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Abstract

Greenhouse gas concentrations in the atmospherapmm®aching historically
unprecedented levels from burning fossil fuels tetrthe ever-increasing world energy
demand. A rapid transition to clean energy soursagecessary to avoid the potentially
catastrophic consequences of global warming. The mwvides more than enough
energy to power the world, and solar cells thatveon sunlight to electricity are
commercially available. However, the high cost &l efficiency of current solar cells
prevent their widespread implementation, and gadtp is not anticipated to be reached
for at least 15 years without breakthrough techgietn

Semiconductor nanocrystals (NCs) show promise foeap multi-junction
photovoltaic devices. To compete with photovoltaitaterials that are currently
commercially available, NCs need to be inexpengiwealst into dense thin films with
bulk-like electrical mobilities and absorption sfpadhat can be tuned by altering the NC
size. The Group II-VI and IV-VI NC communities hatiad some success in achieving
this goal by drying and then chemically treatingjaidal particles, but the more abundant
and less toxic Group IV NCs have proven more chglleg. This thesis reports thin films
of plasma-synthesized Ge NCs deposited using tidiferent techniques, and
preliminary solar cells based on these films.

Germanium tetrachloride is dissociated in the preseof hydrogen in a
nonthermal plasma to nucleate Ge NCs. Transmissieciron microscopy and X-ray

diffraction indicate that the particles are neamgnodisperse (standard deviations of 10-



15% the mean particle diameter) and the mean dancan be tuned from 4-15 nm by
changing the residence time of the Ge NCs in thsma.

In the first deposition scheme, a Ge NC colloid femed by reacting
nanocrystalline powder with 1-dodecene and dispgrshe functionalized NCs in a
solvent. Films are then formed on substrates bg-desting the colloid and allowing it to
dry. As-deposited films are electrically insulatidge to the long hydrocarbon molecules
separating neighboring particles; however, masstspaetry shows that annealing
treatments successfully decompose these molediites. annealing at 250 °C, Ge NC
films exhibit conductivities as large as®8/cm.

In the second film deposition scheme, a Ge NC wbli® formed by dispersing
Ge NCs in select solvents without further surfaceifincation. While these “bare” NCs
quickly agglomerate and flocculate in nearly alhfmolar solvents, they remain stable in
benzonitrile and 1,2-dichlorobenzene, among oth&hsn-film field-effect transistors
have been fabricated by spinning Ge NC colloid® auibstrates and the films have been
subjected to various annealing procedures. Thecdswhown-type,p-type, or ambipolar
behavior depending on the annealing conditiond) W@é NC films annealed at 300 °C
exhibiting electron saturation mobilities greateart 10° cn/Vs and on-to-off ratios of
10%,

The final film deposition scheme involves the imjpac of Ge NCs onto
substrates downstream of the synthesis plasmace@laation of the NCs through an
orifice. This technique produces highly uniforrmfg with densities greater than 50% of

the density of bulk Ge. By varying the size of e NCs, we have measured films with



band gaps ranging from the bulk value of 0.7 e\over 1.1 eV for films of 4 nm Ge
NCs.

Having deposited dense thin films with tunable bayaps and respectable
mobilities, we have begun fabricating bilayer sadetls consisting of heterojunctions
between Ge NC films and P3HT, Si NCs, or Si wafersliminary devices exhibit open-

circuit voltages and short-circuit currents asdaag 0.3 V and 4 mA/cinrespectively.
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Introduction

1.1 Solar power outlook

According to the 2004 World Energy Assessment20@l world primary energy
usage was 4 x £0J, or an average power consumption of 13 #\Wn an adaptation of
the 1992 Intergovernmental Panel on Climate Chasgessment, Hoffeet al. reported
that approximately 25 TW of primary power will bequired by 2035, at which point a
minimum of 10 TW of carbon-free energy will be neddo stabilize the atmospheric
CO, concentrations at the historically unprecedentecelleof 550 ppm? Clean,
renewable energy sources currently provide lesa thal'W of energy. Technically
feasible global hydropower resources are estimatetl.5 TW, of which 0.6 TW has
already been tapped; wind resources are estimat@d-4aTW; harvestable terrestrial
geothermal resources are estimated to be a fewan#;15% of the world’s total land

mass would need to be dedicated to growing biorfassnergy generation in order to
1



produce 10 TW of carbon-neutral pow®r.By contrast, 120,000 TW of solar energy
strikes the earth’s surface. Assuming 10% solargyrto-electricity conversion
efficiency (solar modules with better efficienciase currently available), the sunlight
incident on half of Arizona could provide all oftlfunited States’ primary energy. While
all renewable sources will likely be present in twture energy mix, it is clear that solar
must play a large role. The issue is not one efggnavailability, but economics.

Solar energy is converted to electricity via phaitaic or solar cells which
currently have limited market share due to theighhicost-to-power-output ratio.
Crystalline Si wafer-based solar cells—which cansif a p-n junction sandwiched
between a metal electrode and glass coated withnductive transparent electrode—
dominate the market and produce electricity atst ob 25-50 ¢/kWh, compared to 1-4
¢/kWh for coal power (2002 US dat&). Silicon photovoltaics have followed a learning
curve for the past 40 years in which a doublinghefcumulative moduleproduction has
resulted in a 20% decrease in module Ebslf this trend were maintained, the 10 times
cost reduction necessary for solar power to comywétefossil fuel sources would not be
reached until after 2025, assuming continued grdwtthe photovoltaics mark&l. At
that point, less than 1 TW of solar power would ibstalled. Furthermore, Surek
predicted in his recent review of the photovoltamdustry that the learning curve can
only be sustained for a few more yel8tsThese grim statistics have spurred calls for the

development of breakthrough photovoltaic techn@sgi

" A module is a collection of photovoltaic cells adrtogether and encapsulated in some sort of piieec
packaging. Customers buy modules—not individulis€ewhich can then be installed on rooftops, etc.

2



There are two approaches to the problem: cut cmstacrease module energy
output. Both approaches will need to play a roleachieving affordable solar power
since module outputs cannot be increased by maredHew times and total costs would
not be sufficiently reduced even if 10% efficienbdnles were free. For a typical 3 kW
residential Si photovoltaic installation, modules@unt for ~65% of the total cost while
the inverter (~12%), mounting structures (~10%), arstlallation (~10%)—collectively
referred to as the “balance of systems—accounttlier rest®? Of the module cost,
roughly 60% comes from the Si wafers (including kkieor, capital, etc. to produce the
wafers), depending on the widely varying polysilicteedstock pricE! The balance
arises from other materials costs (metal, glass)sparent conductor, module framing
materials), labor, depreciation, etc. These smtls typically use wafers on the order of
200 m thick since kerf and vyield losses increase witimrter, more brittle wafers.
However, comparable light absorption can be achkievith a semiconductor layer 100
times thinner. As a result, module prices caniggificantly reduced by moving away
from wafers to thin films, which is the present lpus industry. In 1997, Little and
Nowlan calculated that thin-film modules should rfeeighly one-third the price of Si
wafer-based modules of equivalent power oufpaithough this cost savings has not yet
been entirely realized since thin-film manufactutes/e not yet achieved the same
economies of scale as Si photovoltaic manufacturérshould be noted that more than
just semiconductor material costs can be saved with-film modules, since new
manufacturing opportunities arise such as replatiegvy, rigid glass substrates with

cheap, flexible metal foil or plastic. Balancesystems costs like mounting hardware



and installation fees will be reduced with modubsts, since thin flexible solar cells can
be integrated directly into building materials sashroofing tiles. Thus, it is conceivable
that a thin-film photovoltaic installation of conmphle efficiency to a Si installation
could produce electricity at one-third or one-geathetotal cost. However, a major
challenge in thin-film solar cells is obtainingieféncies comparable to Si photovoltaics.

The second approach to reducing the cost per kitewor is to increase the
module energy output, which depends on the suntmjetectricity power conversion
efficiency, the lifetime of the modules (since {rice is discounted over the lifetime to
obtain the cost per kilowatt-hour), and the intgnef the solar irradiation incident on the
module (photovoltaic systems in California generat@e power than those in Iceland).
The main factor of interest to materials scient#std device engineers is efficiency, the
importance of which cannot be underestimateds tempting to think that modules that
are half the efficiency but half the cost are jastgood as their full-efficiency, full-cost
counterparts, but this is false. Balance-of-systeosts such as installation and mounting
hardware scale with the area installed, and willappreciably larger for less efficient
modules. Thus, ar-fold increase in module efficiency will result an greater-tham-
reduction in the cost per kilowatt-hour.

The theoretical conversion efficiency limit for ege p-n junction solar cell is
31%, but this limit can be increased to 55% by addihree additional junctions in
seried?!?% The idea behind these tandem or multi-junctiolarscells is that the large-
bandgap top junction will selectively absorb incitblue and UV light and convert it to

electricity while allowing less energetic photonsplass through to subsequent junctions.



The next, smaller-bandgap junction will selectivelgsorb green light, the following
junction yellow light, etc. With this design, aficident wavelengths are absorbed while
minimizing thermalization losses that occur whematerial absorbs light that is much
more energetic than its bandgap. While the besjlesijunction cell fabricated had an
efficiency of 25%, triple-junction cells have befabricated with efficiencies as large as
32%M  Regrettably, they are expensive. The bandgap bfilk material is fixed,
requiring a different material for each junctioricach material brings its own set of
difficulties, including high costs for the GalnPdaGaAs junctions commonly used. In
short, there is a lack of materials from which lmase, and this is a challenge faced in

thin-film devices as well as in wafer-based devices

1.2 Nanocrystal solar cells

Semiconductor nanocrystals (NCs) or quantum does wriquely suited to
simultaneously lower costs and increase efficiesnokephotovoltaic devices. They can
be deposited as thin films—most often, but not asaely, from colloidal solutions—on
inexpensive, flexible substrates. In addition, uen confinement allows the optical
properties of a material to be decoupled from lestecal, chemical, and mechanical
properties. When crystals are smaller than ther Bahiton radius—the length scale of
the Coulomb attraction between an excited eledhale- pair—their optical properties
become size dependent. This includes the absaorgpectra, which researchers have
tuned across the entire visible spectrum for somenmm dots (Fig. 1-83? 1t is
therefore conceivable that a multi-junction solall could be constructed using a single

5



material, where the crystallite size in each jumttis chosen to selectively absorb the

desired portion of the incident sunlight spectrum.

Absorbance (arbitrary unils)

azh

23k
-184

~16d
~12h

[

Il 1

300 aﬁﬂ -mu 450 SEH} 55n &nu 850 700 750
Wavelength (nm)

Figure 1-1. Absorption spectra of CdSe quantum dbtsving the shift of the excitonic
absorption features over the visible spectrum whthnging NC size. Adapted frdff.

The first solar cells to employ quantum dots wesdrid devices utilizing
polymer in conjunction with NCs. In 2002, Huynhatt made 1.7% efficient devices by
spin-coating a blend of colloidal CdSe nanorods graly-3(hexylthiophene}?!
Absorption in the devices was dominated by the MZsvavelengths greater than 650
nm and the authors were able to change the exteumahtum efficiency at these

wavelengths by altering the nanorod diameter. Tifd&ates that the rods were quantum
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confined and the range of wavelengths over whi@h dbvices successfully generated
electricity could be tuned via the crystallite size

The same research group fabricated the first redali-NC photovoltaic devices
in 2005 using a blend of CdSe and CdTe nanorods imm a colloidal solutiof”
After sintering the films at 400 C in air, powesroversion efficiencies as large as 2.9%
were obtained under simulated sunlight. The astin@nt to great lengths to argue that
the driving force in these devices was not the &dram of a Schottky barrier at one of the
electrodes or even a p-n junction within the semdcwtor film, but rather directed
diffusion within each of the two semiconducting pbs. Remarkably, the respectable
efficiencies were obtained despite the fact thanhdi of CdSe or CdTe nanorods
individually were highly resistive. Carrier tramspis often a problem in films of NCs
because of large interparticle spaces, surfacediaps, and large energies required to
add a carrier to a nanocrystal.

There have been recent improvements in transportemain quantum dot
systems, such as the more than ten orders of nualgnihcrease in conductivity observed
by Talapin and Murray in PbSe NC films upon hydnazchemical treatment (reproduced
in Fig. 1-2)*® These developments led to three recent publitstaf NC-only solar
cells in which a Schottky barrier is formed at fhaction of the metal electrode and a
film of spherical quantum dot$'® The devices were made by dip- or spin-coating
substrates in PbS or PbSe NCs to form thin flmgkivere then subjected to chemical
treatments to improve transport in two of the thtases. A metal electrode evaporated

on top formed a Schottky barrier with the film, aheé authors clearly demonstrated that



a built-in potential resulting from the barrier wpsesent in the films and drove the
devices under illumination. Large short-circuitrremts of over 20 mA/cfwere
measured although the open-circuit voltages weseblecause of the narrow bandgaps of
PbSe and PbS. However, all three groups saw excitieatures in the quantum
efficiency spectra indicating quantum confinemehthe NC films, and Luther et al.
showed that the open-circuit voltage of their desicould be controllably increased by
decreasing the NC size (Fig. 1-3). This demoresrtte potential power of quantum dot
photovoltaics: tunable spectral sensitivity and sthdevice performance. Finally,
efficiencies of 2.1% were measured under solar Isitimn and over 4% IR power
conversion efficiencies were achieved despite ambgest conductivities (5 x £05/cm)

and mobilities (1F cnf/Vs) in the NC films.

10’

0 100 200 750
time [min]

Figur[%]l-z. Conductance of a PbSe NC film versymsure time to hydrazine. Adapted
from >,
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Figure 1-3. Decreasing PbSe NC diameter resulémimcrease in solar cell open-circuit
voltage. Adapted frort®.,

1.3 The case for germanium

Most of the progress made in the field of quantwhdkvices has involved group
[I-VI or group IV-VI materials. There is signifioa interest in reproducing this work
with non-toxic and abundant materials such as 8i@a. Unfortunately, development of
similar quantum confined films of group IV NCs hasen slowed by difficulties
synthesizing spherical NCs with narrow size distiins and dispersing them into
solution. The standard synthesis technique faflland 1V-VI NCs such as CdSe and
PbTe produces colloidal solutions which providecamwenient starting point for film
formation*? However, an analogous solution synthesis roués dot exist for group VI

materials because of their high crystallization genatures resulting from the covalent



nature of their bondd®? Researchers have devised alternative synthesisod® and
produced quantum confined Si and Ge NCs in sol{figt! but reports of films of NCs
remain limited.

Germanium is often overlooked in favor of Si beeaokthe narrow bandgap and
poor oxide of bulk Ge, and the brilliantly succesdfistory of Si in electronic devices.
However, Ge quantum dots may be better candidaiesmilti-junction solar cell
applications than Si quantum dots. Germanium disslight better than Si because of its
near-direct bandgap. In addition, although thedigap of bulk Ge is narrow, theoretical
and experimental work suggests that the Ge bandgegry sensitive to crystallite size
reductions—more sensitive than Si—because of igel8ohr exciton radius (Fig. 1-4).
According to theoretical calculations by Neshermkt® and Takagahara et &F} and
absorption measurements by Wilcoxon et?dl Takeoka et af?” and Lee et df® 2 nm
Ge NCs are predicted to have a bandgap of ~2 eVa #esult, it should be possible to
tune the absorption edge of Ge NCs from the IRsactbe visible wavelengths without

requiring unfeasibly small crystallites.
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Figure 1-4. Shift of the conduction band edge ofi®1 Ge quantum dots as a function of
NC size, showing the sensitivity of Ge to size xifins. Adapted frort”.

1.4 Status of germanium nanocrystal research

For solar cell applications, the ideal quantum slotthesis route would produce
freestanding, monodisperse NCs (for tunable absorpin large yields (~5 g is needed
for a 1 nfsolar cell). Many Ge NC synthesis techniques hpregiously been reported.
Liquid-phase Ge NC synthesis techniques are coewmerior subsequent liquid-phase
surface-functionalization reactiof4>°>¥ but these synthetic routes are often time
consuming, have low material yields, and sometipresluce Ge NCs with broad size
and shape distributions. Germanium NCs can algwdpitated in the solid pha§&>”

which leaves Ge NCs embedded in a matrix matevieh @s Si@ that, in many cases,
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passivates the surfaces very well. However, thgeaf possible surface treatments for
embedded Ge NCs is limited, as is the flexibilifyusing embedded NCs for device
applications. Gas-phase synthE&! produces freestanding Ge NCs with surfaces are

easily accessible for functionalizatiGfr?®4!

Unfortunately, uncontrollable particle
agglomeration is present in most gas-phase prozesSeich agglomeration makes it
challenging to synthesize NCs with a narrow siz&ritiution, and may cause loss of
quantum confinement?

In addition to the plasma synthesis route descrhimd, two reported techniques
are particularly impressive. Wilcoxaat al. grew Ge NCs inside surfactant aggregates,
known as inverse micelléd! The surfactants are placed in an oil-based solserthat
their hydrophobic tails extend into the solvent d@he€ir hydrophilic heads aggregate to
create nanometer-sized hydrophilic volumes, thectes&e of which can be varied.
Germanium salt, which is completely insoluble ia tily solvent, is then dissolved in the
interior volume of the inverse micelles. Finalymetal hydride is added to reduce the
Ge salt, and Ge NCs nucleate and grow to fill tbliwme of the inverse micelles. The
authors found that the absorption and photolumemse spectra of an ensemble of
guantum dots, which are characteristic of the do#sidgap and therefore their size, can
be finely tuned by changing the size of the invensieelle interior. Transmission
electron microscope (TEM) images showing spheriogistalline quantum dots 2 and 4

nm in diameter (from different reactions) corrolier¢his finding, and high-resolution

chromatography indicates narrow size distributions.
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In 2008, Stoldet al. reported a gas-phase synthesis route in whichrgan Ge
precursor, tetrapropylgermane, is nebulized andréiselting droplets are then passed
through a series of furnaces where the precurstireisnally decomposed and Ge NCs
are condenséd” This technique, known as ultrasonic aerosol pysgis| produces
spherical, unagglomerated, and relatively monodssp&e-NCs with diameters which
can be tuned from 3-11 nm by adjusting the precucgmcentration. The authors
collected the Ge NCs by bubbling them through aestdl although it is unclear whether
or not the colloid was stable and why agglomeraiscavoided.

Despite recent advances in synthesizing Ge NCs,amenot aware of any
publications reporting thin films of freestanding GICs, let alone films with tunable
absorption and favorable electronic properties aslévbe needed for the multi-junction
guantum dot solar cells previously envisioned. Desibased on films of Ge NCs, of

course, are also yet to be realized.

1.5 Scope of this dissertation

This dissertation is concerned with the developnoérihin films of Ge NCs for
use in future solar cells. Five years ago, | eowisd fabricating working photovoltaic
devices with power conversion efficiencies >1% iy €nd of my degree. The realities of
research, however, have dictated that my work dneaslusively be dedicated to
developing Ge NCs as a potential electronic mdteather than making solar cells.
Fortunately, the results of this research providecimof the necessary foundation for
future students to begin constructing devices, #nel scientific phenomena and
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processing techniques discovered along the wayo#érmterest to a much broader
audience.

Four processes occur in every solar cell: excitmegation upon light absorption,
exciton dissociation, charge carrier transport, amrge carrier collection at the
electrodes. The second and fourth processes depertie interfaces and energetic
alignment between two or more materials (e.g.,i@ageparation in the built-in electric
field generated whep- andn-type materials are brought into contact, or thiéection of
electrons at a metal-semiconductor junction), et first and third processes happen
within each material, independent of the otherdicient light absorption—and in the
case of NC solar cellstunable light absorption—and carrier transport are thus
prerequisites for consideration for use in solaisceStudying and improving these
properties in thin films of Ge NCs is the focudiuf dissertation.

Chapters 2-7 are presented as modified manusonjptsh have either been
published or submitted for publication. The synihesf high-quality Ge NCs using a
nonthermal plasma is described in Chapter 2. Thectsf of plasma power, plasma
geometry, plasma pressure, and gas flow rateseoresulting Ge NCs are investigated in
detail. Adjusting these parameters allow for intieneontrol of NC size, crystallinity, and
surface chemistry. Some of this chapter has beéftisped as Ryan Gresback, Zachary
Holman, and Uwe Kortshagen, “Nonthermal plasma t®gis of size-controlled,
monodisperse, freestanding germanium nanocrystaélgplied Physics Letter®91,

093119 (2007).
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Chapter 3 has been published as Zachary Holman lmd Kortshagen,
“Solution-processed germanium nanocrystal thin dilas materials for low-cost optical
and electronic devices,Langmuir 25 11883 (2009). This chapter describes the
formation of Ge NC colloidal solutions via the réac of Ge NC powder with alkene
molecules and subsequent suspension of the fuatiied NCs in non-polar solvents.
Provided the right solvent is chosen, uniform tlims may be cast from these solutions.
Unfortunately, the films are electrically insulajinprior to annealing treatments at
temperatures of 250 °C or higher. A study reveldg the alkene ligands which were
required for solubility prevent charge carrier stam between NCs, and the films only
become semiconducting after these molecules decsemgharing annealing.

In Chapter 4, an alternative method for forming B2 colloids is presented, in
which no ligands or reactions are required. Witreftd solvent choice, “bare” Ge NCs
form a stable, transparent colloid. The stabil@atmechanism is not yet understood, but
we hypothesize that it either involves a reduciiothe van der Waals forces that cause
agglomeration due to Hamaker constant matching,electrostatic repulsion. We
demonstrate that the non-interacting Ge NCs inethmdvents demonstrate quantum
confinement, and we present results on the qualigpun films. A manuscript based on
this chapter is in preparation as Zachary Holmahldwe Kortshagen, “Nanocrystal inks
without ligands.”

Chapter 5 presents field-effect transistors (FEOshg the thin Ge NC films
developed in Chapter 4. FETs are a useful toolgluging the electronic quality of

materials under consideration for photovoltaic aggpions since charge carrier mobilities
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can be easily extracted. Germanium NC FETs exmiitpe behavior for annealing
temperatures between 200 and 400 °C, miype behavior for temperatures above 600
°C. Mobilities as large as 0.02 éiis were measured, which approach the mobilities in
amorphous Si and common semiconducting polymersoldéerve that device behavior
strongly depends on the state of the NC surfachgshwpresents both opportunities and
challenges for future device design. This chapter been published as Zachary Holman,
Chin-Yi Liu, and Uwe Kortshagen, “Germanium andcsih nanocrystal thin-film field-
effect transistors from solutionNlano Lettersl0, 2661 (2010).

Chapter 6 investigates a gas-phase method for dieygoNC films, and has been
published as Zachary Holman and Uwe Kortshagenflérible method for depositing
dense nanocrystal thin films: Impaction of germaminanocrystals,Nanotechnolog@1,
335302 (2010). Germanium NCs are accelerated thr@uglit-shaped orifice directly
downstream of the synthesis plasma, and are ingbamtéo a rastered substrate. The
density of an impacted film increases with increggiressure ratio across the orifice and
an appropriate distance between the orifice andtgatlk. Films that are greater than 50%
of the density of bulk Ge are reproducibly achievied a variety of NC sizes,
approaching the random packing limit for monodispdrard spheres.

The absorption spectra of impacted Ge NC filmspaesented in Chapter 7, and
blue-shift with decreasing NC size. Approximate digaps for the films are extracted and
compared to the peak photoluminescence energy r{egbby others) for isolated Ge
NCs. The comparison indicates that there is liffl@ny, loss of quantum confinement

during the transition from individual, non-intereagt Ge NCs to dense films of NCs in
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direct contact. This is promising for future multiction photovoltaics based exclusively
on films of Ge NCs. Chapter 7 has been submittediblication as Zachary Holman
and Uwe Kortshagen, “Quantum confinement in geromamanocrystal thin films.”
Chapter 8 presents measurements of preliminary sells which use thin films
of Ge NCs. These devices confront new issues wdnicke when Ge NC films are used in
conjunction with other materials (e.g., energy leakgnment). A shortage of time
prevented proper investigation and resolution afséh matters; | recommend future

experiments which might prove illuminating.
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Synthesis and characterization of germanium
nanocrystals

2.1 Outline

This chapter discusses the synthesis of monodisgemsnanium nanocrystals via
a nonthermal plasma approach which allows for peecontrol of the nanocrystal size.
Germanium crystals are synthesized from germanietnadhloride and hydrogen
entrained in an argon background gas. The crg&tal can be varied between 4-50 nm
by changing the residence times of crystals in piesma between ~30-440 ms.
Adjusting the plasma power enables one to syntbeidly amorphous or fully

crystalline particles with otherwise similar propes.

" Reproduced in part with permission from Ryan GaekbZachary Holman, and Uwe Kortshagen,
“Nonthermal plasma synthesis of size-controllednotbisperse, freestanding germanium nanocrystals,”
Applied Physics Lettei®1, 093119 (2007). Copyright 2007 American Institotéhysics.
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2.2 Introduction

Semiconductor nanocrystals have received signifiegtention in recent years
due to their size-dependent optical and electrproperties. Most of the attention given
to group IV semiconductor nanocrystals has focusedailicon nanocrystals (Si NCs),
due to their efficient and tunable light emissibn. However, germanium nanocrystals
(Ge NCs) may be more interesting than Si NCs faniageapplications that require a
small bandgap material, a material that exhibitsngter quantum confinement than Si, or
a material that absorbs light better than Si. drtipular, Ge NCs may be well suited for
photovoltaic applications since both theoreffdaland experiment&'® studies have
shown that the bandgap of Ge NCs can be tunedsatttessolar spectrum from the bulk
Ge bandgap of ~0.7 eV, to ~2 eV for crystals 2 naiameter.

Many synthesis techniques have previously beenrteghan which Ge NCs are
precipitated in the solid pha%&* grown in solutior®®***® or nucleated in the gas
phasd!®?% Germanium NCs are nucleated in the solid phase apaealing films of co-
sputtered Ge and Si ¥ Unfortunately, this method gives little controlesWNC size,
shape, placement, and future manipulation, andstheNC-embedded films are of little
interest for device applications which require ¢jeacarriers to pass between NCs.

Solution syntheses are most common and involver¢dection of germanium
tetrachloride (GeG) or germanium diiodide (Gglby a strong reducing agent such as an
alkyllithium.B9158 The idea is to mimic the approach used in theoirtal synthesis of
[I-VI and IV-VI NCs in which a nucleation burst isitiated in a heated solvent by the
injection of suitable precursor reagents. The retgeool the solution sufficiently to
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almost immediately suppress nucleation, allowing tfte temporal separation of NC
nucleation and growth necessary for narrow sizéribligions. Subsequent growth is
obtained by heating the solution to a much lowerperature at which atoms diffuse and
bond to the NC surfaces. As Heath and Shiang oedetliis scheme becomes difficult as
bond covalency increases for two reaséRgFirst, bare group IV atoms are not stable,
and the complexed precursors which must thereferesied require high temperatures to
dissociate. Consequently, nucleation and growtlioatsimilar temperatures and are not
easily separated. Broad NC size and shape disoitsutesult and can be seen in many
reports of colloidal Ge NCs. Second, group IV matsrhave higher crystallization
temperatures than other semiconductors, so that deactions at high temperature are
required to produce crystalline particles. GermaniNC syntheses often take several
hours or even days at temperatures up to 300 4G,lew yields.

Gas-phase syntheses are based on either evapoaationondensation of a Ge
melt or aerosol pyrolysis of a liquid Ge precurddf” These techniques produce NCs
with the cleanest surfaces but are susceptibleh¢ofermation of hard agglomerates
which prevents further manipulation and may resultoss of quantum confinement.
Stoldt et al. demonstrated that agglomeration wistantially suppressed in ultrasonic
aerosol pyrolysis of tetrapropylgermane, but thisynbe due to the formation of an
(undesirable) carbonaceous shell around eacHNC.

Previously, Mangolini et al. reported a nonthermplsma technique with large
material yields for the synthesis of freestandindN6s?? Three aspects of the plasma

environment make the approach particularly amenabléhe synthesis of group IV
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NCs!?® First, the flow-through reactor design and firptasma length mean that the NC
growth time can be controlled by altering the resitk time of the NCs in the plasma
zone. Although detailed studies have not been pedd, the narrow size distributions of
synthesized Si NCs indicate that each NC must ateleear the top of the plasma, likely
due to the high concentration of precursors. EaChd\then swept through the remaining
plasma region in approximately the same time amsatghbors by the gas flow, and the
NCs grow by condensation to their final size. Copsatly, nucleation and growth are
effectively separated and the growth time can lrdrobted.

Second, surfaces—including NC surfaces—tend tornecsegatively charged in
nonthermal plasmd&'?® There is a large discrepancy between the tempesbf the
light electrons and massive positive ions in nomtta plasmas, and the much more
mobile electrons must accumulate on surfaces tcenta electron and ion fluxes equal
in steady state. Consequently, NCs repel each @hdrthe agglomeration problems
which afflict other gas-phase processes are natepté*?"?8 As the reactor walls also
charge, this phenomenon also helps confine NCédoptasma, preventing losses and
encouraging uniform residence times among NCs.

Finally, nanosized particles in nonthermal plasmaas selectively heated by
electron-ion recombination and exothermic chemieattions at their surfaces. Although
the gas temperature in nonthermal plasmas is appately room temperature,
Mangolini, Thimsen, Galli, and Kortshagen have shothat the instantaneous
temperature of Si NCs less than 10 nm in diametaghé plasma can exceed the gas

temperature by several hundred Kel%#t*?® This provides the necessary energy for
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crystallization of particles of high melting poimtaterials like Si and Ge, and provides a
distinct advantage over solution synthesis methods.

In this chapter, we describe the adaptation opthema synthesis approach to the
synthesis of nearly monodisperse, freestanding &eparticles which can be produced
to be either crystalline or amorphous, and to haean diameters from 4-50 nm. The
plasma parameters also allow for control of thegu@ace chemistry, but this discussion

is reserved for Chapter 3.

2.3 Experimental

A flow-through, nonthermal plasma reactor similarthat described if? was
used to synthesize Ge NCs. As sketched in Fig. tAel reactor consists of a 25 mm
outer diameter quartz tube through which precugases are passed. The reactor is
evacuated using a roughing pump, and the presautigei reactor is controlled with a
downstream valve. Typical operating pressure iSO1Farr. Radiofrequency power of
50-250 W at 13.56 MHz is applied to a copper ritecteode pair wrapped around the
tube, resulting in a 5-15 cm long plasma that caupeecursor dissociation and
subsequent NC formation. The NCs are collected dowam of the plasma on

transmission electron microscope (TEM) grids ométas steel filter meshes.
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Figure 2-1: Schematic and photograph of the expartal setup.

Germanium tetrachloride (Geffland hydrogen gas ¢MHare used as Ge NC
precursors; H radicals serve to scavenge Cl prablucethe dissociation of Gegl
allowing Ge NCs to nucleate. Argon is used as &dracind gas to sustain the plasma.
Germanium tetrachloride is a liquid at room tempe®a with a vapor pressure of 76
Torr, and is introduced into the reactor eithengsa custom built low pressure mass flow
controller (MKS Instruments, Inc.) or by bubblingr Ahrough a GeGlcontaining
bubbler held at 1,500 Torr so that the gas mixentering the reactor has a Gg&t
ratio of 5:95. For the studies presented here,Ahkl,:GeCl, gas flow ratios were

220:20:1 or 21:15:1; other ratios are investigate@Ghapter 3.
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2.4 Results and discussion

Residence time and NC sizeThe NC residence time in the plasma zone is the
primary parameter affecting NC siZ8, with longer times leading to larger NCs. The
residence time can be controlled by changing tlsefigav rates, the plasma pressure, or
the plasma geometry, with all other parameters beftant. We first consider the total
gas flow rate. Figure 2-2 shows TEM images of GesN®llected on TEM grids
downstream of the plasma for 1 min. The Ar@®ECl, gas flow ratio was held constant
at 220:20:1 while the total flow rate was variednfr 121 sccm to 7.5 sccm, and thus the
residence time from ~27 ms to ~440 ms. It is cleadgn that the Ge NCs are rather
monodisperse under all conditions and that longsidence times lead to larger crystals.
The effect of residence time on NC size is quamntgly summarized in Fig. 2-3. The
mean particle diameter changes by about a factdemfwhen the residence time is

adjusted throughout the above range, indicatingénsatility of this synthesis technique.
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Figure 2-2: Plasma synthesized Ge NCs for varimsidence times in the plasma.
Precursor flow rates were: (a) 110 sccm Ar, 10 selgmand 0.5 sccm Geglinset shows
high resolution); (b) 55 sccm Ar, 5 sccm, ldnd 0.25 sccm Geg£l(c) 27.5 scem Ar, 2.5
sccm H, and 0.13 sccm Geg£l(d) 6.9 sccm Ar, 0.63 Kl and 0.03 sccm GeglIAll
depositions were for ~1 min at 80 W power.
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Figure 2-3: NC mean diameter and standard deviaifoimie NC size distribution as a
function of the NC residence time in the reactéasma conditions were as in Fig. 2-2.

Compared to Ge NCs synthesized using many of thbenigues previously
reported in the literature, the size and shapeiloligions of our NCs are narrow, though
the distributions broaden with increasing partisiee (Fig. 2-3). For 5 nm Ge NCs,
standard deviations (determined by measuremens@fNCs from TEM images) of 10-
15% are typical. The particles are nearly uniforrapherical at small sizes, but some
shape deviation is introduced at larger sizes awcdting can be seen. Size and shape
uniformity are very important for both fundamensalidies of nanosize phenomena and
device applications since the signatures of sizeeddent properties (e.g., absorption)
will broaden with increasing polydispersity.

In addition, the particles do not fuse togetherfdom “hard” agglomerates.

Rather, the boundaries between patrticles are edisiiywguishable and, as we will show
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in a different paper, NCs that may appear to backsttogether” are easily separated
during liquid-phase chemical reactions used to iteate the NC surfaces. As was
previously reported for Si NG&! the plasma environment effectively inhibits
agglomeration by dispensing a unipolar negativegdan the NCs. Non-agglomerated,
monodisperse particles such as the Ge NCs repbdaexlare required for many device
processing steps such as the formation of denselken or superlattice films from NC
colloidal solutiond®®3%

Unfortunately, there is a disadvantage that is éwdieh Fig. 2-3 to controlling the
NC size with gas flow rate: The residence timenigersely proportional to the flow rate.
The data from Fig. 2-3 is plotted again in Fig. 28la function of the total gas flow
rate—the parameter that is actually controlled fyiexperiments. The NC size is highly
nonlinear with the gas flow rate, and two probldmsome clear. It is evident that one
reason (other factors also play a role) that weehaat successfully synthesized Ge NCs
with diameters smaller than 3.5 nm is that the irequgas flow rates become very
large—larger than we have yet investigated. In tawidi the gas flow rates must be
diminishingly small to make large NCs. The massaterial produced is proportional to
the amount of Ge@lused so that the NC vyield per time decreases witeasing NC

size.
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Figure 2-4: Germanium NC mean diameter as a fumaifathe total gas flow rate (same
data as in Fig. 2-3). Plasma conditions were &gn2-2.

By contrast, residence time is proportional to plasrolume and pressure. Figure
2-5 shows photographs of plasmas of different lengind a plot of the resulting NC
sizes determined from Debye-Scherrer fits to X-d#fraction (XRD) spectra. Although
the NC size increases monotonically with plasmatlenthe dependence is not strong.
Consequently, it is impractical to synthesize aemdnge of NC sizes by changing the

plasma length.
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Figure 2-5: (a) Photographs of plasmas used tohegite Ge NCs using electrode
separations of 1-11 cm. A three-electrode setupuwsasl in which the middle electrode
was powered and the outer two were grounded. Tpertexd electrode separation is the
distance between the powered electrode and onedgeduelectrode (nominally half the
plasma length). (b) Germanium NC size determineinfiXRD as a function of the
electrode separation. The gas flow rates were df @, 32 sccm bl and 2 sccm Gegl
the pressure was 2.2 Torr, and powers of 125-200evé used.
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Changing the plasma pressure affords the mostaamier Ge NC size without
compromising material yield. Figure 2-6 displays Ki€e (again determined from XRD
peak broadening) as a function of pressure in Tidre dependence is near-linear with a
slope of roughly 0.6, indicating that Ge NCs witlvide range of mean diameters can be
synthesized with a relatively narrow range of puess. The dependence likely breaks
down for pressures less than 1 Torr and greaterdifaw tens of Torr due to changes in
the plasma. Fortunately, Ge NCs larger than ~10 awe Iproperties similar to those of
bulk Ge and are of little interest, and NCs smaBetO0 nm in diameter are synthesized

using 1-10 Torr.
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Figure 2-6: Germanium NC mean diameter determimech fXRD as a function of the
plasma pressure. The gas flow rates were 80 scgrb6Asccm H and 2 sccm Gegl
and powers of 150-250 W were used.

32



Plasma power and NC crystallinity. Mangolini and coworkers demonstrated
that electron-ion recombination and exothermic dbamreactions at the surface of
particles are responsible for their crystallizatféhThe species that participate in these
reactions are generated by the radiofrequency atait Consequently, the amount of
power coupled to the plasma provides an effectiedle on the particle crystallinity
without altering the particle size or mass yiéfii Figure 2-7 compares XRD and TEM
results for samples synthesized with 60 and 90 W/epo and otherwise identical
conditions. Two broad features characteristicobgphous material are seen in the XRD
pattern of the low power sample, while the (11D20Q), (311), (400), and (331)
reflections of diamond cubic Ge are clearly visifiethe high power sample. Selected-
area diffraction (SAD) performed in the TEM corrodtes these results; rings
corresponding to the (111), (220), and (311) réftbes are present in the SAD pattern of
the high power sample but not the low power sampl€rystallinity aside, Ge
nanoparticles synthesized with 60 and 90 W arelainm both their shape and size, as
seen in the TEM images shown in Fig. 2-7. The faansation from amorphous to
crystalline can be seen more clearly in Fig. 2-Biclw shows Raman spectra of Ge NCs.
As the power is increased from 60-125 W, the bimeut at 275 cth from amorphous

Ge disappears and is replaced with the crystaBiegeak at 300 cth
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Figure 2-7: (a) X-ray diffraction patterns of pal#is synthesized with 60 and 90 W
power. Both samples were deposited for 20 minsgu8D sccm Ar, 15 sccmyHand 0.5
sccm GeCJ. Transmission electron micrographs and selected diffraction patterns of
particles deposited for 1 min with the above floates using (b) 60 W and (c) 90 W
power.
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Figure 2-8: Raman spectra of 4.5 nm Ge NCs syrzbdsising 46 sccm Ar, 32 sccm,H
2 sccm GeGl and 60-175 W power at 2.2 Torr. The fraction @fd\that are crystalline
can be determined from the ratio of areas undeatherphous and crystalline Ge peaks

at 275 and 300 cih respectively. The spectra have been normalizet aifset for
clarity.

The power required to synthesize crystalline pksgichanges dramatically with
gas composition. Figure 2-9 shows how the crysigliof Ge nanoparticles changes as a
function of plasma power and ratio of, ind Ar flow rates. This experiment was
intended to provide a practical guide for poweestbn given a gas mixture, so samples
were either deemed “mostly crystalline” or “mostyorphous” based on qualitative
evaluations of Raman spectra like those in Fig.. Z-Be optimal power range is
highlighted in green—at lower power the samplesam®rphous, and at higher power
the material yield decreases—and increases fromte-7200 W as the #Ar gas flow

rate ratio varies from 0.1 to 1.8. Changes in ti@&@urface chemistry occur as thg/At
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ratio is altered (discussed in Chapter 3), and ithithe motivation for changing this
parameter. The primary reason that additional pasveequired to make crystalline NCs

at large H fractions is that dissociation ohldcts as a power sink.
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Figure 2-9: Qualitative crystallinity of Ge nanopeles as a function of the input power
and H/Ar gas flow rate ratio. The highlighted green argaa guide to selecting the
optimal power given a HAr ratio. Samples were made with 50—-82 sccm Ar900sccm
H,, and sccm Geght a pressure of 2.2 Torr.

While crystalline materials are generally preferfed their superior electronic
properties, certain applications may favor amorghmaterials and it is convenient to be
able to easily synthesize both crystalline and @mous Ge nanoparticles. For example,
a nanoporous polycrystal could be made by depgsdiiew crystalline NC seeds in a
porous film of amorphous Ge patrticles so that, uaonealing, the amorphous particles

adopt the crystallographic orientation of the N€dseto form extended, porous crystals.
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Gas composition and NC yield, chemistry, and photaminescenceGas flow
ratios other than 220:20:1 or 21:15:1 Ar-=BeCl, may be used to alter NC production.
In particular, simultaneously increasing the Ge&lid H flows results in greater mass
yield—with yields as high as hundreds of milligrapes hour—but does not significantly
affect the NC size since the larger Ar flow is tth@minant factor in determining the
residence time. Changing the Gg8} ratio alters both the NC size and yield, with more
H, leading to larger Ge NCs and too little Fsulting in no NC formation. We believe
that H radicals prevent the fast recombination biiEh fragments of dissociated GeCl
so that Ge atoms have a chance to bond with otlerat@ms, leading to Ge NC
nucleation. We suspect that, in the absence,@fad, Cl radicals reattach to Ge atoms to
re-form GeCJ before Ge NC nucleation can occur. With incregqsip, less Cl is present
to hinder Ge NC growth, leading to larger partickesportantly, the GeGlIH; ratio also
changes the chemistry of the Ge NC surfaces. Shis/estigated in Chapter 3.

Nanocrystalline Ge with feature sizes smaller th@mm have been reported by
others to exhibit visible photoluminescence (B§3" The source of this PL is
controversial, with some authors claiming thasiintrinsic to the NCs and is blue-shifted
due to quantum confinemeft>*¥ and others claiming it is extrinsic and resultsnfr
oxides and defect¥®” We believe that the majority of reports of visidPL—and
certainly all of those for NCs larger than ~3 nm—diefrom radiative recombination at
surface states. It is predicted that Ge NCs latygan ~4 nm will emit in the infrared (IR)
since the PL peak wavelength must approach the ®Gellbbandgap of 0.7 eV as the NC

size increasé$,”! but there are only two reports of IR PL from GesNt® No PL was
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observed from the Ge NCs reported here, indeperafethieir size and oxidation state,

although careful investigations in the IR regiorreveot conducted. We suspect that this
is a result of Cl on the NC surfaces, since haledeve been observed to quench PL in
f38]

porous St~ and the groups that have successfully observeéeLIid Ge NCs did not use

GeCl,as a precursor.

2.5 Conclusions

In summary, we have demonstrated the synthesiee$tanding Ge NCs using a
nonthermal plasma technique which allows controltltd NC properties. Nearly
monodisperse NCs with mean diameters of 4-50 nne leeen synthesized with mass
yields as high as hundreds of milligrams per hguchinging the NC residence time in
the plasma zone. The nanoparticle crystallinity ba controlled independent of other
particle properties by varying the plasma powers tAe plasma synthesis approach
produces Ge NCs without any surfactants, the N@ases are available for many post-

processing modification schemes, making them slaitilo a wide range of applications.

2.6 Future work

The synthesis of Ge NCs using the plasma reactxritbed above is relatively
well understood, but additional research in foweaar may prove fruitful. First, online
feedback and improved reactor stability would siawe and give additional control over

the resulting NCs. Replacement of the Gdilibbler delivery system with a specially
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designed mass flow controller (MFC) and developmehtthe impaction system
described in Chapter 6 were significant improvermetd the reactor that greatly
improved sample reproducibility and made NC hamfdleasier. Additional desirable
modifications include an accurate measurement@fptiwer coupled to the plasma (not
just the power read at the matchbox, as reporteg) land integrated Raman and FTIR
instruments for in-situ analysis of NC crystalliniand surface chemistry. We have
observed that the power needed to make crystgiamecles varies by as much as 30%
with the condition of the electrodes and matchlsaxthat frequent recalibration of the
optimum power is necessary. Accurate power measnem@nd in-situ Raman would
alleviate this problem and ensure that every sangldeposited with the intended
crystalline fraction. As demonstrated in the foliow chapters, the chemistry at the
surfaces of NCs often dominates their behavior.9€quently, an in-situ FTIR apparatus
that allows the user to monitor the surfaces ofN&s both during synthesis and in post-
synthesis experiments (e.g., controlled oxygen sup would be invaluable. Holm and
Roberts have demonstrated the power of such a.$&tdb
Experiments to further control NC growth via margtion of the plasma would

also be useful. While the Si and Ge NCs reportethbyKortshagen group have narrower
size distributions than Si and Ge NCs synthesizeadther methods, they are broader
than the ~5% standard deviation obtainable in, lgT,e and CdSe NC ensembles after
size-selective precipitation. Narrow size distribns are critical for resolving size-
dependent properties such as excitonic peaks, d@dshperlattices that may have

interesting physics have been demonstrated usiadyn@onodisperse NG&! While the
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Kortshagen group has carefully modeled NC chargimgating, and coagulation in
plasmas, we do not yet understand the spatio-teahparolution of the NCs. For
example, does all nucleation happen within the firem of the plasma? 1 mm? What is
the critical concentration of GeCinonomers for nucleation? What is the profile af th
reactive Ge species along the plasma length? Amsgvguestions like these is critical to
understanding—and further controlling—NC nucleatemd growth, and therefore the
NC size distribution. Ideally, the operator would &ble partition the amount of GgCl
consumed in nucleation and condensation growth fiaety tune the amount of volume
in which each occurs. The use of magnetic fieldsld/delp to limit the plasma volume
by confining electrons without also confining theuch more massive NCs. An
alternative approach to obtaining narrower sizéridigtions is to segregate NCs based on
charge to mass ratio NCs after synthesis. Cerrggtnonstrated this using an
electromagnetic lens, but the process was not gagleto produce useful quantities of
powdert*?

We suspect that the lack of PL from our Ge NCseiated to their surface
passivation, and perhaps the presence of residube€ et al. are one of two groups that
have reported IR PL from Ge NCs, and they used geitm(ll) iodide (Gel) as a
precursor (the other group co-sputtered Ge and &id nucleated Ge NCs in the $iO
matrix). Ge} is a crystalline solid which decomposes to Ge@el upon melting, and it
sublimates when heated to 240 °C in vacltthiReaction of | radicals in the plasma

would result in hydroiodic acid (HI) similar to thiermation of HCI when Ge(lis used,

but it is unknown what will be left at the NC swés and how | behaves as a surface
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passivant. Other Ge halides may also be of interegirecursors, including germanium
bromide (GeBs or GeBr). Minimal apparatus alterations are required tp ttriese
molecules. Unfortunately, most are more expensiaa 1GeCJ. Ryan Gresback has also
experimented with using Ggks a precursor and successfully synthesized Ge Ns
surface and properties of these samples have hbega thoroughly investigated.

The final topic for potential future work in theear of Ge NC synthesis is the
intentional introduction of dopants into the syrdiisereactor. Pi et al. have demonstrated
that small concentrations of phosphine or diborgas in a Si NC plasma reactor
generate Si NCs with controllable densities of Batopants$?¥ It is expected that Ge
NCs could be similarly doped. If the dopants arectically active, they will donate
excess electrons or holes to the NCs, and deviges asp-n junctions can be made.
Interestingly, we have segn andn-type behavior from Ge NCs that were synthesized
intrinsic (see Chapter 5). If this apparent dodiygoost-synthesis surface adsorption can
be controlled, there may not be a need to add doggams during NC synthesis. If it
cannot, doping with e.g, P and B must be explofeée NCs are to find use in

semiconductor devices.
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Solution-processed germanium nanocrystal
thin films

3.1 Outline

Solution-processed nanocrystal films have attractgghificant interest as
potential semiconductor materials with size-tunaigécal and electronic properties that
can be deposited with low-cost printing and coatexhniques. Significant progress has
been reported with II-VI and IV-VI nanocrystal fisnsince the electrically-insulating
ligands that solubilize the nanocrystals can bélyeagchanged or removed after film
deposition. While progress to date has been stovgifoup IV silicon and germanium
nanocrystal films, this chapter reports solutiongassed germanium nanocrystal films

with promising electrical conductivities. Stablerganium nanocrystal colloids are

" Reproduced in part with permission from Zacharyi6lman and Uwe R. Kortshagen, “Solution-
processed germanium nanocrystal thin films as nadgefor low-cost optical and electronic devices,”
Langmuir25, 11883 (2009). Copyright 2009 American Chemicali&ty.
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produced via nonthermal plasma synthesis and subeéeq alkene surface
functionalization. Electrical characterization afog-cast germanium nanocrystal films
reveals that the films are insulating as deposiedi have conductivities as large as®10
S/em and 5x10 S/cm after annealing at 250 °C and 500 °C, resmdgt Mass

spectrometry, thermogravimetric analysis, and nefilaspectroscopy indicate that the
increase in conductivity coincides with the decosifon and departure of the alkyl

ligands from the films.

3.2 Introduction

Semiconductor nanocrystals (NCs) embedded in nestriand dissolved in
solution have garnered much attention for theiregiependent optical properties;
however, in order to be used in traditional thilmfidevices, NC films with tunable
properties must be designed. The most commonlyamg method involves the self-
assembly of drop- or spin-cast colloidal NCs inemse films on substratés! This
approach dates to 1995 when Murray et al. demdsstrthe formation of colloidal
crystals and superlattice thin films of nearly mdisperse CdSe NCG8. More recently,
researchers have cast NC films of several II-VI dWdVI materials and begun
constructing electronic  devices including transist® solar celld**® and
photodetector¥! One of the advantages of this film depositiorhrégue is its low cost
and simplicity since colloidal NCs are typicallyglyesized in a beaker and films are cast
with a pipette. More importantly, there have besswveral reports that the excitonic
electronic structure of monodisperse NCs remaingyelg intact during film
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formation!”***films have properties that are similar, if notritieal, to their constituent
NCs. This opens the door for decoupling a filmpsical properties from the material of
which it is composed.

Casting films from colloidal suspensions of II-Vhd IV-VI NCs has been
successful primarily because, for these materialsolution synthesis method exists
which produces spherical, monodisperse NCs witlttfanalized surface$? There is
significant interest in replicating this work withe non-toxic and abundanat group IV
materials Si and Ge. Unfortunately, making a gtablloid of high quality Si or Ge NCs
remains an obstacle. Finding precursors that aitabde for the rapid-injection-in-a-
coordinating-solvent method commonly used to groempound NCs has proved
challenging, and other solution-based approachesyothesizing group IV materials
often yield particles with broad size and shapdribistions and generate unwanted
byproductd®**® Recent progress in solution-phase Ge NC synthesss begun to
overcome these challendé.

We previously reported a gas-phase method for sgi#img nearly monodisperse
Si*” and GE¥ NCs using a nonthermal plasma. These NCs, whiettallected as a
powder, do not go into solution as produced siheevian der Waals attraction between
NCs causes agglomeration and flocculation. Howeltgbergs et al. have demonstrated
that the attachment of long alkyl groups to thdasie of Si NCs using a hydrosilylation
reaction provides sufficient steric stabilizatiom allow the NCs to be solubilized in
common organic solvents! A similar functionalization scheme is reportedtirs paper

for the formation of Ge NC colloids. While mosttbe attention given to Group IV NCs
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has focused on Si, both theoreti®f and experiment&f reports in the literature
indicate that the bandgap of Ge is more sensitiveetiuctions in NC size than the
bandgap of Si. As a result, a broad range of apficoperties should be accessible for a
relatively narrow range of Ge NC sizes, making thearticularly attractive for
applications such as multi-junction photovoltaics.

This paper also describes the formation of densdpmn films from Ge NC
colloids and the electrical properties of thesmd$il One challenge faced by nearly all
researchers who have cast NC films from colloidshest the films are insulating as
deposited due to the bulky surface ligands whidiordf solubility. This is clearly
unsuitable for device applications. Promising ltsskhiave been obtained, however, after
thermal or chemical treatments intended to remdwe ligand$>® For example,
Talapin and Murray reported an impressive 10 ord#rsnagnitude increase in the
conductance of PbSe NC films following hydrazireatment'® Thermal treatments of

Ge NC films are explored toward the end of thisptla

3.3 Experimental

Plasma synthesis of germanium nanocrystals As described in detail
elsewheré!® Ge NCs were synthesized in a flow-through plasmactor via the
decomposition of germanium tetrachloride (GgCl Briefly, GeC}l (Acros Organics,
99.99%, used as received) entrained in Ar gas vessea through a 25 mm outer
diameter quartz tube around which a pair of copiperelectrodes were wrapped., gas
and additional Ar background gas were also fedutinahe tube. Radiofrequency power
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of 50-125 W was applied to the electrode pair ab83VIHz, resulting in a plasma
roughly 5 cm in length. The reactor was operated &orr and typical total flow rates
for producing 5 nm Ge NCs were 0.75 sccm Ge®&+30 sccm b and 40-65 sccm Ar.
Nanocrystal formation occurred in the plasma folluyvthe dissociation of Geghnd
subsequent clustering of Ge atoms (H radicals detvescavenge the Cl atoms). The
crystals were collected in the form of a powder dstream of the plasma on stainless
steel meshes or substrates placed on meshes.

The surface chemistry of as-produced Ge NC powdkeated on meshes was
studied using a Nicolet Fourier transform infra(€d'IR) spectrometer operated in the
diffuse reflectance mode. The presence of Cl @NEs was studied using a Physical
Electronics Industries Auger electron spectrométdfS) since the Ge-Cl bond is not
easily probed with IR spectroscopy. For AES, GesN¥ere collected on Au-coated Si
substrates so as to avoid sample charging. loasks, samples were removed from the
plasma reactor directly into afurged glove bag and sealed in containers fospraurt.
Total air exposure, which was unavoidable duringa loading prior to measurement,
was thus limited to ~1 min for each sample.

Hydrogermylation of Ge-Hy surfaces. Roughly 2 mg of Ge NCs were
synthesized using ich conditions (0.75 sccm GefB0O sccm H, and 42 sccm Ar) and
collected on a mesh for approximately 5 mins. frtesh was removed to a glove bag as
described above and sealed inside a test tubehwas then removed from the bag and
placed on a Schlenk line. All subsequent step&warried out on the Schlenk line and

all transfers were done air-free via cannula transfA solution of 5:1 mesitylene:1-
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dodecene (Aldrich) was dried with molecular sievssl degassed by bubbling, N
through it for at least 20 mins. Mesitylene wassgn for its boiling point, which is
slightly lower than that of 1-dodecene and therefaltows the solution to reflux without
evaporating the 1-dodecene. The concentration-@ddecene in the solution is not
particularly important; 3:1 and 10:1 solutions haveen successfully used as well.
Approximately 10 mL of solution was added to theNB&s and the resulting mixture was
sonicated for 5 mins to form a turbid solution. e[olution was then added to a reaction
flask attached to a condenser tube, where it wilisxegl near the solvent boiling point
(165° C) for 3 hrs under vacuum andfldéw. Solutions typically became clear after ~15
mins. After cooling, the solution was dried undecuum and W flow overnight (no
heat), and redispersed in dried, degassed mestylemnother solvent of choice. The
solution was finally moved (air-free) into a glovex and filtered through a 0.2n PTFE
filter to remove any sediment.

The surface chemistry of functionalized Ge NCs sataslied with a Nicolet FTIR
spectrometer operated in the attenuated totalctefle (ATR) mode. Drops of solution
were placed on a clean Ge or ZnSe ATR crystal endglove box and allowed to dry
overnight prior to measurement.

Nanocrystal film formation and characterization. Germanium NC films were
formed on transmission electron microscopy (TEMJigrAu-coated Si wafer chips, and
Corning 1737 glass substrates patterned with elées. The latter substrates were made
by a lift-off photolithographic process which yieldl 1 cm x 1 cm substrates each with

three sets of 100 nm thick Au or Al electrodes sajgal by gaps of 5, 10, and 106
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(Fig. 3-1). Films were formed by placing enougbpd of solution on each substrate to
completely cover the substrate surface. In the cASEM grids, the grids were placed
on glass substrates which were then covered wililtisn. The substrates were next
placed in a glass petri dish, covered, and placed Boekel rocking table set on a low
speed where they were allowed to dry overnight. litfle coatings were sometimes
applied to build up thicker films, with each layalowed to dry before additional

applications (although previous layers were redsgee in the solvent of subsequent

layers). All steps were carried out in the gloes.b

Ge-NC film drop-cast from ' >

mestitylene . / J

Al or Au electrodes, : / /
100 nm thick

1737 Corning glass
5, 10, or 100 um electrode gap

Figure 3-1. Schematic of the device architectureduso measure current-voltage
characteristics of Ge NC films.

The morphology of Ge NC films deposited on TEM grigdas studied with a
Tecnai T12 transmission electron microscope. Fili®gosited on Au-Si wafer chips—
which prevent charge build-up under an electrombeavere imaged using a JEOL 6500
field-emission scanning electron microscope. X-difjraction (XRD) measurements
were performed on thick (~1m) films on glass using a Bruker Microdiffractonrete
Current-voltage characteristics were recorded ioumen (~10 Torr) using a Desert

probe station with Keithley 237 and 6517A electrtan® Conductivities were then
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determined from the slope of the low-field currenttage characteristic, the measured
thickness of the film, and the known electrode getmyn All current-voltage
measurements were performed on Ge NC films dembsitethe previously described
glass substrates patterned with electrodes. Thgawonetric analysis was performed
using a PerkinElmer TG/DTA 6300. A thick Ge NOnhfiwas deposited in the sample
pan and heated to 500 °C at a ramp rate of 5 °C/min

Film annealing up to 500 °C was performed in a hdmwié rapid thermal
annealing chamber maintained at 200 mTorr witrgak flowing, except for experiments
using an SRS RGA100 residual gas analyzer, whiate werformed at ~I9Torr with
no gas flowing. Samples were placed on a Si wafgch was illuminated from the
underside using a tungsten halogen lamp. A theooq@e in contact with the wafer
provided temperature feedback to a Watlow tempegatantroller which controlled the
lamp power. The ramp-up rate was roughly 100 °6/rand the ramp-down rate was
much slower. For temperatures higher than 500&®Jodular Process Technology
Corporation RTP-600S commercial rapid thermal alimgahamber capable of reaching
higher temperatures was used. This system wastepeat atmospheric pressure with 10
slm N, gas flow, including 3 mins of gas flow to purges tbhamber prior to sample
annealing. Annealing times in this system wereitéth to 2 mins because of the

increased temperatures.
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3.4 Results and discussion

Plasma synthesis of germanium nanocrystals. Germanium NCs were
synthesized using a nonthermal plasma techniquehich germanium tectrachloride
(GeCl)) and molecular hydrogen ¢Hare dissociated in an Ar plasma, resulting in
nucleation of Ge NCs. As we have shown previouslig possible to alter the size and
crystallinity of plasma-synthesized Ge NCs by tgnihe particle residence time in the
plasma and the plasma poW8&t. For the sake of keeping some variables cons#dint,
particles synthesized in this work were roughly 8 m diameter and crystalline (as
verified by transmission electron microscopy aneéded area electron diffraction). The
standard deviation of the NC size distribution W8s15% of the mean NC diameter, or
roughly 0.5 nnf'® To achieve consistent particle size across samfilestotal gas flow
rate (and therefore the particle residence timéhenplasma) was kept constant at 72
sccm. However, the ratios of the precursor gass waried, and the resulting effects on
Ge NC surface chemistry were studied. In particulae H flow rate was varied from 5
sccm to 30 sccm while holding the Ge@bw constant at 0.75 sccm, and adjusting the
Ar flow to meet the balance. This resulted in ¢hreoticeable changes in the Ge NC
powder. First, increasing the,ldontent increased the particle mass yield, whsdo ibe
expected since H radicals must scavenge dissodizitedorder for Ge NC nucleation to
occur. Second, the amount of plasma power requoegroduce crystalline particles
increased with increasing,H This may be due to several factors includingeased
diffusion losses and an altercation of the partihgating mechanisms, but the majority of
the effect is likely due to energy lost to disstiom of the additional K Finally, and
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most importantly for this study, the species presdrihe surfaces of the Ge NCs was
observed to vary with theHlow.
Figure 3-2 shows Auger electron spectroscopy (A&S)vative spectra for Ge

NCs synthesized using 5, 7, and 9 sccgn Fhe peak-to-peak height of each feature is
proportional to the measured atomic concentratibthe element associated with that
feature through a sensitivity factor. The speatdicate the presence of Ge, Cl, and a
small amount of O and C likely due to the shorteaiposure during sample transfer. The
non-Ge species are presumed to be surface spautestseir AES signals are observed
to change as the Ge NCs oxidize and high-resolutamsmission electron microscopy
(TEM) studies show single crystal diamond cubic I&&ce fringes. Hydrogen, which
may also be present on the surface, is not detecteith AES since Auger processes
require two electrons. The spectra have been rmedao the Ge peak, and offset from
each other to provide clarity. With 5 sccny, Hhe ratio of the Cl and Ge atomic
concentrations is 0.11. This ratio rapidly decrsasethe kigas flow is increased, and is

only 0.02 for 9 sccm § With 30 sccm ki the Cl peak is no longer detectable.
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Figure 3-2. AES derivative spectra of three Ge N@qber samples synthesized with 0.75
sccm GeC), 5-9 sccm H, and 62-66 sccm Ar. Spectra are normalized tc@ed-MM
peak and offset for clarity.

As the presence of Cl at the Ge NC surfaces dexsedbe presence of H
increases. In Fig. 3-3, Fourier transform infra(@d’IR) spectra of Ge NC powder
synthesized using 7, 13, and 20 sccpake displayed (the Ar flow was again varied to
maintain a total flow of 72 sccm). The band at®@6i* is attributed to the stretching of
Ge-H, where the H species are located at the surfackisaseen to increase in intensity
as additional Klis added to the plasma until it dominates the mghrenumber region of
the spectrunt® Simultaneously, the lower frequency vibrationsGa-H, sharpen with
increasing H content, and the 575 ém760 cnt, and 830 ciipeaks that arise from the

bending modes of Ge-H and Ge-Hrre clearly visible when 20 sccny li$ introduced
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into the reactof® Fang et al. have previously shown that for a-Gthel integrated
intensity of the 575 cth bend/wag peak is proportional to the hydrogen enin the
material®” The peak at 1610 c¢hand the broad feature above 3000’ canise from the
bending and stretching of O;H The presence of water at lows How rates may arise
during sample transfer from increased reactivitihwihe atmosphere due to the presence
of Cl on the Ge NC surfaces. There is little stgra of water when the Hlow has
reached 20 sccm or more. The Ge-O-Ge stretch@t8B is not seen in these spectra
because of the limited sample exposure to air godameasurement; fresh Ge NCs are

seen to oxidize in FTIR over the course of a feysda

(Ge-H,)
(Ge-Hy) 4

= A
<
3 20 sccm H,
3
=
2 13 sccm H,
0
<

7 sccm H,

4000 3000 2000 1000 0

Wavenumber (cm ™)

Figure 3-3. Diffuse reflectance FTIR spectra obthGe NC powder samples synthesized
with 0.75 sccm GegGl 7-30 sccm bl and 64-41 sccm Ar. Spectra are offset for glarit

56



Taken together, the AES and FTIR data give a cammeture of the evolution
of the Ge NC surface species as the precursor gjass rare varied. Using JHean
conditions, the as-synthesized patrticle surfacespaimarily Cl-terminated, while the
termination is almost exclusively H undes-Hch conditions. The surface chemistry may
be tuned between these two extremes by choosiag@mopriate KHflow rate.

Hydrogermylation of Ge-Hy surfaces. Thermally initiated hydrogermylation
reactions were used to functionalize the surfadeGe NCs with alkyl molecules that
solubilize the NCs in non-polar solvents. Hydraggation, which is directly analogous
to the well-known hydrosilylation reaction, involvéhe insertion of an unsaturated bond
into a Ge-H group. Choi and Buriak first demonstrated thect®n in 2000 by reacting
alkenes and alkynes with H-terminated Ge(100) sedato leave attached alkyl and
alkenyl group$®™® The reaction has since been performed on nangtfirend
nanoparticle” in addition to bulk Ge.

Germanium NCs were synthesized using 30 scgmnHorder to produce H-
terminated particles suitable for hydrogermylatfbig. 3-4). 1-dodecene was chosen for
the reaction, and the attenuated total reflecti®iR) FTIR spectrum of neat 1-
dodecence shown in Fig. 3-4 has the expected signaands at 3010 ¢m1640 cnt,
990 cm', and 910 cni arising from the alkene group. Following hydragglation, the
dried, redispersed reaction product shows no IRigctwhere the Ge-kHand C=C-H
bands were previously observed. However, Gstietching (2850 cth-3000 cml) and
bending (e.g., 1470 cf 1380 crit, and 1300 cm) bands are visible, indicating that the

reaction successfully grafted alkyl chains to tteetiple surfaces. Furthermore, the
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initially turbid solution became optically transpat, indicating that the attached ligands
offer sufficient steric stabilization to solubilztee Ge NCs. Reactions with longer and
shorter alkene chains were tried; we found thatcfoaiins with fewer than 10 carbon

atoms the Ge NCs agglomerated and precipitatedfostlution despite the presence of
the ligands. After drying, Ge NCs reacted withddelcene were successfully redispersed
in alkanes such as hexane and octane, alkylbenzenhsas toluene and mesitylene, and
trihalomethanes such as chloroform. The colloidsentypically stable for months, with

no signs of flocculation.

Absorbance (AU)

_JJJ w\l-dodecene wu
J\}@drogerm:ylat
Ge NCs MM

3200 2700 2200 1700 1200 700

Wavenumber (cm )

Figure 3-4. FTIR spectra of Ge NC powder (recoriediffuse reflectance mode), neat
1-dodecene (recorded in ATR mode), and the reagtioduct after hydrogermylation of
Ge NCs (recorded in ATR mode). The dotted linescate bands arising from GecH

while the solid lines show bands from C=G-H
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Nanocrystal film formation and characterization. Films formed by drop-
casting functionalized Ge NCs onto substrates éedbvery different morphologies
depending on the solvents used. It is well knolat solvent choice is important in the
deposition of NCs from solution. For example, eithrandom or superlattice
arrangements of NCs have been obtained by comigolbarticle flocculation during
drying via proper solvent choi¢& In this work, solvents with low boiling pointsych
as chloroform and hexanes, did not allow the Ge N@wple time to find their
equilibrium positions during drying and resulted films that were visibly rough.
Scanning electron microscopy (SEM) revealed disnaotus film coverage and
significant particle agglomeration. Slow dryingkahes, such as octane and nonane
produced films that were locally uniform, but exteld macroscopic thickness variations
akin to coffee ring stains. Alkylbenzenes, pafacly mesitylene and to a lesser degree
xylenes, performed the best and produced filmsweae uniform both on microscopic
and macroscopic scales. Figure 3-5 shows glabsg funordered arrangements of Ge
NCs) drop-cast from mesitylene at several magribos. Size-selection techniques
were not employed in this work; the monodispersityhe particles observed in Fig. 3-5

is therefore testimony to the success of the plagmthesis method.
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5.0kV  X25,000 1um WD 10.1mm

Figure 3-5. Cross-sectional SEM, top-view TEM (stdd-area diffraction shown in
inset), and top-view high-resolution TEM images fnm Ge NCs reacted with 1-
dodecene, dispersed in mesitylene, and drop-céstAanrcoated Si or TEM grids. Each
dark circle in the TEM images is an NC.

Figure 3-6 shows current-voltage measurements ipeeid on Ge NC films drop-
cast on glass substrates pre-patterned with etietravhere a log-log scale has been used
for clarity. For sufficiently small applied biaseshmic behavior was observed in all
samples across all electrode gaps. However, thtageorange over which this linear
behavior was seen was small for the 5 and &0 gaps because of contact effects.
Consequently, all results reported here were medsover the 100 m gap, for which
the contact resistance was negligible comparech¢ofitm resistance, yielding linear
curves across much larger voltage ranges. Thesfivere initially insulating with
conductivities of approximately T0S/cm or smaller. This is consistent with repdots

other untreated NC systems and is commonly atetd the insulating nature of the
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bulky ligands which allow the particles to be sdlized **°*? For 12-carbon-long 1-

dodecene molecules, the minimum interparticle spmpoexpected assuming fully
interlocking chains on neighboring NCs is on thdeorof 1.5 nm. This gap between
crystals presents a significant barrier to chargasport by physically separating viable
charge carrier states until there is no wavefunctwerlap, leading to Mott insulator
behaviof?**® Only with appreciably small interparticle distasccan the exchange
coupling energy become large enough to overcomeetiergy required to add an

additional charge to a particfé:>?
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Figure 3-6. Current-voltage characteristics forNBe films as-deposited and annealed at
200 °C and 250 °C for 2 hours. These samples preqgared on glass pre-patterned with
pairs of electrodes. A log-log scale is used fonwenience because the data spans
several orders of magnitude. Conductivities weakewated from the measured film
thicknesses and known electrode geometry.
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For films of 8 nm diameter PbSe NCs, Talapin andrrishu observed that the
conductivity increased by 10 orders of magnitudehasinterparticle spacing decreased
from 1.1 nm to 0.3 nm, although doping effects walso presert® The effect of
decreasing the interparticle spacing is not expeitide as spectacular for Ge NCs as for
PbSe NCs because the unusually large PbSe dielecnstant (~200 for bulk) means
that the charging energy of a PbSe NC is roughbrtenth that of a similarly sized Ge
NC. However, treating a 5 nm Ge NC as a simplegdth conducting sphere with
potential V = e/ (4 nor) yields charging energies of 50-100 meV, whichsisl
comparable to the thermal energy available at remmperature. Here,is the NC radius
and p, is the dielectric constant of the medium arourel @e NC (roughly one-third to
two-thirds the bulk value of 16 depending on therparticle spacing).

In an attempt to improve electrical performancdmgi were subjected to
annealing treatments at various temperatures. silual gas analyzer utilizing a mass
spectrometer was attached to the annealing chathbrerg a series of experiments in
order to monitor any gaseous species leaving thlGé&Ims. Figure 3-7a displays mass
spectra for a control experiment in which no samyds present in the chamber, and Fig.
3-7b shows the results of an identical experimentlich a Ge NC film was annealed.
In all spectra, peaks from;HH,0, N, O, Ar, and CQ can be seen at 2 amu, 18 amu, 28
amu, 32 amu, 40 amu, and 44 amu, respectivelytauesidual air in the chamber. In
the control experiment, little change is seen a&stémperature is increased and these
peaks remain the most prominent features at alpéeatures. However, when a Ge NC

film is in the chamber, broad peaks centered arglthdmu, 56 amu, 70 amu, 84 amu,
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and 98 amu emerge at elevated temperature and @gailve temperature is increased.
These signals are not due to the removal of soltrapped in the film; FTIR spectra of
dry films show no aromatic stretching or bendingds that would indicate residual
mesitylene. Rather, the features, which are segzhtay intervals equal to the mass of
CH,, arise from gaseous hydrocarbon specigd,Qvhich leave the Ge NC film upon
decomposition of the dodecane chains. ,@Ad GHy are also present, and appear as a
broadening of the 0 and N peaks with which they overlap. We note that tresence

of gaseous hydrocarbons of all lengths indicatas dtkyl chains bonded to the Ge NC
surfaces do not simply detach; they decompose iaBty lleave carbonaceous residue
behind.

In a similar experiment, a Ge NC film was anneaed00 C and mass spectra
were recorded in time (Fig. 3-7c). Hydrocarbonksedominate the initial spectrum, but
they decrease in intensity much more quickly tHaenpgeaks that arise from residual air,
such as KW and HO. After 5 mins at 400 °C, there are actually fevgaseous
hydrocarbon species present than if the samplebkad annealed for the same time at
300 °C. Apparently, the rate of decomposition lé tlkyl chains is accelerated with
increasing temperature, and 400 °C is sufficierfetoove the finite supply in just a few

minutes.
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Figure 3-7. Mass spectra recorded in vacuum usirggsi@ual gas analyzer. Spectra for

(&) a control sample (no film) and (b) a Ge NC fibast from a colloidal solution

recorded at room temperature and annealing tempegatup 300 °C.

recorded in time for a Ge NC film held at 400 °C.
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Figure 3-8. TGA fractional weight change (left gxasmd ATR FTIR integrated intensity
of the C-H stretching bands (right axis) of Ge NC films cetm solution and heated

(TGA) or annealed (FTIR) at temperatures up to 300°A 1 hour annealing time was
used for each temperature for the FTIR data.

ATR FTIR and Thermogravimetric analysis (TGA) cdrooate these results; Fig.
3-8 shows the reduction in the integrated FTIRnstiy of the C-H stretching region and
the fractional weight loss for Ge NC films versumealing temperature. The G-H
stretch signal decreases with increasing annedkngperature as hydrocarbons are
released from the sample and more than a two-feddiation is seen by 250 °C. The
TGA data shows the same trend and the film weightergby the sum of the NC weight
and the weight of the alkyl molecules—decreasasughly two-thirds its original value
by 500 °C. Both sets of data show that, above smeshold temperature (~130 °C for

the TGA data), incremental increases in temperatigiel diminishing improvement in
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hydrocarbon removal. Consistent with the mass tep@etry findings that the alkyl
chains do not cleave off at the NC surfaces, sont& 6tretching signal is still present
after annealing for 1 hr at 500 °C.

No significant changes in electrical behavior weeen in our films for annealing
temperatures up to 200 °C (Fig. 3-6), despite stwse of insulating hydrocarbons.
However, a dramatic increase in performance ocatlnsn the temperature is raised to
250 °C. After 2 hours of annealing at 250 °C, eaniivities on the order of 10S/cm
have been measured, an increase of three ordemagrfitude. In addition, cracking has
been observed in thick (~In) films via SEM after annealing treatments at terafures
above 250 °C, indicating decreases in film volunmel anterparticle spacing. This
suggests that there is a threshold annealing textyser near 250 °C, beyond which
enough carbonaceous material has been removedbw ellectronic coupling between
neighboring Ge NCs. Indeed, we have observed ahatve 250 °C the conductivity
continues to increase with increasing annealingpteature, up to 5x1b S/cm for
samples annealed at 500 °C. There is only margmaiovement in conductivity as the
annealing time is extended from 1 to 3 hrs. Thigxipected since mass spectrometry
indicates that the characteristic time of ligancdcateposition is less than 1 hr for
temperatures greater than 250 °C.

When annealing NCs with large surface energieteatited temperatures, there is
a concern that the particles will sinter togethdihus, XRD spectra were recorded for
thick Ge NC films on glass annealed up to 500 °Clfdr to ensure that the observed

improvements in conductivity were not due to simgrof NCs. In Fig. 3-9, the spectra
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are displayed and the diamond cubic Ge peaks beteldh The average crystallite grain
size was determined from the peak broadening ubeddebye-Scherrer equation, and a
constant Ge NC size of roughly 5 nm was obtainedalb samples up to 500 °C.
Samples were also heated to 600 °C, 700 °C, and@@® a commercial rapid thermal
annealing chamber capable of reaching higher testyres than our home-built
chamber. For these three samples, the commeriaating chamber was operated at
atmospheric pressure with 10 slm flow. Sintering of the NCs was not observed until
800 °C, at which point the film began to flake ahé average grain size extrapolated
from the XRD measurement varied from 8 nm to ~25aenoss the sample depending on
whether the beam was focused on a flaking are@tofFng. 3-9). We found it surprising
that such high temperatures were required for singge particularly because similar
annealing experiments performed with bare (H-teateid) Ge NC powder show
sintering and grain growth beginning at 500-600 YWe presume that the hydrocarbon
residue left in the films of 1-dodecene-terminaee NCs is responsible for delaying
sintering to higher temperatures. High-resolut8#M studies of films corroborate the
XRD findings and show no observable sintering fonealing temperatures below 500
°C, but clear evidence of both grain and void girowt 800 °C (Fig. 3-10). Hence,
increases in electrical conductivity cannot beilaited to grain growth for annealing
temperatures below 500 °C, but instead results froereased electronic coupling of

distinct Ge NCs as the insulating 1-dodecene ligahdt separate them decompose.
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Figure 3-9. XRD spectra of thick (~ In) Ge NC films cast from solution and annealed
up to 800 °C. The samples annealed at 500 °C @meérlwere annealed for 1 hr in the

home-built rapid thermal annealing chamber desdribghe Experimental section. The

sample annealed at 800 °C was annealed for onlyn& im a similar, commercial system

operated at atmospheric pressure with 10 sim,didw. Samples were also annealed at
600 °C and 700 °C (not shown) in this system, lsugrain growth was observed at these
temperatures. Crystallite sizes were calculatethftbe peak widths using the Debye-
Scherrer equation.
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annealed at (b) 250 °C for 1 hr, (c) 500 °C forrldnd (d) 800 °C for 2 mins. No
observable sintering is seen in (b) and (c), bt lgoain and void growth are clearly seen
in (d). Note that it is challenging to image unealed films like (a) under an electron
beam at high resolution because their insulatingreacauses them to charge. As a
result, (a) is at slightly lower magnification thés), (c), and (d), and a defect in the film
was found to provide contrast.

3.5 Conclusions

Progress in group IV NC electronic devices has bslewed by difficulties
synthesizing Si and Ge NCs in solution. Here, vewehbypassed this barrier by

synthesizing Ge NCs using a gas-phase method andtitansferring them into solution

(o2}
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after functionalizing the surfaces with long-chailkene molecules. Provided they are
sufficiently long, the molecules provide enougtriststabilization in non-polar solvents

to counteract the van der Waals attractions betwé€s and prevent agglomeration.
Dense films of Ge NCs that are uniform over sevegalare centimeters are formed by
drop-casting the colloid onto substrates.

After film deposition, the alkyl molecules that wekey to stabilizing the Ge NC
colloid become a nuisance since they physicallyassp neighboring NCs and inhibit
charge transport between them. One key differéeteeen our Ge NCs and 11-VI and
IV-VI NCs is that the former form strong covalerarigls with the alkyl molecules on
their surfaces whereas the latter form coordinaiomplexes with ligands which are
more easily severed. Consequently, ligand exchesmgions which work for [I-VI and
IV-VI NCs are not successful with alkyl-terminat€é& NCs. In addition, the attachment
between Ge NCs and the alkyl molecules is so sttimaiigthe molecules decompose upon
heating rather than fracturing from the surfacéhefNCs.

At annealing temperatures greater than 250 °C, gindwydrocarbon material is
removed to open conduction pathways between NGsiltigg in an increase in the
electrical conductivity of initially insulating fihs. Conductivities as large as®18/cm
have been measured for Ge NC films annealed at “Z5(for 2 hours, and the
conductivity continues to rise at higher annealitgmperatures. While these
conductivities are modest compared to those in Iselaiconductors, Schottky-barrier
solar cells with power conversion efficiencies df% were recently reported using PbSe

NC thin films with measured conductivities of 5%18/cm!® In light of this work, the
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Ge NC films presented here are promising candidé&desNC photovoltaic devices

including future multi-junction solar cells.

3.6 Future work

The attachment of alkene molecules to Ge NCs veéadgermylation in solution
yields very nice colloids and subsequent thin filtogt is neither amenable to scale-up
nor desirable for device applications. The reactisolution is slow and is performed in
batches, although Mangolini et al. demonstrated lasnpa-initiated hydrosilylation
scheme in which alkene vapor is injected into a mwer plasma downstream of a Si
NC synthesis plasnf&! This approach has the advantage of being quickplsi and
continuous, although the resulting alkene termamatvas apparently not as complete as
when attachment was performed in solution. We hawxessfully tried this approach
with Ge NCs as well; however, there is currentlynmativation to functionalize Ge NCs
with alkenes, even if doing so is easy. Silicon N&dibit dramatically improved
photoluminescence (PL) after hydrosilylation andenéaeen recently incorporated into
light-emitting diode$®” but our Ge NCs do not show any PL either beforeafter
hydrogermylation. Furthermore, all devices we hmade with functionalized Ge or Si
NCs have been insulating as deposited. Similar e two-contact devices for
conductivity measurements reported in this chapteid-effect transistors (FETS)
fabricated with dodecene-passivated Ge NCs onlyinbéy perform after they are
annealed at temperatures in excess of 300 °C. We foaind an alternative method to
make superior Ge NC FETs from solution (see Chdpteso it is not clear that there is a
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future for hydrogermylated Ge NCs in devices. Pgshanother reaction will be
discovered which attaches more useful moleculag, (eonductive polymer) to the NC

surfaces.
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Bare germanium nanocrystals in solution

4.1 Outline

Colloidal nanocrystals typically have ligands dftied to their surfaces which
afford solubility in common solvents but hinder dg transport in nanocrystal films.
Here, an alternative route is explored in whichebgermanium nanocrystals are
solubilized by select solvents to form stable adBowithout the use of ligands. A survey
of candidate solvents shows that germanium nantdsyscompletely dissolve in
benzonitrile, likely because of electrostatic diahtion and reduced van der Waals
forces. Films cast from these dispersions are tmifaense, and smooth, making them
suitable for device applications. In addition, nmo&bsorptivities are calculated from
absorption spectra of colloidal germanium nanoatgstand the quantum-confinement-
induced shifts of theEy and E; transition energies are measured as a function of

nanocrystal size.
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4.2 Introduction

Semiconductor nanocrystals (NCs) or quantum dotse haceived increasing
attention in the past 15 years for their potenigd in new optical and electronic devices.
Colloidal NCs are particularly interesting, as thpsomise a new era in inorganic
semiconductor processing in which quantum-confireih films are inexpensively
printed. Methods have been developed to synthésigequality 11-VI and IV-VI NCs in
solution with ligands such as trioctylphosphinefttylphosphine oxide or oleic acid on
their surface§™® The ligands provide steric stabilization in norgposolvents—
compression of the ligands as two NCs approach eter decreases the entropy of the
system and consequently increases the Gibbs fremenrso that aggregation of NCs
due to van der Waals forces is suppressed. Unfawyy the ligands also hinder charge
carrier transport between NCs after films castamy as-deposited films are insulatifig.
% While the ligands may be exchanged in solutionsfosrter molecules that reduce the
interparticle spacing in filmS*" shorter molecules provide less steric stability,
encouraging flocculation. An alternative approashtad reduce the ligand lengtiter
depositing films. Excellent electronic propertiesvé been obtained in PbSe NC films
treated with hydrazine and 1,2-ethanedithiol, hatfims crack after the treatmenis*?

Depositing conductive thin films from group IV coillal NCs is even more
difficult. Silicon and Ge have comparatively larggstallization temperatures because of
their covalent bonds, making solution synthesisllehging.[13] Furthermore, once
ligands have been attached either during solutymthesis or via grafting to gas-phase
synthesized NCs, they do not come off. Attemptexchange ligands in solution or
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chemically treat films after deposition are inefted, again because of the covalent
bonds formed. We previously reported that Ge N@dilfabricated by synthesizing Ge
NCs in a plasma, functionalizing their surfaceshwlitdodecene, and casting them from
solution were electrically insulating until annehlat 250 °C or highdt! At these
temperatures, the dodecene molecules still didclestve from the NC surfaces; they
decomposed instead.

Steric stabilization is not the only way to prevdidacculation of colloids.
Colloidal particles may acquire charge at theirfaes in polar or ionic solutions,
resulting in the formation of electrical double déay which repel each other upon
approach. The potential at the surface of sheaidmieach particle—the zeta potential—
provides an indication of the degree of stabil@atand the sign of the accumulated
charge. Additionally, van der Waals attractions rhayeduced by proper solvent choice.
The van der Waals force between two identical sgshan a medium disappears if the
Hamaker constant of the medium is the same asfahdhe spheres, and no repulsive
force is required between the spheres to inhilgregation. Nanocrystal colloids which
are stabilized via one of these mechanisms instéadith bulky ligands offer new
opportunities for NC handling and device fabricatio

In previous publications (Chapter 5 of this thesigd reported that “bare” Si and
Ge NCs are relatively stable in 1,2-dichlorobenzemCB)*>*! The NCs are
synthesized as powders with a plasma process tbhdtiges H-terminated surfaces for Si
NCs, and H- and Cl-terminated surfaces for Ge N@s. Ge NCs form particularly nice

colloids that are optically transparent and yielifarm thin films when spun, and
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respectable field-effect transistors have been detated using these filfs! In this
chapter, we investigate the solubility of Ge NCsearly 20 solvents that are similar to
DCB, and probe the mechanism responsible for #yabii the colloids.

One solvent, benzonitrile, is found to perfectljubdize Ge NCs. This represents
an important step in NC processing; additionallyaliows for new fundamental studies
of the optical properties of Ge NCs. Most reportgjoantum confinement in Ge NCs
have relied on photoluminescence (PL) measureniéritswhich are complicated by the
apparent presence of radiative defect states. I€iglh has been repeatedly reported, and
the literature is divided as to whether its sotscthe NC coré**?*?*or oxide or surface
stated!820242I plthough the PL energy is expected to approactbtike Ge bandgap of
0.7 eV as the NC size increase, we are aware of wi reports of IR PL in Ge
NCs'"?! |nterpretation of absorption data is less compsidaand vyields more
information about band structure, but it is difficto know the concentration of NCs
accurately if they are synthesized in solution wiiflands attached. Consequently,
absorption spectra of Ge NCs of different sizes gygically normalized when
compared'”*?% |n fact, extinction coefficients have been meaduie relatively few
NC materials systems because of this limitationlavi@bsorptivities calculated from
absorption spectra of colloids of known concentratre presented here for bare Ge NCs

of various sizes in benzonitrile.
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4.3 Experimental

Germanium NCs were synthesized in powder form usingonthermal plasma
process described elsewh&éBriefly, GeCl, and H were used as precursors in a flow-
through, radiofrequency plasma reactor to nucl€&deNCs with H- and Cl-terminated
surfaced**™ Nanocrystals 3.9-10.7 nm in diameter were produsgdvarying the
residence time of the NCs in the plasma via thetogapressure. Nanocrystals were
collected air-free and transferred to a-plirged glove box, where the mass of the
samples were measured (~10 mg average, 5 mins tephsiA variety of solvents
(Aldrich, degassed) were added to vials contaitd@gNCs and the mixtures were ultra-
sonicated for 5 mins outside of the glove box. Téwmulting dispersions were returned to
the glove box and filtered through 0.2 um PTFEefgt(Pall).

Absorption measurements were performed using ana®d@ptics UV-Vis
spectrometer (for solvent comparison) or a Cary WUSANIR spectrophotometer (for
measuring molar absorptivity). Air exposure wasit@d to ~1 min for all samples prior
to measurement to prevent oxidation, and measurnsnvegre taken within 30 mins of
sonnication. For some samples, zeta potential wassored with a Brookhaven
Instruments Corporation ZetaPlus instrument. Naystat diameters were determined
from Debye-Scherrer fits to X-ray diffraction (XRBpectra of powder or films cast from
concentrated NC solutions. For two samples, theauracy of the XRD sizes was
confirmed using transmission electron microscopye Variation in mean size was found

to be less than 10%. Some films were imaged usiHg@L 6500 field-emission scanning
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electron microscope (SEM) and a Digital InstrumeN@noscope Il atomic force

microscope (AFM) operated in tapping mode.

4.4 Results and discussion

Survey of solvents.The stability of 6 nm diameter Ge NCs in a variefy
solvents was studied by comparing the concentratidde NCs that remained suspended
after filtering the dispersions through a 0.2 plefito the initial concentration. Solvents
were chosen for their similarity to DCB in dielectrconstant, Hansen Solubility
Parameters, or chemical structure. The solventsshosvn in Fig. 4-1, and primarily
consist of molecules with halogens or nitrile greu@ommon solvents such as water,
toluene, and hexanes were also tried, but Ge NCs feend to rapidly flocculate in all
very polar or very non-polar solvents. Germaniun@sNemained in powder form at the
bottom of their vials upon addition of all solvergscept benzonitrile and acetonitrile,
and ultrasonication was required to break up thevdes and suspend the NCs.
Benzonitrile, and to a lesser extent acetonitsitgiibilized bare Ge NCs upon contact and
an optically transparent colloid was formed withoréef shake. The process is visually
similar to the addition of non-polar solvents toiedr Ge NCs that have been

functionalized with 1-dodecene.
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Figure 4-1. Names and chemical structure of sobsaséd in this study.

0.25 mg mt* dispersions were prepared for each solvent, anéVis\absorption
measurements were recorded before and after ifiltraScattering from agglomerates
dominated the spectra for most suspensions beiltnaion, and many samples looked
like pristine solvent after filtration. GermaniunCN in these solvents, which include 2-
chloropropane, heptyl cyanide, 1,2-dibromoethanegmbethane, dichloromethane,
pyridine, 1,3-dichlorobenzene, chloroform are ubkstaand quickly form aggregates
larger than the filter pore size. The absorptiorcta of Ge NCs in benzonitrile, by
contrast, were identical before and after filtratiandicating small (or no) aggregates.
Because scattering is not an issue in these sanpé&Beer-Lambert Law can be used to
correctly relate absorption to concentration, whictthis case is the same before and
after filtering and is known. Consequently, theapsion of Ge NCs in benzonitrile was
used as a reference to determine the unknown ctratiens of Ge NCs remaining in
other solvents after filtration. The ratio of aldlsamces was calculated using absorbance
data at 500 nm, although the result was nearly lgagéh-independent. Figure 4-2

displays the relative concentrations after filwatfor all solvents that had non-zero post-
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filtration concentrations. Also shown is a photgdraof Ge NC colloids in several

solvents after filtration; these samples had thmeesmnitial concentration.

(b)

Normalized concentration
o
ol

Figure 4-2. (a) Photograph of Ge NCs in variousesutis after passing through a 0.2 pum
filter. All samples started at the concentrationtltd benzonitrile sample at the left. (b)
Concentration of Ge NCs in solvents after filtrationormalized to pre-filtration
concetration. Solvents not plotted had concentnataf O.

These data represent a metric for colloidal stgbilbeit a somewhat unusual

one. While techniques such as dynamic light saage(DLS) are more commonly
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employed to characterize colloids, they do notlgaseasure the quantities desired here.
From a device applications perspective, an idealcNi®id has a minimum flocculation
time of a month and produces homogeneous films vdash Dynamic light scattering
gives the size distribution of colloidal particlétowever, DLS data may indicate that the
“best” sample is one with 99% of the material ppéeied at the bottom of the cuvette,
provided the 1% remaining suspended consists ¢dtesh NCs. We would like to find
solvents that have the fewest agglomerates lafggr & few hundred nanometers (as
these are sure to either precipitate or ruin filerpmology), and filtration measures this.

What is the mechanism by which Ge NCs are stallilimeselect solvents? Steric
stabilization plays no role since there are norldgaon the NC surfaces. We note as well
that, in the majority of cases, we believe chemiedctions do not occur. X-ray
diffraction spectra of Ge NC powder and films dasin three solvents (benzonitrile, 1,2-
dichlorobenzene, and chlorobenzene) show no chianggstal grain size after the NCs
are put into solution, indicating that, e.g., the @es not dissolve. In addition, Fourier
transform infrared spectroscopy and Rutherford beattering measurements show no
significant changes in the H and Cl species at Nli2 surfaces after Ge NCs are
solubilized in DCB™!

The measured zeta potential on colloidal Ge NCseinzonitrile is -23 £ 5 mV,
indicating that the NC surfaces are negatively gbdr Zeta potentials of either sign
greater than 25 or 30 mV are generally acceptdueasy large enough to provide long-
term electrostatic stability. Surface charging naegtms for particles in solution include

preferential adsorption of ions of one charge fismtution, and ionization or dissociation
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of surface species. We do not yet understand GecN&ging, but note that the
concentration of ions in benzonitrile or the otlseivents studied here should be near
zero, and no electrolyte was added. However, othexe reported electrical double
layer formation for colloids in polar solvents witlo electrolyte additio® Dissociation

of H on Ge NC surfaces could account for their tigggotential.

If electrostatic repulsion is the dominant forcesiabilizing Ge NC colloids,
stability is expected to be correlated with ion @amiration (not investigated here) and
solvent dielectric constaff! The degree to which van der Waals attractionsetaced
by particle-solvent matching should also be coteglavith solvent dielectric constant.
Dispersion forces vanish when the solvent and loparticles have equal Hamaker
constants, and the Hamaker constant is approxiyngedportional to polarizability
squared, which in turn depends on dielectric caristBhe relative concentration of Ge
NC colloids after filtering is plotted in Fig. 4&s a function of solvent static dielectric
constant. Nanocrystals only passed through ther fift solvents with dielectric constants
between 5 and 38 and while there may be a trenkl tvé optimal dielectric constant
being ~20, there is too little data to know. ltclear, however, that dielectric constant
alone is not sufficient to predict colloid stalyilitGermanium NCs in several solvents
with dielectric constants of 9—14 were completasnoved by filtration. A complication
in interpreting this data in terms of stability rhaaism is that Fig. 4-3 plots static
dielectric constant, but an accurate treatmenthef Hamaker constant considers the
frequency-dependence of the dielectric constanithBu experiments are required to

parse the details of Ge NC stabilization.
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Figure 4-3. Concentration of Ge NCs after filtratis. solvent static dielectric constant.

The post-filtration concentration data is plotteghia in Fig. 4-4 as a function of
solvent Hansen Solubility Parameters (HSP). HShitifyahe thermodynamic properties
of molecules using three parameters to describerikegy in dispersion D), polar ( P),
and hydrogen bonds Kl). Each molecule is assigned a location in thresedsional
Hansen space based on its HSP, and molecules at@atioser together in this space are
more likely to dissolve one another. We have olestithat benzonitrile fully solubilizes
Ge NCs; consequently, solvents with similar HSP nagywell. As with dielectric
constant, the predictive power of HSP appear lidhitdthough all solvents that “work”
are within a relatively small range of HSP (thegauthat is plotted—water and hexanes

would be far off the plot), not all solvents inghiange “work”.
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Figure 4-4. Concentration of Ge NCs after filtratios. HSP parameters. Concentrations
are indicated by the color of each data point, wati and black corresponding to final

relative concentrations of 1 and 0, respectivelye plot is shown from three angles for

clarity, and blue lines are drawn from each painthie bottom plane of the plot to aid the
eye.

Films spun from Ge NC dispersions decrease in noeggh as the size of the
aggregates decreases. Nanocrystals in, e.g., @bidoroproduce films that are
discontinuous and mountainous. Thin (< 100 nm) dilrom benzonitrile colloids are
uniform and continuous with an RMS surface roughnas8 nm, as determined from
tapping-mode AFM. Figure 4-5 shows cross-secti@tll images of thin and thick Ge
NC films cast from benzonitrile. Films of similauglity are obtainable with DCB, and
we have reported Ge NC field-effect transistorsT&Ebased on such films (Chapter
5)! Transistors have also been made from films cash foenzonitrile; the sample in
Fig. 4-5a is a fractured FET and the drain ele@rmvisible. These devices have the
same behavior both before and after annealing s fem DCB, indicating that device

performance is not solvent-dependent.
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Figure 4-5. Cross-sectional SEM images of Ge NQdikcast from benzonitrile. (a) The
edge of an FET channel in which a 50 nm thick GeflN@ was deposited after source
and drain contact evaporation. (b) A 3 um thickN& film flake that has detached from
the substrate. Both images were taken at a Sfditt normal.

Optical properties versus nanocrystal sizeThe perfect solubility of bare Ge
NCs in benzonitrile allows for the precise detertion of Ge NC extinction
coefficients. Absorption spectra were recorded doltoidal Ge NCs of several mean
sizes in benzonitrile. Spectra of 1 and 0.04 mg salutions were then overlaid for each
NC size to yield spectra that are accurate acrdagga range of photon energies. Molar

absorptivities calculated from these spectra usiiegBeer-Lambert Law are plotted in
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Fig. 4-6, along with the absorption coefficient milk Ge on the second y-axis. The

absorptivities are per mole of Ge atoms, not pderabNCs.
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Figure 4-6. Molar absorptivity (per mole NC) of GE€s in benzonitrile. The red, green,
blue, and purple curves correspond to 10.7, 61, &hd 3.9 nm diameter Ge NCs, as
measured using XRD. The absorption coefficient wkGe from® is plotted on the
second y-axis.
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Figure 4-7. Energy band diagram of bulk Ge. Adajftech **!.

The features in the bulk Ge spectrum can be ind&edrin terms of the energy
band diagram shown in Fig. 4-7. From low to higlergy there is the indirect-L
transition atEg = 0.67 eV, the strong absorptionEt= 0.80 eV and subsequent shoulder
from the direct transitions at, and the large shoulder aboke = 2.1 eV from direct
transitions near 2% These same features are present in the spec@a ofC colloids,
although they are not as sharp due to the smatledegf polydispersity in our samples.
The features shift to both larger energies and toasorptivities with decreasing NC
size as the NCs become increasingly quantum cahfiflee change in absorption in the
visible region of the spectrum can be seen withutieded eye; Fig. 4-8 is a photograph
of three colloids that have the same Ge conceotrg€.04 mg mt) but different sizes of

NCs.
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Figure 4-8. Photograph of colloidal Ge NCs in banizile with mean NC sizes of (left to
[ight) 10.7, 6.0, and 3.9 nm. The solutions hawedhme Ge concentration (0.04 mg mi

).
Unfortunately, we were unable to obtain sufficiexttter-free signal at long
wavelengths to monitor the change in tBg transition with NC size. However, the
location of the shoulders associated with Bg@ndE; transitions are plotted in Fig. 4-9
as a function of NC size. A stronger dependenceN@nsize is observed for thig,
transition than for th&; transition, although the difference between thélamd 10.7 nm
NC values is larger for th; transition. This is expected because the band tunevat
is larger than at L, making tH& transition more sensitive to quantum confinent&ht.
Small blue-shifts are seen in the features assutiaith theE;andE; transitions for 10.7
nm Ge NCs, consistent with the large Bohr excitadius®™ Optical transitions in

colloidal Ge NCs have been studied experimentaflyHeath et al. and Wilcoxon et al.
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previously!?>?®! Contrary to our findings, neither group reportéxs@rvable shifts in the

E; energy for NCs larger than 4 nm.
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Figure 4-9. Energy of the absorption shoulders @ated with theE, (blue diamonds)
andE; (red triangles) transitions vs. NC mean diameter.

4.5 Conclusions

Germanium NCs synthesized as a powder in a plaswa been put into solution
without further surface functionalization. The N&® most stable in benzonitrile, DCB,
and acetonitrile, with 50-100% of the initial NCasging through a 0.2 um filter. The

detailed stabilization mechanism remains to be rdeteed, but zeta potential
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measurements indicate that the surfaces of Ge NG@gemzonitrile acquire a negative
charge. High-quality films have been cast from thispersions, demonstrating the
potential of these solutions for use in future cgitiand electronic devices. Germanium
NCs in benzonitrile are quantum confined, and weehmeasured that tH&, transition
energy blue-shifts by more than 0.5 eV comparecdoutk Ge for 4 nm Ge NCs.
Quantitative absorption coefficients have been nepo in the form of molar
absorptivities for the first time for Ge NCs, artbw that the band structure of Ge NCs

as small as 4 nm is similar to that of bulk Ge.

4.6 Future work

Although this chapter appears early in this thesis,work described in it is the
most recent. Many interesting investigations wereen begun or were left incomplete. It
is very important that the stabilization mechan@n@Ge NCs in select solvents be further
studied and understood so that the principles neagpgplied to other material systems
(e.g., Si NCs). The zeta potential of Ge NC digpess should be measured for all the
solvents investigated here and correlated with gbet-filtration concentration. The
effects of salts, acids, and bases should be stude the stability of electrostatically
stabilized colloids is a function of the ion contation. We suspect that NC surface
chemistry is critical, and experiments in which tl ratio is varied (as demonstrated
in Chapter 3) should be undertaken.

High-quality films for device applications are thesml goal of this work, and we
have only just touched on this. What is the denseityfilms of bare NCs cast from
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solution? How do their optical and electronic pmbjgs compare to films of alkene-
terminated NCs (Chapter 3)? Impacted NCs (ChapterGan size-selection techniques
be used successfully in solution to narrow the digixibution of Ge NCs in cast films? If
so, can NC superlattice flms be obtained? Canrpeihybe dissolved in the same solvents
that solubilize NCs, so that hybrid films with ugdgmerated NCs can be cast? An

additional Ph.D. thesis could be spent studyingelgestions!
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Germanium and silicon nanocrystal thin-film
field-effect transistors

5.1 Outline

Germanium and silicon have lagged behind more poputVvl and IV-VI
semiconductor materials in the emerging field ahsenductor nanocrystal thin film
devices. We report germanium and silicon nanocrysthl-effect transistors fabricated
by synthesizing nanocrystals in a plasma, tranisfgthem into solution, and casting thin
films. Germanium devices showtype, ambipolar, op-type behavior depending on
annealing temperature, with electron and hole ntisilas large as 0.02 and 0.006°cm
Vvt st respectively. Silicon devices exhibittype behavior without any post-deposition

treatment, but are plagued by poor film morphology.

" Reproduced in part with permission from Zacharyi6lman, Chin-Yi Liu, and Uwe R. Kortshagen,
“Germanium and silicon nanocrystal thin-film fieddfect transistors from solutionNano Letters(2010).
Copyright 2010 American Chemical Society.
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5.2 Introduction

Thin films of semiconductor nanocrystals (NCs) olagtum dots hold promise
for both cheap conventional optoelectronic deviered novel devices which capitalize on
guantum confinement. Colloidal NCs are particuladitractive from a processing
perspective, since large-area or patterned filnmsbsaprinted or cast from solution. An
ongoing challenge in the infant field of nanocrystavices is obtaining films which are
of high quality both morphologically and electraally. Films cast from colloidal
solutions of NCs are often insulating as depoditechuse of the ligands which stabilize
the NCs in solution, and post-treatments are nacgsw improve charge carrier
transport:™

Field-effect transistors (FETS) are convenient devifor evaluating the electronic
quality of NC thin films since the mobility and sigof the charge carriers can be
extracted from current-voltage characteristics. fite¢ nanocrystal FETs were reported
by Ridley et al. in 1999 using sintered CdSe N€and Talapin and Murray reported the
first unsintered NC FETs in 2005 using PbSe NCmiteated with oleic aciéf! They
found that the films were initially insulating dte the capping groups, but thatype
behavior was induced upon treatment with hydraziNeH,), and p-type behavior
resulted upon desorption of the hydrazine. Grouprigterials are of great importance
and, while FETs have been reported using Si anch@ewires®® Si and Ge liquid
precursor$’*® and large (~70 nm) Si particléd, progress with Si and Ge NC films lags
behind model materials like PbSe. This is in lgpget because the comparatively high
crystallization temperatures of Si and Ge makesttiation synthesis of high-quality Si
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and Ge NCs challengiftf! In this letter we report the first Ge and Si NCTBE
fabricated by using NCs that are synthesized iftaanpa, transferred into solution, and
cast as thin films.

Previously, we demonstrated the synthesis of higddity, nearly monodisperse
Si and Ge NCs using a plasid” As in other gas-phase approaches, the NCs are
synthesized as a powder with “bare” (H- or Cl-tarated, in this case) surfaces that
allow, but do not require, further functionalizati>*®! Unique to our process, the NCs
do not form hard agglomerates because of unipdlarging in the plasma, and they may
therefore be solubilized with relative e&<é.We, and others, have performed
hydrosilylation and hydrogermylation reactions tmdtionalize the NC surfaces with
alkene molecules which afford solubility in a widnge of non-polar solvents: 61820l
However, as is the case for other colloidal NCg #ra synthesized with ligands, the
films are insulating as deposited and do not becooreluctive until the ligands are
decomposet® Here, we demonstrate a different route in whitidiare cast from bare

NCs suspended in a solvent that is specially sudestiabilize the NCs.

5.3 Experimental

NC synthesis.Ge and Si NCs were synthesized in plasma read&ssribed in
detail elsewher8>* Briefly, precursor gases were passed through zxjtizbe around
which two copper electrodes were wrapped. A 13.38zMRF voltage applied to the
electrodes sustained a plasma in the tube, andN€sated after precursor dissociation.
For 6 nm Ge NC synthesis, 42 sccm Ar, 30 scemadd 2 sccm Geglvere used. The
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plasma pressure was 2.2 Torr and 150 W of RF povasrapplied to the ring electrode
pair. A 2 mm diameter circular orifice placed doweam of the plasma accelerated the
NCs towards a piece of stainless steel mesh whesewere deposited as a powder. For
10-20 nm Si NCs, 35 sccm 5% Sighalance He) and 25 sccm Ar were used. The plasma
pressure was 3.5 Torr and 175 W of power was aghpBdicon NCs were also collected
on mesh.

FET fabrication. Approximately 50 mg of NC powder was collected &ach
sample and transferred air-free to a glove box @Witland HO concentrations less than 5
ppm. 1,2-dichlorobenzene (DCB)(Aldrich, degassed$ wdded to the powder in a vial to
bring the NC concentration to 10, 25, or 50 mg-mfhe vials were then sealed and
sonicated for 5 mins to suspend the NCs. We haserebd previously that DCB inhibits
flocculation of Si NCs so that a stable—though oytically transparent—suspension is
formed? This may be due to electrostatic stabilizationsealby NC charging or a
reduction in the van der Waals attraction betwe@s Nue to similar Hamaker constants
of the NCs and DCB, and is currently under invedian. Germanium NCs behave
differently and form a stable, optically transpdreolution when sonicated in DCB,
indicating that the size of flocs is less than wa feundred nanometers. Germanium NC
colloids were filtered through a 0.45m PTFE filter, which removed any large
agglomerates and consequently slightly reduced d¢bacentration. Silicon NC
suspensions were not filtered; the aggregate sigafficiently large in these suspensions
that all NCs are removed by a 0.4& filter. Bottom-gate FETs were fabricated by

spinning Ge and Si NC suspensions onto substmnatagylove box. The substrates were
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heavily doped p-type Si wafers (SVM ,<100>, 0.00880 cm) with a 300 nm thermal

oxide grown on top and a Au back contact formee\gporating 15 nm Al followed by

75 nm Au, and rapid thermal annealing at 500 °Ce NC films were annealed after
drying (details below), and then source and draintacts were deposited on top by
evaporating either Au or Al through a thin Si shadmask. A large channel length of
200 m was used to minimize contact effects. Figure Ssthaws a schematic of a
completed device.

Characterization. Device current-voltage characteristics were reedrdat
ambient temperature in vacuum (<1Torr) using a Desert probe station with Keithley
236, 237, and 6517A electrometers. Sweep speeds \bfs' were used. Sample air
exposure was limited to < 20 min from NC synthegsdevice characterization,
depending on the annealing method used (detaitsseFilm morphology, NC size, and
NC surface chemistry were investigated using a JBBRO field-emission SEM, Bruker
Microdiffractometer, and Nicolet FTIR spectrometgerated in the attenuated total
reflection (ATR) mode, respectively. lon beam as@\RBS and FRES) was performed
on Ge NC films on Si wafers using a 2 MeV?Héeam in a NEC accelerator with a
sample angle of 75°. 5-10C of charge were collected in each experiment agahb
currents ranged from 10-20 nA.

Annealing. Sample annealing was performed on a hot plate glowe box (N
atmosphere), in a custom-built rapid thermal anngalRTA) chamber (vacuum with
<100 sccm N flow), and in a Modular Process Technology Corpora RTP-600S

commercial RTA system operated at atmospheric pressith 10 sim of N gas flow,
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including 3 mins of gas flow to purge the chambeomto sample annealing. Annealing
times were 1 hour for the hot plate and customtfRIillA, but were limited to 5 mins for
the commercial RTA. Typical air exposure times pt@mmeasurement caused by sample
loading and unloading in the annealing apparatussge 20, 2, and 0 mins for devices
annealed in the commercial RTA, custom-built RTAd alove box, respectively. For
TPD measurements, a turbomolecular pump and SRS RGA quadropole mass
spectrometer were attached to the custom-built RIR4 mass spectra were recorded
every 10 °C. The chamber base pressure was 2’ Ta@ and the temperature ramp rate

was 10 °C/min.

5.4 Results and discussion

The spin speed used to deposit NC films was adjusteproduce films of the
desired 10-50 nm thickness. For 25 mg' i®le NCs, the optimal speed was 2000 rpm,
while 700 rpm was used for 10 mg mBi NCs. Cross-sectional scanning electron
microscopy (SEM) reveals that films of 6 nm Ge Ni@scessed with these conditions are
30 nm thick and continuous, with a surface rougbresapproximately 10 nm (Fig. 5-
1c). These films are not as smooth as films we ntedopreviously using Ge NCs with
alkene-functionalized surfacg§! They are, however, surprisingly uniform for bar€N
Films of Si NCs 4 and 7 nm in diameter are nonamif, discontinous, and visibly rough
(Fig. 5-1d). The difference in film quality betwe&e and Si NCs is attributable to their

respective solubilities in DCB. Using larger (10+2@) Si NCs we were able to fabricate
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continuous films and make devices (Fig. 5-1b), mmitron-sized aggregates were still

visible in SEM.

a) Solurce DTin b)

Gate

Figure 5-1. a) FET device schematic. The chanmeédsions are 200 x 2000n and the
source was grounded during operation. b) A phogmef a 10-20 nm Si NC FET in
operation. Cross-sectional SEM images of ¢) 6 reaméter Ge NC and d) 7 nm diameter
Si NC films. c¢) shows an actual FET device fraadurehalf, while a Au-coated Si wafer
was used as a substrate in d) for convenient ingagin

As-deposited Ge NC films have conductivites of 3 cm* in the dark and an
order of magnitude higher under illumination, bbhow no gating. Consequently, three
different annealing treatments were explored a#jgin coating and prior to contact
evaporation in order to alter the electronic bebawf the films. For temperatures below
500 °C, samples were annealed either on a hot iplatglove box (Natmosphere) or in
a custom-built rapid thermal annealing (RTA) chamiggerated in vacuum with a small

N flow (<100 sccm). For temperatures between 30078@d°C, samples were annealed
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in a commercial RTA system operated at atmosplmessure with 10 slm of Ngas
flow.

After annealing at 200 °Gy-type behavior is observed in Ge NC films. As the
annealing temperature is increased to 300 °C tivecele show improved gating, and
devices annealed at 400 °C are either better, worséhe same, as those at 300 °C,
depending on which annealing apparatus is usedtrahsfer and output characteristics
of a device made under the best conditions—anrgatirthe commercial RTA at 400
°C—are shown in Figs. 5-2a and 5-2b. The transfevec shows electron conduction
only, with a turn-on voltage of approximately -40avid an on-to-off ratio of over three
orders of magnitude. We have observed on-to-ofbsabf four orders of magnitude in
some devices, comparable to the best NC FETSs iliténature!*! The electron saturation
field-effect mobility determined from the slopetbe square root of the transfer curve is
0.02 cnf V* s*. While this is five orders of magnitude smallearihthat of bulk Ge, it
rivals some organic semiconductors and is resplectab a solution-cast NC film. We
suspect that the strongly shifted turn-on voltage small hysteresis in the transfer curve

are indicative of unintentional doping and slowrgjirag and discharging, respectively.
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Figure 5-2. Drain current fkgate voltage (Y) and drain current {J-drain voltage (V)
characteristics for a) and b) a 6 nm Ge NC FET aledeat 400 °C in the commercial
RTA, c) and d) a 6 nm Ge NC FET annealed at 60@h°the commercial RTA, and e)
and f) two different 10-20 nm as-deposited Si NO §:B-or a) and c), the square root of
l4 is plotted on the second y-axis and the fit fromick the saturation mobility was
determined is shown.

104



Distinct changes are observed for annealing tenyres of 500 °C and greater.
The electron mobility decreases after annealin§0& °C, and devices annealed in the
commercial RTA at this temperature exhibit ambipblehavior. For temperatures of 600
°C and 700 °C, which are attainable only in the c@wrcial RTA, the FETs show strictly
p-type behavior with hole saturation mobilities apgwhing 0.01 cmV™ s'. Transfer
and output characteristics for a typical deviceeated at 600 °C are displayed in Figs. 5-
2c and 5-2d. The Ge NC films clearly become monedoctive when annealed above
500 °C; the off-current in Fig. 5-2c is two ordefsmagnitude larger than that in Fig. 5-
2a and resistor-like behavior is seen in Fig. Jeétch gate voltage y= 50 V. The field-
effect mobilities of annealed Ge NC devices arermanked in Fig. 5-3. Note that the
same temperature-dependent trends are seen with a@aealing procedure, and the
results are very repeatable. More than five dewesre made for each condition over the
course of several months using different batchdd@d, and the extracted mobilities did

not typically vary by more than 50%.
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Figure 5-3. Summary of the saturation field-effewbilities for Ge NC FETs annealed
under various conditions. Data represented by sguaircles, and triangles correspond
to samples annealed in the custom-built RTA, oribteplate in the glove box, and in the
commercial RTA, respectively. Electron mobilitiese aepresented by blue data points
connected by solid blue lines, while hole mobittiare represented by red data points
connected by dashed red lines. Both electron arne mobilities were measured for
samples annealed at 500 °C in the commercial RToause these devices are ambipolar.

Transistors fabricated with 10-20 nm Si NCs behavey differently than Ge
NC devices. As seen in Figs. 5-2e and 5-2f, asslggabfilms exhibitn-type behavior.
We believe this may be the first report of NC thims deposited from solution which
show gating without any post-deposition treatmeggardless of NC material. However,
the performance is relatively poor. The on-to-&fio is approximately two orders of

magnitude and the transfer curve shows signifibgsteresis, likely arising from trapped
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charge. The electron mobility cannot be determiarirately from the square root of the
transfer curve, but is on the order of°2a0° cn? V' s*. Unlike Ge NC FETs, Si NC
devices do not show significant changes when ardestitemperatures up to 300 °C. We
note that nanocrystalline Si thin films depositesihg plasma-enhanced chemical vapor
deposition (CVD) with electron and hole mobilitias large as 150 and 0.2 Thvi* s*
have recently been demonstratéd® This alternative technology sets the benchmark for
electrical performance of Si NC films, althoughnfd of freestanding, spherical NCs cast
from solution offer additional functionality (e.gtunable absorption and emission)
compared to CVD films with nanocrystalline grains.

Surfaces are of acute importance in devices basédfilms—we estimate that
the surface area of randomly-packed 6 nm NCs inFBm channel is an order of
magnitude larger than for a thin film of the sam@e&hsion—and we have studied the
surfaces of Ge and Si NC films to understand th€ B&havior. Researchers have shown
that atoms or molecules adsorbed onto the surfaddGs can effectively dope NC
films,”? and surfaces therefore dominate the behavior dfsFiased on such filn¥8.
While SiH, plasmas always produce Si NCs with H-terminatedfasas, the more
complex chemistry of Ge@H, plasmas can result in either Cl-, H-, or CI- and H
terminated surfaces depending on the precursoostdi It is challenging to study
surface H and CI with a single technique, since yrelamental techniques cannot detect
H. We have used ion beam analysis to determineiatooncentrations of H and Cl in Ge
NC films from forward recoil spectrometry (FRES)aRutherford backscattering (RBS)

signals. For the synthesis conditions used inwusk, as-deposited Ge NC films spun
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from DCB have H and CIl atomic fractions of 26 + @¥#d 8 + 4%, respectively. Note
that Fourier transform infrared (FTIR) spectroscapysi and Ge NC powder and spun
films show that the NC surface chemistry remainshamged during suspension in DCB

and film casting (Fig. 5-4).

Neat DCB

Ge NC powder

Absorbance (AU)

Ge NCs from DC

Si NC powder
Si NCs from DCB ! I

2700 2200 1700 1200 700

Wavenumber (cm™)

Figure 5-4. FTIR spectra of neat DCB, Ge and Sip¢@der, and Ge and Si NC films
cast from DCB. The vertical dashed lines indictie locations of the GesHand Si-H
stretching bands, while the dotted lines indichteliending and wagging modes.

Hydrogen is known to be an effective amphotericspasmt of surface states
(dangling bonds) in 37 but H in Ge is surprisingly different. Recent thetewal work
has found that H in Ge creates states whiclbalewthe valence band edge, so that H is
always in the negative charge staté® Chlorine, of course, is similarly electron-

withdrawing!®® Calculations have also revealed that dangling bam@Ge generate states
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that are near (and perhaps below) the valence bdge rather than mid-g&5:>"?® so
that these also are negatively charged and argpassivated by H. Consequently, the
surfaces of H- and Cl-terminated Ge NCs are expdoctdave fixed negative charge, and
the core of the NCs will acquire a correspondingifpee charge so that each NC acts as a
radially-oriented depletion region. This immobildacge will be insensitive to the
application of a gate voltage, leading to the barave observe for as-deposited Ge NC
FETs. Because of the dissimilar behavior of H ifa®id the absence of CI), Si NCs will
not suffer from the same charging. This is consistégth the behavior shown in Fig. 5-
2e in which as-cast Si NC FETs turn on n€ge= 0 V. Ambipolar behavior would be
expected ideally; perhaps hole-traps prevent this.

Figure 5-5 displays the evolution of H and Cl onB@ surfaces as a function of
annealing temperature on the glove box hot plaejesaermined from FRES and RBS.
The removal of Cl over the same temperature raoge/fiich Ge NC films become gate-
sensitive is striking, and reinforces the notion aofcausal relationship between NC
surface chemistry and device performance. Whikgpjiears that H is more resistant to
desorption, this is misleading. FRES yields no nimfation about bonding and cannot
distinguish between H bonded to Ge, and H in watehydrocarbons that may have
adsorbed after annealing during sample loadingrinFa IR spectra of Ge NC films are
shown in Fig. 5-6. The Gestbtretching mode near 2000 ¢ndecreases drastically in
intensity after annealing at 200 °C on the glove bot plate for one hour, and has
disappeared by 300 °C. A large OH stretching baeat 8500 crii develops in its place

(likely during the ~5 mins of air exposure priorrteasurement), and this accounts for
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the “extra” H seen in FRES at higher annealing teraures. To confirm our RBS and
FTIR findings, we attached a turbomolecular pump aesidual gas analyzer to the
custom-built RTA to perform temperature programrdedorption (TPD) measurements.
H, and HCI are the prominent desorbing species obddoredemperatures up to 500 °C,
with peak partial pressures at 277 and 306 °C easgely (Fig. 5-7). These results are in
excellent agreement with the findings of D’Evelytnaé for dissociatively adsorbed HCI
on bulk Ge(100¥% and are consistent with the temperatures at wiehH, bond

breaking is seen in FTIR and Cl removal is obsemdRBS.
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Figure 5-5. Ratios of the atomic concentrationsl ¢blue data) and Cl (red data) to Ge in
Ge NC films as a function of annealing temperatukéomic concentrations were
determined from fitting to FRES and RBS data. Alimples were annealed on the hot
plate in the glove box for 1 hour.
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Figure 5-6. ATR-FTIR spectra of neat DCB and a G&fNm as deposited (after drying)
and annealed on the hot plate in the glove boxogD0 °C. Note that the spectra are all
recorded on the same film and are not normalizkdowagh they are offset for clarity.
The dry, as-deposited film shows no signal from Di&LB does exhibit a band near 2000
cm* arising from stretching of GesHormed on the NC surfaces in the plasma. This
band nearly disappears after annealing at 200 i§baSfrom hydrocarbons (e.g., 2800-
3000 cn') is due to adsorbed contamination from solvengsl s the glove box.
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Figure 5-7. TPD curves forH2 amu/q) and HOI36 amu/q) desorbing from a Ge NC
film. The total pressure in the chamber increasga lfactor of ~10 over the course of
heating, and all gases besides Bnd HCl (e.g., bD, N,, Ar, etc) showed a
corresponding monotonic increase in partial presstine H and HCI TPD curves have
an upward slanting background as a result of tted pyessure increase, but the peaks at
277 and 306 °C resulting from desorption from the GIC film are clearly
distinguishable.

Removal of H and Cl surface species may relieveltia@ge separation previously
discussed, but we are not certain what is left rmklon the Ge NC surfaces after
annealing, and why-type behavior with a strongly shifted turn-on agi¢ is observed.
Most likely, O or OH species adsorb onto the Gedu@aces in place of desorbed H and
Cl during sample transfer in air after annealing bafore measurement, and act as
donors. This hypothesis is supported by the fash&tion of an OH stretching band in

FTIR spectra of samples that are annealed and edptts air for ~5 mins during
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measurement. We also observe surprising performstatdity in these devices for air
exposures up to 100 hours (Fig. 5-8), consistetit ® or OH-related doping. In 1953,
Clarke reported that the conductance of high-regiigtbulk Ge permanently increased
by a factor of 10 after heating a crystal in vacuatm50 °C, cooling it back to room
temperature or 197 K, and subsequently exposirtg i©, gas® This procedure is
remarkably similar to two of the annealing proceduused here. Clarke later confirmed
that the conductance wastypeP and subsequent studies determined that a shallow
thermal donor is formed in Ge intentionally dopeithwO (see RefP*? for a review).
Typical O doping concentrations are*300'® cm™® in bulk samples in which O thermal
donors are observed, and O concentrations grewaar#3® cm® are anticipated for our
samples if each Ge NC has a single O atom on ifaca Another possible dopant is
OH, which is observed to act as a shallow dondsutk Ge when a complex is formed
between a substitutional O atom and an interstifidtom® OH was also repeatedly
observed to act as a donor at thefaceof bulk Ge in the 1950’s. Placing thin Ge
samples in wet environments creatednaype surface and shifted the surface potential
positive by as much as 0.5 V (see R¥f.for a review). Note that the formation of O- or
OH-related donor states may explain why the higleésttron mobilities are obtained
using the dirtiest annealing technique—typicaleiposure times prior to measurement
are 20, 2, and 0 mins for devices annealed in dgmengercial RTA, custom-built RTA,

and glove box, respectively.
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Figure 5-8. Drain currentd)-gate voltage\(y) characteristics for Ge NC FETs annealed
at a) 400 and b) 600 °C in the commercial RTA. @bgristics are shown for the devices
in their as-made state, after sitting in vacuum (>I0rr) overnight, and after exposure
to air for various lengths of time. These charasties are for the same devices shown in
Fig. 5-2. Notably, hysteresis is reduced in bothicks after sitting in vacuum overnight,
but no improvement in mobility or on-to-off ratics iobserved. The devices are
surprisingly stable in air, and the device anneale@l00 °C actually performs better after
100 hours of air exposure than it did initially.

Improved FET performance and corresponding electmawbility cannot be
attributed to NC coalescence for the lower tempeest investigated. We have studied
sintering of Ge NC films and observed that thergsazes determined from Scherrer fits
of X-ray diffraction (XRD) spectra do not incredselow annealing temperatures of 400
°C when annealed in the glove box for 1 hour o560 °C when annealed in the
commercial RTA for 5 mins (Fig. 5-9). However, temperatures of 500 °C and above,
the sintering of Ge NCs leads to the observed as&eén conductivity (FET off-current)
and it is difficult to know if surface chemistryilslominates device characteristics. The
transition fromn-type to ambipolar tg-type behavior at these temperatures is not yet
understood. The variability in electron mobilityttviannealing treatment at temperatures

of 400 and 500 °C is correlated with the onset Gf$ihtering. Surprisingly, a decrease in
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electron mobility occurs at the same temperatureghach grain growth is first observed
in XRD, and the onset temperature is near 400 tGdmples annealed for 1 hour but is

delayed to 500 °C for samples annealed in the casial&RTA for 5 mins.
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Figure 5-9. Nanocrystal grain sizes extracted f@cherrer fits to XRD spectra of films
of bare Ge NCs cast from DCB and annealed at 3@-=Z0 The black triangle, blue
squares, and red circles correspond to sampleswibig unannealed, annealed in the
commercial RTA system for 5 mins, and annealedherhbt plate in the glove box for 1
hour, respectively.

For bulk Si(100) surfaces, desorption of étcurs at higher temperatures (~400
°C) than for Ge(100) surfacEs>® Holm and Roberts recently studied the surface
chemistry of H-terminated Si NCs using in-situ FTtRiring annealing in a tube
furnace®”! They observed no changes in the Si-H bonding bdls®°C, and found that
the Si-H stretch intensity does not significantBctease until 650 °C. Silicon NC FETs

were annealed only up to 300 °C in our experimeatsl the insensitivity of device
115



behavior to annealing is thus reasonable givenrétaive chemical stability of H-
terminated Si NC surfaces at these temperatureshéeve Si NC FET performance is
at this point severely limited by film morphologgnd discovery of a solvent that is as
good for H-terminated Si NCs as DCB is for H- andt&minated Ge NCs may

dramatically improve the devices.

5.5 Conclusions

In summary, we have fabricated Ge and Si NC FETsguslasma-synthesized
NCs suspended in DCB and cast as thin films. GeiimamtNC FETs exhibit promising
performance with electron and hole mobilities oa ¢nder of 1& cn? V* s* and on-to-
off ratios better than £0 Annealing-induced removal of H and Cl surfacecig® is
required to activate the devices, and the anneaéngperature determines whether n-
type, ambipolar, or p-type behavior is observetic@ NC FET performance is hindered
by non-uniform film morphology, but the devices sha@ating without any post-
deposition treatment. Further studies to find salsevhich optimally solubilize bare NCs
and to understand the effects of NC surface cheynast the electronic properties of
films are necessary. If solution-processed Si aedN& films with mobilities on the
order of 1 cri V! s can be fabricated without high-temperature anngalihey may
compete with materials such as organic semiconduicind amorphous Si in flexible

thin-film devices.
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5.6 Future work

There are several exciting routes to follow in fetuesearch on Ge and Si NC
FETs. First, the role of NC surface chemistry iwide behavior needs to be studied in
greater detail. Is the removal bdthH and Cl from Ge NC surfaces necessary befere
type behavior is observed? Must they be removatiatahe proposed dopants (O or OH)
can attach, or do O and OH attach upon air exposith®ut annealing, but the H or CI
species act as traps that prevent transport ofldnated electrons? Why do the devices
become ambipolar gpo-type after annealing at higher temperatures? dsntiechanism
also related to air exposure? Are surface spediéssing into the Ge NCs at these
temperatures? Surface studies will help answer saiheghese questions. X-ray
photoelectron spectroscopy (XPS) should be paaibulhelpful since it yields both
elemental composition and bonding information. Unfoately, H cannot be studied with
XPS. The Kortshagen group obtained an FTIR instninh@ put in a glove box, which
will be helpful since we have never studied Ge Niaxes without any air exposure. A
vacuum chamber in which FET performance can be wnedsn situ while controllably
dosing with gases would also be instructive. Faneple, Rivillon et al. reported that Si
surfaces can be chlorinated via exposure to ctdogas (G)) in vacuunt>® Would
annealed Ge NC FETs continue to work after €&dposure? As-deposited Si NC FETs?
How would their behavior change?

Once the cause of Ge NC doping is better understibatay be possible to
achieven-type, ambipolar, op-type films without annealing. A dosing chamber Vaou
also be useful for these studies. Do Ge NC filmsobeen-type upon exposure to water
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vapor without first annealing? Can films be madebigolar or p-type with other gas
exposures? In a review of studies on bulk Ge sasfaerformed in the 1950’s, Kingston
reported that the Ge surface potential could béeshiby as much as 0.5 V in either
direction by exposing Ge to a variety of environtsefTable 8-1)>** It would be nice to
repeat these experiments using Ge NC FETs. Nantatfyss have orders of magnitude
more surface area than bulk samples, so we wouddaeXGe NC films to be particularly
sensitive to surface doping. If changes are obseraee the reversible? New devices
(e.g., sensors) may be possible with semiconddittos for which the carrier type and

conductivity can be modulated chemically insteadlettronically.

Table 5-1. Germanium surface Fermi level vs ambiAdapted from [34].

Finally, Si is in many ways a superior electroniatemial than Ge, and Si NC
FETs that perform as well or better as the Ge N@d-Eeported in this chapter would
generate a lot of interest. We feel that the moaiguno of Si NC films limits FET
performance at this point, and the research prapos€hapter 4 to solubilize bare Si

NCs is critically important. Also, the role of SiONsurface chemistry in FET
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performance has not yet been studied. We do now kmioy H-termination results in-

type behavior, and what effects other terminatimay have.
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Impaction of germanium nanocrystals

6.1 Outline

Nanomaterials are exciting candidates for use iw m@tical and electronic
devices ranging from solar cells to gas sensorsveier, to reach their full potential,
nanomaterials must be deposited as dense thin fdmsflexible substrates using
inexpensive processing technologies such as rathtoprinting. We report a new,
flexible technique for depositing aerosolized nagsials that lends itself to roll-to-roll
processes. Germanium nanocrystals produced insmplare accelerated through a slit
orifice by a supersonic gas jet and are impactdd antranslated substrate. A uniform
nanocrystal film is quickly deposited over largeas, and features as small as 2 um can
then be patterned using conventional lift-off phithography. The density of the
deposited films depend on the pressures upstreahdawnstream of the orifice, their

ratios, and the distance between the orifice apdstibstrate. Nanocrystal film densities
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exceeding 50% the density of bulk germanium ard¢imely achieved with several sizes
of nanocrystals, approaching the theoretical liimitrandomly packed spheres. A simple
model is presented which shows that the calculaggwcrystal velocity upon impaction

is strongly correlated with the resulting film déps

6.2 Introduction

As nanomaterials research matures, the emphashifttng from synthesis to
application. Nanomaterials show particular promfse inclusion in semiconductor
devices, creating a growing need for high-qualitynt films of semiconductor
nanocrystals (NCs) or quantum dots. Any techngjugble for depositing NCs as a film
must ensure—as a prerequisite—that the unique Nfpepties are not compromised
during deposition. The ideal deposition method wogb further, and make dense,
uniform films with NCs of any size, shape, and cosipon on any substrate. The
method would also be suitable for large-area déiposias well as microscopic
patterning, so that NC films could be depositedsfalar cells and transistors alike.

Solution-based deposition methods are popularaigel part because many NC
synthesis techniques are solution bds€dSpin-coating, drop-casting, and dip-coating
are all common techniques for depositing colloitls such as CdSe and PBS2.
Large areas can be covered with roll-to-roll pnigtiand recent work has demonstrated
that small features can be patterned with conveatighotolithograpHy or new
lithographic techniques in which functionalized Ntbemselves take on the role of the
resist’®*% However, NC-solvent and solvent-substrate intésastcan make working
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with solutions limiting. Proper solvent choice istical to control drying kinetics and
create thin films which are macroscopically and nsscopically uniform. In addition,
NCs usually require ligands on their surfaces ssalve in solution; these ligands limit
the packing density of NCs in the film and are oftetrimental to film performandt:

! Finally, there are many NC materials which areamenable to solution synthesis or
are commonly synthesized with gas-phase technigéde it may be possible to put
these NCs into solution and cast filfifs: it is not ideal.

Most common of the gas-phase deposition methodthase that charge NCs and
accelerate them with an electric field. This fanufytechniques can accommodate NCs in
almost any form: both NC colloids and NC powdera ba aerosolized, charged, and
deposited via electrostatic precipitation. Recentknhas demonstrated the assembly of
NCs into sub-micron features using nanoxerograpitty eontact-**® and non-conta"

22l charging, and large scale deposition is possibith wonventional xerography.
Nevertheless, electrostatic precipitation is caisad by the requirement that the NCs
and substrate must be charged. The techniques démaitex to-date require either a
conducting®?Y or insulating®” substrate; no single technique works with bothe Th
NC beam flux is limited by the rates of substratarging and NC ionization, and
deposition may be slowed or distorted by the byildéi space charge. In addition, most
methods use a single substrate charging eventsaéposition ceases once enough NCs
have arrived to neutralize the substrate (usualtlgomolayer or less). Recent work has
begun to address this with continuous substrategiig’® Finally, NCs cannot be

accelerated to large speeds under the usual depositnditions of a nearly stagnant gas
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at atmospheric pressure. According to a simpletrtefield—gas drag force balance
calculation, a singly-charged 5 nm NC will reactemninal velocity of roughly 1 m’sin
a 10 V cm™ electric field. Low velocities result in fluffy Ifins, and this can be seen in
much of the published wof*82® Improvements should be possible at lower pressure.
Another approach that has not been thoroughly eaglcs the deposition of NC
films using impaction. Supersonic or hypersonic gas have been shown to accelerate
NCs to velocities of 1 km™s?*?? and NCs as small as 2 nm have been depd&it&d.
Supersonic impaction research to date has conteditmimarily on focusing and size
classification of aerosols. However, the techniguevell suited to depositing NC films
since the substrate material is inconsequentiaréble conditions exist for NCs of
nearly any shape, size, and composition, the NGatipn speed is controllable and large
enough to give dense films, and the NCs do not rieede charged or have special
surface chemistry. A few researchers have recodritze potential of impaction for NC
films,?%%>2%1 byt previous work has been limited to depositiéiN&s through circular
orifices or nozzles. The circular geometry yieldwérs on stationary substrates and lines
on substrates translated in one dimension. Therkeaizes are on the order of tens to
hundreds of micron$>2” which are unfortunately neither small enough tabinterest
for microelectronics nor large enough to be of rese for coatings. Substrates can of
course be rastered in two dimensions, but thikis and produces non-uniform films.
Here, we introduce a new NC thin film depositiorneme which uses a slit-
shaped orifice to produce a one-dimensional bearudain of NCs traveling at high

speeds. One-dimensional translation of a subgpexfgendicular to the curtain produces a
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highly uniform film over large areas, such as iguieed for solar cells. Plasma-
synthesized Ge NCs are used as a model systenplor@xhe key parameters in NC
impaction, although we emphasize that the technigumet limited to the material Ge or
our plasma synthesis approach. We demonstrateithabmbination with standard lift-

off photolithographic techniques, features as sraal2 um can be patterned, with the
possibility of <5600 nm features with improved ligraphy. A simple model is used to

explain and inform the experimental results.

6.3 Background

Pioneering experimental work in NC supersonic inw@acusing circular orifices
was conducted by Fernandez de la Mora €t°4*" and there are a few reports of
complimentary simulatioh?** In an impactor (Fig. 6-1), a pressure drop istéistaed
across an orifice or nozzle through which gas flovided the pressure drop is larger
than a critical pressure drop (~2, depending org®, the gas reaches sonic velocity at
the throat of the orifice and a supersonic jet esteinto the downstream chamber. The
gas density decreases as the jet expands, but-e-@bdence of a substrate—collapses to
the background pressure in a strong shock knowth@dMach disk. The Mach disk
location for a “free jet” is a simple function die pressure ratio across the orifice. The
gas velocity increases until the shock, and caelacate NCs in the process. The larger
the pressure ratio, the longer the jet, the higherterminal gas velocity, and the higher
the NC velocity. However, the pressuaio is not the only important variable; the
absolute pressures upstreafp and downstreamPowr) Of the orifice also matter. A
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pressure ratio of 100 witRy,, = 1 atm will accelerate NCs to higher velocitibart the
same ratio wittP,, = 1 Torr because the larger gas density resultgaater transfer of
the gas velocity to the NCs via collisions. In ghtine pressure ratio determines the gas
velocity profile, but the absolute pressures deireenrhow strongly the gas and NC
velocities are coupled.

To deposit NCs, a substrate must be inserted @a@as flow. If the substrate is
placed upstream of the free jet Mach disk locatignthe jet will be perturbed and the
shock will move to remain upstream of the substratethe substrate is placed
downstream oky, the jet retains its substrate-free structureeither case, the NCs find
themselves moving much faster than the gas flove ahe shock has occurred, and they
slow by gas drag. Depending on the gas densityg difl cause NCs smaller than a
particular cut size to follow the streamlines amuhe substrate. Larger NCs will cross
the streamlines and impact. The literature oftertrags the pressure ratio across the
orifice as the critical variable in determining thepaction cut size, but this is
misleading. It is actually the gas density dowrestieof the Mach disk which determines
whether small NCs will impact, as demonstrated bici& et al®® Consequently, a
pressure ratio of only 3 can cause 4 nm Ge NCs\pact, providedP,, = 2 Torr. In this
case, the gas density downstream of the Mach disiot large enough to deflect 4 nm
NCs before impaction, unless the substrate isrtan fthe shock. The situation is much

different for a pressure ratio of 3 wily, = 1 atm.
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Figure 6-1. Cartoon of a supersonic impactor inclhthe substrate is placed a)
downstream and b) upstream of the free jet Madk Idisationxy.

There are limited studies on supersonic jets witlwvithout NCs emanating from
slit-shaped orifice§>3"! and to the best of our knowledge, there are nortemf NCs
deposited as thin films. We are also unaware of stoglies evaluating the density of
films of NCs deposited via supersonic impactionotigh orifices of any shape as a

function of operating conditions and NC size.
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6.4 Experimental

Nanocrystal film deposition. We previously reported the synthesis of Si and Ge
NCs using a nonthermal plasma apprdatft’ For Ge NCs, GeGland H are used as
precursors and are dissociated with Ar backgrowrsdig a radiofrequency flow-through
plasma reactor. Nanocrystals nucleate in the plaanth grow by condensation of
reactive Ge species, so that the size of the N@deacontrollably tuned from 4-50 nm
by adjusting the residence time of the NCs in tlasmpa zone.

In earlier work, NCs were collected by diffusion o mesh filter placed
downstream of the plasma. In this work, the plasyrhesis technique was coupled with
the deposition technique described here by pla@nglit-shaped orifice directly
downstream of the plasma (Fig. 6-2a). The gas antlGs were accelerated through the
orifice, and the orifice dimensions determined plesma or upstream pressiitg for a
given gas flow rateP,, was maintained between 1-10 Torr in these experisnsince
these are the conditions for NC synthesis with Whi@ are most familiar. The pressure
far downstream of the offic®4own, Was determined by the gas flow rate and the pogpi
speed of the system. In most experiments, a rogghump was used with an angle
control valve to control the pumping speed and @adhpressure ratios across the orifice
Pup/Pdown Of 2-10. A 230 | g turbo pump was added when larger pressure rates w
needed, so that the full range Rf,wn explored was 0.05-2 Torr. The temperature both
upstream of the orifice and downstream of the Mdisk is roughly room temperature.

Note that the conditions just described are veffgdint from conditions commonly used
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for hypersonic impactors, in whicR,, = 1 atm, Pyy/Pgown >100, and there may be

significant temperature gradiefts>”

Gases in
$
a)
b) Gas, NCs
@ Threaded 1
orifice
holder \
NC spray / Orifice plate
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cap ~
/ \
Rastered 3
substrate $ Orifice plate
To pump

Figure 6-2. a) Cut-away schematic of the experialespparatus. Precursor gases enter
the top of the reactor and are dissociated in dlggofrequency plasma. The NCs which
nucleate are accelerated through a slit-shapedeahd impacted on a substrate rastered
under the beam. b) Schematic of the orifice holdiesign. The retaining cap can be
unthreaded to allow for quick-changing of the acsfiplate, and the threaded holder
allows the orifice to be moved closer or furthemfrthe substrate downstream.

The orifice holder (Fig. 6-2b) was designed to allfr quick changing of the
orifice plates and control over the orifice-subsratandoff distance. We used both thin
(0.3 mm) PEEK plastic orifice plates and a muclckér (6.4 mm) metal orifice plate.
The PEEK orifice plates were cut with a £l@ser and had orifice lengths of 10 mm and

widths ranging from 0.20-0.70 mm. The metal orifigate was constructed from two
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half cylinders separated by a gap, the length f dhifice was 12 mm, and its width
could be adjusted from 0-0.97 mm with a screw. &ifices were square-edged. The
orifice holder has a threaded body which allows uker to adjust its distance from the
substrate, and the range of standoff distancesssibte was increased by adding
additional vacuum straight tubes to the system.

Substrates were mounted on a push-rod linear méedthrough and translated
by hand in the direction perpendicular to the N@ain emanating from the orifice for
the duration of the deposition. The orifice-sultstistandoff distance was varied from 3-
100 mm. Most depositions were ~1 min long, resulimdilms a few hundreds of nm
thick.

Nanocrystal films were patterned using a standéirdff procedure in which the
metal evaporation step was replaced by NC depaositfo lift-off resist (LOR 3A,
Microchem) was spun onto a Si wafer at 5000 rprtodahg cleaning and pre-baking.
The wafer was then soft-baked at 190 °C for 2 mwtsch sets the LOR undercut rate
during development. Positive resist (S1813, Shjpleas spun on top of the LOR at 5000
rom and soft-baked at 115 °C for 2 mins. The thegdanof the LOR and positive resist
layers were 0.2 and 1.2m, respectively. After exposure for 4 secs, a twaps
development process was used in which the waferdeasloped in CD-26 (Shipley) for
45 secs, baked at 125 °C for 2 mins, and then dpedlin CD-26 for an additional 15
secs. Baking after the first development step hewdbe positive resist and creates a
greater disparity in etch rate between the positegist and LOR, thereby allowing

formation of the undercut. The wafer was cut inecps and Ge NC films of thicknesses
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less than the LOR thickness were deposited onteiges. Finally, the resist was lifted
off by soaking the pieces in 1165 Stripper (Shipley

Film characterization. Film densities were determined using a little-known
technique based on Rutherford backscattering (RBSRBS, the number of incident
ions that are reflected and detected at a givemggne A = s NQ, wheres is the
average scattering cross section of the atomseisaimple, is the detector solid angle,
Ns is the number of atoms per square centimeter,arglthe number of incident ions.
Consequently, the intensity of the RBS signal &fiveen energy is proportional to the
areal atomic density, and the thickness of the Gbn be determined if the (volumetric)
atomic density is known, or vice versa. In additiggeak widths in RBS contain
information about sample thickness and densitys hich are reflected from atoms in
the film’s interior lose energy to excitation, i@ation, etc. on the way in and out, so that
ions which penetrate deeper into the film befotecing are detected with less energy.
This gives RBS peaks their widths, and film thicksiean be determined since the energy
loss as a function of distance is known for eackena. Note that, if the atomic density
of bulk Ge is used in conjunction with peak heigitthe energy loss function of bulk Ge
is used in conjunction with peak width, the thickmeetermined will be the “equivalent
thickness”—the thickness of the film if it were fulense. The real density of the film is
then found from the ratio of actual film thickndsseasured separately) to the equivalent
thickness. The same result is obtained if the &chilra thickness is used as the
independent variable and the density is calculfteah the peak height and width, but

this is not as convenient with commercial RBS saftv
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For our experiments, Ge NC films were depositedSonwafers and irradiated
with a 2 MeV Hé&" beam in a NEC accelerator. Silicon works well asilstrate since it
is relatively conductive and has a smaller kinemttctor than Ge, so that the substrate
and film peaks are separated in energy space. 3216f charge were collected in each
experiment and beam currents ranged from 10-20Ti. samples were then fractured
and cross-sectional scanning electron microscoperformed with a JEOL 6500F
was used to measure actual film thicknesses. Foe samples (deposited on glass), X-
ray diffraction (XRD) spectra were recorded witBraker-AXS microdiffractometer and
NC sizes were determined from Debye-Scherrer Resnan spectroscopy using a Witec

confocal Raman microscope was also performed @ttsghmples.

6.5 Model description

A simple model was written using Mathematica to ragpnate the impaction
process. First, the gas flow was calculated fopa#itions downstream of the orifice on
the slit centerline, and then spherical NCs wet@duced. The model only considers gas
drag on the NCs—qgravitational forces, electrostétices, and thermophoretic forces
were deemed unimportant, and Brownian motion was aéglected because of the low
temperature and pressure downstream of the orifibes is a common assumption in
similar models built by othet&3% We assumed that the gas was ideal and the NCs were
sufficiently dilute so as not to affect the gasrderact with each other. For each point in

time, the NC acceleration due to drag was calcdlated assumed constant over a small
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time step. The time was then advanced, the new ®$@ipn and velocity were calculated
using the kinematic equations, and the acceleratmsreevaluated.

The slit jet flow field has been calculated prewty*>3¢“% Raju and Kurian
measured the Mach number of slit free jets alomy tbenter lines for slits of several
aspect ratios, and found that slits with aspedbsadf 10 or greater had Mach number
profiles that agreed very well with the theoretigabfile of an infinitely long slit
calculated using a two-dimensional method of charistics!*" Sulkes et al. also used a
method of characteristics analysis to calculateMlaeh number profiles of infinite slits
for gases with heat capacity ratios of 5/3, 7/5 &7 The profiles were fit with

equations of the form

91
2

M(x) = AXx- %) - B{x- %) % , (6-1)
where M is the Mach numberx is the distance downstream of the orifice along th
centerline, is the heat capacity ratio, aA¢dB, andx, are fitting parameters.

The minimum slit aspect ratio used in our experithenas 14. We therefore
expect the Mach number profile calculated for dmite slit to be a good approximation
based on the results of Raju and Kurian. We madeotishe fits obtained by Sulkes et
al., and interpolated between the fitting paransefer gases with = 5/3 and 7/5 since
our gas mixture is 60% Ar and 40%.H his interpolation is not strictly accurate, b
deviation between the Mach number profiles for 5/3 and 7/5 gases is small for Mach
numbers less than 4, and the interpolation is@afit for our present purposes. Note also
that we neglected changes in heat capacity ratio tsmperature. The fitting parameters

we obtained aréd = 3.22,B=1.27,X, = -0.0984, and = 1.56.
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The gas temperaturé and density in the jet were calculated from the Mach

number profile. Assuming isentropic flow,

T(x)=T, 1+ (g- 1)>2<M2(X) _ , (6-2)
/‘(x): ry 1+ (g' 1):\/|2(X) -?1, (6-3)

whereTo and , are the upstream stagnation temperature and gensipectively*
Finally, the gas velocity was calculated with knedde of the Mach number and
temperature using the ideal gas expression fospeed of sound. In this calculation, as
with all others, we used calculated values forgraperties of the gas mixture.

The derived expressions for the gas properties apply to the free jet region
upstream of the Mach disk. For a slit-shaped a@jftbe free jet Mach disk locatiog is

found from:

0.775

M 193 , (6-4)

down

wherew is the orifice slit widtH**! The jet collapses suddenly at the Mach disk, aad w
make the simplifying assumption that the velodigmperature, and density take on their
constant downstream values at the Mach disk locaiging a Heaviside function. The
downstream velocity is determined by the measuesdfigw rate, measured downstream
pressure, and 1” tube diameter, the temperatuB®8sK, and the density is calculated
using the ideal gas law. The discontinuous treatrogthe properties at the Mach disk is

not unreasonable (see for example Chang@&¥)athe strong shock and low gas density
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mean that the NCs experience few collisions inttagsition region between the jet and
the downstream flow. The gas properties are plaged function of position in Fig. 6-3

for three different pressure ratios and correspumnght lengths.
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Figure 6-3. Profiles of the gas a) Mach number tdmhperature, c) density, and d)
velocity downstream of the orifice fd?,y/Piown = 5 (black), 10 (gray), and 20 (light
gray). Except for the Mach number profile (whichgigen for an infinite jet), the profiles
collapse to their downstream values at the Mach, diee location of which varies with
the pressure ratio. For this calculatiéh, = 2.2 Torr, the total flow rate was 113 sccm,
and the orifice slit width was 0.47 mm.

Nanocrystals were introduced in the flow at thdiceiexit plane X = 0). The
NCs were given the same initial velocity as the, ddach 1 or 410 m/s. This initial

velocity assumes that the NCs have ample time egosirto equilibrate with the flow. A
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calculation using the formalism described here imclv an NC at rest is placed in a
constant Mach 1 flow reveals that a 4.5 nm Ge N@irst 90% of its final velocity after
14.0, 4.7 and 1.6 mm for gas pressures of 1, 39ahair, respectively. A 7.0 nm Ge NC
requires 21.8, 7.3, and 2.4 mm under the same wonsli If the orifice plate thickness is
greater than the velocity equilibration length, N@&s will certainly reach Mach 1 by the
exit plane. If the orifice plate thickness is srasllthe quality of the initial velocity
assumption will depend on the details of the flqegtveam of the orifice. For particularly
thin orifices (such as the PEEK orifices used hetted assumption will be poor at low
pressures. We encounter this situation later.

The NC position, velocity, and acceleration werécwdated recursively using

Newton’s 2%law for gas drag and the kinematic equations:
x(n)=x(n- 1) +v(n- 1)% +%a(n- 1)%2, (6-5)

v(n)=v(n- 1)+a(n- 1)x, (6-6)

a(n) = 1 (x(n)) {u(x(n)) - v(n} (6-7)

mNC
Here,X, v, a, andmyc are the NC position, velocity, acceleration, araks) respectively.
The time stef is taken to be 1 or 10 ns,is the step number, andis the gas velocity.
Changing the time step does not affect the modeloeg as the gas properties are
approximately constant over the time step. We usexpression derived from kinetic

theory for the friction coefficierft® since the NCs are deep in the free molecule regime

f(x)=§d2r(x) /zﬂr‘:(xj L (6-8)
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Here,d is the NC diametek is the Boltzmann constanty is the molecular mass of the
gas, and is the so-called accommodation coefficient, takenbe 0.9 in our
calculationd®® Similar results are obtained if the friction coeiint is calculated using
the Stokes expression with the Cunningham slipection factor. Note thdtandu have
to be reevaluated at each time step since the ggsenes vary as the NC moves
downstream. The code is typically run upnte 2x10G (0.2 or 2 ms), which is enough
time for the NCs to travel to the substrate forsoemble orifice-substrate standoff

distances.

6.6 Results and discussion

Large-area films. Germanium NCs are accelerated through the orifige
collisions with the expanding gas, generating a-dingesional beam or curtain of NCs
with a cross-section similar to the dimensionshef orifice. When a substrate is rastered
under the beam, a film is deposited that has tlithwof the NC curtain, arbitrary length,
and thickness proportional to the deposition ratd apeed with which the substrate
passes under the curtain. This design is conduoil@rge-area roll-to-roll processing of,
e.g., thin film nanocrystal solar cells, in whicllexible substrate passes under an orifice
that is perhaps a meter in width.

By rastering a substrate under the curtain multiphes, we have deposited films
with thickness from 20 nm (<1 sec) to 2th (~10 mins). Photographs of three Ge NC

films on glass with widths of ~12 mm and thicknesf®m 200-800 nm are shown in
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Fig. 6-4. The films are macroscopically uniform,twisome thickness variation

observable in the thinnest film near the edge®®MNC beam.

Figure 6-4. Photograph of impacted Ge NC films afying thicknesses deposited on
glass. The films are uniform, with some thickneasgation visible at the curtain edges.

Film patterning. In order to investigate the potential of NC impaat for
patterned microelectronics, we used the techniqueonjunction with standard lift-off
processing, with the metal deposition step repldnetC impaction. Figure 6-5a shows
a cross-sectional SEM image of a sample prior edfithal lift-off step, where the Ge NC
film is clearly discontinuous at the feature eddas to the undercut LOR. Figures 6-5b
and 6-5c show cross-sectional and top-view SEM ewagf the 2 m line after lift-off.
The Ge NC film is uniform and the feature edgesvee-defined, with side-wall widths
of less than 200 nm for these 230 nm thick filmise Tesolution limit here is imposed by
the photolithography and not the deposition process believe 200 nm features are
possible for thin films (< 100 nm) using electragain lithography. Figure 6-5d shows an
optical microscope image of a patterned Ge NC ¥ilith UMN lettering of several sizes.

The NC films were remarkably robust during the pssing and did not suffer damage
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when squirted directly with water or solvents, @alseed in an NMP-based stripper.

Exposure to solvents may, however, alter the N@asarchemistry.

Figure 6-5. Cross-sectional SEM images of an2 wide Ge NC film on Si patterned
using conventional lift-off photolithography a) beé¢ and b) after lifting off the resist. c)
Top-view SEM image of the patterned film in b). Bothe sharp features, film
uniformity, and low surface roughness. d) Opticatnmscope image of a Ge NC film on
glass patterned into UMN lettering of several sizes

Investigation of deposition parameters.The morphology—in particular, the
density—of impacted films is observed to vary asraswide range as the deposition
parameters are altered, as shown in the crososac®EM images of Fig. 6-6. The Ge
NC sample in Fig. 6-6a is fluffy and highly pordile a powder. The sample in Fig. 6-
6b is dense and film-like, as demonstrated by thapamation of a crack from the

substrate. While porous films find use in certapplecations such as gas-sensing and
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catalysis, they are clearly unsuitable for useamisonductor devices in which charge
carriers must pass between neighboring NCs. Theesfactors determining film density
must be understood and controlled in order to taM films to their intended

applications.

a)

b)

Figure 6-6. Cross-sectional SEM images of Ge N@dibn Si substrates showing a) a
fluffy, porous sample, and b) a dense film.

We have found that the density of impacted NC fivasies with the pressure
ratio across the orificd,y/Pgown the orifice-substrate standoff distangg and the
absolute value o, or Pgown We experimentally investigated each of theserpatars
in detail, although their significance is clearrfrantuition alone. AtPyyPgown 2, gas
flow through the orifice becomes sonic. The sup@rsget emanating from the orifice
increases in length as the pressure ratio is fuitifereased, allowing the gas to reach

lower densities and higher velocities as it expaRgdsand Pyown determine the disparity
141



between the gas and NC velocities, since the gagityeis coupled to the NC velocity
through the gas density (via collisions). Finatlye substrate position relative to the jet
structure—in particular, its proximity to the cqike of the jet at the Mach disk—
determines how much energy the NCs have lost isiools with the near-stationary gas
prior to impaction. Other considerations, such afce design, can also be important,
but are outside the scope of this work.

The densities of Ge NC films deposited with pressatios of 2-51 are displayed
in Fig. 6-7.P,, was held constant for each data set and the watsovaried by changing
Pgown USiNg a valve downstream of the system. The opefes data correspond to 4.5
nm Ge NCs (determined from XRD), while the fillegliares data are for films of 7.0 nm
Ge NCs. The reported film densities are those medsusing RBS and cross-sectional
SEM, but we have checked the results against thbsened using the more common N
adsorption-desorption technique for one samplefandd less than 10% deviation. No
deposition is observed for pressure ratios less 2i@r 4.5 nm Ge NCs, and 4 for 7.0 nm
Ge NCs. For larger pressure ratios, the film dgnieitreases rapidly, then saturates near
50% the density of bulk Ge.

It is not clear from Fig. 6-7 why the two differesizes of Ge NCs have different
onset values oPyy/Pdown for impaction. Is this the result of the NC sizes,are the
different values of orifice sizédR,p, andPgown (given in the Fig. caption) the cause? One
drawback of our current experimental apparatush&t the synthesis conditions are
coupled with the deposition conditions through thédice. The orifice size not only

determines the pressure ratio for impaction, batsb controls the NC residence time in
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the plasma and thus the NC size. Consequentlynm0Ge NCs cannot be impacted
under identical conditions to 4.5 nm Ge NCs becdhsg cannot be synthesized under
identical conditions. Our model, however, allows tosseparate the effects of each
parameter when it is hard to do so experimentally.

Simulation results for the NC velocityc at the substrate positiorsE 8 mm) of
NCs impacted under the above conditions are shawhig. 6-8. Although we have
chosen to plotyg, it is not obvious that velocity—or any other famdental quantity—is
an appropriate proxy for film density. The impaatiaf all but the first monolayer of NCs
is complicated, with subsequent NCs landing on rayms malleable surface of formerly
deposited NCs which deforms and compresses witir thgact. Nonetheless, the
simulated velocities exhibit the same trends as etkigerimental film densities, with
similar onset values and curvature. This suggéststhere is a near-linear relationship
betweenvyc and film density, at least for low velocities. Ttrend cannot hold at high
velocities of course, since the film density mususate at the bulk Ge density whikgc
can, in principle, increase indefinitely. The imgawrce of particle velocity (as opposed to,
e.g., momentum) has been pointed out for otheryspraoatings. In cold gas-dynamic
spraying of 1-50 m metal particles @g4own= 1 atm the particle velocity has been found

to be the critical parameter in determining coaprogosity®”>®!
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Figure 6-7. Measured relative film densities asracfion of the pressure ratio across the
orifice. The open circles correspond to films 05 am Ge NCs impacted through a
PEEK 10 mm x 0.47 mm orifice witRy,, = 2.2 Torr and a total flow rate of 113 sccm.
The filled squares correspond to films of 7.0 nmN&&s impacted through a PEEK 10
mm x 0.20 mm orifice wittPy, = 7.2 Torr and a total flow rate of 139 sccm. bittb

cases the standoff distance was 8 + 3 mm and #ssyare ratio was varied by controlling
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Figure 6-8. Modeled Ge NC impactiogc for the same conditions as in Fig. 6-7.
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Figure 6-9 shows simulated,c versus centerline positiox for three pressure
ratios (2.5, 7.5, and 15) for the same conditicsa-igs. 6-7 and 6-8. Note that fqr=
8 mm the substrate is downstream of the free jethvidisk locationxy (visible as the
kink in vnc at its maximum) for all pressure ratios invesighaky is smaller for the 7.0
nm NCs for equivalent pressure ratios becauseeofatiuced orifice width (see (6-4)). It
is now apparent that 7.0 nm NCs are not impactegressure ratios less than 4 because
they lose all of their velocity to gas drag beforaveling the 8 mm to the substrate.
Simulations altering one parameter at a time retrestlthe excess drag is not due to the
increased NC size—larger NCs accelerate slower titag, all conditions the same—but
from the high downstream gas density (as repomethé caption of Fig. 6-7, in these
depositionsPy, is over three times larger for the 7.0 nm Ge N@sitthe 4.5 nm NCs).
The model is also instructive with regard to theusaion of the film density at pressure
ratios larger than 20. F&yown < 0.2 Torr, the downstream gas density is suffittyelow
that the coupling between the gas and NC velocittesoo weak to either further
accelerate the NCs in the tail of the free jet ecalerate the NCs downstream of the
Mach disk. Consequently, loweriiyownfurther alters the gas flow field but not the NC

behavior.

145



o 5 10 15 20
X (mm)

Figure 6-9. Modeledyc as a function of positior (the orifice exit plane is at= 0) for

the same conditions as in Fig. 6-7. The dashedsahd lines correspond to the 4.5 and

7.0 nm Ge NCs, respectively, and the black, grag,lmht gray curves are fét,y/Pgown

= 2.5, 7.5, and 15, respectively. The Mach dislafimn is visible as the kink in the
profiles at which the maximum velocity occurs.

Figure 6-9 also indicates howc, and consequently film density, dependxon
We investigated this experimentally for two differeonditions by threading the orifice
holder in or out to adjusts (Fig. 6-10), and simulated the same conditions vaitir
model (Fig. 6-11). The filled-squares (solid limeRig. 6-11) data correspond to 5.5 nm
Ge NCs deposited witRyy/Pyown = 10, while the open-circles (dashed line in Fid1§
data correspond to 4.3 nm Ge NCs deposited RisPqown = 20. For both data sets, Fig.
6-10 indicates that film density remains roughlynstant for smalks, and falls rapidly
after some threshold value. For the sample at 1061) the NCs deposited by diffusion
alone and the film looked like that in Fig. 6-6d0$& to the orifice, a large discrepancy is
observed between the film densities of the two data. The difference in pressure ratio

may contribute to this, although Fig. 6-7 suggélis is a small effect at these ratios.
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More likely, the low value ofPy,, combined with the thin PEEK orifice results in
inadequate upstream coupling of the gas and NCciiels so that the NCs represented
by the filled-squares data are not accelerated dohVlL before entering the free jet. The
model does not take this into account and assuh@syc = 410 m & atx = 0 in all
cases. Consequently, the solid curve in Fig. 6kl be shifted to lower velocities.
Nonetheless, the agreement betweersttapesof the film density curves in Fig.
6-10 and the calculatedc curves in Fig. 6-11 is quite good. However, thisrenore
structure in Fig. 6-11 than can be made out in 6i@0. In particular, Fig. 6-11 shows
that NC acceleration in the free jet should yieloh$ of slightly increasing density for
standoff distances up tq. This trend may be visible in the filled-squaresedof Fig. 6-
10, but it is clearly not for the open-circles dame reason may be thaic is large
enough that proportionality with film density isstp we have not produced films denser
than 56% the density of bulk Ge, suggesting thah# is approached. Additionally, our
model does not account for the relocation of theckhwhen a substrate is placed
upstream ofxy, and the gas flow field is thus inaccurate for Knoafice-substrate
standoff distances. It is also interesting to ribtd Fig. 6-11 predicts a linear decrease in
Vnc With increasingc downstream of the free jet. There is not enoudh tlaresolve this
trend in the film densities. Finally, Fig. 6-11 eals that the optimal substrate location
for producing dense films is just downstream ofMech disk locatiorxy. Here, the NCs
capitalize on the entire length of the accelerafieg jet, yet experience little drag after

the shock.
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Figure 6-10. Measured relative film densities dsaraction of substrate position. The
open circles correspond to films of 4.3 nm Ge N@pdcted through the metal adjustable
orifice plate with an orifice width of 0.85 mm ugif,, = 3.0 Torr,Pgown = 0.15 Torr
(ratio = 20), and a total flow rate of 185 sccmeTtled squares correspond to films of
5.5 nm Ge NCs impacted through a PEEK 10 mm x th#Dorifice withP,, = 1.7 Torr,
Pgown= 0.17 Torr (ratio = 10), and a total flow rate7df sccm.
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Figure 6-11. Simulatedyc as a function of positior for the same conditions as in Fig.
6-10. The dashed and solid lines correspond td thand 5.5 nm Ge NCs, respectively.
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We investigated the pressure ratio throu., above; now we address the
effects of changin®.p. This is challenging to do experimentally withailtering the NCs
because the plasma synthesis method is sensitithetpressure. Three films deposited
with Py, = 1.0, 3.0, and 6.0 Torr and a constant pressui@ of 20 at a standoff distance
of 10 mm had relative densities of 29, 53, and 5&%pectively. The enhancement with
increasingP,p is expected and is attributable to greater cogpbih the gas and NC
velocities both upstream of the orifice and in fitee jet. However, it is difficult to make
guantitative judgments from this data because XR® Raman spectroscopy reveal that
one sample was amorphous and the other two codtainestalline NCs of different
sizes. This is a limitation of our synthesis apptganot the impaction apparatus.

Methods to increase film densityThe model shows that with increasiBg, the
gas and NCs are more strongly coupled sxe¢l approaches the gas velocity in the
supersonic jet. Consequently, increasigis one way to further increase film density.
Ideally, Pgown Would be held constant. In this case, increasirg ghessure ratio (by
raisingPyp) beyond 20 would continue to increagg, and the resulting film density may
not saturate at ~50% as in Fig. 6-7. Figure 6-IRmares simulatedyc values forP,, =
1, 5, and 25 Torr, witPgown= 0.1 Torr held constant and all other conditioshesntical.
With Pyp= 25 Torr,wc is approximately 30% larger than for 1 Torr anel Miach disk is
much farther downstream. However, reaching presgafies greater than 100 can be
difficult in practice, depending on orifice size darpumping capability. It is still
advantageous to increa®g, even if Pyown rises, within limits. In this case, the NCs

decelerate more quickly after the shock becauskeoincreased downstream gas density,
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so the substrate must be placed carefully. In exhdismall NCs will more closely follow
the streamlines at higher downstream gas denstiethat the impaction cut size will

increase.
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Figure 6-12. Modeledc as a function of positior for P, = 25 (black), 5 (gray), and 1

(light gray) Torr. All other parameters were helohstant:Pgyonn, = 0.1 Torr, 5 nm Ge
NCs, 100 sccm total flow rate, and 0.7 mm widtHicei

Vnc is determined not only by the coupling betweenghs and NCs, but also by
the gas velocity profile. Figure 6-3 shows that ¢jas temperature drops very rapidly in
the free jet, causing the sonic velocity to dea@e&seheating the gas prior to expansion
through the orifice would increase the gas veloeihd subsequentlyyc, promoting
additional film densification. Figure 6-13 showssiatedvyc profiles for upstream gas
temperatures of 298, 500, and 700 K. The improvénpem degree of temperature
increase is modest, but the maximuga is ~30% larger at 700 K. Higher temperatures

would risk melting Ge NCs.
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Figure 6-13. Modelednc as a function of positior for upstream temperatures of 700
(black), 500 (gray), and 298 (light gray) K. Allhetr parameters were held constdhi

= 5 Torr, Pgown = 0.1 Torr, 5 nm Ge NCs, 100 sccm total flow rated 0.7 mm width
orifice.

Changing the gas composition also dramaticallycédfehe gas velocity profile
since lower molecular weight gases have highercseglocities. Our model indicates that
changing the Ar in our experiments to He, whichudtlanot significantly alter the NC
plasma synthesis process, would increase the maximy by nearly a factor of two.
Using He in conjunction with higher upstream presswand temperatureg,c exceeding
1000 m & are predicted. Preheated He is commonly used |thgas-dynamic spraying
of micron-sized metal particlé¥} and initial experiments that we conducted with Ge
NCs in He yielded film densities that were congiliehigher than equivalent films using

Ar (Fig. 6-14).
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Figure 6-14. Measured relative film densities &graction of the pressure ratio across the
orifice for Ge NCs synthesized with He and Ar. Tdpen circles correspond to films of
3.9 nm Ge NCs synthesized with He with a total flate of 266 sccm. The filled squares
correspond to films of 4.9 nm Ge NCs synthesizetth ir with a total flow rate of 151
sccm. For both data sets, Ge NCs were impactedighréhe metal adjustable orifice
plate with an orifice width of 0.85 mm, the starfddistance was 8 + 3 mnf?,, = 3.2
Torr, and the pressure ratio was varied by comtiglPy..» Note that although the films
deposited with He are denser than those deposittghl A, identical deposition
conditions could not be achieved for both gasesaah pressure ratio (e.®p is the
same, but the flow rates and NC sizes are not).

A trade-off: Film density and quantum confinement. In striving to optimize
film morphology, it must be remembered that it igsgble to achieve NC impact
velocities that aréoo large. To realize their potential, semiconduct@sNmust maintain
their unique size-dependent optical and electrgmnaperties after film formation. The
maximum random packing density of hard, monodispesgherical NCs is 649%4Y
randomly deposited NC films with this density omgimer have likely lost quantum
confinement because of deformation, sintering, momphization. We have repeatedly

measured densities that are 55% that of bulk Geroptimized conditions (e.g., Fig. 6-
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10), which approaches this limit. Our model indésatthat the corresponding NC
impaction velocity is ~400 m™s Valentini and Dumitrica have performed molecular
dynamics simulation of Si NCs impacted onto a ®isttateé*!! They found that 5 nm Si
NCs impacted at room temperatures with velociti€s546 m § undergo elastic
deformation and experience a temperature rise aotad00 K. Impacts beyond ~1000 m
s', on the other hand, result in significant strugtwthanges. Although this situation is
not identical to ours, it suggests that the Ge Naity should be further increased
cautiously.

We performed XRD on the most dense Ge NC films weld make using a
variety of NC sizes. The spectra are displayedgn 6-15 along with the crystallite sizes
extracted from Debye-Scherrer fits. Figure 6-15wshahat we have successfully
impacted Ge NCs 4-14 nm in diameter—the size rafigeterest for devices based on
guantum confined NCs. There is no observed increasthe crystallite size after
impaction; samples deposited under identical cahtbut with significantly increased
orifice-substrate standoff distances (not showwehae same size crystal grains. This is
not sufficient evidence to prove that the NCs retgilantum confinement even up to
relative film densities of 55%, but it is reassgrifrurther studies are presented in the

following chapter.
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Figure 6-15. XRD spectra of films of impacted diamdecubic Ge NCs. Decreasing
crystallite size is visible as a broadening of geaks, and the NC size was extracted
using the Debye-Scherrer equation. Spectra arealmed and shifted for clarity.

Note that 55% relative density is significantly teetthan is achievable for
colloidal NCs with ligands cast from solution. Fonm diameter Ge NCs with 1 nm long
ligands, the maximum packing is reduced to 23%dpam or 27% (hexagonal) because
of the volume occupied by the ligands. Recent wiorkNC colloidal films involves
replacing longer ligands with shorter moleculegméasting films:**? but even for 0.3

nm molecules the maximum density is 46% (randonf386 (hexagonal).

6.7 Conclusions

We have demonstrated a new technique for depoghingfilms of NCs using a
supersonic gas jet to accelerate and impact the BENC films were synthesized in a
nonthermal plasma, accelerated through a slit-shapefice, and impacted onto
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substrates rastered perpendicularly to the NC bé&hniform films were deposited over
areas as large as several °crand lift-off photolithographic techniques proddce
patterned features as small asn2 The densities of the NC films varied from 1-58%
density of bulk Ge, with larger pressure ratios,aléen orifice-substrate standoff
distances, and larger upstream pressures resuitidgnser films. Films of Ge NCs 4-14
nm in diameter were deposited without post-depmsitirystallite growth, although proof
that NC quantum confinement remains intact remeirize shown.

This deposition technique, like all others, hasithtions. Low downstream
pressures (<1 Torr) are necessary to overcomesfiuand deposit small NCs. The
upstream pressure cannot be too small (<2 Tosg, e NCs will need an exceptionally
long time to equilibrate with the gas flow. Witretb0% Ar, 40% K gas mixture used in
this study, the NC maximum velocity is limited t600 m &. Finally, with the setup
used here, NC synthesis and deposition were coupledigh the orifice so that the
impaction parameters were to some extent dictagatidosynthesis parameters.

However, we believe this deposition technique hgid=at promise, in large part
because of its flexibility. It is relatively matatiindependent: this study used Ge NCs
only, but we have also successfully deposited fith§i NCs and InP NCs synthesized
with the same plasma processes. The NCs we degpositiee plasma synthesized, but the
technique should accommodate any other aerosohesl including those synthesized
in the gas phase, and powders and liquids that baea aerosolized. In some cases,
special care will be required to understand theineabf the impacting particles, since

agglomerates of NCs or liquid droplets containin@sNvill require deposition conditions
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that are appropriate to their size. Depositing aggrates could be advantageous, since
higher pressures could be used throughout theraysithout fear of diffusion. We have
deposited on Si, glass, Al foil, plastic, and papghout any noticeable difference in the
films, demonstrating the substrate-independentraabfi the process. We concentrated
on maximizing the density of our films without gragrowth in this work, but other
researchers may want to use the technique to diatisodeposit films of high porosity,

or increase the NC velocity until sintering occupon impact. Finally, while the feature
sizes investigated here ranged from 1 cm tom2 these are not the limits of the
technique. The one-dimensional nature of this teglenmakes it natural for roll-to-roll
processing with meter-wide films. With electron ekthography, we are confident that

NC films can be reproducibly patterned with featsizes on the order of 200 nm.

6.8 Future work

The impaction scheme demonstrated in this chapbekswvell for the impaction
of Ge NCs of various sizes. Future improvementhéodesign would likely focus on the
orifice design—a long, nozzle-like entrance andpeted exit would disrupt the gas flow
less and allow the gas to expand in a controllstitan downstream—and decoupling the
synthesis parameters from the impaction parameiéms.latter problem is challenging,
but may be overcome by adapting the synthesis plasnmmun at higher pressures (>10
Torr, preferably).

We would like to see the impaction apparatus usesbnjunction both with other

materials synthesized with the plasma approach btsee, and with NCs synthesized
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using other methods. We and others in the Kortghdgboratory have successfully
impacted Si and InP NCs, but detailed studies tofwehat the three parameters
identified in this chapter also govern depositinrother materials systems have not been
conducted. Preliminary studies using the impactioheme in conjunction with lift-off
photolithography to pattern luminescent Si NCs appexciting (Fig. 6-16). The
impaction scheme was also used successfully with ithflight plasma-initiated
hydrosilylation apparatus described by Mangolini at to deposit dense films of
hydrosilylated Si NCs. This may prove to be impotteas exciting new LEDs using

hydrosilylated Si NC films (spun from solution) apdlymer were recently report&d.

Figure 6-16. Photograph of a patterned impactedCSfilm on a Si wafer. The NCs glow

orange under UV illumination from an LED (a longspdilter between the sample and
camera blocks the UV light from the LED from reawghithe camera). The film was
patterned using the same mask as the Ge NC filRigin6-5d. This work was done with

Rebecca Anthony.
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Quantum confinement in germanium
nanocrystal thin films

7.1 Outline

Thin films of semiconductor nanocrystals that exhibnable optical properties
are promising materials for new device applicatjdng progress has been slow for group
IV materials. We report absorption measurements tieaabsorption edge of thin films
of germanium nanocrystals synthesized in a plasna impacted onto substrates.
Bandgaps extracted from the absorption data vamy fthe near-bulk value of 0.73 eV
for 9.0 nm nanocrystals to over 1.0 eV for 4.7 nanacrystals. These values are
comparable to those reported for isolated, norrcteng germanium nanocrystals,

indicating minimal loss of quantum confinement ug@mse film formation.
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7.2 Introduction

Semiconductor nanocrystals (NCs) in solution exhilnable optical properties
due to quantum confinemeftRecent work in the 11-VI and IV-VI NC communitiégs
demonstrated that films assembled from colloidalagaystals approximately adopt the
optical properties of their constituent particfed. Consequently, the absorption and
photoluminescence spectra of the films can be d&abg changing the NC size,
effectively decoupling the films’ optical propedié¢rom their other material properties.
Nanocrystal thin films thus offer exciting new oppmities for applications in which
optical constraints severely limit materials setatt such as solar cells, photodetectors,
and light-emitting diodes.

Development of quantum confined films of group IC8&lsuch as Si and Ge has
lagged behind that of other materials systemsnge part due to difficulties synthesizing
NCs with narrow size and shape distributions argpehsing them into solution. The
standard synthesis technique for 1I-VI and 1V-VI 8l6uch as CdSe and PbTe produces
colloidal solutions that provide a convenient $tartpoint for film formatior
However, an analogous solution synthesis route doe¢sexist for group VI materials
because of their comparatively large crystallizattemperature$! Researchers have
devised alternative synthesis methods and prodgaeadtum confined Si and Ge NCs in
solution!®*Y but reports of films of NCs remain limited.

We previously reported the synthesis of high-quasi'? and G&%! NCs in
powder-form using a nonthermal plasma apparatuss@NCs have been transferred into
solution!”* and cast as thin film&** We have also demonstrated an alternative
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approach to NC thin film formation in which NCs ateposited via impaction directly
downstream of the plasnid In this chapter, we report quantum confinement in
impacted films of Ge NCs, and investigate the ddpane of the film bandgap on NC
size. The impaction deposition method is uniquahiat NCs are deposited with the
surface chemistry established in the plasma; therao ligands on the NC surfaces since
stabilization in solution is unnecessary. As a ltesthe measurements we report
correspond to films of NCs that are in direct conhtaith each other and not separated by

organic molecules.

7.3 Experimental

Germanium NCs were synthesized using a nontherfoal-through plasma
reactor described in detail elsewhBrk. Briefly, in this approach germanium
tetrachloride (GeG), H,, and Ar are passed through a quartz tube maintdiagveen 1—
10 Torr, around which electrodes are wrapped. Aordicequency power of ~100 W
applied to the electrodes causes the precursatss$ociate and allows nanometer-sized
Ge NCs to nucleate. The NCs are relatively mon@augp (standard deviations of 10—
20% the mean size) and the mean size can be atljmgtehanging the residence time of
the NCs in the plasma.

Dense, uniform films of NCs were deposited by pigca slit-shaped orifice
downstream of the plasma and translating glasstrsies under the “curtain” of NCs
emanating from the orificé® The pressure downstream of the orifice was sevienais
lower than the upstream pressure so that the gasvilas choked at the orifice and the
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resulting supersonic gas jet accelerated the N®@artis the substrate. We demonstrated
previously that films of Ge NCs with mean NC sinégl—-14 nm and densities as large as
55% of the density of bulk Ge can be depositedhia tmannef*® For each NC size
investigated, four films with thicknesses varyimgmh 100 nm to 4€m were deposited.
Thicknesses were measured using scanning electiorosoopy and NC sizes were
determined from Debye-Scherrer fits of X-ray diffian spectra. Figure 7-1 displays

representative images of the Ge NCs and films.

Figure 7-1. Transmission electron micrographs gf 4anm and (b) 9 nm Ge NCs
synthesized in the plasma. (c) Scanning electramagraph of a 1 um thick Ge NC film
cross-section, showing the thickness uniformityaoi®d. (d) Photograph of three Ge NC
films of various thicknesses impacted on glass tsates.
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The easiest way to study the optical propertie&®fNC films is to measure the
peak photoluminescence (PL) wavelength. Howeverewisible PL believed to be
caused by oxide states is commonly obseR/&édnly two groups have reported infrared
PL that likely comes from the NC cdfé® We do not see PL from our Ge NCs and
instead performed absorption measurements on emchusing a Cary UV-Vis-NIR
spectrophotometer. Refractive indices were detexchiinom interference fringes in the
absorption spectra at long wavelengths and the umegdilm thicknesses. The refractive
indices of the films depend on their densities are not equal to that of bulk Ge since
they are not fully dense. It is noteworthy thaenférence fringes are only obtainable for
films that are uniform in thickness over the spat 2f the incident beam (several mm
diameter), which is testimony to the uniformity thie films. For a few samples, film
densities were measured using Rutherford backscaftésee ref!*®) and refractive
indices were calculated with an alternative techeiqusing the Lorentz-Lorentz
expressiod’® These values were within 10% of those determimedh finterference
fringes. We assumed for simplicity that the caltedarefractive indices were dispersion-
free; the refractive index of bulk Ge varies byyhb% across the energies of interest

(0.5-1.5 eV)* and we expect that the dispersion in the filmsinisilar.

7.4 Results and discussion

Absorption coefficientsa were calculated for each film at each measured
wavelength using the method described by Essick Mather® The absorption

coefficients of films of various thicknesses contiag Ge NCs of the same size were then
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overlaid. It is necessary to compile data from $ilof several thicknesses since any single
film only gives meaningful absorption data for tfamge of wavelengths for which the
absorbance is between roughly 0.1 and 2, and thsehkength range depends on film
thickness. Data points for which the absorbanckdeiside of the above range were
discarded. Absorption coefficients for bulk @kand films of Ge NCs 3.9-9.1 nm in
diameter are plotted in Fig. 7-2a. The featurearbtfeblue-shift with decreasing NC size,
indicating that the NCs retain (at least some) tuanconfinement after film deposition.
The absorption coefficient at each wavelength islknin magnitude for the Ge NC
films than for bulk Ge. This occurs both becaugeNIC film spectra are shifted to higher
energy and because the films are less dense thlaiGbu The density of the NC films in
this study varied from 20-50% of the density ofkoGle, with films of smaller NCs being

denser.
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Figure 7-2. a) Absorption coefficient and b) squaret of the absorption coefficient of
bulk Ge and Ge NC films. Plotted from left to riglte bulk Ge taken from reff®
(black, solid) and films of Ge NCs 9.1 nm (marodashed), 7.0 nm (red, dotted), 6.2 nm
(orange, solid), 5.5 nm (light green, dashed),nh¥ (dark green, dotted), 4.4 nm (blue,
solid), and 3.9 nm (purple, dashed) in diametee fbise in the data near 1.5 eV arises
from a detector change in the spectrometer.
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In Fig. 7-2b, the square root of the absorptionffaient a*2 is shown. For the
bulk Ge spectrum, absorption at the indirect bapdga be seen as a linear “foot” below
0.8 eV. The film of 9.1 nm Ge NCs displays this sdeature indicating that an indirect
gap still exists for NCs of this size. Unfortungtebur data is too noisy near the band
edge absorption of the other films to determinthéf gap becomes direct for the smallest
NCs, as has been propos&d.For the 4.4 and 3.9 nm samples, we were not able t
deposit sufficiently thick crack-free films to acately measure absorption near the band
edge, but absorption in these films is shiftedvenehigher energy.

For indirect gap materials, the optical bandgagiven by thex-intercept ofa*?
to within a phonon energy. Neglecting the contiitmg of (relatively low-energy)
phonons, approximate optical bandg&gswvere extracted from the absorption data and
are shown in Fig. 7-3 (filled black circles) asumdtion of NC size. The bandgap of Ge
NC films can be varied from bulk-like values forga NCs to over 1 eV for 4.7 nm NCs.

Consistent with the large Bohr exciton radius of 34.3 nm)?* films of Ge NCs as

large as 9.1 nm exhibit confinement-induced bandgadening.
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Figure 7-3. Approximate optical bandgap extractedhfabsorption measurements of Ge
NC films as a function of constituent NC size @dlblack circles). Digitized data points
from ref.® for the PL peak (empty blue triangles) and absomponset (empty, inverted
green triangles) of functionalized Ge NCs in solatare plotted as empty blue triangles
and empty, inverted green triangles, respectiv@lgitized data points from ref*®! for
the PL peak of Ge NCs embedded in Sa@e plotted as empty red squares.

Also plotted in Fig. 7-3 are data recorded by Lealefor the infrared PL peak
and absorption onset of functionalized Ge NCs itutam/® and data recorded by
Takeoka et al. for the infrared PL peak of Ge N@whedded in Sig'® These data
represent the approximate optical bandgapdsofated, non-interactingGe NCs in
solvent and oxide host matrices. While there ifelibverlap in the ranges of NC sizes
studied, our data falls between that of Lee etaal Takeoka et al. This suggests that
there is minimal loss of quantum confinement adated Ge NCs are brought into

contact with one another during the deposition efisg films. For other NC material
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systems (e.g., CdSe, PbS), a small red-shift inpiek PL wavelength is commonly
reported after film casting and is attributed taciton transfer from smaller NCs to
neighboring larger NC4!

Bulk Ge’s large mobilities make it attractive foguice applications, but its use is
limited by its poor quality oxide and small bandg#ye have demonstrated that the latter
obstacle can be overcome by depositing films of N&&l the bandgap can be tuned
smoothly up to greater than 1 eV by changing thed@. Germanium NC films with
tunable absorption (and, ideally, tunable and effitemission) are of particular interest
for infrared detectors and solar cells. However, Nlths bring with them new
properties—including a dramatically increased numdie surface states—which may
hinder charge carrier transport and reduce the lityotn unacceptable levels.

Two-probe current-voltage measurements revealagateposited dense films of
Ge NCs have dark conductivities on the order 6f $cm and conductivities an order of
magnitude higher under solar-simulating light. Tlissmall, but not insignificant. In
nearly all other reports, NC films are insulatingrdeeposited due to the bulky ligands
required for colloidal stability, and chemical tme&nts are required before
semiconductor behavior is obsen/&*?"1We have also fabricated Ge NC field-effect
transistors like those reported in Chapter 5 {&).using impacted films of 4.3 nm NCs,
and found that the devices becomgype with electron mobilities as large as*1@r?/Vs
after annealing at 300 °C. Additional researcheasassary to understand and control the

surfaces of the NCs in order to further increagentiobility.
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7.5 Conclusions

In summary, we have demonstrated that quantum reemient is retained in Ge
NCs after deposition of NC thin films. Plasma-sysized Ge NCs were impacted onto
substrates to form thin films in which the NCs wanedirect contact. The absorption
spectra of the films blue-shift with decreasing e, indicating that the optical
properties of the films are similar to the propestof the individual NCs of which they
are composed. The bandgap can be smoothly tunedtfie bulk value of 0.67 eV to
over 1 eV for 4.7 nm Ge NCs. Electronic transpbrotigh the films was possible, even

for films of small NCs that displayed the strongestfinement.

7.6 Future work

The quest for NC films that both display both quamtconfinement and behave
electronically like semiconductors is a recurringrhe in this thesis. While as-deposited
impacted Ge NC films have tunable bandgaps andzeomelectrical conductivities, they
do not exhibit gating in FETs until they are anedabbove 200 °C (Fig. 7-4). No
sintering occurs at such low temperatures, but axemot yet verified that the onset of
FET performance after annealing is not accompahyed loss of quantum confinement
caused by changes at the NC surfaces. An integestudy would be to measure the
absorption of films of various sizes of Ge NCs dsraction of annealing temperature up
to 700 °C, and correlate the changes with chenaindl structural transformations in the

films.
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Figure 7-4. Field-effect saturation mobility of efilens in impacted films of 4.3 and 7.2
nm Ge NCs annealed up to 400 °C in the glove boa bot plate. No gating is seen for
unannealed films, and the trend with temperaturinéssame as for Ge NC films spun
from DCB.

An alternative approach is to try to find condisofor which impacted Ge NC
films are gate-sensitive and have large mobilighout annealing. We have performed
preliminary two-probe conductivity measurements asideposited impacted Ge NC
films synthesized with varying plasma power (Figh)7 gas composition (Fig. 7-6), and
film density (Fig. 7-7). Some of the behavior obh®er was expected (dense Ge NC films
are more conductive than fluffy films) and some wagprising (films of crystalline NCs
conduct better than films or amorphous NCs in thlet] but worse in the dark). Further
studies to understand and improve these resulisehss to test the films’ performance

in the more informative FET structure are important
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Figure 7-5. (a) Normalized, offset Raman spectr&efNCs synthesized with 75-175 W
showing the transition from amorphous to crystallat ~125 W, and (b) conductivities of
Ge NC films synthesized using the same powers a&)inData points for several
electrode spacings (25-400 um) are plotted, anddh®ples were measured both in the
dark and under a monoscope light.
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Figure 7-6. (a) Conductivites of Ge NC films depedi with H/Ar flow rate ratio
ranging from 0.1-2.4. Measurements were takenre@-in a glove box in the dark and
under a monoscope light. While the light condutyivemains roughly constant, the dark
conductivity falls with increasing hydrogen covegafp) The same films measured in air,
showing erratic behavior.
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Ge, measured across three electrode gaps both datk and under a monoscope light.

Finally, determining the absolute position of thenduction and valence band
edges of Ge NC films would be of both fundamentdérest and practical use. The
bandgap evolution with NC size in itself does nbbbva device engineers to design
junctions between two materials; the band edgege®must be known. For the more
popular Si NC system it has been reported thav#tence band shift is twice that of the
conduction band shiff® and approximate band edge positions can be detednirom
the quantum confined bandgap using this empirieadd. A similar rule of thumb does
not yet exist for Ge NCs, although Bostedt et alehmeasured the conduction band edge
shift of Ge NCs using synchrotron radiation X-rdysarption spectroscopy (XAEY!
The Ge NCs used in this study were sufficientlyfeddnt from our Ge NCs that the

results are not necessarily applicable to our Ge fill@s. We previously initiated
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collaboration with the group at Lawrence Livermdtational Laboratory that performs

XAS measurements, and it would be beneficial talgeem more samples.
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Germanium nanocrystal solar cells

8.1 Outline

This chapter discusses our progress in fabricgimgovoltaic devices based on
thin films of germanium nanocrystals. Four deviaeh#ectures were investigated,
including Schottky junctions and heterojunctionshwpolymer, silicon nanocrystals, and
silicon wafers. The best performance was observem fthin, as-deposited films of
germanium nanocrystals op-type silicon wafers. These devices had open-dircui
voltages as large as 0.3 V and short-circuit cusresf nearly 4 mA cf. The
nanocrystal/metal junctions were problematic indelices, and more research is needed

to understand these interfaces.
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8.2 Introduction

Semiconductor nanocrystals (NCs) present both neporunities and new
challenges when incorporated into photovoltaic dewi Their tunable absorption, low-
cost synthesis, and solution-processability pronaseew paradigm in cheap multi-
junction solar cells. However, the performance ighkefficiency solar cells currently on
the market is limited by electron-hole recombinatiprimarily at interfaces. Nanocrystal
films are full of interfaces—for 5 nm NCs, half tfe atoms lie at the NC surface—
threatening to severely restrict the performanc&Gf devices. The mobility of charge
carriers in NC films is reduced compared to thasehie bulk, further increasing the
probability of recombination during diffusion toettelectrodes. Finally, the stability of
NC films in ambient conditions is a concern for mgall materials systems.

Many properties of NC films pertinent to solar gedirformance can be explored
and improved by studying individual films on subs$#s. However, other processes and
properties (e.g., exciton dissociation, open-ciraailtage) depend on the relationships
betweermmaterials, and photovoltaic test devices mustdresttucted to understand them.
Several device structures based on NC films aregimadle, including Schottky
junctions, NC/NQp-n junctions or heterojunctions, and NC/polymer jumes. Examples

from the literature of each of these architectaresgiven in Fig. 8-1.
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(x)

(v) (2)

Figure 8-1. Examples of three solar cell architeegwsing NC thin films. (x) A PbSe NC
Schottky device which is driven by the built-inlféleat the NC/metal junction. Adapted
from Y. (y) A solar cell based on a CdTe NC/CdSe NC bgtection. Adapted fronf’.
(z) A polymer/inorganic NC hybrid device using aeitdl of poly-3-hexylthiophene
(P3HT) and CdSe NCs. Adapted fréth

This chapter reports on solar cell structures thedrporate Ge NC films. The
results are preliminary, incomplete, and rathemmymessive, as the large majority of
research performed in completing this thesis wasisgeveloping Ge NC films, and not
solar cells using them. However, it is appropri@telisclose what little work has been
done, as photovoltaic applications motivated muicthis thesis and future students may

use these findings as a starting point. Four desiohitectures are discussed: Ge NC
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Schottky devices, and bilayer devices in which recjion is formed between a Ge NC
film and poly-3-hexylthiophene (P3HT) polymer, SCh| or a Si wafer.

Schottky barriers are the simplest of photovoltd@vices since only a single
semiconductor layer is required. There are only jwvtions in a Schottky device (the
electrode semiconductor interfaces), and one mai€dtmic while the other is blocking.
The built-in field at the blocking or Schottky cant drives photogenerated carriers to
their respective electrodes, and the voltage outpubhe device is given by the barrier
height. Ideally, this height depends linearly oe thetal work function with a slope of
one, but this is often not seen experimentally bseaf Fermi-level pinning at interface
stated” Such pinning occurs near the valence band of I&#k resulting in Ohmic
contacts (zero barrier height) mtype Ge regardless of metal choice and Schottky
barriers of nearly constant heightristype Ge independent of electrode matérlaThe
barrier heights associated with Ge NC (intringi€, or n-type)/metal junctions are not
known. To this point in this thesis, the effectohtacts have been largely ignored. This
is reasonable for devices for which the resistasfcthe film is large compared to the
contact resistances (e.g., long channel FETs lkesed in Chapter 5). However, the
geometry of thin film solar cells is such that amiteffects may easily dominate device
behavior (that is the goal in Schottky devicedaitt).

In a bilayer device, three junctions are presené between the semiconductors,
and one between each semiconductor and the cleleestode. The semiconductor/metal
junctions should both be Ohmic, as the device igedrby the difference in the Fermi

levels of the semiconductors. In a traditiopah junction, free charge carriers diffuse
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across the interface until the chemical potensataentinuous at the interface, and in
doing so create a built-in electric field. For mgtymer and nanocrystals solar cells, it
has been argued that @an junction is not formed due to a dearth of freergha
carriers?® In these so-called excitonic solar cells, themaias a discontinuity in the
chemical potential at the interface of the semicmbalrs, and excitons which diffuse to
this interface are dissociated by the energetin ff@t occurs when one carrier crosses

the junction.

8.3 Experimental

Germanium and Si NCs were synthesized using a aontdl plasma reactor
discussed in detail in Chapter 2 and elsewlét&or all devices except Ge NC/Si wafer
devices, glass substrates with indium tin oxideOlTpatterned electrodes were used.
Nanocrystals were deposited either by spin-coafiogh 1,2-dichlorobenzene (DCB)
solutions (as in Chapter 5) or by impaction (a€hapter 6). For Ge NC/P3HT devices,
P3HT films were spun from DCB prior to NC depositii@and a Poly(3,4- ethylenedioxy
thiophene)/poly(styrenesulfonate) (PDOT:PSS) umrger was spun before the P3HT.
Gold or Al electrodes were evaporated on top offithes to complete the devices (shown

schematically in Fig. 8-2).
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Figure 8-2. Schematic of devices deposited on I'oé@ted glass

For Ge NC/Si wafer devices, heavily dogetype Si wafer chips (SVM, Boron,
0.007-0.009 cm) coated with a 300 nm thick thermal oxide weased as substrates.
The oxide on the back of the wafers was removed AiWlu back contacts were
deposited via evaporation. The front of the waf@ese patterned using conventional
photolithography and the oxide was etched in buffede etch (BOE) to expose 300 um
x 300 um squares of the underlying wafer. The vgafeere cut so that there was one
exposed square per wafer chip, and the chips wee tised as substrates with the
exposed square serving as the device active amaddium NCs were impacted on the
substrates and formed junctions with the wafehedxposed areas (Fig. 8-3). Finally, Al
or Au was evaporated on top in a comb pattern nm felectrodes that both allowed 50%
of the incident light to reach the device and aufld at least some of the generated
charge carriers (Fig. 8-4). Alternatively, 100 nfriTdO was sputtered on top of the films.
For all devices, all steps were carried out aieftecluding measurement) except when
ITO had to be sputtered on top. Device performamae observed to be sensitive to air

exposure and devices degraded over the coursenotesi
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Ge NCs
SiO,

Si

Figure 8-3. Cross-sectional SEM image of the edgthe active area of a Ge NC/Si
wafer device prior to metallization. The Ge NC filmas impacted and forms a junction
with the wafer in the area where the oxide waseaztcifhe sample is angled away from

the viewer, giving the unusual perspective.

50 um Al
> 50 um — 4 nmGe NCs (impacted)

«—SiO, (300 nm)
+—p*-Si
—Au

Active area

y—2
Figure 8-4. Schematic of Ge NC/Si wafer devicehait Al comb top electrode.

The electrical performance of solar cells was messby recording current-

voltage (I-V) characteristics both in the dark amdler solar-simulating air mass (AM)
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1.5 illumination. Devices were sealed in test baxeN, ambient during measurement to

prevent air exposure.

8.4 Results and discussion

Ge NC/metal Schottky barrier devices.We have made several attempts to
fabricate Schottky solar cells using Ge NCs spomffDCB or deposited via impaction.
Both Al and Au electrodes have been used (in andin ITO), representing a wide range
of metal work functions. Devices have been madeguas-deposited NC films and films
annealed up to 400 °C. Film thicknesses ranging f2—2000 nm have been explored.
In all cases, the devices either appear to shorye resistive without any photovoltaic
effect. A handful of devices were made using aidith fluoride (LiF) buffer layer
between the Ge NCs and the metal electrode. O#isearchers have reported beneficial
effects when LiF buffer layers are used in polysaar cells® and similar buffer layers
have been used in PbSe NC solar ¢8lfhese Ge NC devices behaved like solar cells,
and the best device had an open-circuit voltagg 6f 0.05 V and a short-circuit current
(Is) of 0.15 mA cnf.

Ge NC/P3HT bilayer devicesLiu et al. recently demonstrated solar cells using
blends of Si NCs and P3HT with efficiencies excegdi.1%” These devices behaved
like excitonic solar cells, with Si NCs taking thele of electron acceptor. We have
fabricated similar devices using a bilayer struetwith impacted Ge NCs. An energy
diagram for this device is shown in Fig. 8-5a, &nd clear that there is no incentive for
excitons to dissociate at the Ge NC/P3HT interfsinee it is energetically favorable for
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both the electron and hole to transfer to (or rema)rthie Ge NCs. The I-V curves (Fig.
8-5b) reflect this and show zeY, although the devices are an order of magnitudeemo
conductive under solar simulating light indicatilgat photogenerated carriers are
extracted under applied bias. Identical devicesemaing impacted Si NCs in the place
of Ge NCs perform much better (Fig. 8-6), reflegtithe more favorable energy
alignment of Si NCs with P3HT. A hybrid solar caing Ge NCs should be possible
using a hole-conducting polymer with a highest-gied molecular orbital (HOMO)
energy of approximately -4.7 eV.

Vacuum

(a) (b)

-29~-32eV
—/

-40eV

-4.7eV ta7ev 236V
1 -50eV —
1 -49~-54¢eV _

| — <

ITO
Ge NCs

PDOT:PSS
P3HT

Figure 8-5. (a) Energy diagram of a Ge NC/P3HTyeitasolar cell (bulk values used for
Ge) and (b) I-V characteristics for two devices smugad in the dark and under AM 1.5
illumination.
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ITO

PDOT:PSS
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Si NCs

Figure 8-6. (a) Energy diagram of a Si NC/P3HT ywlasolar cell (bulk values used for
Si) and (b) I-V characteristics for a device meadum the dark and under AM 1.5
illumination.

Ge NC/Si NC bilayer devicesA few devices were fabricated using bilayers of
impacted Ge and Si NCs. Devices were made wittsti¢Cs on top of the Ge NCs, and
with the reverse arrangement. Unfortunately, bdthithe devices with Ge NC films
deposited first (on the ITO) shorted, perhaps aueinholes in the films. The reverse
arrangement, in which the Si NC film is depositesitfis less sensible from an energetic
perspective since electrons and holes are usualligcted at the Al and ITO electrodes,
respectively, and the Si NC film should act asdleetron acceptor (Fig. 8-7a). However,
these devices exhibitad,. = 0.2 V andsc. = 0.01 mA crif and had an incident photon-to-
current conversion efficiency (IPCE) spectrum samtb the expected absorption from Si
and Ge NC films (Figs. 8-7c and d). The devicesfioned better as photodetectors than
photovoltaic devices—Fig. 8.7e shows that the cinrethe device changed very rapidly
by over three orders of magnitude when a constiastwas applied and a AM 1.5 light

source was switched on or off.
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Figure 8-7. (a) Energy diagram of a Si NC/Ge N@ymt solar cell (bulk values used for
Si and Ge). (b) Cross sectional SEM image and graigpersive spectroscopy line scan
(green, red, and blue traces are for Ge, Si, andeSpectively), (c) I-V characteristic, (d)
IPCE spectrum, and (e) current vs. time under emndtias and changing illumination
for a device.

Ge NC/Si wafer junction devicesGermanium NC films were deposited oo
type Si wafers either by impaction or by spin-cogtirom DCB to form bilayer solar
cells. Because the wafers are heavily doped, thetipn should be one-sided—the space
charge width in the Si will be minimal while thedth in the (nominally) intrinsic Ge NC
film may well extend throughout the film. These &g are therefore more similar to
Schottky junctions than donor-acceptor excitoniaiscells. The initial motivation was to
form ap-n junction after annealing the films since our FEOdges indicate that Ge NC

films becomen-type after annealing at 200—400 °C.
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Aluminum, Au, and ITO (representing a wide rangemoirk functions) were all
tried as top contacts. The best results were dddainith ITO, although there was
significant sample-to-sample variation in the perfance. It is surprising that devices
with Al or Au comb electrodes worked as well asytdel, since only 50% of the incident
light reached the semiconductor layers and carhadsto diffuse several microns to be
collected at the front contact. Figure 8-8 displdyé characteristics for unannealed
devices with Al and ITO top electrodes. For the I@€vice,Voc = 0.25 V ands. = 3.9
mA cm?, a significant improvement over any previous desicControl devices without
Ge NC films did not exhibit photovoltaic behavior.

Interestingly, devices with Al contacts performedrge after annealing, witt,c
decreasing with temperature. Devices with ITO coistavere not annealed. Thin Ge NC
films resulted in better devices than thicker filihg decreases with thickness because
the unannealed Ge NC films are resistive), and lmst devices used Ge NC films
approximately 100 nm thick. The shapes of the Iharacteristics for all devices are
worrisome, with poor fill factors and a distinctvegsal in curvature. This can be seen
very clearly in the extreme case shown in Fig. &9&he intensity of the incident light is
varied. This “roll-over” effect has been observegdabhers for different material systems
(e.g., CdTe) and is attributed to a Schottky junttat one of the contacts that results in

back-to-back diodgs!
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Figure 8-8. |-V characteristics in the dark (bla@d under AM 1.5 illumination (red) for
as-deposited Ge NC/Si wafer bilayer solar cellshw#) Al comb and (b) ITO top
contacts.
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Figure 8-9. I-V characteristics showing roll-over (a) Ge NC/Si wafer and (b) CdTe
solar cells. Adapted frof!.

8.5 Conclusions

Several device structures employing Ge NC thimdilwere explored, including

Schottky junctions and bilayer heterojunctions WRBHT and Si. Many of the devices
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performed poorly, in part due to our inadequateeustanding of Ge NC/metal junctions.
The best devices, which were fabricated by impgctiin Ge NC films onto Si wafers
and sputtering ITO on top, hat. = 0.25 V ands. = 3.9 mA cnf. We expect 10Woc

from Ge NC solar due to the relatively small Gedgap, but 0.5 V or larger should be
possible. The current is limited by poor carriendoction in as-deposited films, but we

have yet to fabricate better devices using annddies.

8.6 Future work

Schottky barrier solar cells with 2.1% power comswan efficiency have been
reported using PbSe NC thin filrts even though these films have lower conductivities
and mobilities than annealed Ge NC films. Consetlyetiere is reason to believe that
Ge NC photovoltaics with modest efficiencies cancbeastructedf the interfaces are
understood. We suggest that detailed studies bedayut to characterize Ge NC/metal
junctions for a variety of metals before additiorsallar cells are constructed. The
junctions of symmetric metal/Ge NC/metal devicea ba characterized with I-V and
capacitance-voltage (C-V) measurements. |-V measemés yield information about
contact resistance (if various Ge NC thicknessesuaed), as well as barrier height and
diode ideality factor if the data is fit with a sttard diode model. Junction capacitance,
semiconductor doping concentration, and depletiathamcan be determined from C-V
measurements. After Ge NC/metal junctions have beeracterized for a range of
metals, bilayer heterojunctions using Ge NCs aaditional semiconductors (like Si)
should be considered again. Ultimately, Ge p{& homojunction are desired, but there
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are many questions to answer before these areabldi These include: Can Ge NC
films be controllably dopeg- and n-type with post-deposition surface treatments, or
must they be doped during synthesis? And, are thafficient free carriers in Ge NCs to
diffuse across a junction, or will there be an abrchange in chemical potential at the

interface?
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Appendix

A.1 Copyright permissions

Chapter 2 has been published in an American Itstdéi Physics (AIP) journal.
The AIP copyright policy states that the authorsman “the nonexclusive right, after
publication by AIP, to give permission to third f@s to republish print versions of the
Article or a translation thereof, or excerpts tlfiene, without obtaining permission from
AIP, provided the AlP-prepared version is not ugadthis purpose, the Article is not
published in another journal, and the third paidesinot charge a fee. All copies of the
Article made under any of the Author Rights shadlliide notice of the AIP copyright.”

Chapters 3 and 5 have been published in Americaam@ial Society (ACS)
journals. The ACS copyright policy states that “A@®tends blanket permission to

students to include in their theses and dissenstibeir own articles, or portions thereof,
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that have been published in ACS journals or sulechitb ACS journals for publication,

provided that the ACS copyright credit line is ribten the appropriate page(s).”

A.2 Processing recipes

Thin silicon shadow masks.The following recipe describes the fabrication of
shadow masks with feature sizes as small as 20 pderftom thin silicon wafers. The
recipe requires a 50 mm diameter “mask” wafer thdts0 um or thinner and a standard
100 mm “carrier” wafer to which the mask wafer wié glued during patterning and
etching.

1. Clean and pre-bake mask and carrier wafer.

2. Spin HMDS, then S1805 (3000 rpm, 30 secs) ontaeramafer and immediately
place mask wafer onto tacky carrier wafer, aligmmagjor flats. Press down.

3. Soft bake for 10 mins.

4. Bake in oven for 30 mins at 130 C.

5. Spin HMDS, then SPR-220-7 (3000 rpm, 30 sec) ordekmvafer (on carrier
wafer).

6. Bake at 115 C for 95 sec.

7. Expose for 25 secs at gap of 25 um (hard contact).

8. Develop in CD26 long enough that all photoresistisgbly removed from
patterned areas (~90 secs).

9. Hard bake 3 mins.

10. Etch for 75 mins (Bosch recipe) in deep trencheatcbr until through mask
wafer (use Fowler gauge to check).

11.Soak in acetone overnight to separate wafers. May o heat or sonicate.

Lift-off for depositing metal electrodes. The following recipe describes the
fabrication of patterned metal electrodes on eithass or Si wafers. Features as small as

5 um are achievable. The wafer is patterned witfoff resist (LOR) and positive resist,

204



metal is deposited over the entire wafer, and ésest is removed leaving metal only in

the areas where the wafer was exposed.

©CoNo~wNE

Clean and dry wafer.

Pre-bake (2 mins for Si, 5 mins for glass) above CO

Spin LOR 3A @ 5000 rpm for 40 secs.

Soft-bake (2 mins for Si, 5 mins for glass) @ 190 C

Spin S1813 @ 5000 rpm for 40 secs.

Soft-bake (2 mins for Si or glass) @ 115 C.

Expose for 4 secs using hard contact.

Develop in CD-26 for 45 secs. Rinse and dry. #eatshould be clear.
Bake (2 mins for Si, 5 mins for glass) @ 125 C.

10 Develop in CD-26 for 15 secs to remove LOR. Riasé dry.
11.Evaporate metal.
12.Soak in 1165 Stripper overnight. Sonicate if neasss

Preparation of FET substrates. Field-effect transistors (FETs) are made by

depositing NC films onto heavily doped Si wafershwan oxide layer on the front and a

Au contact on the back, and then depositing soancedrain electrodes. Silicon wafers

with 300 nm thermal oxide on both sides can berediédrom SVM. The oxide on the

back of the wafer must be removed and replaced avifu contact as described in this

recipe to fabricate FET substrates.

©CoNo~wWNE

Clean and dry wafer.

Pre-bake 2 mins above 100 C.

Spin S1818 @ 3000 rpm for 40 secs on front of wafer
Soft-bake 3 mins @ 120 C.

Repeat 3 and 4 to have a thick protective layer teat of wafer.
Etch wafer in BOE for 8 mins (51 nm/min etch raie $i0,).
Rinse and dry.

Evaporate 15 nm Al or Cr followed by 75 nm An backof wafer.
Soak in acetone overnight to remove resist.

10 Rinse and dry.
11.Anneal in RTA at 550 C for 5 mins inoHN, to reduce barrier height to p-type Si.

Don’t anneal for n-type Si.
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