of the

sample. Thus, it is feasible that the oxygen could be available for defect formation.
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Figure 4.5. PL in the 1.35 - 1.52 eV region for samples with 10 nm Cu. (a) Initial anneals
in Oy only or forming gas only; (b) the Os-annealed sample receives a subsequent forming
gas anneal, and the forming-gas annealed sample is exposed to air.

Intensity-dependent and temperature-dependent PL were performed on the O,-annealed
Cu sample (Figure 4.6) to determine the type of transition for the 1.456 eV. The energy of
the peak at 1.456 eV is independent of intensity, suggesting a band-to-defect transition (D-
VB or CB-A). Also, as the temperature increases, the peak at 1.456 eV experiences a slight

red-shift and becomes indistinguishable above 40 K. The red shift of the PL peak suggests
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a band-to-defect transition. This type of transition would require the activation energy of
the donor or acceptor to be 150 meV from the respective band (E, = 1.606 eV, Ep;, = 1.456

eV, Eg - EpL =150 meV).
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Figure 4.6. PL on sX CdTe with 10 nm, annealed in O, at 400°C at (a) different intensities
(0.5 - 9.5 W/cm?) and (b) different temperatures (10, 20, 30, 40, 50, and 77 K).

Although annealing Cu into CdTe in an O-containing ambient can create a CuO layer,
it is unlikely that this is what is seen in the PL. First, any CuO layer formed would be much
thinner than the 1/e absorption length of ~200 nm for a 632.8-nm laser in CuO [75]. The
real clue, however, is the LO phonon spacing. The LO phonon spacing of the peak at 1.456
eV is 21 meV, consistent with reports for the CdTe LO phonon energy [37]. In contrast, the
reported LO phonon energy for CuO is 68 meV, which is 3 times larger than that observed.
Hence, the defect at 1.456 eV must originate from the CdTe, and it is most likely due to a

complex involving both Cu and O.
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4.4 Theoretical Calculations

From the experimental evidence, it was determined that the 1.456-eV peak was related
to a complex involving Cu and O and that this donor or acceptor had an ionization energy
of 150 meV. First principles band structure calculations were performed to determine the
specific complex involved in this PL transition. The scenarios of a defect-free crystal, the
two separate cases of Cu or O defects, and the combined case of Cu and O were considered.

The defect-free crystal was first studied to determine the points of low potential - the
preferential locations in the crystal where any interstitial defects will form. The results of
this calculation (shown pictorially in Figure 4.7) indicated that there are two points of low
potential, and both are located along the (111) direction between the Te and Cd ions.

(a) 3D Lattice (b) 111 Direction

Cd
(111)
direction
Te
Te Cd
Points of
low potential

Figure 4.7. Crystal Lattice for defect-free CdTe: (a) 3D lattice and (b) 2D lattice along the
(111) direction.

When Cu is incorporated into CdTe, the two most likely defects to form are the accep-
tor Cugy and the donor Cw;.  The formation enthalpy of these two defects is related to the

fermi level position by:
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AHP4 (Ef) = qE; (4.1)
where A H is the enthalpy, g is the electronic charge of the defect, and E is the fermi level
energy [59]. This relationship is true for compensating materials such as CdTe. As the
material becomes more n-type, it is more likely that acceptor levels will form, and as the
CdTe becomes more p-type, it is more probable that donors will form. The CdTe used in
this study was measured to be p-type, and thus the donor defect Cu; is more likely to form
than the acceptor level of Cugy. Therefore, the complex involving both Cu and O will most
likely involve a Cu; ion rather than the Cugy substitution. From the first principles band
structure calculations, the activation energy of the Cu; defect by itself is ~10 meV below
the conduction band minimum (CBM), and the Cu; atom is preferentially located next to
the Te site along the (111) direction, as seen in Figure 4.8.

CdTe with Cu
(111) Direction

Te Cu
Cd

Figure 4.8. Schematic representation of where Cu; ions preferentially locate in the CdTe
lattice.

When oxygen is introduced into CdTe, one of the most easily formed defects is Or..
This is an isovalent defect, i.e., O and Te have the same number of valence electrons.

However, an O atom is more tightly bound to its valence electrons than a Te atom, and this
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creates a lattice distortion. The isolated O, defect has an calculated energy of ~200 meV
above the CBM.

A Cu;-O7, defect complex was investigated numerically by placing an O, defect at
the center of a 512-atom supercell and a Cu; initially placed next to it (the preferred location
of Cu; in the case without O). In this scenario, the Cu; defect was allowed to move within a
64-atom subcell in the center of the supercell. The resuits were very similar if the Cu; were
instead allowed to move within the entire 512-atom supercell. The Cu; defect preferred

CdTe with O, Cu
(2D)

(111) Direction

512-atom supercell

Figure 4.9. Representation of supercell approach used to calculate the activation and bind-
ing energies of the Cu;-Or. donor complex.

to locate next to the O, (similar position as without O) with a binding energy between
the two of about 0.96 eV, indicating that the formation of a defect complex is likely. The
calculated activation energy for a Cu;-Or, donor complex converges to a value of about 125
meV below the CBM. This value is in good agreement with experimental results yielding

a defect with energy of 150 meV from the band.
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Chapter 5
Detailed Photoluminescence on Polycrystalline Thin-film

CdTe Material

The samples used in the thin-film CdTe studies consisted of a glass/SnO,:F/CdS/CdTe
stack, the same structure commonly used in CdTe/CdS solar cells. The samples vary
by the type of CdTe deposition—close-spaced sublimation (CSS), vapor transport de-
position (VTD), or physical vapor deposition (PVD)—as well as by the fabricating
institution. PL was taken on CSS materials from the National Renewable Energy Lab-
oratory (NREL), University of Southern Florida (USF), and the Colorado State Univer-
sity Materials Engineering group (CSU). NREL and USF used small-scale laboratory
processes, while CSU used large-scale industrial production processes. VTD samples
came from the Institute for Energy Conversion (IEC) and industrial partner “A” (IPA).
PVD samples were prepared by IEC.

PL on these samples (no back contact) can be taken from the film side (CdTe sur-
face) or glass side (CdS/CdTe junction region), as shown in Figure 5.1. A baseline was
first established on as-deposited CdTe after a 1-hr anneal at 400°C in flowing Ny, with
PL taken from the free film surface. The CdTe thin-films were also examined without
the anneal, then after a CdCl, treatment. Finally, some devices were studied with both
PL and J-V (current-voltage analysis) after a back contact was applied to complete the

device. Some complete cells used ZnTe for the back contact, which allowed PL to be
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taken from both the glass and film sides, and others received an evaporated metallic
contact that only allowed PL from the glass side.

(a) Film-side PL (b) Glass-side PL
Laser Light Laser Light

Glass Superstrate

4{? TCO

cis § ‘
D10('ie
Junction

Glass Superstrate

Y
\ /

PL probe region

Figure 5.1. Schematic showing the PL probe region for (a) film-side and (b) glass-side
(junction-side) excitation.

5.1 Baseline Thin-film CdTe

Figure 5.2a shows the PL at 4.5 K from the film surface of NREL CSS material after
the N, anneal. The graph denotes the prominent fundamental PL peaks, labeled A-G. The
origin of PL peaks are generally determined by studying single-crystal (sX) CdTe, so these
peaks will be discussed in terms of what has been seen in sX PL studies. Peaks A and D
are commonly seen in single-crystal (sX) CdTe. Peak A, with photon energy 1.588 eV,

is assumed to be exciton-related; peaks near 1.588 eV have been previously identified as
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an exciton bound to a neutral acceptor (X,A) [53, 76]. Peak D is also similar to a peak
seen in single-crystal CdTe at 1.555 eV, which has been identified as a bound exciton (BE),
where the binding is to a Cu-related complex, specifically (X, (Cu; - Vcq)®) [42]. Peak B
(1.580 eV) and peak E (1.535 eV) have rarely been observed, and little attempt has been
made to identify the defects causing these transitions. It has been suggested that peak B is
a donor-hole transition (D°, h) [77], and peak E may be due to residual copper impurities
[78]. Peaks C and F (1.567 eV) have, as far as can be determined, not been observed in sX
CdTe. They may arise either from differences in the growth method of thin films or may

be related to a type of grain-boundary or dislocation defect present in thin-film CdTe.

5
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Figure 5.2. Film-side PL on as-deposited thin-film CdTe annealed in N, at 400°C for 1hr:
(a) Baseline sample produced at NREL; (b) PL on all thin-film samples. Curves offset for
clarity.

The peak labeled “G” is the one that will be studied extensively in this thesis. This
peak has a photon energy of 1.456 eV and has several distinct LO phonon replicas. Peaks
in this general region (1.3 - 1.5 eV) have often been seen in single crystal (sX) CdTe, and

the origin of these peaks have been under debate. The two major schools of thought have
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either ascribed transitions in this region to Cugy acceptors or to the complex Cly. - Ve,
commonly referred to as the chlorine A-center. In the sX CdTe experiments from Chapter
4, the PL peak at 1.456 eV was only seen after the CdTe has received a “doping” treatment
that included both Cu and O, and this defect was assigned as a Cuy; - O7, donor complex. In
the thin-film CdTe material, the peak at ~1.46 €V is present from the film side in all samples

as deposited (Figure 5.2b) and, as will be seen, persists throughout device fabrication.

A B C Group D E Group F G
NREL CSS | 1.588 | 1.580 | 1.567 1.558 1.538 - 1.456
USF CSS 1.587 - 1.566 | 1.554,1.544 | 1.537 | 1.517,1.491,1.476 | 1.456
CSU CSS 1.590 - - 1.559 1.538 1.479 1.457
IEC VTD 1.591 | 1.577 | 1.570 1.550 - 1.479 1.458
IPA VTID 1.591 - - 1.554 1.535 - 1.463
IEC PVD 1.589 - 1.570 1.554 1.531 1.475 1.456

Table 5.1. Energy of the ZPLs (in €V) in the PL spectra for CdTe grown at various research
institutions

PL from all samples after an N, anneal are shown in Figure 5.2b, and the energetic
locations of peaks A-G are catalogued in Table 5.1. The PL signatures for the two VID
samples are nearly identical, with only minor differences in the energetic locations in peaks
B-F. The PL signatures for the CSS-grown devices vary much more from one institution
to the next. All CSS samples share peaks A and G, although the relative intensity of peak
A in the CSU CSS sample is reduced by about one order of magnitude. The NREL and
USF samples have similar zero-phonon lines for peaks A, C, E, and G (within experimental
error); peak group D of the USF sample has one peak shifted by 4 meV from the NREL
sample, plus an extra peak at 1.544 eV; and the USF sample exhibits peaks in group F

whereas the NREL sample does not. The CSU CSS sample differs from both the NREL
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and USF samples in that peak D is the prominent one between peak A and G, and peaks B
and C are missing.

Figure 5.3 shows a close-up of Peak G and its phonon replicas for all Ny-annealed
thin-film samples. Note that these curves have been offset for clarity. Peak G for the two
VTD processes has a similar PL signature, while the overall shape of the PL for the three
CSS processes shows quite a bit of variation. However, all samples have a peak at 1.457
+ 0.002 eV. The CSU sample exhibits an additional peak at 1.479 eV. That this peak is

unrelated to the 1.457-eV peak will be more clearly seen from intensity-dependent PL.

21 meV —» ~— 11,456 eV
]

S 1 wpavTD .
l_t!. |
)
] _ IEC VTD !
2 NREL CSS !
o .

[1'4 > /__/\/\/\_,\M“
B 27 USF CSS I

2 o

© .
S CSUCSS

1 | I ) 1 I ) ) 1 I | 'l ) | \ 1 V |

1.36 1.40 1.44 1.48 1.52
Energy [eV]

Figure 5.3. Thin-film CdTe after an Ny anneal. PL taken from the film surface at 4 K with
laser intensity 0.5 W/cm?. Curves offset for clarity.

5.2 PL of CdTe After CdCl, Treatment

PL was taken for as-deposited CdTe samples, as well as for two types of post-processing

conditions: an Ny anneal at 400°C for 1 h, and a CdCl; treatment performed at 400°C in
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an oxygen-containing ambient. An anneal in N is not a typical process used during de-
vice fabrication, but it does allow one to separate the effects of temperature from the effects
of the CdCl, treatment on the PL signature. Figure 5.4 shows PL for these three condi-
tions for the NREL CSS and the Industrial VTD materials. These two materials show the
general trend for all the samples, as well as a typical variation. The N, anneal in gen-
eral reduces the overall PL signal. The CdCl, treatment, on the other hand, increases the
overall PL response, indicating that the number of radiatively-recombining transitions has
increased. The effect of CdCl, is more dramatic for the NREL material than for the in-
dustrial VTD sample, although this is likely due to the fact that the NREL material has a
lower initial response. The fact that the CdCl; treatment increases the overall PL signal,
rather than selectively increasing the 1.456-eV peak (Peak G), suggests that chlorine is not
likely to be involved in peak G. The CdCl, treatment, however, introduces a new peak in

the 1.53 - 1.55 eV region, which may well be related to chlorine.

(a) NREL CSS (b) Industrial VTD

10°71  cdcl, Treated 10" CdCl, Treated
2

Log PL Response [cnts]

10" 4 _ i
As Deposited 10 As Deposited
3
107 — 10° N, Anneal
10% N, Anneal ,
]Illl'llﬁlll!llllll'lll 10—llll|l|ll||lll||llll|llll|l
1.35 140 145 150 155 1.60 135 140 145 150 155 1.60
Energy [eV] Energy [eV]

Figure 5.4. PL on polycrystalline CdTe as-deposited, after an N, anneal at 400°C for 1 h,
and after a CdCl, treatment for (a) NREL CSS material and (b) an Industrial VTD material.
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5.3 Intensity-Dependent and Temperature-Dependent PL

As-deposited thin-film samples were extensively studied using intensity-dependent PL
(Figure 5.5). For all the thin-film CdTe samples (examples shown in Figure 5.5), the peak
position at 1.456 eV was intensity-independent, which strongly suggests a band-to-defect
transition. For VTD-grown samples, the 1.463-eV peak was also intensity-independent.
In contrast, the 1.489- and 1.481-eV peaks in the NREL CSS and the VTD samples, re-
spectively, shifted to higher energy with increasing laser excitation. This shift is indicative

of a donor-acceptor pair (DAP) transition, and is further evidence that these peaks are not
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5
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Figure 5.5. Intensity-dependent (0.5 -9.5 W/cm?) PL at 4.5 K of: (a) as-deposited
thin-film CSS CdTe made at NREL, (b) as-deposited thin-film CSS CdTe made at CSU,
(c) as-deposited thin-film VTD-grown CdTe, and (d) thin-film VTD-grown CdTe after a
wet CdCl, treatment.

69

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



related to the peaks seen at 1.456 and 1.463 eV. The intensity-dependence of the CdCls-
treated sample shown in Figure 5.5d indicated that the position of its 1.456-eV peak also
did not shift with increasing power, reinforcing the band-to-defect interpretation.

The intensity-independence argument for the identification of a band-to-defect tran-
sition is not completely definitive. Tracking the peak position of these transitions with
increasing temperature, however, can help make the interpretation more definitive. Figure
5.6 shows temperature-dependent PL from thin-film CdTe before and after the CdCl, treat-

ment. The PL peak at 1.456 eV is similar to that for the single-crystal containing both Cu
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Figure 5.6. Temperature dependence of PL on thin-film CdTe before and after a CdCly
treatment. (a) NREL CSS as deposited, (b) NREL CSS after CdCl,, (¢) CSU CSS as
deposited, and (d) CSU CSS after CdCl,.
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and O (Section 4.3.2, Figure 4.6), which experienced a red shift and became less distinct
with increasing temperature. Again, this is interpreted as a band-to-defect transition.
In addition to possible peak shifts, PL should also show an intensity dependence with

temperature, and one would expect the functional form (see Section 2.4, Equation 2.10):

I
1+ CiT3/%2 + CyT32 exp(—E/kT)

where the intensities I(7') and [, are the area under the curve of the ZPL obtained by fitting

I(T) =

the PL spectra. Recall, however, that for defects with ionization energies greater than ~50
meV, the above equation reduces to a dependence only on T2 (I,/I — 1 = CT%?2).
Figure 5.7 shows the fit to the PL intensity changes with temperature for the 1.456 eV peak
in NREL as-deposited sample (from data in Figure 5.6a); as expected, it follows the T3/
curve, indicating that the activation energy of this defect is greater than 50 meV. Also, it

was not possible to accurately fit the data in Figure 5.7 with either Equations 2.8 or 2.9.
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1.2 4
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Figure 5.7. Fit to temperature-dependent PL data for the 1.456-eV peak seen in the NREL
as-deposited sample. Data points: dots; theoretical fit: line.
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The intensity-dependent and temperature-dependent data certainly support the identi-
fication of a D-VB transition for the 1.456-eV PL peak in pX thin-film CdTe. This peak is
nearly identical to the one seen in sX CdTe only when both Cu and O are incorporated, the
PL peak has similar dependence on laser intensity and temperature as for the sX case with
Cu and O, and both Cu and O are available in the thin-film CdTe. Hence, it is likely that
peak G is caused by the same defect identified in Chapter 4, namely the Cu; - O, donor

complex.

5.4 CL on Thin-film CdTe

Complementary cathodoluminescence (CL) measurements were taken on an NREL
film before and after a CdCl; treatment. Figure 5.8 shows the CL collected from the film
surface (CL scan size 100 nm x 100 nm). The CL was taken at 19 K using 4-pA excitation
beam. This is the threshold of sensitivity for this measurement, and is a lower excitation
intensity than the PL measurements with laser excitation of 0.5 mW/cm?, This data has
peaks in locations similar to the PL data, with an excitonic peak at about 1.6 €V and a peak
near 1.45 eV. Note that the peak near 1.45 eV has a much stronger intensity after the CdCl
treatment. Also note that the CL signal is somewhat reversed from the PL signal in that
the 1.45-eV peak has a greater intensity than the 1.55-eV peak. A final thing to note is that
the non-CdCl,-treated sample has a peak at 1.30 eV that was not observed in the PL.

CL maps of the 10000-nm? area are shown in Figure 5.9. The response to a specific
photon energy can be compared with its corresponding SEM image, allowing one to de-

termine if there are any correlations between the topography and a specific CL transition.
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Figure 5.8. Cathodoluminescence over a 100-nm region on NREL CSS material before
and after CdCl, treatment.

Both before and after the CdCl, treatment, the response of the excitonic peak near 1.6 eV
is from the bulk, and very little comes from the intergrain regions. This is expected, since
excitons responsible for near band gap peaks are characteristic of bulk CdTe. The response
at ~1.45 eV, however, changes dramatically with CdCl; treatment. Although there is con-
siderable response from the grains at this wavelength, some of the grain-boundary regions
also show response that is greater than that from the bulk while other grain boundaries have
no response at all. Finally, the CL maps of the 1.30-eV peak help explain why this peak is
seen in CL but not in PL. In this map, there are striations along the areas that are creating
this peak. This is indicative of a time-delay in the photon release that is longer than the
scanning time of the measurement. This is likely due to charging of the sample during the
measurements. The 1.30-eV peak did not appear in PL because it was not excited when
the light-induced electron-hole pairs recombined; however, during CL. measurements, this

defect is charged and then directly releases its electron to create a photon with energy 1.30
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Figure 5.9. Cathodoluminescence maps of selected photon energies and the corresponding
SEM images (NREL CSS).

eV. Thus, with CL it is possible to detect an electronically active defect with energy of 300

meV that could not be seen with PL techniques.

5.5 Glass Side Versus Film Side PL

The PL data shown so far in this chapter was taken from the free CdTe (film) surface.
PL taken from the glass side (see Figure 5.1) of these samples does not always reveal the
same PL signatures as seen from the CdTe film surface. As can be seen in Table 5.2, the
peak at ~1.46 eV observed from the film side is not clearly present from the glass side
for most samples. Only for the thinnest films (IEC PVD and CSU CSS) is the ~1.46 eV
peak observed when PL is taken from the glass side of the sample. In general, the CdCl,

treatment further obscures the PL peak from the glass side for all samples.
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Process CdTe Thickness | Film Side G (eV) | Clarity of G through Glass
IECPVD | As Deposited 1.5 pm 1.456 Strong
CSU CSS | As Deposited 2 um 1.457 Strong
IPAVTD | As Deposited 4 um 1.463 Weak
IEC VID | As Deposited 6 pm 1.458 Weak
USF CSS | As Deposited 8 um 1.456 Obscure
NREL CSS | As Deposited 8 um 1.456 Obscure
IECPVD | CdCly-treated 1.5 pm 1.456 Strong
CSU CSS | CdCly-treated 2 pm 1.456 Weak
IPAVTD | CdCls-treated 4 um 1.456 Obscure
IEC VID | CdCly-treated 6 um 1.456 Obscure
USF CSS | CdCl,-treated 8 pm 1.456 Obscure
NREL CSS | CdCl,-treated 8 pm 1.456 Obscure

Table 5.2. PL transitions seen from the free film surface are not always apparent from the
glass side.

Also, thicker devices tend to show weaker PL transitions from the CdTe layer. There
are two possible explanations for this trend: (i) the defect at ~1.46 eV has a higher con-
centration at the free film surface than at the junction region, and the concentration at the
junction region is not sufficient to produce a PL signal; or (ii) samples with thicker CdTe
form a thicker CdSTe layer that obscures the PL signal. This obscuring of the PL from the
intermixed CdS,Te; _, layer occurs because, for certain values of x, the band gap is smaller
than that for CdTe (see Figure 5.10, taken from Ref. [79]). Thus, this mixed layer will par-
ticipate in the PL taken from the glass side of the device, and band gap variations will be
reflected in the PL energies. Hence, laser light absorbed in the intermixed layer may com-
plicate analysis of the PL signal from the CdTe layer. Glass-side PL will be revisited when
looking at contacted samples (complete CdTe devices), where it is not usually possible to

take PL through the contact.
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Figure 5.10. CdS,Te;_, band gap as a function of x at 300 K.

5.6 PL on CdTe Devices and Links to Performance

When PL is taken on completed devices, the preference is to take data from the glass
side. One practical reason is that most back contacts are opaque, making PL from the back
of the film impossible. An exception is the ZnTe contact, which can be made transparent
by removing the outer Ti layer. A more important reason for taking PL from the glass side
of completed devices is that this allows one to take PL in the region where the junction
forms, and any insight gleaned from looking at defects in this region has the possibility of
directly correlating to device performance. As discussed in Section 5.5, for the samples
thicker than 3 pm (after CdCly), it is more difficult to resolve the ~1.46 eV peak when PL
is taken through the glass. However, this changes once the sample receives a back contact,

and hence more Cu in the sample. Figure 5.11 shows the differences between film-side
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and glass-side PL for the industrial VTD sample (CdTe thickness: 4 pm). Note that, from
the film side, the peak at 1.456 eV is present in all stages of sample preparation; however,
the scale used does not clearly bring out the distinct phonon replicas for the as-deposited
and contacted samples. From the glass side (Figure 5.11b), there is no evidence of a peak
at 1.456 eV after deposition. After CdCly (low-purity CdCl; / O, treatment), glass-side PL

reveals a shoulder in the 1.4 - 1.45 eV region, and contacting brings out this peak. Figure

6 _| (a)Film Side After CdCl, (b) Glass Side
After CdCl,

With ZnTe Contact

10°
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]
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Figure 5.11. PL on Industrial VTD material as deposited, CdCly-treated, and
ZnTe-contacted CdTe, with Ti removed (a) from the film side and (b) from the glass side.

5.12 represents the same data, with the focus on comparing the glass-side and film-side PL
from the contacted sample. Note that the peak from the glass side in the 1.4 - 1.45 eV
region lines up reasonably well with the 1.456-eV peak seen from the film side. In this
and most samples, there are no distinct phonon replicas from the glass side; however, in the
few cases where phonon replicas are visible from the glass side, they line up perfectly with

the film-side PL peak at 1.456 eV. Hence, it is fairly certain that this broad peak seen from
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the glass side PL after contacting is, in fact, the 1.456-eV peak that was seen from the film

side after deposition.
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Figure 5.12. Film-side and glass-side PL on ZnTe-contacted Industrial VTD material
(outer Ti layer removed).

Figure 5.13 shows side-by-side comparisons of J-V and glass-side PL (junction region)
from devices with a ZnTe back contact; the amount of Cu included in these contacts was
varied from approximately 0.1 - 1 nm. For the 2-um-thick CdTe device (CSU CSS),
the PL shows the 1.456-eV peak prior to contacting. After contacting, the overall PL
intensity decreases, but the relative intensity of the 1.456-eV peak is unchanged. The
reduced PL intensity could result from an increase in the junction field, which would serve
to sweep carriers out of the junction region very quickly, reducing the number of radiative
PL transitions that might occur. The corresponding J-V indicates that adding Cu, up to a
certain amount, improves device performance, but “excessive” Cu reduces the efficiency of

the device. The initial increase in performance could be due to the formation of a better
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Figure 5.13. J-V and glass-side PL for ZnTe-contacted devices with CdTe thickness of 2
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and 4 ym. Approximately 0.1 - 1 nm Cu were included in the back contact process.

back contact by incorporating Cu, or by the formation of Cug, acceptors in the CdTe.
These explanations, however, do not account for the decrease in efficiency when there is
“excessive” Cu. In the case of the thin-CdTe device (2 pum), there is no clear link between
the 1.456-eV peak and device performance; however, this could be because the peak is
visible from the glass side immediately after deposition (see Table 5.2 in Section 5.5).
In the case of the 4-um-thick CdTe device (IPA VTD), there is a very strong correlation

between the 1.456-eV PL peak and the J-V performance. Note that, as Cu is added to the
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back contact, the 1.456-eV peak increases in relative intensity, and the J-V curve improves
in both V,, and FF. The 4-um-thick CdTe device does not exhibit a decrease in device
efficiency after more Cu is added. However, recall that the amount of Cu being added is
very small (maximum of 1 nm Cu), and it is likely that more Cu would be required in the
4-pm-thick device than in the 2-um-thick device in order to see the same trend.

Figure 5.14 shows J-V versus PL on NREL evaporated-contact devices. In this study,
one contact was evaporated without Cu, and other contacts received 5, 20, and 40 nm Cu.
For these devices, the most dramatic changes in both PL and J-V occur when the contact
changes from no Cu to 5 nm Cu. Once Cu is added to the contact, the PL experiences a
drastic reduction in overall PL intensity, again consistent with an increase in the junction
field, and the J-V performance increases, mostly in V,,. and FF. In the PL signal, the 1.456-
eV peak is not discernible until after Cu is added. As more Cuis added, the PL spectra does

not change appreciably, and the J-V performance decreases, mostly through a loss in V.
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Figure 5.14. J-V and glass-side PL. for NREL evaporated-contacted devices with CdTe
thickness of 8 pym.
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Note that the trend for the 8-pm-thick device is similar to that for the 2-um-thick device in
Figure 5.13a, but the 8-um-thick device had about an order of magnitude more Cu than the
2-pum-thick device. This suggests that the amount of Cu considered to be “excessive” may
vary with CdTe thickness.

It is apparent that the effect of the 1.456-eV PL peak on device performance varies
with the thickness of the CdTe layer. For 4- and 8-um devices, the formation of the peak
(from the glass side) correlates with higher-performance devices, specifically to an increase
in V,. and FF. For the 2-um device, the link between the 1.456-eV PL peak and device
efficiency is not as strong. However, this link may be more difficult to see since the peak
is already visible from the glass side prior to contacting.

The increase in device efficiency for a compensating donor in the junction region of
a device is counter-intuitive. There are several possible explanations for this trend: (1)
Including Cu in the contact improves the electrical contact of the device; (2) Cu from the
contact forms Cugy acceptors in the CdTe that are not necessarily seen in the PL; (3) the
Cu; - O, donor complexes takes the place of a worse defect. In all likelihood, all three
processes are occurring, but the following discussion focuses on the last one.

During CdTe growth, it is believed that V. defects form easily. This vacancy is a
nearly mid-gap defect at room temperature (E¢ - 0.71 eV [63]) that acts as a recombination
site for carriers, preventing them from being collected. As the Cu; - Or. complexes form,
it is energetically favorable for the O to locate on the vacant Te sites rather than to replace
occupied Te sites. Thus, it is likely that the Cu; - O7, donor complex is partially replacing

the mid-gap V. defects, as shown in Figure 5.15.
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Figure 5.15. Representation of the locations of V. and Cu; - Or, defects within the CdTe
band gap (Room Temperature).

The scenario that Cu; - Or. donors are replacing mid-gap V. defects was investigated
using AMPS-1D simulations. The starting point was the baseline case for CdTe [67], which
has a mid-gap defect [Ep = 750 meV] with concentration N =2 x 10'* ¢cm~2 and no donor-
level defects at Ep = 150 meV. Two different cases were investigated: In Case I, the mid-
gap defect concentration was decreased from 2 x 10 ¢cm™3 to 0 (varied across 10 range),
and no other donor-level defects were introduced; in Case II, the concentration of the mid-
gap defect was decreased while the concentration of the donor at 150 meV increased, and
the sum of the concentrations of the two defects was fixed at 2 x 101 cm™3.

Simulation results, shown in Figure 5.16, indicated that decreasing the concentration
of the 750-meV defect (N750mer ) improves V. and FF (AV,. =+ 10 mV, AFF = +9 %),
which improves the overall device efficiency. However, transferring an equal amount of
defects to the donor level at 150 meV as the 750-meV defect concentration decreases (Case
II) dramatically reduces the V,, and limits the increase in FF (AV,, = - 90 mV, AFF =+5
%). The increasing FF from the mid-gap defect and the decreasing V,,. from the 150-meV
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Figure 5.16. J-V parameters from AMPS simulations. Case I decreases the concentration

of a 750-meV defect from 2 x 10* cm™3 to 0 without introducing other defects. Case II
decreases the concentration of a 750-meV defect while increasing the concentration of a
150-meV donor level by an equivalent amount.

donor level act as competing mechanisms: initially, there would be a slight increase in
efficiency (from increase in FF), then the efficiency would decrease at a rapid rate (from a
decrease in V).

It is worth noting that although the simulation results would explain the trends for the
cases of “excessive” for the 2-um and 8-um devices in Figure 5.13 & Figure 5.14, the initial
device efficiency increases (all thicknesses) is not qualitatively the same for the simulations

and actual devices. In the simulations, the device efficiency comes primarily from an
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increase in FF (but V. decreases), whereas in real devices the increase in efficiency comes
primarily through an increase in V,. (only slight increase in FF). Thus, the simulation
results indicate that the increased device performance is not solely due to formation of Cu; -
Or. defects, but is more complicated, likely involving an improvement in electrical contact
by incorporating Cu, the formation of Cucy acceptors in the CdTe, and/or a change in the
depletion width of the device. Initially the formation of Cu; - Or. is fairly benign because
it replaces mid-gap Vr, and there are simultaneous improvements from other mechanisms,
but as more Cu is incorporated and the donor-level concentration becomes greater than 1.2
x 10 em™3 (from simulations), it will reduce device efficiency. This trend corresponds
to the “excessive Cu” cases where there are significant V. losses. However, it is possible
that the reduction in efficiency (and V,.) is also caused by Cu forming compensating Cucy
acceptors in the CdS (n-type) layer of the device [26].

For small concentrations, the effects of the Cu; - O, defect on the performance of
devices is likely small, but for larger concentrations it can dramatically limit the V,, and,
hence, device efficiency. It is important to note that, if the V7, vacancy could be neu-
tralized without forming such a compensating donor, then there would be a dramatically
increased device performance. It would be ideal to minimize formation of Vp.. Alter-
nately, replacing any Vr. with an acceptor, such as the chlorine A-center, Clz. - Vea (Ev
+ 140 meV), would be advantageous. In this sense, the presence of the Cu; - O, donor

complex may limit the possible attainable device efficiency in CdS/CdTe solar cells.
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5.7 PVD Devices: Structural Variations

PVD devices, because they are grown at much lower temperatures than either the
CSS or VTD process (200°C compared to 600°C), have unique properties, one of which is
observed in luminescence. Figure 5.17a shows PL on as-deposited PVD devices from the
film and glass sides of the sample. The location of the ZPL for peak G varies slightly from
the glass side to the film side; the ZPL on the film side is blue shifted by 4 meV from the
glass side location. Note that the spacing between the ZPL and phonon replicas from the
glass side is 21 meV, as is expected for CdTe. From the film side, however, the phonon
replica spacing is ~24 meV. After a CdCl, treatment, shown in Figure 5.17b, the glass- and
film-sides ZPLs and LO phonon replicas line up perfectly. We believe that the change in
LO phonon energy as well as the blue shift in peak location can be attributed to a difference
in the phase of CdTe.

CdTe typically grows in the zincblende phase, which is the stable phase at atmospheric
pressure (a = 6.482 A) [37]. However, it has been documented that one or more layers of
CdTe can grow in the metastable wurtzite phase (a = 4.58 A, ¢ = 7.54 A) [80]. Grazing
Incidence X-ray Diffraction (GIXRD) measurements performed at IEC (data not shown)
show the existence of a wurtzite layer approximately 1000 A thick, with the remaining
CdTe in the zincblende phase.

The probing depth of the PL. measurement at this laser wavelength is also approxi-
mately 1000 A thick, thus it is likely that the film-side PL measurement is probing only
CdTe in the wurtzite phase. It is certainly possible that the different phase of CdTe would

have a different LO phonon energy. This would also explain why the glass-side PL has the
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Figure 5.17. PL on PVD samples from the glass and film sides for (a) as deposited CdTe
and (b) CdCl;-treated CdTe.

expected value for the LO phonon energy, since it is in the typical zincblende phase. Addi-
tionally, the band gap for the wurtzite phase of CdTe is greater than that for the zincblende
phase [81], which would account for the blueshift in the PL peaks when going from the
glass to film side of the sample. GIXRD further shows that, after a CdCl, treatment at
400°C, there is no evidence of a wurtzite layer at the CdTe film surface. This suggests a
change in phase at the CdTe film surface with the heat treatment, and agrees with the PL
data showing that there is no difference in the PL from the glass and film sides after the

CdCl; treatment.
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Chapter 6

Discussion and Conclusions

Photoluminescence (PL) studies on as-deposited thin film CdTe samples revealed
a peak at 1.46 eV (CdTe film side) that was not seen in as-grown single-crystal (sX)
CdTe samples. This peak at 1.46 eV was reproduced in sX CdTe only when both Cu
and O were incorporated. The intensity-dependence of the PL suggests a defect-to-
band transition. Both the intensity-dependent and temperature-dependent PL for the
1.46 eV peak were very similar for the Cu/O sX CdTe and the as-deposited thin film
CdTe samples. The thin-film samples were grown in an O; ambient, with Cu as a
source impurity during the growth process. Therefore, it is very likely that the peak at
1.46 eV in the thin film samples is caused by the same defect as for the single crystal
sample. First-principals-band-structure calculations, taking into account that both Cu
and O were necessary to produce the PL peak and that it was a band-to-defect transition,
identified the transition as being from a Cu; - O7, donor complex 150 meV below the
conduction band to the valence band.

PL was taken on thin-film CdTe after an anneal in CdCl; and after a back contact
process. The CdCl, treatment enhanced the entire PL, but did not selectively increase
the peak at ~1.46 eV. This is fairly strong evidence that Cl is not responsible for the 1.46
eV peak. Contacting processes including Cu caused a peak similar to the 1.46 eV peak
to be seen from the glass side of the solar cell (CdS/CdTe junction region) for samples

with CdTe thickness greater than 4 pm. If Cu was not included in the contact process,
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this peak did not form in the junction region of the solar cell. This again points to Cu
as one of the necessary dopants for the formation of this defect. Although solar cell
performance increases as the PL signal of this defect increases, this increase is probably
coincidental, with the increase in device performance caused by various changes in the
defect spectrum of the CdTe that serve to increasing the acceptor concentration at the
back of the CdTe and form a better contact when Cu is incorporated.

Formation of a donor complex would create a limitation on the maximum attainable
V,. in CdTe solar cell devices. However, this effect may not have been previously noted
since beneficial processes, such as the crystal growth benefits from oxygen, improvement
of carrier collection by including Cu in the back contact, and formation of acceptors in
the CdTe layer, occur simultaneously. If the Cu; - O, donor complex could be elimi-
nated without losing the other beneficial processes, then the overall device efficiency of

CdS/CdTe solar cells should be improved.

Suggestions for Future Work

The possibilities for future work fall into three categories: (1) to perform experiments
to test the assumptions made when determining the possible effects of the Cu; - Or, defect
on device performance, (2) to perform device simulations, and (3) to take the conclusions
about the Cu; - Op, defect and apply it to device processing.

There were two basic assumptions that led to the conclusion that the Cu; - O, defect
is detrimental to device performance. The first assumption is that the mid-gap V. defect

is present in thin-film materials. Although there has not been direct evidence of the Vr,
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defect, XPS data (Appendix B) suggests that single crystals are Cd-rich, which suggests
that growth conditions may be appropriate for the formation of V. in the lattice. Some
scientists at NREL have observed, but have not published results, that thin-film CdTe is also
CdTe-rich. The second assumption is that Cu; - O, replaces the mid-gap V.. A direct
observation of a Vr.-related PL transition has not been observed, presumably because mid-
gap states tend to act as recombination sites, thus do not produce radiative recombination.
Perhaps future studies using other techniques, such as Deep Level Transient Spectroscopy
(DLTS) or Drive Level Capacitance Profiling (DLCP), could track the concentration of V.
in CdTe devices with and without Cu (or with and without oxygen) to determine if; in fact,
the number of Vr. reduce with different processing.

Although some device simulations were made using AMPS-1D, they were limited to
exploring the replacement of Vr, with Cu; - O, instead of simply reducing the number of
Vre. A more thorough study could include back contact effects, doping of the back part
of the CdTe layer, and simultaneous addition of Cugy in the CdS layer. These simulations
may provide a better fit to the experimental data, and would more accurately study the
quantitative contribution of the Cu; - Or, defect to device performance.

The assertion that a Cu; - Op. donor complex exists and is limiting device V. leads
one to the conclusion that it would be desirable to rid the device of these defects. There
are at least two possible ways to attack this problem: (1) concentrate on eliminating the
oxygen, which takes the place of Vr; or (2) reduce the number of V. in the as-grown
crystal, thereby restricting the number of Cu; - Or, defects that can form. Although the

first method may seem to contradict many studies that show oxygen is necessary for good
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cell performance, oxygen was primarily introduced during the growth process to reduces
pinhole formation that, if unchecked, lead to contact problems. Since the oxygen decreases
the grain size, its use reduces the chance of forming shunt paths when metal contacts were
applied. However, recently-developed contact architectures, such as SbTe or ZnTe con-
tacts, may be able to circumvent this problem. Also, it may be advantageous to look at
growth methods other than CSS or VTD that do not require oxygen in the ambient to form
smaller CdTe grains. These oxygen-free processes may result in a CdTe film that yields
more Vg - Clz, acceptors (A-center) than oxygen-containing films.

The second strategy, to reduce the number of V. produced in the crystal during
growth, is perhaps more desirable because it would eliminate the mid-gap defect as well
as prevent the formation of the Cu; - Or, donor complex. Improved control of this de-
fect concentration may be achieved by adjusting the Cd/Te ratio, perhaps by using a Te
overpressure. This approach has some precedent in CulnGaSe, technology, where good
devices require Se overpressures to reduce the concentration of Vg, defects. However, the
strategy to passivate Vr. would be accompanied by the near certainty that all of the post-
growth processes would need to change significantly in order to produce high-efficiency
devices. The ability to alter (or eliminate) some of the post-deposition processes could
provide significant cost advantages in the next generation of CdS/CdTe production mod-
ules. Hence, this may be the route to pursue in order to achieve CdS/CdTe devices with

sufficient efficiencies to have a significant role in future solar energy production.
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APPENDIX A  Using the Hydrogenic Defect Model to

Calculate Defect Energies

The hydrogenic defect model treats shallow donors and acceptors as hydrogen atoms,
where donors have a positively-charged nucleus with one orbiting electron and acceptors
have a negatively-charged nucleus with one orbiting hole. This method can also be used
to obtain the energy of the free exciton, and this will be shown after the derivation for the
shallow donor and acceptor states. The hydrogenic defect model tends to underestimate

the binding energy.

A.1. Shallow Donors and Acceptors

Figure A.1 shows how the nucleus and free electron would be represented in the hydro-

genic model, with r as the physical distance between the nucleus and the orbiting electron.

,,, —_—-

Figure A.1. Schematic drawing of the hydrogenic model for a donor.

The energy of the electron for the donor (or hole for the acceptor) can be written as:
A2k2 ¢
T om*  Adnmer

(A1)
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Here, m* is the effective mass of electrons if calculating a donor level or it is the effective
mass of holes if calculating an acceptor level, and ¢ is the permittivity of the material.
Assuming the net force on the electron is simply the electrostatic force between the nucleus

and the electron, Newton’s 2"¢ Law can be written as:

2 *,,2
¢ _ mw
Arer? r (A2)
The speed is ik /m*, so Equation A.2 can be rewritten as:
2 272
q _ hk
2(4mer)  2m* (A3)
If we put this back into Equation A.1, it becomes:
2
-__7
b= 2(4mer) (A4)

The next step is to calculate the orbital radius, 1, in terms of known constants of the material.

Since the circumference of the orbit of the electron is an integral number of the wavelength,

21

2rr = nX,and A = 7, then k = n/r. If this is put into Equation A.3 and solved for 1,

then
dmren’h?

Substituting this into the the energy expression, the binding energy of the electron to the

donor is:
___md
b= 2(4rh)?e*n? (A.6)
The Rydberg energy, Ry, is
4
Mo
=—-——"—3=-—13.6eV A7
B 2(47hie,)? © (A7)

where m, is the mas of an electron and ¢, is the permittivity of free space. Thus, the

binding energy can be written solely in terms of material properties and other constants.
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The so-called activation energy of a donor, or the energy to remove an electron from its

donor, has opposite sign to the binding energy:

2
m* (e, \" 1
E = e (:) -7‘15(136 CV) (A8)
In CdTe, ¢ = 10¢,, and the effective mass for electrons (m.*) and for holes (m;*) are

approximately 0.1 m, and 0.8 m,, respectively. The activation energies for the shallow

donor and acceptor states in CdTe are:

Ep = L1 (G 2i(13 6 6V) = 13.6 meV—— (A.9)
b= me \10e,) m2‘ o n2 '
0.8m, [ € \°1 1
EA = e (m) 52‘(136 eV) = 108.8 mevﬁ (AlO)

Recall that n = 1 corresponds to the ground state of the electron or hole. Note that the
activation energy of the acceptor is much higher than for the donor because the effective

hole mass is greater than the effective electron mass.

A.2. Free Excitons

Unlike donors and acceptors, the free exciton is not a lattice defect and does not have
an activation energy. However, it is possible to use a quasi hydrogenic defect model to
calculate the energy difference between the band-to-band energy and the exciton energy.
Then this energy difference can be subtracted from the band gap to find the energy of the
free exciton.

In the case of the free exciton, both the positive and negative charges are in orbit.

The process outlined above can still be used if we change to center of mass coordinates
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Figure A.2. Schematic drawing of a free exciton.

(r — T e — 71) and use the reduced effective mass, m,* (=

L = L 4+ ). Thus, the
™ e h
result from Equation A.8 can be adapted simply by changing m* to m,.*.

2 2
my (€,\" 1 _0.089m, [ ¢ 1 . 1
Eeze = pooy (~—> (13.6eV) = (1060) (13.6eV) = 12.1 meVn2 (A.11)

o\ €/ n? My n2

For a free exciton in the ground state in CdTe, the energy at 4 K is then
Epp = (1.606 — 0.0121) eV = 1.593 eV (A.12)

Observations of the free exciton in CdTe show that the energy is actually ~1.597 eV [82].
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APPENDIX B  Effects of BrMe and Annealing on PL of

Single-crystal CdTe

Control samples were fabricated to investigate the effects of annealing and BrMe-
etching on PL response, and to determine whether or not the annealing process used here
changes the PL of the single crystal CdTe. Since the preparation of Cu-diffusion samples
includes an annealing process, it is necessary to show that the anneal itself is not the con-
tributing factor to changes in the PL signal. Data for the non-etched and 1% BrMe-etched
samples are shown in Figure B.1.

For most of the PL spectrum, the difference in PL response between annealed and non-

annealed samples is less than a factor of 5 and is not an appreciable change. Annealing

10° 10° 5
> (a) As Received - (b) 1% BrMe Etch
5 10" 5 107+
& 6 B 6
c 10 - c 10
o o A | 00°C
2 | Annealedataooc - R ed at 4
g 10° 7 g 1077
a a N !
> 10t - No anneal > 10* — o annea
S S
3 _] 3 _]
10 Illlllllll'lllllllllllllI|I 10 llllllllll|llll|llll|l|ll|l
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Figure B.1. Etching study samples: PL on (2) non-etched and (b) BrMe-etched crystalline
CdTe. Both (a) and (b) were examined before and after a 400°C anneal in N,.

increases the intensity of the near-band gap peaks by more than an order of magnitude.
Annealing also shifts the position of the high-energy peaks in the non-etched samples,

but does not introduce any new peaks in the low-energy PL spectrum. Additionally, the
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N, anneal accentuates the phonon replicas of the peak at 1.475 eV, but the peak does not
change its energetic location or increase significantly in intensity. It appears, then, that
annealing does not significantly alter the zero-phonon energies of the low-energy PL. AFM
data (Figure B.2) show that annealing at 400°C thermally etches the surface, enhancing
the surface roughness. This change in surface roughness may help explain the changes
in intensity and energetic location of the PL for excitonic and near-band gap transitions.
The near-gap PL transitions are typically considered surface-dependent because any near-
band edge photons created in the CdTe bulk have a high probability of either re-emitting
or absorbing in the CdTe, hence a low probability of being collected in the PL signal. In
contrast, transitions in the lower-energy portion of the PL spectrum will primarily come
from the bulk, thus the different surfaces would not be expected to significantly affect this
region of the PL. However, the surface morphology alone does not explain the increase in
PL signal. To explore this phenomenon, the surface chemistry was also studied.

XPS was performed on CdTe single-crystal samples with no intentional Cu to examine
the surface chemistry of the as-received sample, an etched sample, and a sputtered sample.
For this experiment only, the 1% BrMe etch was performed for 10 s, rather than the standard
5 s etch used for all other sample preparation. The angle-resolved XPS is shown in Figure
B.3a. It is clearly seen that the surface of the BrMe-etched sample is, indeed, Te-rich, but
approaches stoichiometry below the surface. The sputtered sample is stoichiometric at the
surface and into the crystal. The data also show that the surface of the as-received (non-
etched) sample is Cd-rich. Sputter depth profiling XPS (Figure B.3b-c) shows the same

trends. However, the two measurements give different values for the thickness of the Te-
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Figure B.2. AFM on single-crystal CdTe: (a) as received, (b) 1% BrMe etch, (c) as re-
ceived with 400°C anneal, and (d) 1% BrMe-etched with 400°C anneal.

rich layer. The angle-resolved XPS indicates that the Te-rich layer is 30 A thick, whereas
the sputter-depth profiling XPS shows an 80 A-thick Te-rich layer. The discrepancy in
measured thickness likely results from the surface roughness. In the case of angle-resolved
XPS, the surface roughness may affect the mean that the actual depth is different from the
calculated depth, which assumes a smooth surface. In the case of sputter-depth profiling
XPS, the sputtering process will be influenced by the initial surface roughness, such that
some areas will sputter away more quickly than others. Since there will be errors between
the actual and calculated depths for both procedures, the thickness of the Te-rich layer is
likely intermediate to the two obtained values (30 and 80 A).

The major differences in surface chemistry between etched and non-etched samples
may explain why etching the single-crystal CdTe increases the overall PL intensity. Since
the XPS results show that as-received CdTe has a Cd-rich surface and etched CdTe has a Te-
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Figure B.3. XPS on as-received, BrMe-etched, and sputtered CdTe single crystals: (a)
Angle-scanned XPS, (b) sputter-depth profiling XPS on as-received CdTe, and (c) sput-
ter-depth profiling XPS on BrMe-etched CdTe.

rich surface, there is likely a difference in the surface Fermi levels due to surface pinning
(see Figure B.4). The as-received CdTe crystal likely has a surface Fermi level that is
pinned far above the valence band. Etching, which creates a Te-rich layer on the surface
of the CdTe, would likely change the Fermi level only near the surface; the Fermi level
would move from very far above the valence band to some level that is closer to, but still
above, mid-gap. The surface Fermi level position and the Fermi level in the bulk determine

the width of the depletion region. As suggested pictorially in Figure B.4, the depletion
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region is expected to be smaller in the etched samples. In the depletion region, many
light-generated electrons would be expected to recombine with light-generated holes rather
than making PL transitions between defect states. OQutside the depletion region, more of
the light-generated electrons would be expected to make radiative transitions. Thus, the
BrMe etching, which decreases the depletion region, would effective increase the number
of radiative recombinations by increasing the area of the PL probe region where these types

of transitions would be expected to occur.

As-received |<——> Br/Me etch |<_>

Figure B.4. Possible band alignment in as-received versus BrMe-etched crystalline CdTe.
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