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ABSTRACT

Cadmium telluride (CdTe) has emerged as the leading commercial thin-film photo-

voltaic (PV) technology with over 25 GW installed capacity. One of the main advantages

of CdTe is its near-ideal bandgap of �1.5 eV, which should allow for an open-circuit volt-

age (VOC) of over 1.1 V in devices. However, VOC has stagnated at �850 mV, making

the improvement of VOC a primary focus in CdTe research. Modeling suggests that as

the bulk continues to improve, the front interface becomes a bottleneck for performance.

Because CdTe is standardly grown in the superstrate configuration, however, the front

interface is buried under microns of material and difficult to access. Moreover, the high

temperatures and harsh chemical environments used during CdTe growth can cause sub-

stantial changes to the front interface which make it difficult to optimize. In this work, a

novel thermomechanical cleave technique, or delamination, was developed to directly ac-

cess the front interface while maintaining surface chemistry. This is done by applying a

stressor layer (e.g., polymer, epoxy) to the back of completed superstrate device stacks,

then thermally shocking the system at low temperatures. This causes the stressor, which

has a relatively high coefficient of thermal expansion, to compress quickly and separate

the thin film from the glass substrate. In this way, the conditions required for state-of-the-

art device growth (high temperatures, reactive environments) can be decoupled from final

lightweight (i.e., plastic) packaging. In the first portion of this work, a theoretical frame-

work was developed to identify key material properties and process variables that can be

tuned to control delamination. Using this understanding, delamination was demonstrated

using lightweight polymers, over large areas (up to 3x3”, limited only by the size of avail-

able growth chambers), for varied architectures (CdS/CdTe, MgyZn1�yO/CdSexTe1�x), de-

fect chemistries (Cu-, As-doped CdTe), and technologies (CdTe, CuIn1�xGaxSe2) from six

different institutions including international (Swansea) and industrial (First Solar) part-

iii



ners.

The second portion of this work was focused on the application of the cleave technique;

namely, the study and modification of the front interface, as well as reconstruction of the

front contact. Previous work using the cleave technique has shown that a two-dimensional

(2D) layered structure, CdCl2, naturally forms at the front interface during standard de-

vice processing. In this work, it is shown that CdCl2 passivates (i.e., reduces recombina-

tion at) the front interface and improves VOC . Moreover, it was found, through an exten-

sive literature search and collaborations, that two additional leading polycrystalline thin-

film technologies, CuIn1�xGaxSe2 and perovskites, have analogous 2D layers at absorber

surfaces, suggesting a possible secret to their shared success. Attributes of successful 2D

passivating materials and design strategies for their incorporation are presented with the

ultimate goal of enabling the next generation of polycrystalline thin-film solar cells. To

study recombination at the front interface more effectively, a time-resolved photolumines-

cence (TRPL) system with two excitation wavelengths - 670 nm (standard, probes surface

and bulk) and 405 nm (primarily probes surface due to shallow absorption depth) - was

built as a part of this thesis work. Using this TRPL system, two major recent advances in

CdTe solar cells were studied: the incorporation of Se to form graded CdSexTe1�x (CST)

and the replacement of CdS with MgyZn1�yO (MZO). It was found that x = 0.2 Se was re-

quired to obtain the lifetime improvements that are commonly associated with Se incorpo-

ration, and this change was primarily seen in the bulk. Additionally, evidence for trapping

at the MZO/CST interface was observed, indicating that MZO does not provide sufficient

passivation at the front interface.

During delamination, the CdTe absorber is separated from the front contact; thus,

to make a completed device, the front contact must be reconstructed. In this case, the

emitter can be engineered directly with properties that will not evolve during subsequent

high-temperature processing. Concurrently, the complication of growing high-quality ab-

sorber material in the substrate configuration (i.e., using low temperatures) is eliminated.
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The combination of these two has enabled record efficiencies for substrate CdTe devices

(15%) in this work. By applying the reconstruction process to absorbers that were either

Cu- or As-doped, the elevated importance of front interface quality in highly-doped (As)

devices was also revealed. Thus, the novel thermomechanical cleave technique and dual

wavelength TRPL system developed in this thesis have enabled several significant new in-

sights regarding the important front interface in CdTe-based solar cells, and have provided

a platform for the continued investigation and improvement of this photovoltaic technol-

ogy.
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CHAPTER 1

INTRODUCTION

1.1 Photovoltaics

Photovoltaics (PV) convert sunlight into electricity via semiconducting materials with

band gaps well-matched to the solar spectrum. Over recent decades, PV has emerged as

a promising solution to rising global energy demands, as it could provide a virtually un-

limited source of clean energy. In fact, the amount of solar power that strikes the earth in

just one hour is more than the energy consumed by all humans in an entire year.[1] PV

has also become the cheapest source of electrical power in regions with high insolation;

for example, in 2020, bid pricing in Qatar was as low as 0.01567 US$/kWh.[2] Thus, PV

has attracted great attention around the world and, in 2019, total installed global capacity

increased to more than 635 gigawatt-peak (GWp, de�ned as power output under ideal con-

ditions) covering about two percent of the total global electricity demand.[3] Silicon (Si)

wafer-based PV technologies accounted for� 95% of total production in 2019, which can

be further divided into single-crystal silicon (c-Si or mono-Si, 66%) and multi-crystalline

silicon (multi-Si, 29%) (Figure 1.1a). Table 1.1 summarizes a few key metrics for these and

select other major PV technologies discussed below. Figure 1.2 provides a breakdown of

important PV technologies based on material classi�cation.

The remaining � 5% of the global PV market is made up of thin-�lm technologies, so-

called because of the particularly thin layer of absorbing material that is required to make

a good solar cell (typically only a few microns while standard c-Si solar cells require hun-

dreds of microns of material), due to their relatively high absorption coe�cients character-

istic of direct band gap materials (see Ref. [4] for plot of absorption coe�cient as a func-

tion of wavelength for various PV materials). These thin �lms are typically deposited on

much thicker glass substrates (millimeters thick) at high speeds. Because much less mate-
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rial is required, the production of thin-�lm solar cells is typically less expensive than other

technologies.

Figure 1.1: (a) Global annual PV production in GWp broken down by technology; (b)
percent annual market share of dominant thin-�lm technologies since 2000 (used with per-
mission from Fraunhofer Institute for Solar Energy Systems, ISE).[3]c
 2020 Fraunhofer
ISE

Of the various thin-�lm technologies, cadmium telluride (CdTe) is the most dominant,

making up the majority of the remaining 5% (Figure 1.1b), and will be discussed in more

detail in the following section. CuIn1� xGaxSe2 (CIGS), another thin-�lm technology, is

the only other PV technology besides Si and CdTe to be produced at> 1 GWp/year (Fig-

ure 1.1b). An advantage of CIGS solar cells is that they are grown in the substrate con�g-

uration (i.e., the back contact is deposited �rst through to the front contact, Figure 1.3),

meaning that they can be deposited on opaque, 
exible substrates, such as steel foil. Steel
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is preferred to other 
exible substrates, such as polymers sheets, due to its high thermal

tolerance, which is required for growth of high-performance CIGS �lms. CdTe also requires

high temperature growth (� 600� C) but cannot be grown on opaque metal in its standard

superstrate con�guration (i.e., front contact grown �rst through to the back contact, Fig-

ure 1.3) and therefore requires a transparent growth substrate. This is discussed further in

Section 3.2.

Figure 1.2: Classi�cation of photovoltaic technologies.

The remaining � 5% of the global PV market is made up of thin-�lm technologies, so-

called because of the particularly thin layer of absorbing material that is required to make

a good solar cell (typically only a few microns while standard c-Si solar cells require hun-

dreds of microns of material), due to their relatively high absorption coe�cients character-

istic of direct band gap materials (see Ref. [4] for plot of absorption coe�cient as a func-

tion of wavelength for various PV materials). These thin �lms are typically deposited on

much thicker glass substrates (millimeters thick) at high speeds. Because much less mate-

rial is required, the production of thin-�lm solar cells is typically less expensive than other

technologies. Of the various thin-�lm technologies, cadmium telluride (CdTe) is the most

dominant, making up the majority of the remaining 5% (Figure 1.1b), and will be dis-

cussed in more detail in the following section. CuIn1� xGaxSe2 (CIGS), another thin-�lm
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technology, is the only other PV technology besides Si and CdTe to be produced at> 1

GWp/year (Figure 1.1b). An advantage of CIGS solar cells is that they are grown in the

substrate con�guration (i.e., the back contact is deposited �rst through to the front con-

tact, Figure 1.3), meaning that they can be deposited on opaque, 
exible substrates, such

as steel foil. Steel is preferred to other 
exible substrates, such as polymers sheets, due to

its high thermal tolerance, which is required for growth of high-performance CIGS �lms.

CdTe also requires high temperature growth (� 600� C) but cannot be grown on opaque

metal in its standard superstrate con�guration (i.e., front contact grown �rst through to

the back contact, Figure 1.3) and therefore requires a transparent growth substrate. This

is discussed further in Section 3.2.

Table 1.1: Key metrics for several important PV technologies. Note: Cost values are best
estimates as the determination of this value depends on many factors and manufacturer
costs are typically not publicly available.

Technology Classi�cation Record cell
e�ciency (%)

Levelized cost of
energy ($/Wp)

Annual
production
(GWp/year)

Mono-Si Wafer-based 26.7 [5] 0.20 [6] 90 [3]
Multi-Si Wafer-based 23.3 [5] 0.18 [6] 40 [3]
a-Si:H Thin-�lm 10.2 [5] > 0.40 [7] 0.2 [3]
CdTe Thin-�lm

(chalcogenide)
22.1 [5] 0.20-0.32 [6] > 5 [3]

CIGS Thin-�lm
(chalcogenide)

23.4 [5] 0.20-0.32 [6] > 1 [3]

Perovskites Thin-�lm
(emerging)

25.5 [5] N/A 0

GaAs (single
junction)

Wafer-based
(III-V)

29.1 [5] 100-200 [8] � 0

Device physics and the reasoning behind various layers in thin-�lm solar cells are dis-

cussed in more detail in Section 1.3, while the architecture is explained brie
y here. The

front contact in both substrate and superstrate architectures is typically a degenerately

doped transparent conducting oxide (TCO), meaning that the carrier concentration (\dop-
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ing") in this layer is so high that it behaves more like a metal than a semiconductor. This

layer is typically strongly n-type, as p-type TCOs have historically been di�cult to fabricate.[9]

Next is a n-type bu�er layer (also referred to as \emitter") which is ideally transparent, al-

lowing maximal light to reach the absorber, and has appropriate band alignment to limit

front interface recombination (see discussion in Section 1.4.4). This is followed by a p-type

absorber layer which, as the name suggests, is where the majority of sunlight is absorbed

and charge carriers (electrons and holes) are generated. These carriers will then ideally be

separated by the junction �eld (see Section 1.4.3) toward their respective contacts - elec-

trons toward the n-type front contact TCO, and holes toward the metal back contact.

Figure 1.3: Schematic of substrate and superstrate thin-�lm device architectures, which
refer to deposition order of layers on top of growth substrate, relative to incident sunlight.

Amorphous Silicon (a-Si), speci�cally hydrogenated a-Si (a-Si:H), is another notewor-

thy thin-�lm PV technology, particularly due to its role in advanced Si-based technolo-

gies like heterojunction with intrinsic thin layer (HIT) solar cells.[10] On its own, however,

a-Si:H solar cells are relatively low e�ciency (Table 1.1) and typically only used in low-

power applications, such as pocket calculators. Another important thin �lm technology

which is not produced commercially yet, largely due to device stability issues, is perovskite
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solar cells (PSCs). This technology has garnered signi�cant attention from the PV com-

munity due to impressive e�ciency gains made over a short amount of time - from 3.8% in

2009 to 25.5% in 2020.[5] Additionally, the bandgap of PSCs can be readily tuned, making

them promising candidates for sub-cells, particularly the top cell, in tandem architectures.

The highest performing solar cells are III-V-based technologies, such as gallium ar-

senide (GaAs), which have essentially reached the theoretical limit for single junction de-

vices (29.1% achieved in 2020).[5] Theoretical performance limits and fundamental loss

mechanisms are discussed in Section 1.4.1. By stacking devices with varied bandgaps, with

the most transparent (i.e., widest bandgap) on top, di�erent regions of the solar spectrum

can be absorbed by each, leading to greater overall absorption. By stacking six devices, an

impressive 47.1% e�cient III-V-based solar cell has been achieved with 143x concentrated

light. However, with high e�ciencies come high costs and III-V-based technologies are typ-

ically � 1000 times more expensive than other mainstream technologies. This means that

III-V solar cells are largely limited to extraterrestrial applications such as satellites, space

probes, and Mars rovers. A few other important PV technologies, such as copper zinc tin

sul�de (CZTS) and organic photovoltaics (OPV), are noted in Figure 1.2. Of all PV tech-

nologies, CdTe o�ers several advantages at both the material and commercial level, which

will be discussed in the next section.

1.2 CdTe-based technologies

Cadmium telluride (CdTe) is currently the leading commercial thin-�lm technology

and the second highest produced PV technology in the world. It has over 25 GWp total

installed capacity, supplied over 5% of the global PV market and 40% of the U.S. utility-

scale market in 2020.[11] First Solar Inc. is the dominant manufacturer of CdTe solar cells

and holds the record for both cell and module e�ciencies at 22.1% and 18.6%, respectively.[5]

One advantage of CdTe is that it can be deposited very quickly due to the congruent sub-

limation of Cd and Te [12] (First Solar claims production of solar modules, starting from

glass, in just a few hours).[13] CdTe is also a direct gap semiconductor, meaning that charge
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carriers can be generated through photon absorption alone rather than photon and phonon

absorption, which is required in indirect-gap semiconductors. Additionally, CdTe has one

of the highest theoretical e�ciencies of any single-junction device due to its near-ideal

bandgap of� 1.5 eV, which results in an optimized balance between current and voltage.

This is based on the Shockley-Queisser limit (Figure 1.4), also known as the detailed bal-

ance limit, which is a thermodynamic e�ciency limit that accounts for thermal relaxation

and radiative recombination losses only (see Section 1.4.1 for further discussion), mak-

ing bandgap of primary importance.[14, 15] It is noted that CdTe has about the same

bandgap as GaAs (Figure 1.4), but exhibits much lower e�ciency, largely due to voltage

de�cit.

While a bandgap of� 1.5 eV should allow for open-circuit voltage (VOC ) of � 1.1 eV

in devices,VOC in CdTe devices has stagnated at� 850 meV.[16] This has made the im-

provement ofVOC an important research topic in the CdTe community and has been the

driver for many technological advances. As discussed in the previous section, CdTe solar

cells are typically grown in the superstrate con�guration, meaning that the front contact

is deposited on a transparent substrate (typically glass) �rst, through to the back contact.

Figure 1.5a shows a schematic of a historical CdTe device architecture which consists of: a

SnO2-based TCO front contact, typically a bi-layer of degenerately doped SnO2:F and in-

trinsic (un-doped) i-SnO2; a thin ( � 60 nm) oxygenated CdS (CdS:O) bu�er;� 3 � m CdTe

absorber deposited at� 600� C, which causes some interdi�usion between the absorber and

bu�er; a CdCl 2 anneal is then performed on the stack at� 400� C, which causes more in-

terdi�usion, along with many other bene�cial e�ects like recrystallization, grain growth,

and passivation.[17{20] Copper dopants are then introduced into the absorber, typically by

soaking the device in a 0.1 mM CuCl2 solution,[21] and activated with heat. Finally, the

device is completed with a metal, usually gold, back contact.
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Figure 1.4: Device e�ciency as a function of absorber bandgap with various PV technolo-
gies record e�ciencies marked with colored circles coordinated with the percentile the
respective technology is in relative to the Shockley-Queisser (S-Q) limit, marked with a
black line (used with permission from the American Association for the Advancement of
Science).[14]c
 2016 AAAS

A major limitation to performance in the historical device structure has been the CdS

bu�er, which has parasitic absorption below� 530 nm despite being oxygenated to im-

prove transparency (i.e., widen the bandgap).[22] This is because the CdS absorbs incom-

ing short-wavelength photons, which generates electron-hole pairs (see Section 1.4.2 for de-

tails); the holes, being minority carriers in the n-type CdS, then recombine in the highly-

defective CdS rather than being swept into the p-type CdTe where they would become

majority carriers. Additionally, the Cu defect chemistry has traditionally limited hole den-

sity in the absorber to � 1014 cm� 3 [23] due to self-compensation, where Cu dopants can

behave as acceptors when occupying Cd sites or donors when occupying interstitial sites,

thus canceling each other out.[24] When carrier concentration is low, quasi-Fermi level

splitting is reduced, thus limiting VOC (see Section 1.4.4 for discussion). Finally, the high

work function of CdTe makes it di�cult to �nd a metal with a high enough work function
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to create an Ohmic contact at the back. This limits back contact metal choice primarily

to Au, which can still only minimize the Schottky barrier height, or semiconductors with

high valence band edge (so called \electron re
ectors"), one early example being doped

ZnTe.[25]

Figure 1.5: Schematic of (a) historical and (b) state-of-the-art CdTe device structure;
(c) external quantum e�ciency (EQE) of historical CdS/CdTe device (blue), device with
CdS replaced with MZO (black), and graded CdSexTe1� x device with MZO bu�er (green)
showing how modi�cations improve the spectral response of the solar cell (used with per-
mission from the Institute of Electrical and Electronics Engineers).[26]c
 2018 IEEE

Figure 1.5b shows a state-of-the-art CdTe device stack which consists of: the same

SnO2:F/i-SnO 2 front contact that was used in the historical architecture; a MgZnO (MZO)

bu�er at the front interface which replaced CdS; a graded CdSexTe1� x absorber that is in-

situ doped with group-V (Gr-V) atoms like As or P; the stack is then annealed in a CdCl2

ambient as before, and completed with a doped (ZnTe)[27] metal back contact. With the

use of a ZnTe contact layer, less expensive metals can be used at the back, such as Al.

Gr-V dopants can allow for higher hole densities (> 1016 cm� 3) due to their larger size

and thus lower probability to occupy interstitial sites where they can act as donors. How-

ever, successful incorporation and activation of Gr-V dopants in polycrystalline devices

has only been demonstrated a handful of times,[28, 29] and is still an active area of re-

search in CdTe. Graded Se in the absorber, where Se content decreases moving away from

the front interface, creates a graded bandgap due to a bowing e�ect with Se alloying,[30]
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allowing for higher current extraction from a single-junction device. The incorporation

of Se has also been shown to extend the absorption range into the infrared region (Fig-

ure 1.5c) and greatly enhance carrier lifetime.[31] The replacement of CdS with MZO has

greatly improved the short-wavelength response of the solar cell (Figure 1.5c) and allowed

for the conduction band o�set (CBO) at the p-n junction, a critical parameter for device

performance (see Section 1.4.4 for discussion), to be tuned by adjusting the Mg content in

the MZO.[32] However, MZO is also fairly resistive (i.e., has a low carrier concentration),

which may limit performance when paired with highly-doped absorbers.[33, 34] As CdTe

bulk properties continue to improve, modeling shows that the front interface becomes a

bottleneck for performance and is important to address in the continuing e�ort to improve

VOC .

1.3 Delamination of CdTe solar cells

In thin-�lm structures, delamination is typically considered to be a catastrophic fail-

ure and careful precautions are taken to prevent its occurrence during device fabrication.

However, if state-of-the-art devices can be robustly delaminated post-growth and repack-

aged using lightweight plastics, the speci�c power (power-to-weight ratio) can be signif-

icantly increased while maintaining low-costs, high-throughput processing, and material

quality associated with high-temperature growth. Dross et al. �rst demonstrated this con-

cept by successfully removing a 40-� m-thick Si layer from a 300-� m-thick Si substrate.[35]

This was done by screen-printing metal (Ag and Al) pastes to the surface of the Si sub-

strate, then annealing at 900� C. Upon cooling, the mismatch in coe�cient of thermal ex-

pansion (CTE) between the Si and metal layers induced enough tensile stress to sponta-

neously delaminate the top layer of Si. This technique was later adopted and modi�ed by

Bedell et al. in an e�ort to re-use expensive single-crystal III-V growth substrates.[36] In

their work, a stressor layer and 
exible handle were applied to the device at room tem-

perature, then pulled in tension to propagate a carefully initiated crack along a preferred

crystallographic plane. This eliminated the high-temperature annealing step and more
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control was gained over device delamination. However, this approach was limited to single-

crystal systems and could not, therefore, be used to delaminate polycrystalline thin-�lm

solar cells.

Initial attempts at applying a similar technique to CdTe �lms involved epoxying a mi-

croscopy mount to the back surface and pulling in tension, resulting in uncontrolled, poor

delamination.[37{39] By taking advantage of the relatively high CTE of the epoxy, how-

ever, the system could be thermally shocked at low temperatures, causing the epoxy to

quickly contract and peel the �lm cleanly o� of the glass with it. A theoretical under-

standing of this thermomechanical delamination technique is developed in Chapter 3. In

addition to decoupling high-temperature growth conditions from �nal lightweight pack-

aging, delamination also allows for direct access to previously buried regions of CdTe so-

lar cells. Speci�cally, the front interface, which is either directly at or adjacent to the p-

n junction depending on device architecture, is exposed in the process and can be stud-

ied using standard surface analysis techniques. Additionally, new layers can be deposited

at the front interface which no longer need to withstand high-temperature and reactive-

chemical growth steps. In this way, substrate CdTe devices can be fabricated with good

absorber properties (�rst grown in the well-developed superstrate con�guration) and con-

trollable front interface properties that will not evolve during subsequent processing.

1.4 Solar cell device physics

1.4.1 Fundamental loss mechanisms

Sunlight has a characteristic spectrum at di�erent depths into the Earths atmosphere,

characterized by the \air mass" (AM) that the light must travel through. Figure 1.6a

shows the solar irradiance spectra just outside of Earths atmosphere (AM 0) and at Earths

surface both for direct radiation only (AM 1.5D) and a combination of direct and di�use

radiation (AM 1.5G). AM 1.5G is the standard spectrum assumed for 
at-plate photo-

voltaic calculations and is equal to approximately 1000 W/m2 when integrated. Of the to-

tal solar spectrum striking the solar cell, only photons with energy higher than the bandgap
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are absorbed, while lower energy photons are transmitted - this is demonstrated in Fig-

ure 1.6b where spectral intensity is plotted against photon energy, rather than wavelength,

to make this distinction more apparent; the energy bandgap (using Si as an example) is

marked with a dashed line. This is the �rst major fundamental loss mechanism for solar

cells.

For photons that are absorbed (i.e., ones with energy higher than the bandgap), pho-

ton energy is transferred to an electron in the valence band (VB), exciting it into the con-

duction band (CB) and leaving behind a hole in the process. Because the energy of the

photon is greater than the energy gap, the excited electron must lose energy in the form of

phonons (heat) in order to move back toward the CB edge and a state of equilibrium. This

is the second major loss mechanism and is referred to as thermalization (Figure 1.6b). The

�nal fundamental loss mechanism common to all PV technologies occurs when an excited

electron in the CB falls back down to the VB and recombines with a hole. In the process,

energy is released in the form of a photon, thus reducing the overall e�ciency of the de-

vice. This band-to-band recombination is referred to as radiative recombination and re-

sults primarily in voltage losses (Figure 1.6b) due to a reduction in excess carrier concen-

tration. This is because a cells open-circuit voltage (VOC ) is determined by the splitting

between quasi-Fermi levels of the p- and n-type materials rather than the energy bandgap

(Eg) (shown in the inset of Figure 1.6b). The position of the two quasi-Fermi levels is in

turn dependent upon the number of excess minority carriers (i.e., electrons in the p-type

side of the junction and holes in the n-type side) relative to the intrinsic carrier concentra-

tion. See discussion in Section 1.4.4 for more details.

The e�ciency limit that takes these three major loss mechanisms into account is known

as the Shockley-Quessier limit, or detailed balance limit. Assuming standard solar irradi-

ation conditions (unconcentrated light, AM 1.5G spectrum), it states that the maximum

e�ciency obtainable by a single-junction solar cell is 33.7%, which occurs at a bandgap of

1.34 eV (Figure 1.4).[14, 15] This means that of all the power contained in sunlight (1000
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W/m 2) falling on an ideal solar cell, only 33.7% of it can be turned into electricity (337

W/m 2). However, there are many other loss mechanisms in practical solar cells, such as

defect-mediated recombination, known as Shockley-Read-Hall (SRH) recombination, Auger

recombination, and contact resistance.[40{42]

Figure 1.6: Solar irradiation spectra (a) for AM 0 (red), AM 1.5D (blue), AM 1.5G
(green), and (b) showing three fundamental loss mechanisms for a solar cell illuminated
with AM 1.5G light (used with permission from the American Association for the Ad-
vancement of Science).[14]c
 2016 AAAS
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1.4.2 Carrier dynamics and recombination

When a photon is absorbed by the photovoltaic material, two charge carriers are gener-

ated - an electron which is excited into the CB (negative charge carrier) and a hole that is

left behind in the VB (positive charge carrier). The dynamics of each carrier can be easily

visualized by imagining the excited electron as a water droplet that has been pushed up

from under a sheet of ice on a frozen lake, and the hole as the bubble that is left behind

in the process. In this case, the thickness of the ice is analogous to the energy gap, where

the air side is the CB edge and the water side is the VB edge. If the ice is tilted (bands

are bent), the water droplet moves downward while the bubble moves up, both directly

against the sheet of ice. Ideally, the carriers are swept away to their respective contacts

(electrons to the n-type front contact and holes to the p-type back contact) by the built-in

electric �eld that results from the creation of the p-n junction. However, there are several

ways that the carriers can recombine, and therefore be lost, in the process. This creates a

dark current, or recombination current, that 
ows opposite to the photogenerated current

and reducesVOC by reducing the number of photogenerated carriers (and therefore quasi-

Fermi level splitting).

The �rst recombination pathway is band-to-band, or radiative, recombination, which

was discussed in the previous section and is shown in Figure 1.7a. Radiative recombina-

tion is common in all photovoltaic technologies, even theoretically ideal ones, and is the

basis for photoluminescence (PL) spectroscopic techniques which can be time-resolved

(TRPL, discussed in Chapter 8, Chapter 2.5.4, and Appendix D), spatially-resolved, voltage-

or temperature-dependent, etc. Another type of recombination, which is non-radiative

(meaning that a phonon is released in the process rather than a photon) and involves three

carriers is known as Auger recombination (Figure 1.7b). This is a two-step recombination

process in which an electron and hole �rst radiatively recombine and emit a photon; that

photon is then re-absorbed by a third carrier (e.g., an electron in the CB) which is excited

to a higher energy state without actually moving to another energy band. The excited car-
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rier then loses excess energy in the form of phonons (heat) as it moves back toward the

band edge.

The �nal recombination mechanism that will be discussed is defect-mediated recom-

bination, also known as Shockley-Read-Hall (SRH) recombination (Figure 1.7c), which is

also non-radiative. Defects can be introduced either intentionally (e.g., for doping) or un-

intentionally via physical defects like voids or wrong/dangling bonds. These defects can

create electronic states within the energy gap where carriers can be excited to and become

trapped. If enough energy can be gained by the trapped carrier through absorption of a

phonon, it can be thermally re-emitted and have the potential to contribute to useful cur-

rent. If an oppositely charged carrier falls into the same defect state prior to thermal re-

emission, however, the two carriers recombine and are lost. The closer the defect state is

to the middle of the energy gap, the lower the probability for re-emission and therefore the

higher the probability for recombination. Thus, mid-gap defect states are considered trap

states and can be detrimental to device performance. Due to the many defects and grain

boundaries in polycrystalline solar cells (e.g., CdTe), SRH is usually the dominant recom-

bination pathway[43] in these, whereas for epitaxially-grown, single crystal technologies

like GaAs, radiative recombination dominates.[44]

Figure 1.7: Schematic of (a) radiative (band-to-band), (b) Auger, and (c) SRH (defect
mediated) recombination.
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The extent of defect-mediated recombination in a given PV device is primarily deter-

mined by three factors: (i) the number of excess carriers available to recombine, (ii) the

number of recombination sites (defect states), and (iii) how attractive those sites are to

each type of carrier. Interfaces/surfaces tend to have more defects (e.g., wrong or dan-

gling bonds) and thus can have higher recombination rates. This is particularly an issue

for polycrystalline materials, which have many surfaces in the form of grain boundaries.

Surfaces can be passivated (i.e., made benign) by (i) chemically reducing the number of re-

combination sites through surface reconstructions or adsorption of species that satisfy local

electron counting requirements, or (ii) electronically creating �elds that reduce the number

of carriers available to recombine at defect sites. Surface passivation as a way to increase

VOC is discussed in Chapter 6.

1.4.3 P-N junction theory and solar cell parameters

When a p- and n-type material are interfaced (i.e., a p-n junction is created), some

electrons from the n-type side di�use to the p-type side and combine with holes, and vice

versa. This creates a \depletion region" where electrons are depleted in the n-type side

and holes are depleted in the p-type side (Figure 1.8); this can also be thought of as a

\space charge region" where the di�usion of electrons across the junction creates nega-

tively charged ions on the p-type side and leaves behind positively charged ions on the n-

type side. This built-up space charge inhibits further electron transfer (unless aided by

external forward bias), thus creating a region with characteristic width that is dependent

on how many carriers on either side were required to maintain charge neutrality (equilib-

rium). Thus, the depletion region extends further into the low-doped side of the junction.
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Figure 1.8: Plot of (a) carrier concentration, (b) charge, and (c) electric �eld as a func-
tion of position within a p-n device stack. Electrons are shown as black circles with green
charge symbols while holes are white with purple charge symbols.

The positive and negative ions within the space charge region set up an electric �eld

across the junction at a potential di�erence known as the built-in voltage (Vbi). This elec-

tric �eld acts as a barrier to carrier di�usion across the junction, quickly sweeping any ma-

jority carriers out of the depletion region and back into the region where they originated.

However, some carriers do have enough energy to di�use across the junction, where they

become minority carriers and can, on average, travel approximately one di�usion length.

The net 
ow of these carriers is referred to as the di�usion current. When minority carri-

ers reach the edge of the depletion region, on the other hand, they are quickly swept across

it where they become majority carriers - this is referred to as drift current. In equilibrium,
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the drift and di�usion currents balance out such that the net current from the device is

equal to zero. Under bias, current can only 
ow in one direction, leading to typical diode

behavior (Figure 1.9).

Figure 1.9: Schematic and current-voltage (I-V) plot of typical diode behavior in a p-n
junction. The highlighted portion of the plot around the origin.

A diode operating under reverse bias (Quadrant III in Figure 1.9) typically has high

resistance, but reverse current can increase slightly due to defect-mediated (i.e., leakage,

dark) current. When the reverse bias becomes large enough, the diode experiences a sud-

den rapid increase in reverse current; the corresponding applied voltage is the reverse break-

down voltage. Breakdown can occur from two primary mechanisms: avalanche multiplica-

tion and quantum tunneling. Avalanche breakdown occurs when the large applied electric

�eld provides enough kinetic energy to carriers that they generate new electron-hole pairs

through impact ionization. Avalanche multiplication is the primary mechanism for break-

down, but when the material has high enough doping, quantum tunneling becomes domi-

nant. When a large electric �eld is applied, the band edges bend greatly and become close
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together, thereby increasing the probability of tunneling through the bandgap, particu-

larly when there are many carriers available. Fundamentally, neither of the two breakdown

mechanisms is destructive; however, heating caused by the large breakdown current and

high breakdown voltage can destroy the diode.

For solar cells, the region around the sudden increase in forward diode current (inset

of Figure 1.9) is of primary interest and will be discussed further. The maximum current

that can be obtained from a solar cell occurs at V = 0, i.e., under short-circuit conditions,

and is called the short-circuit current (ISC). Conversely, the maximum possible voltage

occurs under open-circuit conditions (when I = 0) and is called the open-circuit voltage

(VOC ). The inverse of the slope at these two points is called the shunt resistance (RSH )

and series resistance (RS), respectively. A circuit diagram illustrating each is shown in

Figure 1.10. Ideally,RSH , which is in parallel to the diode, should go to in�nity while RS,

which is in series, should go to zero. Low shunt resistance can cause power loss by pro-

viding an alternate path for current to 
ow, e�ectively shorting, and detracting current

from, the junction. Because series resistance is in series with the diode, on the other hand,

a high value will harm performance. Both of these resistances primarily a�ect �ll factor

(FF ), which is e�ectively a measure of the \squareness" of the I-V curve. As shown in the

inset of Figure 1.9,FF is the ratio of the maximum power output from the cell (which is

the product of the current and voltage at that point - Imp and Vmp , respectively) to the

product of ISC and VOC . The e�ciency of a solar cell, often denoted as� , refers to the

fraction of incident power (Pin ) that can be converted to electricity. Thus,

� =
Pmax

Pin
=

Vmp � I mp

Pin
= FF

VOC � I SC

Pin
(1.1)

wherePin is standardly 1000 W m� 2 at AM 1.5G, as discussed in Section 1.4.1.
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Figure 1.10: Circuit diagram of solar cell where IL is the light generated current, IDark

is the dark, or leakage (defect-mediated), current, ISH is the current lost to paths with
low shunt resistance (RSH ), RS is the total series resistance of the cell,I is the resulting
output current, and V is the voltage drop across the cell.

1.4.4 Energy band alignment

The Fermi level (EF ) of the n-type junction partner (EF n ) is close to the CB edge and

the p-type Fermi level (EF p) is close to the VB edge (Figure 1.11a). The position of either

relative to the respective band edge depends on the concentration of excess charge carri-

ers relative to the intrinsic carrier concentration such that the di�erence between the two

(\quasi-Fermi level splitting") is given by:

EF n � EF p = kB � T ln(
np

n0p0
) (1.2)

wherekB = Boltzmanns constant, T = temperature, n = excess electrons,p = excess

holes,n0 = intrinsic electron density, and p0 = intrinsic hole density. Quasi-Fermi level

splitting is an important parameter because it determines the maximum voltage obtain-

able from a solar cell (VOC ).

The di�erence in Fermi levels between the n- and p-type regions causes band bending

within the depletion region when the two are joined, such that p-type bands bend down

and n-type bands bend up (Figure 1.11a). The extent of band bending can either impede
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or facilitate carrier transport, which can be done for a single carrier type or both. The lat-

ter is undesirable in devices as current 
ow would be blocked. However, strong band bend-

ing which blocks both carrier types can be bene�cial in test structures that aim to con�ne

carriers into a certain region, such as \double heterostructures" which consist of an ab-

sorber layer sandwiched between two layers with particularly high bandgap (e.g., Al2O3).

Alternatively, blockage of a single carrier type can be useful in full devices to create \selec-

tive contacts" (e.g., block electrons from the p-type contact - this is sometimes referred to

as an \electron re
ector" or \hole transport layer") and/or reduce the number of minority

carriers available to recombine at defective interfaces. In fact, this is a primary role that

the bu�er layers play in thin-�lm device stacks (see Figure 1.5b).

For CdTe, several theoretical studies have demonstrated the importance of conduc-

tion band o�set (CBO) between bu�er and absorber (i.e., at the p-n junction) for device

performance.[33, 34, 45, 46] When the CB of the bu�er is higher than the absorber CB

(i.e., positive CBO), this is referred to as a \spike" and stronger band bending is induced

relative to a negative CBO (or \cli�") since the low point of the CB in the absorber is

closer to the quasi-Fermi level for electrons (Figure 1.11b and c). This produces a barrier

to hole transport, thus reducing the number of holes available to recombine at the defec-

tive front interface. If the spike is too large, however, electron transport can also become

blocked and current su�ers. Modeling has found a CBO of about 0.2 - 0.3 eV to be opti-

mal for CdTe solar cells.[33, 34, 45, 46]
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Figure 1.11: Band diagrams demonstrating (a) band bending in the depletion region and
quasi-Fermi levels; band bending at the bu�er/absorber interface (p-n junction) resulting
from (b) positive conduction band o�set (\spike") and (c) negative conduction band o�set
(\cli�").
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1.5 Outline of thesis goals

This thesis work is focused on the development and application of a novel thermome-

chanical cleave technique for CdTe solar cells with three primary objectives. The �rst ob-

jective focused on the development of the cleave technique such that it could be robustly

applied to varied architectures (CdS/CdTe, MZO/CdSeTe), defect chemistries (Cu-, As-

doped CdTe), and technologies (CdTe, CIGS) from various institutions (Colorado School

of Mines, National Renewable Energy Laboratory, Colorado State University, Swansea

University, First Solar). The theoretical framework that was developed during this por-

tion of the thesis work also allowed for large areas to be cleanly delaminated (up to 3x3",

limited only by the size of available growth chambers) using lightweight polymers. Impor-

tantly, this allows for growth conditions required for optimal e�ciency (high temperatures,

reactive environments) to be decoupled from �nal lightweight (plastic) packaging. In this

way, high speci�c power (power-to-weight ratio) can be achieved.

The second objective of the thesis work was focused on using the cleave technique to

gain access to the buried front interface and study its e�ect on device performance. Be-

cause CdTe devices are typically grown in the superstrate con�guration, the front interface

between the bu�er and absorber (i.e., p-n junction) becomes buried under microns of ma-

terial on one side and glass on the other. Furthermore, the high-temperature processing

and reactive growth environments that are used after formation of the front interface can

cause substantial changes to it, making its properties di�cult to understand in the com-

pleted device. By cleaving at the front interface, we gain direct access to it and can per-

form characterization and modi�cations that were previously inaccessible. This is particu-

larly important in understanding front interface recombination, which can drastically limit

device performance.[33, 34, 45, 46] Thus, for the second objective, a time-resolved photo-

luminescence (TRPL) system with two excitation wavelengths - 670 nm (standard, probes

surface and bulk recombination) and 405 nm (short absorption depth, primarily probes

surface) - was built to test the e�cacy of various passivation techniques. Among these
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were the addition or removal of passivation layers (e.g., CdCl2, MgCl2, hexagonal boron

nitride, CdTeO3, Al 2O3) and various treatments to change the chemical state and/or stoi-

chiometry at the surface (e.g., Cl2 gas, air anneals or UV-ozone to oxidize the surface, ion

milling).

The ultimate goal of this thesis work is to improveVOC in CdTe solar cells by im-

proving the front interface. Thus, the third and �nal objective was focused on how the

cleave process can be used toward this aim. One approach that has been pursued is to

determine good passivation strategies that can be implemented into superstrate devices,

in which case the passivation material would need to be stable against subsequent device

processing or be designed to evolve during the processing to provide appropriate passi-

vation once complete. Alternatively, performance can be optimized for cleaved CdTe de-

vice stacks which are reconstructed in the substrate con�guration. This approach o�ers

three primary bene�ts: (1) high e�ciency substrate CdTe devices can be obtained using

high-performance absorber materials, which has historically been challenging in substrate

CdTe, (2) the front contact is deposited last, meaning that it does not need to undergo

subsequent high temperature processing and can therefore have known properties, and (3)

high-performance substrate devices can also be made lightweight using ultra-thin polymers

during delamination, making high speci�c power devices possible at low costs. In an ef-

fort to optimize substrate performance, a variety of front contact and bu�er materials were

reconstructed on delaminated �lms (e.g., ZnO, MgZnO, SnO2, ZnO:Al, ZnO:In) using a se-

ries of growth conditions (varied O2 partial pressure, power density, thickness, etc.). Front

contact optimization was performed for both Cu- and As-doped devices where the latter,

despite being more state-of-the-art and having higher e�ciencies to start, resulted in poor

reconstructed device performance with< 8% e�ciency. Reconstructed Cu-doped devices,

on the other hand, have achieved> 15% e�ciency, nearly 90% of their original superstrate

e�ciencies.
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CHAPTER 2

MATERIALS AND METHODS

The device structure for state-of-the-art CdTe-based solar cells was described in Sec-

tion 1.2. In this chapter, the fabrication processes for device structures and the character-

ization methods used in this work are described. Detailed descriptions of fabrication steps

can be found in the standard operating procedures in Appendix C.

2.1 Baseline Device Structure

Three primary device architectures were used in this work: 1) Cu-doped CdTe devices

with CdS bu�er, 2) Cu-doped CdSexTe1� x devices with MZO bu�er, and 3) As-doped

CdSexTe1� x devices using a proprietary bu�er layer. The latter will not be discussed ex-

tensively in this section as they were not grown in-house. Typically, TEC12D (commer-

cial soda-lime glass (SLG) coated in a SnO2:F/SnO2 bilayer) from Pilkington was used for

Cu-doped devices and TEC28 (SnO2:F-coated SLG with no intrinsic layer) was used for

As-doped devices. Occasionally, SnO2:F/SnO2 bilayers were grown on glass (either SLG

or AF45) using metal-organic chemical vapor deposition (MOCVD, Section 2.3.1). When

using TEC glass, the �rst step was to thoroughly clean the surface using the process de-

scribed in Appendix C.2. When the TCO was deposited via MOCVD, the glass was �rst

cleaned using a similar, although less stringent, process described in Appendix C.3. The

purpose of depositing on one substrate over the other is discussed in Chapter 4.

Figure 2.1 illustrates the device fabrication steps for CdS/CdTe devices. First, 60 nm

of n-type oxygenated CdS (CdS:O) was deposited via radio-frequency (RF) magnetron

sputtering (Section 2.3.2) in an oxygen/argon ambient. Next, 3-4� m of p-type CdTe was

deposited using closed-space sublimation (CSS, Section 2.3.3) with the substrate tem-

perature held at 550 - 600� C, which causes some interdi�usion between the CdS:O and

CdTe. The �lm stack was then annealed in a CdCl2 ambient in the CSS con�guration for
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10 minutes at substrate temperatures of 420-450� C. This step causes signi�cantly more in-

terdi�usion between the CdS:O and CdTe [47, 48] in addition to other bene�cial changes

to the bulk such as recrystallization, grain growth,[17] and defect passivation.[19] After

the CdCl2 anneal, samples were rinsed with methanol to remove any excess CdCl2 at the

surface. Copper dopant was then introduced either through thermal evaporation (� 3 nm

metallic Cu layer) or by soaking the device in a 0.1 mM CuCl2 solution for two minutes

and brie
y rinsing with deionized (DI) water. To drive copper dopants into the absorber,

an anneal was performed at 200-230� C in air either before (CuCl2 introduction method)

or after (evaporated Cu method) deposition of the metal back contact. For this, 100 nm

of gold was thermally evaporated (Section 2.3.4) in 5x5 mm squares using a shadow mask.

Finally, a razor blade was used to remove the CdS/CdTe �lm from the border of the sub-

strate in order to expose the SnO2 front contact. Indium was then ultrasonically soldered

onto the exposed SnO2 border to make good electrical contact and reduce the e�ect of the

TCO's sheet resistance. Baseline device e�ciency for this architecture was 15 - 16% with

champion e�ciency � 17%.

Figure 2.1: Fabrication steps for CdS/CdTe device structure.

Figure 2.2a illustrates the device fabrication steps for the MZO/CdSexTe1� x device ar-

chitecture. First, 60 nm of n-type MgyZn1� yO, typically with 4 wt% MgO and 96 wt%
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ZnO, was deposited via RF magnetron sputtering of a hot-pressed target in an oxygen/ar-

gon ambient with no intentional heating. Next, 150 nm of n-type CdSe was thermally

evaporated using e�usion cells, immediately followed (without breaking vacuum) by 3-4

� m of p-type CdTe with substrate temperatures of� 450� C. Like the CdS case, the high

temperature causes some interdi�usion between the CdSe and CdTe, but most interdif-

fusion occurs during the CdCl2 anneal. The remaining steps - CdCl2 anneal, Cu dopant

introduction (using only the CuCl2 solution method in this case), Au evaporation, front

contact exposure, and In soldering - were all done in the same manner as described for Cd-

S/CdTe devices. Baseline device e�ciency for this architecture was 16 - 17% with cham-

pion e�ciency � 19%. Figure 2.3b shows an image of a completed substrate with 16 de-

vices - this is representative for both CdS/CdTe and MZO/CdSexTe1� x devices. Process-

ing steps for As-doped CdSexTe1� x devices are proprietary and are omitted here. Baseline

device e�ciency for that architecture was 17 - 19%.

Figure 2.2: (a) Fabrication steps for MZO/CdSexTe1� x device structures; (b) image of
representative completed substrate with 16 devices.
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2.2 Cleave and reconstruction process

Completed CdTe device stacks were cleaved using a variety of materials in this work,

as discussed in Chapters 3 - 5. Figure 2.3 shows the general cleave, or delamination, pro-

cess in which a \stressor", which is a material with high coe�cient of thermal expansion

(CTE) relative to the device stack, and handle are �rst applied to the completed device.

The stack is then thermally shocked at low temperatures, typically by dipping in liquid ni-

trogen (LN2), causing the stressor to contract quickly and pull the �lm cleanly o� of the

glass growth substrate. Many combinations have been used for stressor and handle materi-

als, the most important of which are outlined in Table 2.1 and Figure 2.4. The \baseline"

stressor/handle combination that was most commonly used in experiments was Hysol 1C

epoxy and glass (Figure 2.4a). In this case, Hysol 1C epoxy was applied to the CdTe back

surface, and the glass was gently set on top of the epoxy without applying pressure. The

stack was then left in air at room temperature overnight to cure. This causes the epoxy

to become rigid, which is desirable for post-delamination processing (e.g., to avoid 
exure-

induced �lm cracking, performance changes due to large variations in strain state, probe

pierce-through during measurement), but not for applications where light weight and 
exi-

bility are important.

Figure 2.3: Schematic of general delamination process.
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Table 2.1: Most common stressor and handle combinations used in this work with key
attributes of each highlighted.

Stressor Handle Key attributes
Hysol 1C
epoxy

Glass Rigid, room temperature cure, long cure (� 12
hours), UHV compatible

Ethylene vinyl
acetate (EVA)

Polyethylene
terephthalate
(PET)/ Kynar

uoropolymer

Flexible, elevated temperature cure (� 165� C),
fast cure (� 10 min)

Hysol 1C
epoxy

Brass block Same as Hysol with glass but allows most
di�cult-to-cleave samples to be delaminated

EVA PET + PMMA
release layer

Same as EVA with PET but allows for
ultra-lightweight devices

In that case, the most commonly used 
exible stressor/handle combination was a com-

mercial backsheet called KPE which consists of a thin Kynar polyvinylidene 
uoride (PVDF)

outer layer, polyethylene terephthalate (PET) handle, and ethylene-vinyl acetate (EVA)

stressor (Figure 2.4b). This material is described in more detail in Chapter 4. To apply

it, vacuum lamination was used in which KPE is placed on top of the device with EVA

face down, and the entire stack is heated above the melting temperature of the EVA (typ-

ically to 145-165� C) while a constant pressure is applied. Thus, a disadvantage of lami-

nating EVA, as well as other polymers used to obtain 
exible devices (see Appendix C.12

- C.14, and C.12), is the additional heat step that is required. Heating after the device is

complete, even to 80� C for less than one hour, appears to negatively impact device perfor-

mance in ways that are currently not well understood. Therefore, this additional heat step

should be avoided if possible.

In some cases, device stacks were di�cult to cleave and special methods were required.

This was generally true for devices grown on TEC glass, which was found to have high

surface roughness on a �ne scale. In this case, Hysol epoxy was used with a heavy brass

handle (Figure 2.4c), which acted as a weight during delamination to help pull the stack

apart. Figure 2.4d shows the process used to make ultra-lightweight delaminated devices
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in which the EVA was separated from the handle. To do this, the KPE backsheet was �rst

peeled apart at the PET/EVA interface, and a sacri�cial layer of polymethyl methacrylate

(PMMA) was spin coated onto the Kynar surface of the Kynar/PET �lm. The sacri�cial

layer was deposited on the Kynar rather than the PET side since Kynar is a 
uoropoly-

mer and therefore more likely to release the EVA in case contact was made through the

PMMA layer. The EVA was also thinned using heat and pressure in order to decrease

its weight. The EVA/PMMA/Kynar/PET stack was then vacuum laminated onto the

CdTe device stack (Figure 2.4c) using the same process as KPE. Once delaminated and

reconstructed (described in the remainder of this section), thin metal wires were adhered

to the front and back contacts using silver-�lled epoxy and a second thin EVA layer was

laminated to the front of the device. The stack was then rinsed in acetone to dissolve the

PMMA layer, resulting in an ultra-lightweight device.

Figure 2.4: Most common stressor and handle combinations used: (a) Hysol 1C epoxy and
glass used as a rigid platform for most experiments, (b) commercial Kynar/PET/EVA
(KPE) backsheet used as a baseline for 
exible applications, (c) Hysol 1C epoxy and heavy
brass plate used for di�cult-to-cleave samples, (d) inverted KPE layers with sacri�cial
PMMA layer to make ultra-lightweight devices.

After the stressor and handle were applied, the stack was transferred to a nitrogen-

�lled glovebox along with a small dewar of LN2. In the glovebox, the sample was sub-

merged into the LN2 until the stack spontaneously cleaved (after� 5 seconds) at the SnO2/CdS
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interface for CdS/CdTe devices and at the MZO/CdSexTe1� x interface for MZO/CdSexTe1� x

devices (Figure 2.5 and Figure 2.6, respectively). While LN2 was generally used due to its

inertness and ability to produce fast delamination, the temperature of the delamination

bath was also increased in some experiments by mixing with ethyl alcohol. This produced

slower delamination and is explored further in Chapter 4. CdS/CdTe devices were used

for the �rst portion of this thesis work and the reconstruction process for that architecture

will be described �rst. This will be referred to as the \�rst generation" cleave and recon-

struction process, as it has been improved over the course of the thesis work. Because Cd-

S/CdTe devices cleave at the SnO2/CdS interface, the front contact must be re-deposited.

For this, a bilayer of ZnO and ZnO:Al (AZO) was sputtered with no intentional heating

of the substrate in an oxygen/argon ambient. These layers were chosen because they are

well-developed and commonly used as the front contact for CIGS solar cells.

During delamination, the back contact becomes buried and must be partially exposed

for device measurements. To do so, a mask was created over the device area using either

S1818 photoresist or Kapton stickers, and the stack was etched with ferric chloride (FeCl3),

which removes everything down to the Au back contact. The photoresist or Kapton sticker

was then removed with acetone, resulting in substrate devices similar to the image in Fig-

ure 2.5. One of the disadvantages of this subtractive' method of accessing the back contact

is that often, a brown residue was left on the etched surface as seen in the device image

in Figure 2.5, making it di�cult to reliably contact the gold. Additionally, it was unclear

how the sides of the device stack were a�ected by the acid etch, which can potentially re-

sult in Te-rich surfaces[49] that increase recombination[50] and create shunt pathways.
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Figure 2.5: First generation cleave and reconstruction process, primarily used for Cd-
S/CdTe solar cells.

Eventually, CdS was replaced with MgyZn1� yO (MZO) as the bu�er and Se was in-

corporated into the absorber to create graded CdSexTe1� x (CST). In this case, the device

stack cleaves at the MZO/CST interface (Figure 2.6). Initially, the �rst generation cleave

and reconstruction process was used for MZO/CST devices, where a MZO/AZO front con-

tact was deposited in this case but everything else was the same. Around this time, how-

ever, group-V doped devices were beginning to be cleaved and reconstructed more regu-

larly; FeCl3 cannot be used on those because the back contact was aluminum, which FeCl3

etches through. Thus, a second generation reconstruction process, an additive' approach,

was developed for cleaved group-V material, which was also applied to MZO/CST devices.

After device performance measurements but before application of the stressor and handle,

a blanket coating of gold was deposited over the completed device stacks to create a large

contact area; this was not done for Group-V devices because they already had a blanket-

coating of Al as the back contact which would then be laser scribed to isolate devices.

MZO/CST devices were typically grown on TEC glass and required the epoxy with brass

stressor/handle combination to delaminate cleanly. This caused the device stack to cleave

at the MZO/CST interface where the original 5x5 mm Au pads were and at the CST/Au

interface everywhere else (see images in Figure 2.6). This naturally exposes the back con-

tact and eliminates the need for the FeCl3 etch. After delamination, S1818 photoresist was
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applied to mask the exposed Au and de�ne device area. 120 nm of 4 wt% MZO was then

sputtered, followed by AZO, both in an oxygen/argon ambient and with no intentional

heating. Finally, the photoresist was removed by submerging the sample in a petri dish

of acetone at room temperature and gently rubbing the surface with a cotton swab while

submerged.

Figure 2.6: Second generation cleave and reconstruction process used for
MZO/CdSexTe1� x and group-V doped solar cells where the bottom row shows additional
(optional) steps that can be performed to include a Ni/Al aperture for enhanced current
collection.

A variety of reconstructed front contact materials and growth conditions (e.g., oxy-

gen partial pressure, thickness, power density) have been evaluated. Additionally, because

the AZO is standardly used in CIGS device stacks, where it is paired with a metal bus-

bar, its sheet resistance is high compared with the original SnO2:F prior to delamination

(� 60 
/sq compared to 12 
/sq). Thus, in instances where maximum e�ciency was de-

sired (e.g., for published data), additional steps were performed to deposit a Ni/Al aper-

ture before removing the photoresist (bottom row in Figure 2.6). In this case, more S1818

was applied to cover the device area, leaving a border uncovered. 50 nm of Ni and 100 nm

of Al were then deposited via electron-beam evaporation and all photoresist was removed
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with acetone. Images of cleaved devices using the second generation reconstruction process

with and without Ni/Al aperture are shown in Figure 2.6.

2.3 Deposition and annealing processes

In this section, the theory behind key deposition and processing techniques are ex-

plored in more detail.

2.3.1 Metal-organic chemical vapor deposition

Metal-organic chemical vapor deposition (MOCVD is a chemical vapor deposition (CVD)

technique, which means that material is deposited via chemical reactions in the gas phase

at the surface of the growth substrate. Figure 2.7a shows a simpli�ed process 
ow dia-

gram (PFD) of a MOCVD system and Figure 2.7b shows the general deposition process.

In MOCVD, reactive gases are pumped into a reactor tube at 
ow rates controlled by

mass 
ow controllers (MFCs). When liquid sources are used, as is the case in this work, a

carrier gas (e.g., N2) is injected into a bubbler' which holds a metal-organic source liquid,

where it picks up some of that metal-organic vapor and transports it into the reactor. The

amount of metal-organic vapor that is transported depends on the temperature and pres-

sure of the bubbler, the vapor pressure of the liquid source, and the carrier gas 
ow rate,

which is again controlled by a MFC positioned just before the bubbler. In the chamber,

the reactant gases are combined at elevated temperatures controlled by multizone heaters.

Heat can be provided either in the \hot-wall" or \cold-wall" con�guration. In the hot-wall

con�guration, the reactor chamber is typically in a furnace such that the entire chamber

is heated. Alternatively, cold-wall MOCVD means that heat is provided by lamps external

to the chamber, which primarily heat a conductive (typically graphite) susceptor on which

the substrate sits. A cold-wall MOCVD system was used in this work and will therefore be

the focus here.
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Figure 2.7: (a) Process 
ow diagram for metal-organic chemical vapor deposition (CVD)
and (b) chemical process for CVD. Adapted with permission from Ref. [51].

Thus, reactant gases 
ow above the heated substrate, which sits inside of a groove in

the susceptor which has a depth equal to the thickness of the substrate in order to create a

single 
at surface and reduce turbulence in the 
owing gas. From the gas, reactants di�use

down to the surface from every direction, which is distinct from physical vapor deposition

(PVD) which will be discussed in Sections 2.3.2 - 2.3.4. The reactants then adsorb and

di�use around until they meet another species, causing a reaction and deposition on the

surface. Because the entire chamber is not heated in cold wall reactors, the gases typically

do not react before reaching the hot substrate surface. After reaction, volatile reaction by-

products desorb from the surface and are swept away into the exhaust. In fact, much of

the raw material that is injected into the reactor chamber 
ows directly out of the other

side.

This is a particular concern because the materials used in MOCVD are often extremely

toxic, pyrophoric, or both. Examples include silane, tetramethyl tin, trimethyl aluminum,

arsine, hydrogen selenide, and many others. Thus, careful precaution must be taken at

each step of the system - from the gas storage tanks to the exhaust. As shown in Fig-

ure 2.7a, precursor gas tanks are typically stored in a safety enclosure with gas leak detec-

tors, or \sni�ers", ideally far away from workers. Additionally, 
ow restrictors are typically
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used to limit the rate at which leakage can occur if the cap is damaged (e.g., such that a

leaked pyrophoric gas may result in a 
ame but not an explosion). Gas lines are also typi-

cally double layered with the inner line carrying the gas and an outer line that is pumped

on with vacuum and monitored with a sni�er such that leaks can be detected before any

exposure occurs.

At the output, there is a waste gas treatment installation, or \scrubber", where the

hazardous gas is brought into intimate contact with a material, typically a liquid, which

will react with the gas, turning it into non-harmful products. For example, a scrubber for

silane (SiH4) should be an oxidizer in order to create water and SiO2. To prevent pres-

sure build-up in the storage tanks, the gas is usually left 
owing at all times where there

is an on/o� valve before the reactor chamber which simply diverts the gas into the scrub-

ber when the system is not in use. In the MOCVD system at NREL, the gas cylinders do

not have 
ow restrictors but are stored in ventilated cabinets, where the compressed gas

is fed into the deposition chamber through solid welded lines without �ttings, which can

introduce leakage points. All lines are kept within the exhausted MOCVD enclosure. The

scrubber on the tool is a pyrolizer which is constantly held at 650� C.

In this work, MOCVD was used to deposit transparent conducting oxide (TCO) layers

onto cleaned glass (see Appendix C.3 for cleaning procedure) as a substitute for TEC12D.

Films were deposited on either AF45 or soda lime glass (SLG) in batches of four 3x3"

substrates where the susceptor used (and the depth of the groove) was dependent on the

thickness of the glass (� 1 mm for AF45, � 3 mm for SLG). � 300 nm of SnO2:F was de-

posited at 550� C using tetramethyltin [TMT, Sn(CH 3)4] as the Sn precursor, bromotri-


uoromethane (CBrF3) as the F dopant source, and O2 gas. TMT was delivered from a

room-temperature liquid bubbler using N2 as the carrier gas with a 
ow rate of 25 stan-

dard cubic centimeters per minute (sccm). The 
ow rate of CBrF3 was 800 sccm, O2 was

1875 sccm, and N2 was 1500 sccm. Total pressure was maintained at 60 Torr. 100 nm of

SnO2 was then deposited using the same conditions as SnO2:F without the CBrF 3 precur-

36



sor. This process routinely resulted in bi-layer �lms with sheet resistance of 10-20 
/sq.

2.3.2 Magnetron sputtering

Sputtering is a physical vapor deposition (PVD) technique. In contrast with CVD,

where deposition occurs via chemical reactions at the surface, PVD is characterized by

the vaporization of a condensed-phase source, which is then condensed back into a �lm

on the growth substrate. In sputtering, a solid target is bombarded with energized ions

(typically Ar + ) from a nearby plasma, causing target atoms to be ejected. This is done at

moderate pressure (on the order of 10 millitorr), causing ejected ions to collide with other

gas molecules and move di�usively (i.e., undergo a random walk) until they reach the sub-

strate or chamber wall where they re-condense. Figure 2.8 shows the general sputtering

deposition process. First, a plasma is created near the sputtering target by evacuating the

chamber, then �lling with argon gas, usually in the millitorr range. Typically there is a

shutter directly above the sputter target and one directly below the substrate. With both

shutters closed, a negative charge is applied to the sputter target, causing free electrons

to 
ow from the surface. When those electrons collide with argon atoms, they drive o�

electrons in the outer shell due to their like charge, thereby ionizing the argon and creat-

ing a plasma close to the target. The Ar+ ions are then accelerated toward the negatively

charged (cathode) sputter target, ejecting target atoms toward the substrate, which is pos-

itively charged (anode) relative to the target, depositing a �lm. Typically, a \pre-sputter"

is done in which the target is sputtered for some time with the substrate shutter closed in

order to clean the target surface before depositing.

Often, some amount of other gas (typically oxygen or nitrogen) may be added to the

argon sputter ambient to produce a chemical reaction with the sputtered target material.

This process is referred to as reactive sputtering and is shown in Figure 2.8 for oxygen. An

example of this process would be to deposit a ZnO �lm by sputtering a Zn target in an

oxygen/argon ambient. Furthermore, because ions are charged particles, magnetic �elds

can be applied to control their movement. By using magnets behind the cathode, electrons
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can be con�ned near the surface of the target, keeping them from bombarding the sub-

strate and allowing for faster deposition rates. This is referred to as magnetron sputtering.

Figure 2.8: Schematic of sputter deposition process for a generic metal oxide (MOx ).
Copied with permission from Ref. [52].c
 2015 Clear Metals Inc.

Direct current (DC) sputtering is the simplest form that has relatively low power con-

sumption, but can only be used for conductive targets. This is because positive ions ac-

cumulate on the surface of the sputter target as a result of the plasma, which can prevent

the discharge of sputtered atoms over time. Additionally, the charge build up can result

in arcing and loss of plasma. Radio frequency (RF) sputtering, on the other hand, uses

alternating current (AC) at radio frequencies to avoid charge build up. By periodically re-

versing the direction of the current, the positive charge accumulated on the surface is neu-

tralized each cycle. RF sputtering is commonly used with insulating and semiconducting

targets.

Before deposition, the chamber is pumped down to, and is typically held at, low pres-

sures (typically 10� 8 - 10� 6 Torr) to keep the chamber clean and deposited �lm quality

high. This low pressure can be achieved using a turbomolecular, di�usion, or cryogenic

pump (all are described in Section 2.4.1). The sputter chamber used in this work was

backed by a turbomolecular pump. The load lock (a small chamber through which to load
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and transfer samples into the deposition chamber such that the much larger deposition

chamber does not need to be exposed to air) was also backed by a turbomolecular pump.

Each turbomolecular pump was backed by a roughing pump, the importance of which

is discussed in Section 2.4.1 and the load lock and sputter chamber were separated by a

gate valve. Before deposition, however, the chamber is back-�lled with high purity gas up

(typically a mixture of argon and oxygen in this work) to pressures around 10 millitorr, at

which deposition is done.

In this work, RF magnetron sputtering was used to deposit the bu�er layer in device

stacks. For all depositions, there was no intentional heating of the substrate and the sub-

strate was rotated to improve uniformity. For superstrate devices, �lms, primarily oxy-

genated CdS (CdS:O) and MgyZn1� yO (MZO), were deposited onto the TCO-coated glass.

Both materials were deposited from hot-pressed, single-composition ceramic targets in oxy-

gen/argon environments. For CdS:O, a stoichiometric CdS target was used in an ambient

of 6% oxygen in argon. This level of oxygen was found to produce the optimal bandgap

for CdS of � 2.8 eV prior to CdTe deposition.[22] Total pressure was maintained at 5 mil-

litorr and a total of 100 nm was deposited at a power density of� 30 W in� 2. For MZO, a

target of 4 wt% MgO (96 wt% ZnO) was used in an ambient of 1% oxygen in argon. To-

tal pressure was maintained at 10 millitorr and a total of 60 nm was deposited at a power

density of � 30 W in� 2.

For substrate devices (that is, after delamination), bu�er materials that were sputtered

included ZnO, MgyZn1� yO, SnO2, and ZnO:Al. ZnO was deposited in an ambient of 0.67%

oxygen in argon at a total pressure of 5 millitorr; 90 nm was deposited at a power den-

sity of 5.4 W in� 2. For MZO, 4 wt% MgO was typically used (although there were a few

experiments exploring 8 wt%) in an ambient of 0.2 - 0.5% oxygen in argon. This level of

oxygen was found to produce the best performing devices when oxygen was varied from 0-

5%. This is likely due to oxidation of the absorber when the oxygen partial pressure was

too high. Total pressure was maintained at 10 millitorr, power density was� 30 W in� 2,
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and 120 nm was deposited. It is noted that this is twice the thickness of MZO in super-

strate devices - this is because there was an additional 100 nm of SnO2 in superstrate de-

vices to act as a bu�er which is not present in substrate devices. When SnO2 was used as

a bu�er in substrate devices, it was also sputtered from a hot-pressed ceramic target. Typ-

ically, 100 nm was deposited at a pressure of 10 millitorr, power density� 24 W in� 2, and

oxygen was between 0 - 7%, with the ideal being� 3.5% oxygen in argon. Oxygen par-

tial pressure plays an important role during SnO2 deposition as it controls the number of

electrons that are generated from oxygen vacancies and Sn interstitials.[53] ZnO:Al was

deposited in pure argon, at a pressure of 5 millitorr, and power density of 8 W in� 2.

2.3.3 Close-spaced sublimation

Close-spaced sublimation (CSS) is a PVD technique in which the substrate and source

are kept within a close distance (typically a few millimeters) during deposition. In contrast

with sputtering, material is deposited on the substrate by heating the source material to

its sublimation point, i.e., the point at which the solid material is vaporized. Figure 2.9

shows a schematic of a typical CSS system. In it, both source and substrate are heated

through contact with graphite susceptors which are heated by radiant heat from lamps ex-

ternal to the deposition chamber. Thus, the chamber is made of transparent material, typ-

ically quartz, which must be cleaned of deposited material on a regular basis to maintain

transparency. Quartz spacers are used between the source and substrate to provide the ap-

propriate distance (1-3 mm). The source can either be a thick layer of high-purity material

deposited on glass, called a source plate, or a boat of powder or pellets of the material. In

this work, source plates were used for CdTe deposition and boats were used for CdCl2 an-

neals. It is noted that the CdCl2 anneal can be done using a variety of methods,[54{56]

but CSS was used in this work and is thus the focus.
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Figure 2.9: Schematic of close-spaced sublimation. Copied from Ref. [57], which is under a
creative commons license.

For CdTe, in which deposition of� 3 � m is desired, the substrate temperature must be

kept at a slightly lower temperature than the source (typically� 60� C) so that the mate-

rial will not re-evaporate. For CdCl2, an ambient in which to anneal in is desired, thus the

opposite is true and the substrate is typically kept slightly higher than the source (5-10� C)

to avoid deposition. Temperature is controlled using proportional-integral-derivative (PID)

control (discussed in Section 2.4.3) of thermocouples in each of the graphite blocks and

lamps via LabView software. In addition to temperature, deposition is controlled by pres-

sure and time, which are set in the LabView software. To obtain the desired pressure, the

chamber is �rst pumped down using a roughing pump (described in Section 2.4.1) to the

millitorr range. The chamber is then �lled with a low pressure of inert gas (e.g., helium)

and graphite blocks are heated to evaporate any water in the chamber. The chamber is

then pumped down again and �lled with a higher pressure of gas, which can be either fully

inert or a mixture of inert and reactive (e.g., oxygen) gas. The graphite blocks are further

heated to the deposition temperature, where the substrate and source are maintained us-

ing the PID controller for the set deposition (or in the case of CdCl2, annealing) time. The

lamps are then turned o� and the samples are allowed to cool to 80� C or lower before the
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chamber is opened and samples are removed.

In this work, CdTe was deposited to� 3 � m thick at substrate temperature of 550� C

when SLG substrates were used and 600� C when AF45 was used; source temperature was

� 660� C. For CdS/CdTe devices, 1 Torr of oxygen was combined with 15 Torr of helium

while CdTe in MZO/CdSexTe1� x devices was deposited in pure helium (16 Torr) because

oxygen was found to negatively impact the MZO layer. The CdCl2 anneal was done in a

separate CSS chamber at a total pressure of 400 Torr. For CdS/CdTe, 80 Torr of oxygen

was combined with 320 Torr helium while 400 Torr of pure helium was used for MZO/CdSexTe1� x

devices. Substrate temperature was typically 415 - 435� C with source temperature 10� C

cooler. In all cases, the CdCl2 anneal was performed for 10 minutes. After the CdCl2 an-

neal, samples were rinsed in methanol to remove excess CdCl2 from the surface.

2.3.4 Thermal evaporation

Like CSS, thermal evaporation is a PVD technique in which source material is de-

posited via heating. In this case, the source material is heated to its evaporation point

through joule heating of a resistive boat or crucible in which it is held. This transfers the

source material to the substrate, typically over a distance of� 30-60 cm. Generally, greater

distance between the source and substrate allows for better uniformity during deposition,

while smaller distances allow for faster deposition rates and better material utilization.

Thus, a balance must be struck between the two. This long source-to-substrate distance

requires that the chamber is pumped down to� 10� 7 - 10� 6 Torr so that the mean free

path of the evaporated atoms is su�ciently long to reach the substrate before scatter-

ing. This low of a pressure can be obtained using a cryogenic, di�usion, or turbomolecular

pump, as described in Section 2.4.1.

Figure 2.10 shows a schematic of a thermal evaporation chamber. There is a shutter

above the source which is closed until the appropriate deposition rate is achieved, as mea-

sured by a quartz crystal microbalance (QCM, described in Section 2.4.2) near the sub-

strate. Like other deposition techniques, deposition rate is controlled using proportional-
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integral-derivative (PID) control (Section 2.4.3) of power supplied to the source heater as

compared with measured deposition rate. First, a ramp of slowly increasing power is used

to obtain the desired deposition rate. Then, a heat soak is performed to allow the deposi-

tion rate to stabilize before the shutter is opened. The evaporated material is then trans-

ferred to the substrate, which is typically rotated to improve uniformity, and can also be

heated.

Figure 2.10: Schematic of thermal evaporation chamber.

In this work, evaporation was most commonly used to deposit gold back contacts, 100

nm thick. In early work, a thin layer of Cu was deposited,� 3 nm thick, before the gold

as a dopant source. In this case, the two materials were deposited from separate boats at

a rate of 2 �A/sec. In both cases, a slow deposition rate (� 0.2 �A/sec) was used prior to

the fast deposition in order to create a uniform seed layer for bulk deposition. In some
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later work, evaporation was also used to deposit CdSe and CdTe. In this case, powder

source material was heated in a crucible that was seated in an induction coil. Typically,

CdSe and CdTe were deposited from separate sources to 150 nm and 3.5� m, respectively.

Substrate temperature was held at 450� C and source temperature of 845 for CdSe and

875� C for CdTe. The high substrate temperature caused the CdSe and CdTe to become

interdi�used,[58] creating a graded bandgap.[59]

2.4 Vacuum system components

In this section, a few of the key components required for deposition in vacuum systems,

as described above, are discussed.

2.4.1 Vacuum pumps

Table 2.2 outlines the vacuum pump technologies that will be discussed in this sec-

tion. In order to get to the low pressures required for many deposition techniques, a va-

riety of di�erent vacuum pumps can be used. Often, a two-stage pump down is required

in which an initial \rough" pump is done to get the system into the millitorr (10� 3 - 10� 2

Torr) range, then a gate valve is opened to a high-vacuum pump which brings the pres-

sure down several more orders of magnitude (10� 9 - 10� 6 Torr). This two-step process is

required because most high-vacuum pumps do not operate well, or at all, at atmospheric

pressure. Rough pumping is most commonly done by a mechanical pump, such as a rotary

vane pump shown in Figure 2.11. First, air is sucked into the inlet of the pump chamber,

and a rotor pushes a spring-loaded blade around the chamber wall, allowing the air to ex-

pand into it. A second blade then comes into contact with the chamber wall and begins

compressing the gas until it is pushed out of the exhaust valve. This process repeats to

progressively lower the pressure of the system. Once the roughing of the system is com-

plete, the mechanical pump reverts to a secondary role as a backing pump, where it sup-

ports the high-vacuum pump by providing an adequately low pressure at its exhaust. The

role as backing pump will be discussed further in the next paragraph. Rough pumps are
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used in all of the deposition systems described in Section 2.3 and are the sole pumps used

in the CSS and MOCVD systems which do not require low pressures. Because it is an oil

based pump, a cold trap (as described in the discussion on di�usion pumps below) was

used.

Figure 2.11: Schematic of workings of rotary vane pump, typically used as both rough and
backing pump. Advantages of rotary pumps are their low cost and their ability to pump
from atmospheric pressure; disadvantage is that they cannot achieve pressures much below
10� 3 Torr. Adapted from Ref. [60]. c
 2008-2016 Across International. All rights reserved.

Table 2.2: High-level summary of vacuum pump technologies used in this work.

Vacuum pump
technology

Typical
pressure range
(Torr)

Advantages Disadvantages Systems used
in

Roughing 10� 3 - 10� 2 Low cost; can
pump at
atmospheric
pressure

Cannot achieve
low pressures;
contains oil

All; sole
pump used in
CSS and
MOCVD

Turbomolecular 10� 9 - 10� 6 Low pressure;
no oil

High cost; many
moving parts

Sputtering

Di�usion 10� 9 - 10� 6 Low cost; low
pressure

Contains oil,
slow warm up

Evaporation

Cryogenic 10� 9 - 10� 6 Fast pumping;
high e�ciency;
low pressure

Regeneration
periodically
required

Sputtering,
evaporation
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High-vacuum, or secondary, pumps used in this work will now be discussed. Figure 2.12

demonstrates the workings of a turbomolecular (turbo) pump. Turbopumps are commonly

used to reach pressures below 10� 6 Torr, but can reach ultimate pressure less than 10� 10

Torr when in good condition and left to pump for an extended period of time. These low

pressures are achieved by transferring momentum from rapidly rotating, angled turbine

blades to gas molecules from the chamber. In between each row of rotating blades, there

are stationary stator blades that are angled in the opposite direction. Due to the relative

motion of the turbine and stator blades, gas molecules preferentially strike the lower side

of the blades, causing them to be propelled downward toward the exhaust at high speeds.

At the exhaust, the gas molecules are removed by a mechanical backing pump in order to

maintain low exhaust, or foreline, pressure. It is important that foreline pressure is low so

that the turbine and stator blades can impart motion to the gas molecules being pumped

and compress the gas to the rated e�ciency. Turbopumps were used on the load lock and

deposition chamber in two of the sputtering systems used in this work. Their use on more

systems is primarily limited by their high cost.

Di�usion pumps, on the other hand, can obtain similar pressures (typically used to

reach less than 10� 6 Torr but can reach below 10� 10 Torr) but are less expensive. A schematic

of a di�usion pump is shown in Figure 2.13. In it, oil is heated to its boiling point at the

bottom of the pump. Oil vapor is then compressed in a series of vertically tapered hol-

low cones and accelerated upward toward the inlet. Along the way, oil vapor is ejected

from jets in the downward direction at high speeds. In the process, oil vapor traps any

gas molecules it comes in contact with, \dragging" the gas away from the inlet and pro-

ducing a low pressure there. The oil then collides with the cooled pump wall and falls back

down toward the base of the pump. From there, gas molecules are released and pumped

out by a mechanical backing pump. The condensed oil vapor is then re-vaporized and the

cycle repeats. Primary disadvantages of di�usion pumps are the time to heat up and the

tendency to backstream oil into the vacuum chamber, causing contamination issues. To
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prevent this, a cold trap (e.g., vessel of liquid nitrogen) is often connected between the dif-

fusion pump and chamber in order to condense any backstreamed oil. However, cold traps

also reduce the pumping speed. A di�usion pump was used on one evaporation system

used in this work.

Figure 2.12: Cross-section of a turbopump. Advantages of turbopumps are their low
obtainable pressures (typically used at� 10� 7 Torr) and cleanliness (i.e., no oil); disad-
vantages are their high cost and many moving parts. Adapted with permission from Ref.
[61]. c
 2016 VAC AERO - All rights reserved.

Figure 2.14 illustrates a schematic of the �nal vacuum pump technology that will be

discussed, the cryogenic (cryo) pump. The cryopump works by cooling gas molecules down

to low enough temperatures that they condense and can be stored. Because di�erent gases

condense at di�erent temperatures, there are a few stages of cooling in a cryopump, usu-

ally accomplished through compression of helium gas. The �rst stage of cooling is held at

80-100 K and condenses heavier molecules like H2O and CO2. It consists of a radiation

shield, which prevents thermal radiation from the outer room-temperature walls, and a

ba�e through which incoming gas 
ows and is pre-cooled. The second stage is held at 10 -

20 K and condenses most other gases, such as N2, Ar, and O2, onto \cold panels" that are

connected to it.
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Figure 2.13: Schematic of a di�usion pump. Advantages of di�usion pumps are their low
cost and obtainable pressures; primary disadvantage is contamination via backstreamed
oil. Adapted with permission from Ref. [61]. c
 2016 VAC AERO - All rights reserved.

The lightest gases, like H2, He, and Ne are absorbed by activated charcoal on the inner

walls of the cold panels. Because cryopumps are constantly held at low temperature, they

are very fast and e�ective during pump down. Unlike the other vacuum pumps though,

cryopumps store gases rather than evacuating them, meaning that collected gases must

periodically be removed. This is done by heating the surface while 
owing N2 gas, then

pumping the gases away with another vacuum pump (preferrable one without oil) after

some time. This process is known as regeneration and can be timely. Cryopumps are used

on several sputter and evaporation systems used in this work.
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Figure 2.14: Schematic of a cryopump. Advantages of cryopumps are their fast pumping
speeds, e�ciency, and low obtainable pressures; primary disadvantage is that they must
periodically be regenerated to release stored gas. Adapted with permission from Ref. [62].
c
 2021 Leybold GmbH

2.4.2 Quartz crystal microbalance

Quartz crystal microbalances (QCMs) are used to measure deposition rate in vacuum

systems. QCMs consist of a piezoelectric quartz disc coated in metal, typically gold, on

either side that act as electrodes. When voltage is applied to the electrodes, the QCM be-

gins to oscillate at a constant, resonant frequency speci�c to the material, typically� 6

MHz. As material is deposited on the QCM, the oscillation frequency changes, as depicted

in Figure 2.15. The mass of material deposited on the QCM can then be calculated using

the Sauerbrey equation:[63]

� m
A

=
Nq � q

� Z f L
tan � 1

�
Ztan

�
�

f 0 � f L

f 0

��
(2.1)

where �m = mass change (g), A = piezoelectrically active crystal area (area between

electrodes, cm2), Nq = frequency constant for the quartz crystal (1.668x1013 Hz �A, � q =

density of quartz (2.648 g cm� 3), fL = frequency of loaded crystal (Hz), f0 = resonant fre-
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quency of crystal (Hz), and Z = Z-factor of the �lm material:

Z =
r

� q � q

� f � f
(2.2)

where� q = shear modulus of quartz (2.947x1011 g�cm� 1 � s� 2, � f = density of �lm ma-

terial, and � q = shear modulus of �lm material.

Because the QCM cannot be placed precisely at the substrate position, additional con-

siderations must be taken into account when determining thickness deposited on the sub-

strate. To do this, a \tooling factor" calibration must be made in which a �lm is deposited

and the calculated thickness from the QCM is compared to the measured thickness using

Tooling factor = 100 x
measured thickness
calculated thickness

(2.3)

then the calculated thickness from the QCM can simply be multiplied by the tooling

factor to get the accurate thickness. QCMs are used in during deposition in the thermal

evaporation systems.

Figure 2.15: Demonstration of how oscillation of a quartz crystal microbalances changes as
material is deposited. Copied with permission from Ref. [64].c
 2021 Biolin Scienti�c
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2.4.3 Proportional-integral-derivative control

During deposition, sensors (e.g., QCM, thermocouple) are used to measure process

variables (e.g., thickness, temperature, respectively) and provide feedback to the control

system. At any given moment, the di�erence between the process variable and set point

(called the error value) is calculated and a correction is applied by a proportional-integral-

derivative (PID) controller. The PID controller attempts to minimize the error by ad-

justing the actuator output based on the weighted sum of the proportional, integral, and

derivative responses, which will be discussed shortly. Because the PID controller includes

all physical components and control functions necessary to automatically adjust and mini-

mize the error value and uses feedback to do so, it is a control loop.

The proportional term produces an output that is proportional to the error value (dif-

ference between process variable and set point). It can be adjusted by multiplying the er-

ror by a constant Kp, called the proportional gain constant. A high Kp results in a large

change in the output for a given change in the error. If the proportional gain is too high,

the process variable will begin oscillating and eventually become unstable. Alternatively,

a low gain leads to a less responsive system. Thus, too low of Kp can lead to insu�cient

control action when responding to system disturbances. Using proportional control alone

will always result in an error between the setpoint and process value because it requires an

error to generate the proportional response; when there is no error, there is no corrective

response. Thus, additional response terms are needed.

The integral term calculates the sum of instantaneous error over time and produces the

accumulated o�set that should have been corrected previously. The accumulated error is

then multiplied by the integral gain (K i ) and added to the controller output. E�ectively,

the integral term seeks to eliminate the residual error by analyzing the historic cumulative

error. While a vanishing error means that the proportional term goes to zero, the integral

term actually accelerates the process variable toward the setpoint and eliminates the resid-

ual steady-state error that occurs with a proportional-only controller. However, since the
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integral term responds to accumulated errors from the past, it can easily cause the process

variable to overshoot the setpoint value.

While the integral term attempts to eliminate error by analyzing the past, the deriva-

tive term e�ectively tries to predict the future. It is sometimes called \anticipatory con-

trol", as it is e�ectively trying to reduce the error by analyzing the rate of error change.

The more rapid the change, the greater the controlling (or damping) e�ect. It is calculated

by determining the slope of the error over time and multiplying by the derivative gain Kd.

In this way, it can improve settling time and stability of the system. However, most practi-

cal control systems use a very small derivative term, if at all, because it is highly sensitive

to noise in the process variable signal. If the sensor feedback signal is noisy or if the con-

trol loop rate is too slow, the derivative response can make the control system unstable.

To determine appropriate PID values, \loop tuning" can be performed, largely through

trial and error. In this method, the I and D terms are set to zero and the P term is in-

creased until the output of the loop oscillates, but does not become unstable. Once a fast

response has been obtained through appropriate P value, the I term is increased to min-

imize oscillations and steady state error, simultaneously causing overshoot to increase.

While overshoot can be bad, some amount of overshoot is always necessary so that a sys-

tem can immediately respond to changes. Once appropriate P and I terms are determined,

the D term can be increased until the loop is acceptably quick to its set point and over-

shoot is decreased. However, this also increases the system's sensitivity to noise so D is

often left at zero.

2.5 Characterization techniques

2.5.1 Current-voltage

The primary technique used to characterize the performance of solar cells is current-

voltage (I-V). When the current is normalized by the area of the solar cell, current density-

voltage (J-V) measurements are made instead. In order to quantitatively compare solar

cells with di�erent areas, J-V measurements must be taken and are focused on in this
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work. J-V measurements were taken using a solar simulator with a xenon lamp to simu-

late the solar spectrum (discussed in Section 1.4.1) at 1 sun intensity (100 mW cm� 2). Su-

perstrate CdTe devices (i.e., before delamination) were measured using a superstrate solar

simulator in which the cell is illuminated through a glass platform from beneath. Cleaved

and reconstructed devices were measured with the substrate solar simulator, where the cell

is illuminated from above rather than below. Electrical contact is made to the solar cell

using a four-wire (Kelvin) connection,[65] as demonstrated in Figure 2.16. During a J-V

measurement, a series of voltages is applied to the solar cell and the resulting current is

measured. The supplied voltage is measured by a voltmeter connected in parallel to the

device while the current is measured by an ammeter connected in series. This separation

of voltage and current is possible due to the particularly high resistance of the voltmeter

which directs all current through the ammeter. This is not the case for two-wire measure-

ments, where current 
owing through the wires causes a voltage drop across the wire resis-

tance, leading to inaccurate voltage readings.

Figure 2.16: Circuit diagram demonstrating a four-wire connection used for J-V measure-
ments. Copied with permission from Ref. [66].

The J-V curve that results from sweeping the voltage and measuring current in this

way was discussed in Section 1.4.3. Equations below are from Ref. [67] and the interested

reader is directed there for further discussion. In the absence of illumination, the dark'
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current that results from sweeping the voltage is given by the diode equation:

I = I 0 [exp(qV=nkT) � 1] (2.4)

where I is current, I0 is the leakage (recombination) current, q is elementary charge (q =

1.602 x 10� 19 C), V is voltage, n is the ideality factor (1 � n � 2, where a larger n value

signi�es a less ideal solar cell), k is Boltzmann's constant (1.38 x 10� 23 J K � 1), and T is

temperature. When the cell is illuminated, the curve is shifted down and current becomes:

I = I 0 [exp(qV=nkT) � 1] � I L (2.5)

where IL is the light generated current. The maximum current that can be obtained

from a solar cell, the short-circuit current density (ISC), is the point at which V = 0. Ma-

jor factors that a�ect it are the area of the solar cell (which can be accounted for by exam-

ining current density instead), the power and spectrum of the incident light, optical losses

(e.g., absorption and re
ection in the front contact), and collection probability, which is

largely dependent on minority carrier lifetime (discussed in Section 2.5.4). For a cell with

perfectly passivated surfaces and uniform generation,ISC can be approximated as:

I SC = q G(Ln + Lp) (2.6)

where G is the electron-hole generation rate and Ln and Lp are the electron and hole

di�usion lengths, respectively. As will be discussed in Section 2.5.3,JSC and quantum ef-

�ciency (QE) of a solar cell are closely linked in that the overlap between the QE and ex-

citation spectrum (typically AM 1.5G, see Section 1.4.1 for more details) are equal toJSC .

This is discussed further later in this section.

The maximum voltage output from a solar cell under standard conditions is called

open-circuit voltage (VOC ) and can be calculated by rearranging Equation 2.5 and setting

I = 0:

VOC =
nkT

q
ln

�
I L

I 0
+ 1

�
: (2.7)
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The biggest factor in
uencingVOC is, and indeedVOC is often considered a measure

of, recombination. For example, although Equation 2.7 seems to suggest thatVOC increase

linearly with temperature, it actually decreases because I0 (recombination current) quickly

increases with temperature, primarily due to changes in intrinsic carrier concentration.

Additionally, increased recombination reduces excess carrier concentration, which in turn

reduces quasi-Fermi level splitting and thereforeVOC (see discussion in Section 1.4.4). The

maximum VOC that can theoretically be obtained from a solar cell is referred to as voltage

entitlement and is determined by the bandgap (Eg) minus losses calculated from the de-

tailed balance limit, as discussed in Section 1.4 and Refs. [14, 15], which typically accounts

for 200 - 400 mV. Thus, a solar cell's voltage entitlement can be roughly approximated as:

VOC;max =
Eg

q
� 300mV: (2.8)

This value can only be approached and never achieved though, primarily due to ra-

diative recombination losses (see Section 1.4.1 for further discussion on fundamental loss

mechanisms).

As discussed in Section 1.4.3, �ll factor (FF) is a measure of the \squareness" of a J-V

curve and is given by:

FF =
VMP � JMP

VOC � JSC
(2.9)

where VMP and JMP are the voltage and current density at the maximum power point,

respectively. Thus FF is a�ected by factors in
uencing both J and V. Additionally, FF can

be greatly a�ected by resistive e�ects in the solar cell such as high series resistance (e.g.,

at interfaces, contacts, or in the bulk) and/or low shunt resistance (e.g., due to pin-holing

or other defects near the p-n junction). Finally, the e�ciency of a solar cell is given by:

� = FF
VOC � JSC

Pin
(2.10)

where Pin is the incident power (standardly \one-sun" = 100 mW cm� 2), as discussed

in Section 1.4.1.
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Because the simulated light incident on a solar cell during J-V measurement does not

exactly match the AM 1.5G spectrum, additional corrections should be made to the mea-

sured current. Typically, one-sun conditions are obtained using a reference cell, which is

a high performance cell with similar spectral responsivity (i.e., low spectral mismatch) to

the cell being measured. This is standardly GaAs for CdTe (used in the superstrate so-

lar simulator) and Si for CIGS (used in the substrate solar simulator). The reference cell

is illuminated and the current is measured by measuring the voltage across a small re-

sistor which is included in the reference cell package. The cell can be re-positioned until

the measured voltage and current are equal to their calibrated values at one-sun. Alter-

natively, if one-sun values cannot be achieved for the reference cell (for instance, due to

decreased intensity of the lamp near the end of its life), a correction can be made to the

measured current (JMeas ) to account for the di�erence in intensity:

Jcorr;one � sun = JMeas

�
(reference cell measured voltage)
(reference cell one� sun voltage)

: (2.11)

The di�erence in spectra between the reference cell and measured cell must also be

taken into account, as well as the di�erence between the ideal AM 1.5G spectrum and the

simulated lamp spectrum. This is done through the mismatch factor (M) which is e�ec-

tively the ratio of calculated JSC between reference and measured cell assuming AM1.5G

illumination multiplied by the ratio of calculated JSC between measured and reference cell

under the lamp illumination. As discussed in Section 2.5.3,JSC for a given cell can be cal-

culated by �nding the overlap between the illumination spectrum and the cell's QE spec-

trum:

JSC;calc =
Z

E(� ) S(� ) d� (2.12)

where� is wavelength, E(� ) is the illumination spectrum, and S(� ) is the spectral re-

sponse of the solar cell, which is given by:

S(� ) =
q�
hc

QE(� ) (2.13)
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where hc is Planck's constant multiplied by the speed of light (hc = 1.99 x 10� 25 J m).

Thus,

M =

R
EAM 1:5G(� ) SRef (� ) d�

R
EAM 1:5G(� ) SMeas (� ) d�

R
E lamp (� ) SMeas (� ) d�

R
E lamp (� ) SRef (� ) d�

(2.14)

To account for mismatch factor, the measured current must be divided by M:

Jcorr;M ) = JMeas =M: (2.15)

Corrections to voltage are typically only required if there is signi�cant shading of the

active area, such as when an aperture is used. When this occurs, the shaded area con-

tributes to recombination but not to generation, resulting in a larger recombination vol-

ume than the generation volume. This in turn limits quasi-Fermi level splitting and there-

fore VOC . This e�ect can be accounted for by correctingVOC by:[68]

� VOC =
nkT

q
ln

�
AAperture

ADevice

�
(2.16)

where AAperture is the area of the hole opening in the aperture (generation area), and

ADevice is the total device area (recombination area). In the superstrate con�guration (e.g.,

as-deposited CdTe solar cells), this is typically not an issue because both front and back

electrodes are contacted from the opposite side of illumination (see Figure 4.5b). When

CdTe devices are cleaved and reconstructed in the substrate con�guration, however, the

probe contacting the front electrode shades some of the active area (Figure 4.5c); voltage

corrections are typically not made in this case. However, when a metal aperture is used

to enhance current collection in reconstructed devices, shading becomes more of an issue

(Figure 4.5d) and the voltage correction is made.

2.5.2 Capacitance-voltage

C-V measurements are made by electronically connecting a completed solar cell to a

power supply, applying a range of voltages (typically from about 0.5 to -1.5 V for CdTe),

and indirectly measuring the resulting capacitance change, as described below. This occurs

as a result of the �xed charge in the space-charge (depletion) region (see Section 1.4.3 for
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further discussion on this topic), which can be associated with a capacitance (C) similar to

a parallel plate capacitor (demonstrate in Figure 2.17a). In this case, the depletion width

(W) is equivalent to the distance between the parallel plates (d) and the standard capaci-

tance formula becomes

C = A
"
d

= A
"

W
(2.17)

where A is device area and" is permittivity. By rearranging Equation 2.17, W can be

solved for as:

W = A
"
C

: (2.18)

Figure 2.17: Depletion regions for similarly doped P- and N-side of junction under (a) no
bias, showing relation to parallel plate capacitor, (b) reverse bias, and (c) forward bias.
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Thus, depletion width is inversely proportional to capacitance. Carrier concentration is

another important parameter that can be extracted from C-V data and will be discussed

shortly. When a bias is applied to the junction, the depletion width, and therefore capaci-

tance, changes. In reverse bias (negative voltage applied to P-side with respect to N-side),

majority carriers are pushed away from junction, leaving behind more charged ions and

widening the depletion width (Figure 2.17b). In forward bias (positive voltage applied to

P-side with respect to N-side), majority carriers gain energy from the applied �eld, en-

abling them to di�use into the depletion region and neutralize ions, thereby decreasing

depletion width and increasing capacitance (Figure 2.17c).

Typically, the carrier concentration on one side of the junction is much higher than the

other, leading to an imbalance in depletion width (Figure 2.18). This is particularly true

for CdTe, which has historically struggled with achieving absorber hole densities much

above mid 1014 cm� 3. In this case, the device is primarily depleted on the P-side since

more holes are required to neutralize the high density of electrons that di�use across the

junction. For CdTe, this means that the P-side is already nearly depleted at zero bias.

Therefore, reverse bias, which would typically increase the depletion width, has little ef-

fect. Under forward bias, the depletion width still shrinks, however, and the capacitance

increases as a result. In this situation, the P-side will often become fully depleted during

measurement and a sudden increase in carrier concentration will occur around the thick-

ness of the device with hardly any change in depletion width.

Carrier concentration can be extracted from C-V data in the following way: consider-

ing the common case in which the hole density in the absorber (Na) is much smaller than

the electron density in the emitter (Nd), capacitance can be calculated as

C =
A
2

r
2 q "0 " r Na

Vbi � V
(2.19)

where"0 is absolute permittivity of free space ("0 = 8.85 x 10� 12 F m� 1), " r is the rel-

ative permittivity, also called the dielectric constant, of the material being measured (for
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CdTe " r = 10.3),[69] and Vbi is the built-in voltage (approximated as the quasi-Fermi level

splitting given in Equation 1.2, duplicated here):

Vbi =
kT
q

ln
�

Na Nd

n2
i

�
(2.20)

where ni is the intrinsic carrier concentration.

Figure 2.18: Depletion regions for P-N junction with lightly-doped P-side and heavily-
doped N-side under (a) no bias (b) reverse bias, and (c) forward bias.

In addition to the DC bias that is applied to the device, a small AC voltage (typically

� 50 mV with frequency 10-100 kHz) is superimposed on the bias signal. By doing so, the

nonlinear (i.e., diode) response of the solar cell to applied voltage can be approximated

near the bias point by the incremental change (i.e., partial derivative). This can then be

used to create a linear \equivalent circuit" giving the response of the real circuit to the

small AC signal. Considering this, Equation 2.19 can be re-written as

�
A
C

� 2

= f =
�

� 2
q "0 " r Na

�
V +

2 Vbi

q "0 " r Na
(2.21)

where f is frequency. Taking the derivative with respect to V of both sides,

df
dV

=
� 2

q "0 " r Na
: (2.22)
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Thus, the slope of (A/C)2 as a function of V can be measured to determine Na. Alter-

natively, the derivative can be applied to Equation 2.21 to obtain

df
dV

=
d

dV

�
A
C

� 2

=
� 2 A2 dC

dV

C3
(2.23)

Na =
1

A2 q "0 " r

�
C3

�
dC
dV

�
: (2.24)

Therefore, carrier concentration is inversely proportional to the slope of capacitance.

Plots of carrier concentration versus depletion width are the most common way to analyze

C-V data by the CdTe group at NREL, an example of which is presented in Figure 2.19.

In it, the point at which no bias is applied (the zero-bias point) is denoted as an open cir-

cle, making the Na and W of the cell easily identi�able. Additionally, the ideal Na versus

W curve for CdTe is denoted as a dashed line, calculated using

W =

s
2 "0 " r (Na + Nd) Vbi

q Na Nd
(2.25)

where Nd is assumed to be 1017 cm� 3 and ni (which comes into Vbi via Equation 2.20

above) is assumed to be 105 cm� 3. By comparing the zero-bias point to the ideal curve,

one can determine whether the C-V data is reliable or not. Namely, if the zero-bias point

is above the ideal curve, the data is unreliable.

Generally, larger measured capacitance signi�es higher carrier concentration and smaller

depletion width which does not vary signi�cantly with voltage. On one hand, high car-

rier concentration is bene�cial due to improved quasi-Fermi level splitting and therefore

VOC . However, the accompanying narrow depletion width means that minority carriers

generated far from the junction must �rst di�use toward the depletion region before they

can be collected. If the carrier is generated more than one di�usion length away from the

depletion region, they have a high probability of recombining before reaching the deple-

tion region. Additionally, a collapsed depletion region may make solar cells more sensitive

to interface recombination at the junction. Thus, high carrier concentration may produce

higher VOC , but the potential reduction in JSC must also be taken into consideration.
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Figure 2.19: Carrier concentration versus depletion width for a fully depleted device with
zero-bias point and ideal curve noted.

2.5.3 Quantum e�ciency

Quantum e�ciency (QE) is the ratio of carriers output by a solar cell to the number

of photons incident on the solar cell. That is, QE is a dimensionless measurement of how

likely it is that an incident photon of a particular wavelength (energy) will generate an

electron-hole pair and those charge carriers will be collected. Like J-V and C-V, QE mea-

surements therefore require completed devices. Figure 2.20a shows a QE curve and var-

ious factors that can a�ect it. For an ideal absorber, all photons with energy above the

bandgap are absorbed, generating one electron-hole pair per photon in the process. Thus

QE would have a value of one (100% probability) for all wavelengths below the bandgap

of an ideal cell. The cut-on wavelength is determined by the shortest wavelengths that can

be transmitted through the front contact layers, i.e., the bandgap of those layers.

In practical solar cells, many factors can lower the QE from the ideal square shape

shown in Figure 2.20a. Because absorption depth increases as photon wavelength increases,

QE is e�ectively a measure of carrier collection as a function of depth. At short photon

wavelengths, which have shallow absorption depths, the deviation from ideality is largely

determined by front interface recombination. There may also be re
ections at the front
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surface which reduce QE at short wavelengths. This can be accounted for by taking re-


ection and transmission measurements for the device and correcting the QE curve, more

speci�cally called the external quantum e�ciency (EQE) curve, to get internal quantum

e�ciency (IQE). IQE is the ratio of carriers output to the number of photons absorbed

by the cell, rather than simply incident on it. A graphical example of the relationship be-

tween IQE, EQE, and re
ectance is shown in Figure 2.20b.

Figure 2.20: Quantum e�ciency data showing (a) deviations from an ideal EQE curve
for practical solar cells and (b) relationship between IQE, EQE, and re
ectance. Adapted
with permission from Refs. [70, 71].
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Green photons tend to be absorbed further into the bulk and away from the junction,

so reduction in this portion of the QE can signify an issue with the di�usion of carriers -

possibly di�usivity, di�usion length, and/or carrier lifetime in the bulk. At longer (red)

wavelengths, carriers are generated near the back of the device so factors that can in
u-

ence this region include rear surface recombination, reduced absorption (e.g., from in-

creased re
ectance seen in Figure 2.20b), and di�usion issues. The latter point is partic-

ularly true for minority carriers generated deep into the device (e.g., electrons in p-type

CdTe) since they must di�use further to reach the depletion region, where they can then

be swept into the N-side and become majority carriers. In this way, it is favorable to have

a wide depletion region. It is also noted that a particularly high recombination rate in one

part of the cell (e.g., the front interface) may limit the collection probability for carriers

generated in other parts of the cell and therefore shift the entire QE curve down.

Since the mechanisms that a�ect collection probability also a�ect QE, QE is often used

as a characterization tool for photocurrent and losses inJSC . A direct comparison can be

made by calculating the photocurrent that results from the overlap integral between the

EQE curve and the illumination spectrum, typically AM1.5G for terrestrial solar cells (dis-

cussed in Section 1.4.1). This is done by multiplying the two together and integrating over

wavelength:

Jcalc =
Z

q�
hc

EQE (� ) � AM 1:5G(� ) d� (2.26)

where q is elementary charge (q = 1.602 x 10� 19 C), � is wavelength, hc is Planck's con-

stant multiplied by the speed of light (hc = 1.99 x 10� 25 J m), EQE(� ) is the EQE spec-

trum, and AM1.5G (� ) is the AM 1.5G spectrum. Thus, QE data indicates the amount

of current that will be produced when the solar cell is irradiated by photons of particular

wavelength.

Figure 2.21 shows a schematic of an experimental setup to take QE measurements. In

it, white light is �rst passed through a monochromator which \selects" out small ranges of

wavelengths. This is typically done using a di�raction grating, which disperses the incident
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white light into di�erent colors based on spatial location. An exit slit on the monochroma-

tor is then moved along the dispersed light to select certain wavelengths. The light is then

passed through a chopper which interrupts the light beam at periodic intervals to select

out frequencies which are unique from the ambient room lighting and electronic frequency

of connected equipment. The simplest way to accomplish this is to set the chopper fre-

quency to a prime number (e.g., 23 Hz). The light is then split in two using a beamsplitter

such that one part of the signal is sent to the solar cell and the other is sent to a reference

diode. By having both, the output current is measured from the device while the number

of incident photons is measured from the reference diode. Each measured signal is then

sent through a lock-in ampli�er and then to the computer for data analysis. The purpose

of the lock-in ampli�er is to extract the weak, chopped light at a given frequency from the

bright (noisy) background light, thereby improving the signal-to-noise ratio.

Figure 2.21: Schematic of quantum e�ciency experimental setup.

2.5.4 Time-resolved photoluminescence

When a semiconductor is excited with a coherent source of light (e.g., a laser), inci-

dent photons with energy greater than the band gap are absorbed and electron-hole pairs

are generated. When an electron and hole recombine across the bandgap (called radiative

recombination), a photon is emitted with energy characteristic of the bandgap. This is re-
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ferred to as photoluminescence (PL); see Section 1.4.2 for a more detailed discussion on

carrier generation and recombination. In PL measurements, the semiconductor is excited

with a pulsed laser with narrow pulse width (on the order of femto- to picoseconds), caus-

ing the emission of PL photons with Gaussian-like energy distribution centered about the

bandgap. Due to the nature of PL-based measurements, it is noted that full device stacks

are not required as in J-V, C-V, and QE. An example PL emission spectra for CdSexTe1� x

is shown in Figure 2.22a, where peak PL emission is centered around 1.4 eV, the bandgap

of CdSeTe. PL spectra therefore provide direct measurement of the bandgap energy, which

can help identify and quantify the elemental composition of compounds. Additionally, the

height and width of the PL spectra, as well as additional peaks which may form, can pro-

vide direct insight into the extent of defect formation.

Time-resolved photoluminescence (TRPL) examines the decay of the PL emission over

time for carriers generated within the excitation volume, de�ned as the spot size of the

laser beam multiplied by the penetration depth into the sample. The primary mechanisms

that cause PL to decay over time are drift (i.e., charge separation from the junction �eld),

di�usion, and recombination in the bulk and at the interface. Which mechanism is domi-

nant depends on many factors including the material and electronic properties of the sam-

ple under measurement, excitation wavelength and intensity, as well as time and position

within the device. This makes TRPL decay data complicated to analyze. Nevertheless, the

TRPL decay can be �t with a sum of exponentials as:

I (t) = I 0

X

n

Cn exp
�

t
� n

�
(2.27)

where I(t) is the PL intensity, I 0 is the intensity at the time of excitation, Cn is a coe�-

cient, � n is the decay time (lifetime) that corresponds to the given section of the curve,

and n is the number of \sections" of the decay curve which should ideally be based on

physical phenomena (i.e., the number of dominant decay mechanisms in the material be-

ing measured). This is demonstrated in Figure 2.22b where� values are represented as

66



straight lines on the semi-log plot.

Figure 2.22: Example (a) PL spectra for CdSeTe that is (green) and is not (red) pas-
sivated with Al2O3 (adapted with permission from Ref. [72]) and (b) TRPL decay for
CdSexTe1� x grown on Al2O3.

As previously discussed, PL is generated from radiative recombination, that is, recom-

bination across the bandgap. The radiative recombination rate is calculated as

R(x; t ) = B [p(x; t ) n(x; t ) � p0(x; t ) n0(x; t )] (2.28)

where p and n are excess (free) hole and electron densities, respectively, p0 and n0 are

the equilibrium hole and electron densities, and B is the radiative coe�cient, which is ma-

terial dependent. In materials like CdTe where defect-mediated, or Shockley-Read-Hall

(SRH), recombination dominates, the TRPL decay is greatly a�ected by non-radiative re-

combination, which is given by

RSRH (x; t ) =
� p � n � th [p(x; t ) n(x; t ) � n2

i (x)] N t

� n f n(x; t ) + ni (x) exp[E t � E i
kT ]g + � pf p(x; t ) + pi (x) exp[E i � E t

kT ]g
(2.29)

where� n and � p are electron and hole capture cross-sections, Nt is the trap density, Et

is the trap energy level, Ei is the intrinsic Fermi level, and ni is the intrinsic carrier den-

sity. Equations given above are from Ref. [73], which is a good resource on recombination

theory and TRPL for the interested reader.
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Immediately following the excitation pulse, the junction �eld (discussed in Section

1.4.3) drives free electrons toward the n-type emitter and holes deeper into the p-type ab-

sorber bulk, thus separating the charges and decreasing p and n. At the same time, some

carriers of both types di�use away from the junction as a result of concentration gradients,

where electrons are driven toward the p-type bulk and holes toward the n-type emitter.

While di�usion is in the opposite direction to drift, both result in a reduction of p and n

near the junction. Because the radiative recombination rate (Equation 2.28) is propor-

tional to the product of n and p, both of these e�ects cause TRPL to decay rapidly at

short time scales.[74, 75] This corresponds to the �rst, and possibly second depending on

the relative time scales of each process, exponent of the exponential decay.

The TRPL decay can also be strongly a�ected by interface recombination at short time

scales, as interfaces typically have high defect densities. The bulk, on the other hand, is

generally much less defective and can therefore be expected to have longer carrier lifetime.

Thus, a common simpli�cation made is to assume that the slopes of the fast initial de-

cay and slow �nal decay are the minority carrier lifetimes at the surface and in the bulk,

respectively. However, this is not always a good approximation, as demonstrated in the

above paragraph, due to many competing e�ects including drift and di�usion. Further-

more, various types of recombination can contribute (see Section 1.4.2 for discussion on

recombination types). As a general rule of thumb, the dominant recombination mechanism

can be broken down by doping level where low or undoped material is typically dominated

by SRH (non-radiative) recombination, moderately doped materials are dominated by ra-

diative recombination, and highly doped materials are dominated by Auger recombination.

Therefore, it is important to have some knowledge about the material and architecture be-

ing measured in order to gain meaningful insight from TRPL data. Potential impacts on

TRPL data are discussed further in Chapter 7, 8, and Appendices D, and E.

A schematic of the TRPL spectrometer built, calibrated, and used for this thesis work

is shown in Figure 7.1. Two diode lasers, one of excitation wavelength 670 nm and the
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other 405 nm, can be connected into the system. The two excitation wavelengths probe

di�erent depths, where the shorter wavelength has a shallower absorption depth, and can

thus begin to di�erentiate surface from bulk e�ects. The laser diode is electronically con-

nected to a laser driver which generates pulses at varied intensity and frequency (repe-

tition rate); this electronic signal is split in two and one part is sent to the laser diode,

where it excites carriers centered around the given wavelength, and the other is sent to

time-correlated single photon counting (TCSPC)[76] electronics. This signal tells the count-

ing electronics to start looking for a signal from the detector and sets the time (t) equal to

zero (\t = 0" pulse in Figure 7.1). The diode laser is coupled through an optical �ber to

a light-tight assembly which consists of lenses to focus the beam and produce the desired

beam diameter at the sample, where the magni�cation of the �ber head is determined by

the relative focal lengths of the lens at the �ber head and sample. A breakdown of compo-

nents and their purpose is given in Appendix E.

In the light-tight assembly, there is also a dichroic beamsplitter at a 45� angle which

re
ects wavelengths below 700 nm and transmits longer wavelengths. As such, the laser

beam (optical excitation) is re
ected down to the sample and the PL signal generated at

the sample can pass through the light-tight assembly to a separate �ber which is coupled

to an avalanche photodiode (APD) detector. When a PL photon is collected at the de-

tector, an electrical signal is generated and sent to the TCSPC electronics as a \t = end"

pulse. The time between the \t = end" and \t = 0" pulse is recorded and a count is put

into a channel labelled with the corresponding time. In this way, a histogram of thousands

of separate recombination events is built up and a TRPL curve is generated on a PC con-

nected for data analysis.
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Figure 2.23: Schematic of TRPL spectrometer where the diode laser can be swapped out
to have either 670 or 405 nm excitation wavelength. Shorter excitation wavelengths are
absorbed at shallower depths in the sample and can allow for more direct examination of
surface recombination. Reproduced from Chapter 7.
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CHAPTER 3

DECOUPLING THIN FILM CDTE GROWTH FROM PACKAGING: TOWARD

RECORD SPECIFIC POWER IN LOW COST POLYCRYSTALLINE PV

A paper published inIEEE 44th Photovoltaic Specialist Conference (PVSC)proceed-

ings.1

Deborah Clayton-Warwick,2;3 Michael D. Kempe,2 Matthew S. Dabney,2 Teresa M.

Barnes,2 Colin A. Wolden,3 and Matthew O. Reese,2

3.1 Abstract

There are critical material and scienti�c barriers to producing high e�ciency, 
exible,

lightweight solar cells that maximize speci�c power in a cost-e�ective manner. III-V so-

lar cells have produced the highest speci�c power of any photovoltaic technology due to

their extremely high e�ciency, however, they are also among the most expensive to pro-

duce. This work explores a novel lift-o� approach with thin-�lm solar cells, particularly

CdTe, to achieve high speci�c power at low costs. Thin-�lm devices can be delaminated

from their heavy, glass growth substrates post-growth by exploiting a mismatch in coef-

�cient of thermal expansion between the two. This allows thin-�lm PV to be decoupled

from high temperature growth requirements and repackaged using lightweight materials.

In this work we evaluate di�erent materials and approaches for achieving large area de-

lamination of CdTe �lms from their glass superstrates. It is found that epoxy bonded to

a rigid handle provides robust and reproducible delamination at the TCO/CdS interface

upon submersion in liquid nitrogen. Following delamination, a transparent front contact

is re-deposited and selectively etched to expose the back contact to produce a functioning

device. E�ects of delamination and contributions to device functionality from CdCl2 and

1Reprinted with permission of IEEE 44th Photovoltaic Specialist Conference (PVSC), 2017, 138-141.
2National Renewable Energy Laboratory, Golden, CO, 80401
3Colorado School of Mines, Golden, CO, 80401
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CdS layers are discussed. Reproducible delamination of high e�ciency, thin-�lm solar cells

over large areas will enable work to further improve device e�ciency through passivation

and reconstruction of the previously buried interface between the transparent contact and

CdS.

3.2 Introduction

The speci�c power, or power-to-weight ratio, of a solar cell is determined by the ef-

�ciency of the photovoltaic (PV) device and the weight of the �nal package (substrate,

encapsulation, etc.). Currently, GaAs solar cells produce the highest speci�c power of

any PV technology due to their high e�ciency and ability to reduce weight via substrate

removal. Additionally, removing and reusing expensive single crystal substrates lowers

production costs for III-V based PV. However, they are still extremely expensive com-

pared with other PV technologies [77]. In particular, the production cost per area of thin

�lms, such as CdTe and CuInxGa1� xSe2 (CIGS), are two orders of magnitude less than

GaAs and other III-Vs [78, 79]. At current thin-�lm PV production module e�ciencies of

14-17% [80{82], speci�c powers approaching 500 W/kg hypothetically could be achieved

by reducing thin-�lm package weight from 16.7 kg/m to 350 g/m . Package weights as

low as this have been reported for commercial III- V products [83]. The bulk of a con-

ventional modules weight is due to the double glass module construction. Thus, post-

growth delamination and repackaging using lightweight materials can theoretically make

high speci�c powers achievable with the low production costs from thin-�lm PV growth.

Other attempts have been made to decrease the weight of thin-�lm devices by growing di-

rectly on lightweight polymeric �lms or ultra-thin metal foils. However, because of high-

temperatures (500-600� C) used in conventional processing steps, this approach can be

complicated and requires extensive development to decrease growth temperatures, to man-

age the dimensional stability of the substrate, and limit impurity di�usion.

In this paper, we explore the thermomechanical delamination/lift-o� of completed CdTe

devices by exploiting a mismatch in coe�cient of thermal expansion (CTE) between the
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thin �lm and growth substrate. This produces separation at or near the front contact/CdS

interface (Figure 3.1a-b), which is particularly bene�cial because of its proximity to the

p-n heterojunction. Recombination near this junction is thought to be a major source of

voltage loss in CdTe devices, which can be detrimental to device performance [27, 84]. By

gaining access to this interface, post-growth reconstruction and passivation can be per-

formed to reduce recombination and improve device e�ciency. However, before this can

be addressed, delamination of high-e�ciency thin �lms must be made reproducible over

large areas. This requires a careful understanding and control of adhesion at the inter-

face at which lift-o� occurs. While delamination of epitaxial materials may be well un-

derstood [85, 86], the polycrystalline nature of thin �lms introduces new challenges. This

paper aims to initiate the study of delamination in thin �lms, which will enable reductions

in package weight while maintaining e�ciency. Additionally, by altering the newly exposed

interface, we can probe the material system in new ways. This type of knowledge will lay

the groundwork in improving device e�ciency through interface modi�cations.

Figure 3.1: (a) CdTe device structure prior to lift-o�; (b) Delamination occurs at the
front contact (TCO)/CdS interface; (c) New front contact material (AZO) is regrown; (d)
Selective etch performed to partially expose back contact.

3.3 Results and discussion

Key factors a�ecting uniformity of lift-o� were determined by testing various types of

adhesive. Silver paint, which has a grainy surface texture made up of silver particles after

solvent evaporation, resulted in a rough, blistered surface of CdTe. This transfer of texture
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from the adhesive to �lm was also seen with various tapes (carbon, 3M XYZ-axis electri-

cally conductive, Kapton). In addition, tapes provided inconsistent and partial lift-o� that

was dependent on pressure and method of application.

Of the adhesives tested, epoxy provided the most consistent lift-o�, with clean delam-

ination of more than 1 cm2 areas. Using epoxy, a functioning CdTe device has been de-

laminated and re-contacted to make a working device. Before lift-o�, this device had an

e�ciency of 12.3% and its J-V curve (black) can be seen in Figure 3.2. After delamina-

tion and regrowth of the front contact, the e�ciency was � 7.5% (red curve in Figure 3.2).

Solar cell e�ciency is de�ned as� = V OC JSCFF/P in whereVOC is the open-circuit volt-

age (x-intercept in Figure 3.2),JSC is the short-circuit current density (y-intercept in Fig-

ure 3.2), FF is the �ll factor, and Pin is the incident power.

By comparing the black and red J-V curves, it can be seen that the decrease in e�-

ciency following delamination is largely due to a considerable decrease inJSC as well as an

increase in series resistance. The increased series resistance is largely due to a poorly opti-

mized front contact (� 80 
/sq). The decrease in current density is likely caused by large

cracks that formed during AZO deposition (Figure 3.3). Because epoxy has a much higher

CTE than CdTe, it expands to a greater degree when heated during sputtering. This, in

turn, applies enough tensile stress on the CdTe �lm to cause cracking. A minor problem

that results is the creation of shunt pathways through AZO deposition within the cracks.

As seen in Figure 3.2, this results in a slight decrease in shunt resistance.

More importantly, these cracks can drastically reduce the contacted cells e�ective area,

making the area used forJSC calculations (that of the 4 mm Kapton sticker) too large.

The e�ciency measurements re
ect these limitations and current work is focused on ad-

dressing the source of such cracking. The measurement of interest then, isVOC because it

does not depend on area. Of particular interest is the increase inVOC after lift-o�. Imme-

diately after the growth of the superstrate device, higher e�ciency/voltage was seen. Over

the course of months it dropped from� 850 mV to the pre- delamination voltage of 773
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mV. This is likely due to Cu migration, which can be a source of metastability that can be

re
ected in a voltage loss [37]. It is commonly observed that this e�ect can be modestly

reversed with elevated temperatures, such as that seen during regrowth of the front con-

tact ( � 60� C).

Figure 3.2: J-V curves for a CdTe device before lift-o� (black curve), after lift-o� (red),
after rinsing with DI water to remove CdCl2 (dashed green), and after rinsing with HCl
acid to remove CdS (dashed blue).

To roughly determine the importance of the layers near the TCO/CdS interface, some

further processing was done. Because CdCl2 is a water-soluble salt, this layer was removed

by rinsing with DI water after delamination and before AZO deposition (the accumulation

of a monolayer of CdCl2 at the CdS/TCO interface is supported in detail by a compre-

hensive photoemission study reported in a separate paper [87]). The removal of this layer

resulted in an apparent decrease inVOC of roughly 100 mV (dashed green curve in Fig-

ure 3.2). This seems to suggest that CdCl2 plays an important role in maintaining voltage

in CdTe devices. On a separate sample, the CdS layer was removed by swabbing the newly

exposed interface with 10% HCl acid. By removing this layer, the heterocouple between
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CdTe (p-type) and CdS (n-type) breaks down and theVOC decreases by about a factor of

two (dashed blue curve in Figure 3.2).

Figure 3.3: Large cracks seen in �lms after AZO deposition and before selective etching.

VOC measurements provide an assessment of the quality of the heterojunction, and it is

clear that altering the interface also alters the performance of the solar cell. Thus, by im-

proving the previously buried TCO/CdS interface, such as through surface reconstruction

and passivation, it is possible to improve the e�ciency of CdTe devices using this lift-o�

technique. Additionally, it is possible that parameters of a chosen adhesive may be tuned

to access other buried interfaces, allowing for a much more robust understanding of CdTe

devices.

While epoxy may serve as a good adhesive to demonstrate the reliability of thermome-

chanical lift-o�, it is not practical for long-term studies. This is due not only to the afore-

mentioned cracking, but also its rigidity. To move toward 
exible and lightweight devices,

a di�erent adhesive must be used. TPU has been shown to result in clean delamination

(Figure 3.4a), but this adhesive has its own complications. Namely, its adhesion to glass

is weak such that when the CdTe/TPU/glass handle structure is submerged in liquid ni-

trogen, the TPU detaches from the glass handle while simultaneously lifting o� the CdTe.

Because the CTE of TPU is much higher than CdTe, the isolated CdTe/TPU multilayer

curls up, leaving the CdTe �lm susceptible to cracking and tearing. Possible solutions to

this issue are being explored in current research. Finally, EVA has shown some promising
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results (Figure 3.4b), yet delamination is inconsistent and not reproducible. Future work

will focus on understanding why this is the case and how to correct it.

Figure 3.4: Delaminated CdTe �lm using (a) TPU (which has detached from its glass
handle and curled up) and (b) EVA with a small plastic handle (5 mm scale bars).

Table 3.1: Summary of adhesives used for delamination

Adhesive Level of delamination Appearance
Silver paint Complete Blistered surface
Pressure sensitive adhesivesPartial Textured surface
Epoxy Complete Rigid, cracks after AZO

deposition
Thermoplastic
polyurethane (TPU)

Varied Curled, easily torn/cracked

Ethylene-vinyl acetate
(EVA)

Varied Smooth, some partial
lift-o�

3.4 Summary and conclusions

In this paper, we examined the e�ects of various types of adhesives (silver paint, pres-

sure sensitive adhesives, epoxy, TPU, EVA) on delamination of CdTe thin-�lm solar cells.

Qualitative results are summarized in Table 3.1. We found that epoxy results in the most

consistently clean lift-o� over large areas (larger than 1 cm2). Using epoxy as the adhesive,

we delaminated CdTe �lms, regrew the front contact (by sputtering AZO), and selectively

etched to make complete devices. Because of cracks in the �lm, e�ciency was reduced

relative to the starting value. The partial recovery ofVOC showed us that delamination
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might be a tool to modify the interface and junction in delaminated cells. A thin layer of

CdCl2 at the interface appears to help reduce voltage loss. While epoxy provides consis-

tent and clean lift-o� that has been useful in initial studies, its rigidity precludes it from

use in 
exible delaminated devices. Therefore, future research will be done to identify, un-

derstand, and optimize other promising adhesives and handles. Once reliable delamination

is achieved, improvements to the interface can be investigated. Examples include regrowth

of a CdS layer after its removal, passivation of the exposed interface prior to depositing

the front contact, and methods to eliminate cracking in delaminated �lms.

3.5 Experimental

All CdTe devices were grown in the superstrate con�guration using Corning 7059 glass

coated with a 
uorinated tin oxide (FTO) using chemical vapor deposition. 100 nm of

oxygenated cadmium sul�de (CdS:O) was deposited via RF magnetron sputtering in an

oxygen/argon ambient. CdTe (� 4 � m) was then deposited using close- spaced sublimation

(CSS) with the substrate held at 600� C in an oxygen/helium ambient. Vapor-phase CdCl2

annealing was also performed in a CSS con�guration with the substrate temperature �xed

at 400� C in an oxygen/helium ambient. Finally, a Cu/Au back contact was evaporated

and annealed post-deposition to promote Cu di�usion [88].

Figure 3.1 displays the current process of delaminating and re-contacting devices. First,

a glass handle was adhered to the Cu/Au back contact using several types of adhesives, in-

cluding silver paint, pressure sensitive adhesives, epoxy (Hysol 1C), thermoplastic polyurethane

(TPU), and ethylene-vinyl acetate (EVA). The structure was then submerged in liquid ni-

trogen to induce delamination. To �rst order, it is believed that the primary cause for de-

lamination is a mismatch in CTE, which causes each layer to contract by varying amounts.

This strains the interfaces and leads to fracture along either the weakest interface or the

region with the highest strain.

After lift-o�, the front contact was regrown (Figure 3.1c) using aluminum-doped zinc

oxide (AZO), a transparent conducting oxide (TCO) that can be deposited at low temper-
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atures (� 60� C) via sputtering. Because the Cu/Au back contact was made inaccessible by

the adhesive and handle, it must be subsequently exposed. A selective etch was performed

to remove all device layers down to the back contact (Figure 3.1d) using Kapton stickers

(4 mm diameter) as an etch mask and ferric chloride as the etchant (Figure 3.5).

Figure 3.5: CdTe is in the substrate con�guration after lift-o�. Selective etch performed to
access Cu/Au back contact (gold squares) for performance measurements.
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CHAPTER 4

THERMOMECHANICAL LIFT-OFF AND RECONTACTING OF CDTE SOLAR

CELLS

A paper published inACS Applied Materials & Interfaces.1

Deborah L. McGott,2;3 Michael D. Kempe,2 Stephen Glynn,2 Nick Bosco,2 Teresa M.

Barnes,2 Nancy Haegel,2 Colin A. Wolden,3 and Matthew O. Reese2

4.1 Abstract

Controlled delamination of thin-�lm photovoltaics (PV) post-growth can reveal inter-

faces that are critical to device performance yet are poorly understood because of their

inaccessibility within the device stack. In this work, we demonstrate a technique to lift

o� thin-�lm solar cells from their glass substrates in a clean, reproducible manner by �rst

laminating a polymeric backsheet to the device and then thermally shocking the system

at low temperatures (T � -30� C). To enable clean delamination of diverse thin-�lm ar-

chitectures, a theoretical framework is developed and key process control parameters are

identi�ed. Focusing on cadmium telluride (CdTe) devices, we show that the lamination

temperature and device architecture control the quality of lift-o�, while the rate at which

the �lm stack is removed is controlled by the delamination temperature. Crack-free CdTe

devices are removed and successfully recontacted, recovering up to 80% of the original de-

vice e�ciency. The areal density of these devices is� 0.4 kg m� 2, a reduction of over an

order of magnitude relative to their initial weight on glass. The framework developed here

provides a pathway toward both the development of inexpensive, 
exible PV with high

speci�c power and the study of previously buried interfaces in thin-�lm architectures.

1Reprinted with permission of ACS Appl. Mater. Interfaces, 2018, 10, 4485444861.
2National Renewable Energy Laboratory, Golden, CO, 80401
3Colorado School of Mines, Golden, CO, 80401
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4.2 Introduction

In thin-�lm photovoltaics (PV), such as cadmium telluride (CdTe) and CuInxGa1� xSe2

(CIGS), delamination is typically considered to be a catastrophic failure and careful pre-

cautions are taken to ensure that it does not occur during device fabrication. However,

if state-of-the-art devices could be robustly delaminated post-growth, the speci�c power

(power- to-weight ratio) would be drastically improved while maintaining low-cost, high-

throughput processes and material quality associated with high-temperature growth. Ad-

ditionally, controlled delamination, or \lift-o�", enables access to critical interfaces that

have been buried under microns of material during standard device growth. These inter-

faces can then be studied using standard surface analysis techniques, such as X-ray pho-

toelectron spectroscopy [87, 89], and/or modi�ed to improve device performance [90{92].

In superstrate CdTe, this is particularly interesting because the newly exposed interface is

directly adjacent to the p-n heterojunction, which will allow for techniques that have been

used to characterize and passivate the back interface [93, 94] now to be used at the previ-

ously inaccessible front interface.

The concept of lift-o� was �rst demonstrated in 1978 by Konagai et al. [95] for epi-

taxially grown monocrystalline GaAs �lms. In their work, a sacri�cial layer (AlGaAs) was

grown between the substrate and device and then preferentially etched post-growth to re-

lease the thin-�lm device. Bedell et al. [96] later developed a technique in which a stressor

layer and 
exible handle were adhered to a GaAs crystal and pulled in tension to prop-

agate a carefully initiated crack along a preferred crystallographic plane. Although this

technique eliminated the need for a sacri�cial layer, it was limited to single-crystal sys-

tems and could not, therefore, be applied to less expensive polycrystalline technologies like

CdTe and CIGS.

Using the sacri�cial layer approach, Tiwari et al. developed a process to make poly-

crystalline CdTe and CIGS solar cells on polyimide �lms by constructing a glass/NaCl/poly-

imide/solar cell stack and then dissolving the NaCl in water [97, 98]. This technique was
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able to produce good device performance, but it required careful process optimization and

reduced growth temperatures to accommodate the relatively low thermal tolerance of poly-

imide (450 - 500� C). Alternatively, the Minemoto group followed the direction of Bedell et

al. and lifted o� CIGS �lms by bonding a lift-o� handle (glass, polyimide) to the device

using epoxy and pulling in tension [99]. Although 
exible, crack-free devices have been

demonstrated using this method, [92] signi�cant process and device optimization was re-

quired, making the translation of this method to other thin-�lm technologies di�cult.

In this work, we demonstrate crack-free lift-o� of CdTe and CIGS device stacks through

a two-step process that consists of �rst laminating a polymeric backsheet to the standard

devices and then thermally shocking the system at low temperatures (T� -30� C). This

causes the polymer to contract quickly and pull the polycrystalline �lm cleanly o� of its

glass substrate. The uniqueness of this work is in the theoretical framework that is de-

veloped and key process control parameters that are identi�ed to enable clean delamina-

tion of diverse thin-�lm architectures. Focusing on CdTe, we demonstrate that the lift- o�

quality and rate can be controlled by adjusting thermal strain through key temperature

set points. After lift-o� at the front contact interface in superstrate CdTe, device func-

tionality is restored through reapplication of a transparent front contact and 11% device

e�ciency ( � 80% of original device e�ciency) is achieved.

4.3 Theoretical framework

In this section, the mechanism of delamination is discussed to identify the critical pa-

rameters involved. Figure 4.1 displays a schematic illustration of delamination in a sim-

pli�ed system containing only four layers: (1) glass substrate/superstrate, (2) thin-�lm

solar cell, (3) stressor, and (4) handle. Delamination in both CdTe and CIGS occurs pref-

erentially between the glass (layer 1) and solar cell (layer 2) because of an accumulation

of 2-D layered material (CdCl2 [87] and MoSe2 [100], respectively), which creates a weak

interface. Although the theoretical framework developed here can be applied to thin- �lm

delamination generally, we illustrate concepts using superstrate CdTe solar cells. Table 4.1
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summarizes the composition and relevant material properties at ambient temperature for

layers in this system. It should be noted that the material property values for polyethylene-

co-vinyl acetate (EVA) are approximate and greatly depend on the vinyl acetate content.

In general, larger amounts of vinyl acetate reduce crystallinity and physical cross-linking,

lowering the modulus (sti�ness) [101]. Because we work with particularly low vinyl acetate

content here (< 10 wt %, compared to 28-33 wt % for typical encapsulation), we approx-

imate the material properties [modulus, coe�cient of thermal expansion (CTE)] of EVA

in Table 4.1 as those for its low-density polyethylene (LDPE) resin precursor [102]. This

gives a general view of EVA properties relative to the other layers at ambient temperature.

Figure 4.1: Illustration of delamination propagation using an energy balance approach
with four layers: (1) glass, (2) solar cell, (3) stressor, and (4) handle. Ut , Ub, and Ui repre-
sent strain energy in the top substack, bottom substack, and intact region, respectively.

Assuming that the lateral dimensions of the �lm are much greater than the thickness,

the interior of the �lm (far away from the edges where there are no shear stresses or shear

strains) is under equi-biaxial tension, [103] such that the stresses (� ) satisfy � xx = � yy , � zz

= 0, and � ij = 0 for i 6= j, while the strains (") satisfy " ij = 0 for i 6= j, where � ij is the

stress tensor and" ij is the strain tensor. Accordingly, we can describe delamination using

the one-dimensional cross section shown in Figure 4.1. Here, an energy-balance approach

is employed in which the strain energy in the intact region ahead of the delamination front

(Ui ) is compared with the strain energy in the top- and bottom substacks behind the de-
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lamination front ( Ut and Ub, respectively):

G = ( Ut + Ub) � Ui (4.1)

Table 4.1: Layers and Relevant Material Properties to the Analysis

Layer name
[#]

Composition Thickness
(� m)

Modulus (GPa) CTE (ppm C � 1)

glass [#1] glass (AF45,
SLG)

700, 3000 66,[104] 73 [105] 4.5,[104] 8.3 [106]

TCO 0.3 62.4-75.1 [107] 3.76 [108]
solar cell [#2] CdS 0.1 70 [109] 4.7 [110]

CdTe 4 52 [109] 4.9 [110]
(Au) 0.1 78 [111] 14.2 [112]

stressor [#3] EVA 150 � 0.15 [102] 100-200 [112]
handle [#4] PET 130 2.76-4.14 [113] 65 [110]

Kynar PVDF 30 1.7 [114] 150 [114]

Here,G is the strain energy release rate, measured inJm . For delamination to occur

at a given interface, the energy released during delamination must be larger than the in-

terface fracture toughness,Gc. In other words, the delamination conditionG � Gc must

be satis�ed. To �nd an expression forG in our multilayered stack, we must �rst determine

what Ut , Ub, and Ui are in Equation 4.1. To do this, we start with a generalized equation

for strain energy per unit area,U�

U� = h
Z 3X

i =1

3X

j =1

� ij d" ij (4.2)

where the stress tensor (� ij ) and strain tensor (" ij ) are summed over the x-, y-, and z-

directions andh is the thickness of a given �lm. Under the assumption of linear elasticity

and for equi-biaxial strain, the in-plane strains (" xx = " yy) are equal and related to the in-

plane stress as

" xx = " yy =
1
E

(1 � � ) � xx and � =
" xx

" zz
(4.3)
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where� is Poissons ratio andE is Youngs modulus. Thus, the stresses and strains are

proportional to each other and the stress and strain in the plane of a given layer can be

described by the scalars� and ", respectively. Using Equation 4.1 for equi-biaxial strained

linearly elastic �lms and noting that � zz = 0 and that there are no shear strains, the strain

energy per unit area (U� ) within a given layer is

U� = h
Z 3X

i =1

3X

j =1

� ij d" ij = h
3X

i =1

� ii

2
" ii

2
= h

E " 2

2 (1 � � )
(4.4)

In our system, some materials are not linearly elastic at ambient temperature; how-

ever, this is an appropriate assumption to make at the low temperatures used for delam-

ination (T � -30� C). In particular, while EVA is viscoelastic at ambient temperature, its

loss modulus, which quanti�es the magnitude of viscous behavior, virtually disappears be-

low the glass-transition temperature (Tg) starting around -15� C.[115] During this transi-

tion, the elastic modulus increases by orders of magnitude,[116] which in turn causes the

rate at which strain energy builds up in response to temperature changes to increase dra-

matically as well. The consequences of this e�ect on the lift-o� process will be discussed

later.

From Equation 4.4, we move from a single layer to a multilayered stack. In general,

this can cause the expression for strain energy to become considerably more complicated

as each layer is constrained by the others. This constraint generates additional stress and

strain energy that causesU to change not only layer-to-layer but within each layer as well.

However, this interaction only becomes important when the thin layers are detached from

the thick glass substrate, which will otherwise dominate the applied strain with its CTE.

For our simpli�ed four-layer stack (Table 4.1)

Ui =
1
2

4X

k=1

hkEk"2
k

(1 � � k)
(4.5)

Ub =
1
2

h1E1"2
1

(1 � � 1)
(4.6)
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Ut =
1
2

4X

k=2

hkEk"2
k

(1 � � k)
(4.7)

where the indexk represents the di�erent layers of the structure.

Plugging Equations 4.5 - 4.7 into Equation 4.1, we see how the properties of individual

layers can be adjusted to in
uence delamination. Of particular interest, the stressor layer

provides a convenient lever to improve lift-o� by increasingh and/or E until G � Gc is

achieved. To illustrate brie
y, it was found that EVA with low vinyl acetate content ( < 10

wt %) consistently and cleanly delaminated CdTe device stacks because of its su�ciently

high E (� 0.15 GPa at ambient temperature)[102] while EVA with high vinyl acetate con-

tent ( � 30 wt %, E � 0.01 GPa at ambient temperature,[102] commonly used in PV en-

capsulation) failed to produce any lift-o�. It should be noted that the above equations

have been developed to identify key material and system properties that can be tuned to

control delamination to inform experimental directions and intuition; numerical predic-

tions for strain energy in individual systems are left to the interested reader.

Here, we focus on in-plane strain (") and study its e�ect on the lift-o� quality. In our

system," has several components: (1)"o - intrinsic strain between the CdTe �lm and glass

substrate in the as-fabricated device; (2)" lam - compressive thermal strain that arises due

to the CTE di�erence between each layer (Table 4.1) when the stack is cooled after lam-

inating the stressor/handle backsheet to the device from the elevated lamination temper-

ature (T lam ) to ambient temperature Tamb (� 20� C); (3) "delam - analogous (large) com-

pressive thermal strain resulting from the sudden and nonhomogenous decrease in temper-

ature from Tamb to the delamination temperature (Tdelam ) of the cold bath; and (4) "m -

�nal strain term which captures all mechanical contributions, such as curvature about the

z-axis and elongation/ compression along the x-axis (Figure 4.1). Total strain in a given

layer k can therefore be expressed as

" k = ( "o)k + ( " lam )k + ( "delam )k + ( "m )k (4.8)
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Among these four contributions, the intrinsic strain ("o) and mechanical strain ("m ) are

�xed by the materials and processes employed during initial device fabrication. In princi-

ple, these can be manipulated. For example, it is well known in CdTe that more aggressive

CdCl2 treatments make devices more susceptible to delamination.[16] However, in general,

it is desirable to use fabrication conditions that maximize device performance and inde-

pendently control the delamination process. This control enables the ability to delaminate

di�erent thin-�lm stacks, which may require greater amounts of energy to delaminate. For

a given device architecture, the thickness and physical properties (h, E, � , CTE) of the

stressor layer (EVA here) can be easily manipulated to increase strain in the �lm. Con-

trolling lamination and delamination conditions (e.g.,T lam and Tdelam ) is another straight-

forward way to increase thermal strain and improve lift-o�. In this work, we examine the

impact of device architecture,T lam , and Tdelam on the delamination process.

4.4 Results and discussion

Figure 4.2 quanti�es the quality or yield of lift-o� (measured in % area delaminated)

as a function of lamination temperature for three di�erent device architectures. In Fig-

ure 4.2a, we see improved yield with increasingT lam , with performance saturating forT lam

> 150� C and decreasing aboveT lam � 170� C. We believe that this decrease in delamina-

tion yield is caused by phase transitions in the polyethylene terephthalate (PET)/Kynar

handle, speci�cally melting in the Kynar layer whereTmelt = 168� C.[114] However, it should

be noted that the cooling was not precisely controlled and di�erent cooling rates could also

signi�cantly in
uence the mechanics.

We also found that the delamination yield was strongly in
uenced by device architec-

ture. In particular, devices with no Au back contact had consistently higher delamination

yields than identically prepared samples with Au back contacts. This is because in the lat-

ter, the crack is forced to �rst propagate through the ductile Au layer (where propagation

is slowed and energy is lost due to plastic deformation)[117] before it can reach the brit-

tle CdTe layer (where there is little to no plastic deformation). Once in the CdTe layer,
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the crack can easily propagate through to the weakened CdS/TCO interface and cause de-

lamination. Although the ductile Au back contact can slow crack propagation, it does not

necessitate poor delamination. In fact, the devices with the highest delamination yields

measured here (green in Figure 4.2a) had the Au layer present. The di�erence between the

worst (Figure 4.2b) and best series (represented in Figure 4.2d) was the substrate used -

AF45 and soda-lime glass (SLG), respectively. This is likely because the SLG substrate

has a larger CTE mismatch with CdTe (SLG = 8.6, CdTe = 4.9, AF45 = 4.5 ppm C� 1)

(Table 4.1), which increases the intrinsic strain ("o) in the as-fabricated devices and aids in

lift-o� when the system is thermally shocked. Under these conditions, lift-o� is essentially

perfect with the exception of minor edge e�ects (Figure 4.2d).

Figure 4.2: (a) Plot of area delaminated as a function ofT lam . The delamination yield
depends on the presence of a ductile (Au) back contact and the substrate used (AF45 vs
SLG) for Tdelam = -196� C. (b-d) shows the representative images of delamination yield,
with black representing clean lift-o�. Scale bars are 5 mm.
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Next, we variedTdelam , which was found to in
uence delamination rate rather than

yield (Figure 4.3). By decreasingTdelam , we increase the quench depth relative to the glass-

transition temperature (T - Tg) of EVA. Below Tg, there is a dramatic increase in the

elastic modulus of EVA (� 100),[116] which causes the rate at which strain energy builds

up to increase much more quickly with changes in quench depth. Accordingly, the energy

release rate (G) and thus growth rate of the delamination front increase at a far higher

rate after being cooled through the glass transition. At highTdelam , the modulus and quench

depth are insu�cient to build up adequate strain energy to initiate delamination, and we

reach what is referred to here as theTdelam threshold, above which delamination will not

occur.

For samples with no back contact (red in Figure 4.3), this value was determined by

measuring the delamination rate at a series ofTdelam (measured in 10� C increments) and

extrapolating to �nd the value at which the delamination rate was zero. This was found

to be Tdelam = -28� C (red dashed line in Figure 4.3), which was very close to the highest

measuredTdelam of -30� C. It is interesting to note that at Tdelam = -30� C, a 1 cm2 area

delaminated in � 1.3 min, whereas atTdelam = -196� C (liquid nitrogen), a 1 cm2 area de-

laminated in only � 1.3 s. TheTdelam threshold value for samples with back contacts was

determined by testing high temperatures �rst and then decreasingTdelam until delamina-

tion was achieved, which was found to beTdelam = -46� C (blue dashed line in Figure 4.3).

This demonstrates that additional energy is required to initiate delamination in samples

that have a ductile back contact because of energy lost to plastic deformation in this layer,

as discussed above.

The ability to control delamination rate through Tdelam can be extremely useful in

process control. However, it should be noted that the delamination rates shown here are

speci�c to the samples employed (device architecture, materials used) as well as the stres-

sor/handle geometry. In particular, stress is concentrated at corners and edges; therefore,

delamination preferentially initiates and propagates from these features. Handle shapes

89



with sharp corners and high aspect ratios (i.e., rectangular strips) are therefore expected

to delaminate more readily than those without stress concentrating geometries, such as

circles. As demonstrated in the theoretical framework section above, the material proper-

ties of the stressor layer also play a crucial role in the lift-o� process. Above, it was shown

that the stressor layer must have a su�ciently high elastic modulus to induce delamina-

tion. However, if the modulus is too large (i.e., it is too sti�), there will not be adequate


exibility to allow for gradual propagation of the delamination front. For example, it was

found that some epoxies, such as Hysol 1C (E � 1 GPa at ambient temperature),[118]

produce clean delamination at very lowTdelam (-196� C), but at elevated temperatures

(Tdelam � -80� C), delamination only initiates at corners and does not propagate.

Figure 4.3: Plot of delamination rate as a function ofTdelam . The highest possibleTdelam

to initiate delamination (Tdelam threshold) is lower for samples with ductile back contacts,
implying that these require more energy to delaminate.

These types of considerations should be taken into account, particularly when attempt-

ing to lift o� diverse polycrystalline thin-�lm stacks, as Gc (the energy required to delam-

inate) depends on many factors including device material, processing conditions, and de-

vice architecture. For example, processing conditions can lead to accumulations of 2D ma-
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terials at buried interfaces in some thin-�lm photovoltaic technologies, such as CdCl2 in

CdTe[87, 89] and MoSe2 in CIGS.[100] This drastically reducesGc, making the applica-

tion of the lift-o� technique presented here straightforward. For example, substrate CIGS

device stacks can be cleanly delaminated in exactly the same manner as CdTe, with no

further optimization to the technique or materials (Figure 4.4a,b). In fact, even large ar-

eas of CIGS (3x3", this area being the largest attempted) have been cleanly lifted o� using

the same process (Figure 4.4c). However, it is unknown if similar 2D material accumula-

tions exist in all thin-�lm systems. Therefore, several suggestions are made to maximize

the likelihood for successful lift-o�: (1) use a growth substrate with relatively high CTE

mismatch compared to the thin �lm, but not so high as to cause delamination during de-

vice growth; (2) delaminate in liquid nitrogen, which causes high thermal strain and is in-

ert; and (3) increase elastic modulus and/or CTE of the stressor if unsuccessful.

Finally, we compare device performance before and after lift- o� measured under stan-

dard test conditions (1000 W m� 2, 25� C, AM1.5G). Figure 4.5 compares the J-V behavior

of the devices at various stages and the corresponding contacting geometries employed.

Here, the initial device e�ciency was 14% (black curve in Figure 4.5a). Following lift-o�,

the e�ciency dropped to 10.7% (red curve in Figure 4.5a) because of a combination of a

100 mV decrease in open-circuit voltage (VOC ), a loss of 1.5 mA/cm2 in short-circuit cur-

rent density (JSC), and a 5.2% drop in �ll factor (FF ). The decrease inJSC observed here

is a drastic improvement from our previous work in whichJSC dropped by almost 50% fol-

lowing lift-o� due to device cracking.[119] Similar decreases in performance due to device

cracking have also been identi�ed in the early work (2010) of the Minemoto group.[120]

In more recent work, they have been able to largely eliminate this issue and achieve simi-

lar results of 10.2% lifted o� CIGS. In the current work, cracking was eliminated by using

SLG substrates, which have a higher CTE mismatch with CdTe and allow for cleaner de-

lamination, in conjunction with laser scribing prior to lift-o�.[121]
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Figure 4.4: Images of delaminated (a) superstrate CdTe device with the CdS/TCO in-
terface exposed; (b) substrate CIGS device with the CIGS/Mo interface exposed where
delaminated areas are� 1.5x1.5 cm. (c) Large area (� 3x3") delaminated CIGS on Ky-
nar/PET/EVA (KPE)[122] backsheet.

A comparison of quantum e�ciency spectra (Figure 4.5e) shows nominally identical be-

havior throughout the CdS/CdTe portion of the spectrum, re
ecting the integrity of these

layers after lift-o�. As expected, there is a small loss of current below 400 nm, re
ecting

the lower band gap of ZnO/ZnO:Al relative to SnO2:F/SnO2. The decrease in FF can

also be attributed to the new front contact, which is not well optimized. In particular, the

sputtered ZnO/ZnO:Al layer has a sheet resistance of 59.5 
/sq compared to 12.5 
/sq for

our original SnO2:F/SnO2, which is evidenced by the increased series resistance. Addition-

ally, shadowing losses from contact probes during J-V measurements of post-delamination

devices (substrate con�guration) are not present in predelamination devices (superstrate

con�guration) (Figure 4.5b,c). By de�ning the device area with a metal (Ni) aperture

(Figure 4.5d), both the shadowing and conduction limitations may be addressed, and we

can fully recover our initial JSC and nearly recover the original FF (green curve in Fig-

ure 4.5a). However, the Ni aperture also shades a substantial portion of the active cell and

e�ectively creates a dark device in parallel with the illuminated device, drastically reduc-

ing VOC . Thus, through optimization of the front contact and appropriate antire
ection

coating, it is expected thatJSC and FF can be restored to their original value and possi-

92



bly even improved upon.

More complicated is the 100 mV loss inVOC between pre- and post-delamination de-

vices, which may re
ect a loss in integrity of the CdCl2 layer that appears important for

passivation of this interface.[119] Alternatively, this loss may be the result of interface de-

fects or the varied band o�sets between the TCO and CdS before and after lift-o�. Work

is currently underway to further understand and address this issue. It should be noted

though that delamination provides unprecedented access and opportunity to modify and/or

redesign the heterojunction and potentially boosts voltage if the interface can be more ef-

fectively passivated.

Figure 4.5: (a) J-V curves for a CdTe device before delamination (black curve), after
delamination (red curve), and after delamination with the Ni aperture (green curve).
Illustrations of side and top view during J-V measurements for the (b) superstrate pre-
delamination device (black box), (c) substrate post-delamination device (red box), and
(d) substrate post-delamination device with the Ni aperture (green box). (e) Normalized
external quantum e�ciency curves for pre- and post-delamination devices (black and red
curve, respectively).
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A major goal of this work is to increase the speci�c power (W kg� 1) of thin-�lm CdTe

using commercially manufacturable, high-e�ciency cell technology. Speci�c power is di-

rectly proportional to the cell e�ciency and inversely proportional to the device mass. We

calculated a corrected post-delamination e�ciency of 11.4% by correcting current density

values in the post-delamination device (no aperture) to re
ect the trueJSC of 24.5 mA

cm� 2 resulting from a measured device area of� 12 mm . The areal density of the post-

delamination device was found to be 350 g m� 2. Our predelamination device on glass had

14% e�ciency and an areal density of 7830 g m� 2. Thus, we demonstrate the potential to

maintain 80% of our e�ciency while decreasing our areal density by over an order of mag-

nitude, without signi�cantly increasing cell production costs. This opens a new route for

the possibility for low-cost PV with high speci�c power.[123] Furthermore, the resulting

delaminated �lms are 
exible, and the handle and stressor layers can be designed to �t the

desired �nal application. The understanding developed here helps develop key parameters

that should be considered while designing �nal lightweight packaging.

4.5 Summary and conclusions

In this work, the thermomechanical lift-o� of CdTe thin �lms from glass growth sub-

strates was explored both experimentally and theoretically. We developed simple equa-

tions to describe thermomechanical delamination of thin-�lm solar cells and found sev-

eral tunable control parameters. We focused on controlling thermal strain throughT lam

and Tdelam and measured both delamination yield and rate as a function of these key pa-

rameters, respectively. However, there are many other parameters that can be tuned to

achieve lift-o� in diverse thin-�lm systems. Not only can strain be altered in numerous

ways but the stressor and handle material can be chosen to have higher CTE, elastic mod-

ulus, and/or thickness to improve delamination quality. Additionally, we found that better

delamination can be achieved by modifying the device architecture, such as removing the

ductile back contact or choosing a substrate with a relatively high CTE mismatch com-

pared with the thin-�lm device. Finally, we demonstrated an 11% e�cient lifted-o� device
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that retained � 80% of its original e�ciency while simultaneously reducing its areal density

by over an order of magnitude.

Although not explored here, we note that this thermomechanical lift-o� technique has

the extremely important bene�t of exposing previously buried regions of thin-�lm devices.

In superstrate CdTe, delamination allows direct access to the heterojunction region, mak-

ing it easily studied through standard surface analysis techniques.[87, 89, 124] Likewise,

delamination of substrate CIGS �lms, which was also brie
y demonstrated in this pa-

per, allows for direct access to the previously buried CIGS/Mo interface. Therefore, the

bene�ts of the lift-o� technique developed in this paper are twofold: (1) decouple �nal

lightweight packaging from high-temperature growth requirements to enable high speci�c

power PV at low costs[123] and (2) enable fundamental studies of buried interfaces in a

wide variety of thin-�lm device stacks.

4.6 Experimental

CdTe devices were grown in the superstrate con�guration using either an alkali-free

borosilicate glass (Schott AF45) or SLG. The glass was coated with a SnO2:F/SnO2 TCO

using chemical vapor deposition. Cadmium sul�de (CdS) (100 nm) was deposited via ra-

dio frequency magnetron sputtering in an oxygen/argon ambient.[125] CdTe (� 4 � m) was

then deposited using close-spaced sublimation (CSS) in an oxygen/helium ambient with

AF45 substrates held at 600� C and SLG substrates at 550� C. Vapor-phase CdCl2 anneal-

ing was also performed in a CSS con�guration with the substrate temperature �xed at

415� C in an oxygen/helium ambient. Copper dopant was introduced either through evap-

oration (� 3 nm)[88] or by soaking the device in a 0.1 mM CuCl2 solution.[126] Finally,

a gold contact was applied through evaporation and the device was activated by thermal

annealing. The device architecture can be seen in the inset of Figure 4.6a.

Although this paper primarily focuses on delamination of CdTe solar cells, we brie
y

demonstrate the generality of the technique by delaminating CIGS device stacks in exactly

the same manner, with no further optimization to the technique or materials. The CIGS
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