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This thesis presents investigations of semiconductor nanocrystals doped with impurity ions, 

excess charge carriers, or both. The introduction of excess charge carriers into colloidal 

semiconductor nanocrystals constitutes a longstanding challenge in the development of 

nanocrystal building blocks for various technologies including solar cells, photovoltaic devices 

and electroluminescent devices. Chapter 1 discusses methods for electronic doping in 

semiconductor nanocrystals, focusing on photodoping and aliovent doping strategies. Of the 

various successful strategies for electronic doping, photodoping is particularly useful as a post-

synthetic method for reversible and quantifiable tuning of carrier density. Alternatively, 

aliovalently doped nanocrystals are attractive due to the great stability of charge carriers.  

Chapter 2 presents a comparative study of conduction-band electrons in colloidal ZnO 

nanocrystals added via photodoping or aliovalent doping. The studies show that, although they 

have very similar spectroscopic properties, the reactivites of the electrons are vastly different, 

owing to the relative mobilities of their charge-compensating cations. Chapters 3, 4 and 5 present 



investigations of the ability to add excess electrons to a variety of systems via photodoping. The 

study in Chapter 3 shows that the maximum number of elecrons that may be added 

photochemically is dependent on the nanocrystal volume, such that all nanocrystals may be 

photodoped to the same electron density. Furthermore, the identities of the sacrifical reductant 

and the charge-compensating cation determine the maximum photodoping density. For the first 

time, alkyl borohydrides were used as sacrificial reductants to photodope ZnO, leading to much 

larger carrier densities than previously observed. These findings informed the first demonstration 

of photodoping in CdE (E= S, Se, Te) nanocrystals, presented in Chapter 4. Chapter 5 presents a 

combination of photodoping and aliovalent doping in In2O3 nanocrystals to investigate the redox 

chemistries in In2O3 and ITO nanocrystals. The study shows that all nanocrystals have the same 

Fermi level, and  Sn4+ stabilizes that conduction band to allow accumulation of excess 

delocalized electrons. Moreover, regardless of Sn4+ doping and therefore of initial carrier 

density, all nanocrystals have the same number of electrons that may be added photochemically. 

These results, in conjunction with those presented in Chapters 3 and 4, suggest maximum 

photodoping density is thermodynamically limited, and is not an intrinsic property of the 

nanocrystal, nor a result of competition between productive hole-quenching and non-productive 

Auger recombination in the photoexcited nanocrystals.  

The ability to reversibly tune the carrier densities in colloidal semiconductor nanocrystals via 

photodoping allows new photophsyical investigations of electronically doped systems. Chapters 

5 and 6 use photodoping to investigate the properties of plasmon resonances in ZnO and In2O3 

nanocrystals. Chapter 5 shows that the plasmon energy is affected by both carrier density and 

Sn4+ doping. Chapter 6 shows that plasmons in ZnO nanocrystals are subject to quantum 

confinement and therefore may not be understood with a classical Drude picture. 



The large magnetic exchange interaction between charge carriers and magnetic dopants make 

diluted magnetic semiconductors (DMSs) particularly attractive for spin-based information 

processing. Chapter 7 uses pulsed electron paramagnetic resonance (pEPR) spectroscopy to 

investigate the affect of excess electrons on the Mn2+ spin dynamics in doped ZnO nancorystals, 

showing that Mn2+ spin relaxation is greatly accelerated by the presence of even one conduction-

band electron. Chapter 8 uses pEPR to investigate the intrinsic spin dynamics of Mn2+ in a 

variety of II-VI colloidal semiconductor nanocrystals. Finally, Chapter 9 shows the ability to 

tune the effective g value in DMSs at low fields using temperature.    
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Chapter 1 
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Introduction 
 

1.1 Introduction to electronically doped colloidal semiconductor nanocrystals 

Semiconductors that are capable of supporting band-like charge-carriers are amongst the 

most vital materials for current and future technological advancement of solar cell, photovoltaic, 

transistor, photodetector, electroluminescent and plasmonic technologies. A relatively recent 

class of semiconducting materials, colloidal semiconductor nanocrystals, offers the additional 

advantages of scalable solution-processing and size-tunable quantum properties. The 

introduction of excess charge carriers to colloidal semiconductor nanocrystals is often 

challenging, however, due to the relatively large surface area, which provides a myriad of 

possible localized charge states. For example, in aliovalently doped nanocrystals such as Al3+-

doped ZnO (AZO) or Sn4+-doped In2O3 (ITO), only a small fraction of the dopants are 

compensated by excess band-like electrons, while the majority are compensated by localized 

charges arising from surface nonstoichiometries or even ligands.1-4 In some cases such localized 

states on the surface or in the nanocrystal solution may serve to limit the number of charge 

carriers that may be added by pinning the Fermi level.5 In many chalcogenide colloidal 

semiconductor nanocrystals such as CdSe or CdS, the introduction of a large number of excess 

carriers may be difficult due to the abundance of localized trap states.6 A wide variety of 

successful strategies have been employed for electronic doping of semiconductor nanocrystals. 

include remote chemical doping7-15 photodoping,4,6,8,16-20 electrochemical oxidation or 

reduction,13,20-27 and aliovalent1,3,28-40 or vacancy41-46 defect doping. This thesis will focus largely 

on those added photochemically. As discussed in Chapter 2, regardless of how excess carriers are 

added, they have analogous spectroscopic properties.3 This section will discuss the spectroscopic 
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signatures required to conclusively detrmine the existence of band-like charge carriers in 

semiconductor nanocrystals, as well as highlight the advances in electronic doping of colloidal 

semiconductor nanocrystals. 

1.1.1 Spectroscopic signatures of band-like charge carriers in semiconductors. To 

understand the spectroscopic signatures of electronic doping it is first necessary to clarify the 

requirements to classify a semiconductor nanocrystal as carrier-doped. Analogous to bulk 

semiconductor physics, n- or p-doping is defined here as the addition of delocalized electrons or 

holes to the conduction or valence bands, respectively. This requires the Fermi level (EF) to be 

raised or lowered enough such that the conduction or valence bands may be thermally populated 

with electrons or holes47 (Scheme 1.1). Mathematically, this doping regime is defined by 

equation 1.1, where Ne is the free-carrier density. For an intrinsic semiconductor, where EF is in 

the middle of the bandgap, raising or lowering EF slightly results in no change of Ne. It is only 

when EF is near or above the conduction band that raising it changes Ne.  

 

 
Scheme 1.1. Schematic representations of carrier-doping in semiconductor 

nanocrystals. An intrinsic semiconductor nanocrystal has its Fermi level (EF) in 

the middle of the band gap. When EF resides near or above the conduction-band 

(CB) edge, excess band-like electrons are introduced and the nanocrystal becomes 

n-type. A similar diagram applies for p-doping.  
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The addition of excess charge carriers has two primary concomitant spectroscopic signatures 

that can be used to monitor n- or p-doping: Bleach of the band-edge absorption and appearance 

of new intraband absorption. Figure 1.1 illustrates these signatures for the case of photochemical 

electronic doping of colloidal CdSe nanocrystals (discussed in detail in Chapter 4). For Figure 

1.1, d = 3.8 nm CdSe nanocrystals were doped with an average ( en ) of 0–1 electrons per 

nanocrystal. Increased electron accumulation is indicated by the arrows. The addition of one 

conduction-band electron to a nanocrystal places EF above the conduction band edge 

(Scheme1.1). With added electrons, a simultaneous bleach of the exciton absorption and 

appearance of new IR absorption is clearly observed (top). The lower panel plots the absorption 

difference (A = Adoped − Aundoped) at <ne> = 1. When <ne> = 1 is reached, the exciton absorption 

is 50% bleached,15 corresponding to a 50% filling at the conduction-band edge. This is illustrated 

schematically by the inset. In an undoped nanocrystal (left) band-edge absorption is fully 

allowed. Addition of conduction-band electrons blocks the band-edge transition, leading to a 

bleach (middle). These conduction-band electrons can be excited to higher conduction-band 

levels, leading to new IR absorption. In many cases, the bleach and the IR absorption are 

increased even further by the accumulation of multiple electrons in the conduction band. 
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Figure 1.1. Spectroscopic signatures of excess band-like charge carriers. The 

addition of conduction-band electrons to CdSe nanocrystals leads to a bleach in 

the band-edge absorption and a new intraband absorption. The top panel plots the 

visible and IR absorption with various amounts of electrons. Arrows show 

increased electron accumulation from <ne> = 0‒1. The bottom panel plots the 

absorption difference (A = Adoped − Aundoped) at <ne> = 1. The inset shows a 

schematic representation of the mechanism for these spectroscopic signatures. In 

undoped CdSe nanocrystals, band-gap absorption is fully allowed. As the 

conduction-band edge is filled, this transition is blocked, leading to a bleach. The 

conduction-band electrons undergo a new intraband transition. Adapted from ref. 

6. 

 

 

 

1.1.2 Photodoping of colloidal semiconductor nanocrystals. Photodoping offers distinct 

advantages over other methods of electronic doping because it may be done post-synthetically, is 

completely tunable and reversible and requires oxidants or reductants that are less harsh than 

those required for direct chemical oxidation or reduction. Studies presented in this thesis will 

focus on photochemical addition to of excess conduction-band electrons, illustrated 

schematically in Scheme 1.2. Above band-gap illumination of semiconductor nanocrystals 
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excites an electron across the band gap and, in the presence of a sacrificial reductant, or hole 

quencher, (ZQ), the photogenerated valence-band hole may be irreversibly reduced. This 

chemistry deposits conduction-band electrons and charge-compensating cations (Z+) on the 

nanocrystals. In many cases, extended illumination leads to accumulation of multiple 

conduction-band electrons per nanocrystal (Scheme 1.2). This type of electronic doping has been 

demonstrated in a variety of systems,4,6,8,16-20,48,49 and the maximum number of accumulated 

electrons varies depending on the identities of the semiconductor and the sacrificial reductant.18 

To date, photodoping has been used exclusively for the introduction of excess electrons. It 

should, in principle, also be a viable hole-doping mechanism, given an appropriate sacrificial 

oxidant. 

 
Scheme 1.2. Photochemical reduction of semiconductor nanocrystals. Above 

band-gap illumination promotes an electron to the conduction band (CB), leaving 

behind a valence-band (VB) hole. Under anaerobic conditions and in the presence 

of a hole quencher (ZQ), this hole may be rapidly quenched, leaving a 

conduction-band electron. The hole quencher deposits a cation to compensate the 

stranded electron. Extended illumination allows for the accumulation of multiple 

conduction-band electrons. 

 

 

 

Upon exposure to air or other oxidants, photodoped electrons can be removed and the 

nanocrystals returned to their original oxidation state. This chemistry allows excess conduction-

band electrons to be quantified via chemical titration with a mild oxidant, another distinct 

advantage of photochemically reduced nanocrystals. The ability to directly count the number of 

electrons added via photodoping is central to understanding the limitations to photochemical 

reduction and to evaluating the photophysical processes in these reduced systems.  
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A large portion of this thesis will focus on advances in the understanding of the photodoping 

process and on the photophysical process that can be investigated in doped semiconductor 

nanocrystals. Chapter 2 discusses the comparison of both reactivities and spectroscopic features 

of electrons added photochemically and those added by aliovalent doping. Chapters 3‒5 discuss 

the factors that govern the ability to photodope including the identity of the hole quencher and 

the host nanocrystal. These studies suggest a thermodynamic limit to the number of electrons 

that may be added photochemically. Chapters 6 and 7 will present some of the photophysical 

process that may be investigated because of photodoping. First, in Chapter 6, the ability to tune 

and independently count excess electrons allows investigation of the plasmonic properties in 

ZnO nanocrystals. Second, in Chapter 7, the addition of excess electrons is used to study the spin 

interactions between magnetic dopants and excess carriers in Zn1−xMnxO nanocrystals.  

1.1.3 Aliovalent or vacancy defect-doping in colloidal semiconductor nanocrystals. Recent 

advances in colloidal nanocrystal synthesis have led to a wide variety of nanocrystals that are 

electronically doped due to the purposeful introduction of defects. In these cases, aliovalent 

dopants1,3,28-40 or vacancies41-46 are used to generate charge carriers. This strategy is important 

because it has the advantage of often generating to very stable n- or p-type semiconductor 

nanocrystals. Aliovalent dopants or vacancies have an associated positive or negative charge that 

must be compensated. In many cases, these charges are compensated by localized charges such 

as ligands or surface defects. In some cases, however, a percentage of defect charges are 

compensated by excess conduction-band electrons or valence-band holes, leading to electronic 

doping. For example, in ITO nanocrystals Sn4+ cations substitute at In3+ sites, leading to an extra 

positive charge for each Sn4+ dopant. Some of these charges are compensated by conduction-

band electrons. Although the exact chemical origin of these electrons is unclear, they must come 
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from oxidation of the nanocrystal precursors during synthesis. Figure 1.2a shows absorption 

spectra of colloidal In2O3 and ITO nanocrystals containing various amounts of Sn dopants.4 With 

increased Sn4+-doping, increased NIR absorption is clearly observed. Additionally, some 

bleaching of the band-edge absorption is apparent. These spectroscopic signatures are 

representative of the heavy n-type doping known to occur in ITO. 

 

 
Figure 1.2. Addition of conduction-band electrons to colloidal semiconductor 

nanocrystals via aliovalent doping. (a) Absorption spectra show loss of band-

edge absorption and increase in NIR absorption with increased Sn4+ 

incorporation. (b) Schematic representation of shift in the conduction band edge 

with added Sn4+. Stabilization of the conduction-band edge by Sn4+ below EF 

allows for electrons to accumulate in the conduction band. Adapted from ref. 4. 
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Although the recent synthetic advances have made defect-doped nanocrystals the most 

prevalent class of electronically doped colloidal semiconductor nanocrystals, the effects of 

impurity ions are not fully understood. For example, isovalent dopants such as Mg2+ and Cd2+ are 

known to affect the band energies of ZnO nanocrystals,50-52 but their effect on the intraband 

transitions in reduced ZnO nanocrystals has not been explored. In aliovalently doped 

nanocrystals, it is difficult to isolate the influence of impurity ions from those off added carriers, 

making their effects even more complicated to investigate. Chapter 5 uses a combination of 

photodoping and aliovalent doping in In2O3 nanocrystals to separate the effects of excess 

electrons and added Sn4+ dopants on the plasmon resonances in doped semiconductor 

nanocrystals. 

 

1.2 Introduction to magnetically doped semiconductor nanocrystals 

Magnetically doped semiconductor nanocrystals are of great interest for the development of 

spin-based information technologies. Diluted magnetic semiconductors (DMSs) exhibit 

impressive magneto-optical phenomena owing to the strong exchange interactions between 

photogenerated charge carriers and localized dopants. Spintronics device structures, such as spin 

filters and spin light-emitting diodes, have taken advantage of these exchange interactions.53 

Although the mechanism of this interactions is well-understood, its effect on spin dynamics in 

DMSs is less clear. In Chapter 7, pulsed electron paramagnetic resonance spectroscopy (pEPR) 

is used to investigate the spin dynamics of Mn2+ dopants in the presence of stable conduction-

band electrons in Zn1−xMnxO nanocrystals. The study suggests that the presence of excess 

electrons introduces new relaxation pathways in for the Mn2+ dopant spins. Chapter 8 uses pEPR 

to study the Mn2+ spins in the absence of excess electrons. It is demonstrated that nuclear spins 
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from surrounding ligand and solvent molecules also play a significant role in the spin dynamics 

of magnetic dopants in DMSs. Finally, in Chapter 9, exchange interactions are investigated by 

magnetic circular dichroism spectroscopy. In this study, temperature is used to tune and invert 

the field-induced excitonic splitting. The results presented in Chapters 7‒9 have relevance for 

understanding the timescales and interaction strengths of spin dynamics in DMSs that may be 

useful for emerging spintronics technologies. 
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n-Type Al3+-Doped and 

Photochemically Reduced ZnO 

Nanocrystals 
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2.1 Overview 

The extra electrons in colloidal n-type ZnO nanocrystals formed by aliovalent doping and 

photochemical reduction are compared. Whereas the two are similar spectroscopically, they 

show very different electron-transfer reactivities, attributable to their different charge-

compensating cations (Al3+ versus H+). 

 

2.2 Introduction 

Semiconductors containing excess delocalized charge carriers (extra conduction-band 

electrons or valence-band holes) are of enormous technological importance. Such carriers are 

usually introduced by doping with shallow donor or acceptor impurities (n- or p-type, 

respectively). In contrast with bulk semiconductors, there has been relatively little success 

generating band-like charge carriers in colloidal semiconductor nanocrystals via aliovalent 

doping. Most n- or p-type colloidal semiconductor nanocrystals are instead prepared by remote 

doping1 and photochemical2-5 or electrochemical6-8 reduction. Aliovalent doping of colloidal 

semiconductor nanocrystals to yield band-like charge carriers remains a major obstacle to the 

preparation of nanocrystal-based devices for information processing, solar energy conversion, or 
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other technologies. 

Among colloidal II-VI, III-V, and IV-VI semiconductor nanocrystals, the doping chemistry 

of ZnO nanocrystals has proved to be particularly rich. Colloidal transition-metal-doped ZnO 

nanocrystals (Zn1−xTMxO) have been prepared across the entire series of 0 < x < 1.9 Colloidal n-

type ZnO nanocrystals containing additional conduction-band-like electrons have been prepared 

by photochemical,2-5,10-13 electrochemical,7 or chemical3 reduction. Most recently, colloidal Al3+-

doped ZnO (AZO) nanocrystals have been reported in which Al3+ acts as an ionized shallow 

donor.14 Electronic absorption spectroscopy shows excess band-like electrons in these AZO 

nanocrystals. From a practical standpoint, processable colloidal AZO nanocrystals may offer 

new low-cost routes to transparent-conducting-oxide device components. From a fundamental 

standpoint, these AZO nanocrystals provide a rare opportunity to study the properties of charge 

carriers introduced into colloidal semiconductor nanocrystals via aliovalent doping. Here, we use 

electron paramagnetic resonance (EPR) and electronic absorption spectroscopies along with 

chemical reactivity to compare the conduction-band-like electrons in colloidal AZO nanocrystals 

with those in photochemically reduced ZnO nanocrystals.  

 

2.3 Results and discussion 

Colloidal ZnO and AZO nanocrystals were synthesized following literature procedures.14,15 

Details may be found in Appendix A. Figure 2.1 shows representative TEM images of (a) 2.5% 

AZO and (b) undoped ZnO nanocrystals synthesized as described previously.14-16 The 

nanocrystals are not spherical but show facets that reflect the hexagonal ZnO crystal structure. 

Both sets of nanocrystals have an average radius of ~5 nm. Figure 2.1c shows room-temperature 

X-band EPR spectra of colloidal 1.8% (also ~5 nm) and 2.5% AZO nanocrystals. Resonances at 
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1.96g   are observed for both samples, consistent with shallow donor resonances in bulk ZnO.6 

Increasing the Al3+ concentration from 1.8 to 2.5% broadens the EPR signal, increases its g value 

from 1.962 to 1.966, and increases its intensity (determined by double integration). Aluminum is 

a shallow donor in bulk ZnO with a donor binding energy of ~50 meV.17,18 The EPR spectra in 

Figure 2.1c confirm that aluminum is also a shallow donor in these AZO nanocrystals. 

 

 
Figure 2.1. Physical and spectroscopic comparison of Al3+-doped ZnO and 

ZnO nanocrystals. TEM images of (a) 2.5% AZO and (b) ZnO nanocrystals. (c) 

EPR spectra of colloidal 1.8% (dashed black) and 2.5% (solid blue) AZO 

nanocrystals in 1:1 hexane/octane (18 M). (d) EPR spectra of as-prepared 

(dotted red), lightly photodoped (dashed black) and highly photodoped (solid 

blue) dodecylamine-capped ZnO nanocrystals in toluene (6 M). EPR spectra 

were collected at room-temperature. 

 

 

 

For comparison with the AZO nanocrystals, extra electrons were added to the ZnO 

nanocrystals via photochemical reduction (photodoping). UV irradiation in the presence of 

ethanol or other hole quenchers leaves behind conduction-band electrons (e−
CB) compensated by 

protons.2-5,10-13 These electrons are kinetically stable under rigorously anaerobic conditions.5 
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Longer UV irradiation leads to accumulation of multiple electrons.4,11,13 The EPR spectra of 

these nanocrystals at various levels of photochemical reduction are shown in Figure 2.1d. 

Consistent with previous results,11 increasing the number of e−
CB per ZnO nanocrystal leads to 

EPR line broadening, an increase in g value (from 1.962 to 1.965), and increased EPR intensity. 

Because these nanocrystals are too large to show size-dependent g values,12 these EPR changes 

can be attributed solely to the addition of multiple electrons, and not to size heterogeneity. EPR 

spectroscopy is thus sensitive to the number of e−
CB per nanocrystal. 

ZnO nanocrystal reduction is accompanied by a blue shift of the band-gap absorption edge 

and growth of an intense electronic absorption band in the IR.3,5,11,13 Figure 2.2 compares the 

absorption spectra of these AZO and ZnO nanocrystals. All show increased NIR absorption and 

blue-shifted band-edge absorption relative to the undoped ZnO nanocrystals. The NIR 

absorbance increases as more electrons are added photochemically or more Al3+ is incorporated. 

Overall, by EPR and electronic absorption spectroscopies, these AZO and photodoped ZnO 

nanocrystals are essentially indistinguishable.  
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Figure 2.2. Comparison of Al3+-doped ZnO and ZnO nanocrystals by 

electronic absorption. (a) 1.8% (dashed black) and 2.5% (solid blue) AZO 

nanocrystals in 1:1 hexane/octane (18 M). (b) As-prepared (dotted red), partially 

photodoped (dashed black), and highly photodoped (solid blue) ZnO nanocrystals 

in toluene (6 M). 

 

 

 

In photodoped ZnO nanocrystals, the number of e−
CB per nanocrystal can be quantified by 

anaerobic titration with an appropriate oxidant (See Appendix B for details).4,11,13,19 Here, 

titration was performed with [FeCp*2][BArF].13 Figure 2.3a shows NIR absorption spectra of 

ZnO nanocrystals before photodoping, after maximum photodoping, and following anaerobic 

addition of increasing amounts of [FeCp*2][BArF]. The inset plots the 1550 nm NIR absorbance 

of the ZnO nanocrystals versus added [FeCp*2][BArF]. The [FeCp*2]
+ concentration at which the 

NIR absorbance returns to that of the as-prepared nanocrystals provides the average number of 

e−
CB per nanocrystal. By this method, the maximally photodoped ZnO nanocrystals were 

determined to contain an average of ~48 e−
CB per nanocrystal, and the highly photodoped ZnO 

nanocrystals of Figures 2.1 and 2.2 were determined to contain an average of ~32 e−
CB per 

nanocrystal. Although at first 48 e−
CB per nanocrystal appears anomalously large relative to 
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previous reports, 4,11,13 it actually corresponds to a slightly smaller electron density (9.2 × 1019 

cm−3 versus 1.1 × 1020 cm−3 for r = 2.3 nm nanocrystals [Ref. 11], 1.3 × 1020 cm−3 for r = 1.95 

nm nanocrystals [Ref. 13], and 1.5 × 1020 cm−3 for r = 2.5 nm nanocrystals [Ref. 4]). As 

discussed in Chapter 5, this high number of conduction-band electrons in photodoped ZnO 

nanocrystals is due to the large volume of the nanocrystals.19 

 

 
Figure 2.3. Oxidative stabilities of AZO versus photodoped ZnO 

nanocrystals. Electronic absorption spectra of (a) photodoped ZnO and (b) 5.4% 

AZO nanocrystals before (solid blue) and after anaerobic mixing with various 

amounts of [FeCp*2]
+. The insets plot the NIR absorption at 1550 nm versus 

added [FeCp*2]
+ (black circles). The inset in (b) also plots the absorption at 782 

nm (×3), corresponding to [FeCp*2]
+ (green triangles). Both sets of nanocrystals 

are capped with dodecylamine and suspended in 1:1 toluene/THF. 

 

 

 

The number of electrons per AZO nanocrystal cannot be determined by the same method due 

to the greater stability of AZO against oxidation (vide infra), but can be estimated from EPR and 

absorption spectroscopies. The very similar EPR and absorption spectra of the highly 

photodoped ZnO and 2.5% AZO nanocrystals in Figures 2.1 and 2.2 suggest these two samples 

contain similar numbers of conduction-band electrons (~30 e−
CB per nanocrystal). The NIR 

absorbance of the 1.8% AZO nanocrystals is ~5 times smaller, suggesting they have ~6 e−
CB per 

nanocrystal. Although these numbers are approximate, there are clearly far fewer conduction-

band electrons than Al3+ ions per nanocrystal. At r = 5 nm, the average AZO nanocrystal 
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contains a total of ~22000 cations and approximately 400 or 550 Al3+ ions (for 1.8 or 2.5% Al3+, 

respectively). Evidently, roughly 95% of the Al3+ ions in these AZO nanocrystals are not 

compensated by conduction-band electrons. Similar ratios have been reported for Sn4+-doped 

In2O3 (ITO) nanocrystals.20,21 We note that many Al3+ ions are at or near the nanocrystal 

surfaces, where charge compensation by other means may be favored. This observation 

highlights a major general challenge confronting aliovalent doping of colloidal semiconductor 

nanocrystals: most dopants will reside near the surface, where charge compensation can be 

achieved by changes in surface ion or ligand stoichiometry without introducing band-like charge 

carriers. 

Despite their spectroscopic similarities, the AZO and photochemically reduced ZnO 

nanocrystals possess very different chemical reactivities. Specifically, the AZO nanocrystals are 

completely stable against oxidation by air, in stark contrast with the rapid oxidation of the 

photochemically reduced nanocrystals in air.2-5,10-13 To illustrate this distinction, the reactivities 

of AZO and photodoped ZnO nanocrystals toward various stoichiometric oxidants were 

examined. Figure 2.3b shows NIR absorption spectra of 5.4% AZO nanocrystals obtained upon 

[FeCp*2]
+ titration under identical conditions as described above. As anticipated from the 

aerobic stability of these AZO nanocrystals, [FeCp*2]
+ addition does not diminish the AZO NIR 

absorption. Instead, only growth of [FeCp*2]
+ absorption at ~725 nm is observed (Figures 2.3b 

inset and C.1), indicating coexistence of AZO electrons and [FeCp*2]
+ in solution, i.e., electrons 

are not transferred from the AZO nanocrystals to [FeCp*2]
+. Similarly, photochemically 

photodoped ZnO nanocrystals rapidly reduce methylene blue (MB+), whereas no reaction is 

detected between AZO nanocrystals and MB+ (Figure C.2). 

The different reactivities of the AZO and photodoped ZnO nanocrystals reflect different free-
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energy changes for oxidation of these two-electron donors. We hypothesize that this difference is 

not due to a particular stability of electrons in AZO nanocrystals but rather to the formation of 

high-energy products upon electron transfer from these nanocrystals. A critical difference 

between AZO and photochemically reduced ZnO nanocrystals is the source of electron charge 

compensation. In the former, the electron is compensated by a lattice-bound Al3+ ion, whereas in 

the latter it is compensated by a proton either at the surface or within the lattice.4,13,22 Removing 

the electron from an AZO nanocrystal strands a lattice-bound Al3+ without local compensation, 

resulting in a high-energy configuration (Scheme 2.1, left). In contrast, electron transfer from a 

photochemically reduced ZnO nanocrystal can be accompanied by proton stabilization. For 

example, proton stabilization may occur due to proton-coupled electron transfer13 (e.g., in the 

reactions with O2 and MB+), as illustrated in Scheme 2.1, right, or via short-range electrostatic 

stabilization by anionic surface ligands, counter ions, or dipoles (e.g., in the outer-sphere 

electron-transfer reaction with [FeCp*2][BArF]). The reactivity difference between AZO and 

photodoped ZnO nanocrystals is thus ultimately attributable to their different charge-

compensating cations (H+ versus Al3+). 
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Scheme 2.1. Oxidative stabilities of AZO versus ZnO nanocrystals. Left: 

Electron transfer from an AZO nanocrystal to an acceptor (A) strands an 

uncompensated Al3+ ion and is not thermodynamically favorable. Right: Electron 

transfer from a photochemically reduced ZnO nanocrystal can be accompanied by 

proton transfer to the acceptor (depicted) or other local proton charge stabilization 

(not depicted), and is thermodynamically favorable. The relative free energies are 

for illustrative purposes only and are not to scale. 

 

 

 

2.4 Summary and conclusions 

In summary, AZO and photochemically reduced ZnO nanocrystals are essentially 

indistinguishable when examined spectroscopically, yet display qualitatively different chemical 

reactivities. The electrostatic interaction between lattice-bound Al3+ and e−
CB appears to lend 

oxidative stability to AZO nanocrystals that is not found in photodoped ZnO nanocrystals, where 

charge compensation involves protons. This comparison provides general insights into the 

challenge of generating and stabilizing extra charge carriers in colloidal semiconductor 

nanocrystals, with implications extending to other colloidal nanocrystals of interest for potential 

device applications or as tunable chemical redox agents.  

 

2.5 Experimental methods 

ZnO and Al3+-doped ZnO nanocrystal synthesis and general characterization are described in 

Appendix A. Photodoping and titration methods are described in Appendix B.  EPR spectra were 
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collected using a Bruker E580 X-band spectrometer with a SHQE resonator operating at 9.8 

GHz. The g values were measured in reference to DPPH (g = 2.0036). 
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Chapter 3 
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Controlling Carrier Densities in Photochemically Reduced Colloidal 

ZnO Nanocrystals: Size Dependence and Role of the Hole Quencher 

 

Adapted from: Schimpf, A. M.; Gunthardt, C. E; Rinehart, J. D.; Gamelin, D. R.  J. Am. Chem. 

Soc. 2013, 135, 16569. 
 

 

 

3.1 Overview 

Photodoped colloidal ZnO nanocrystals are model systems for understanding the generation 

and physical or chemical properties of excess delocalized charge carriers in semiconductor 

nanocrystals. Typically, ZnO photodoping is achieved using EtOH as a sacrificial reductant. 

Curiously, different studies have reported over an order of magnitude spread in the maximum 

number of conduction-band electrons that can be accumulated by photochemical oxidation of 

EtOH. Here, we demonstrate that this apparent discrepancy results from a strong size 

dependence of the average maximum number of excess electrons per nanocrystal, <nmax>. We 

demonstrate that <nmax> increases in proportion to nanocrystal volume, such that the maximum 

carrier density remains constant for all nanocrystal sizes. <nmax> is found to be largely 

insensitive to precise experimental conditions such as solvent, ligands, protons or other cations, 

photolysis conditions, and nanocrystal or EtOH concentrations. These results reconcile the broad 

range of literature results obtained with EtOH as the hole quencher. Furthermore, we 
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demonstrate that <nmax> depends on the identity of the hole quencher, and is thus not an intrinsic 

property of the multiply reduced ZnO nanocrystals themselves. Using a series of substituted 

borohydride hole quenchers, we show that it is possible to increase the nanocrystal carrier 

densities over fourfold relative to previous photodoping reports. When excess lithium and 

potassium triethylborohydrides are used in the photodoping, formation of Zn0 is observed. The 

relationship between metallic Zn0 formation and ZnO surface electron traps is discussed. 

 

3.2 Introduction 

The introduction of extra charge carriers into free-standing colloidal semiconductor 

nanocrystals constitutes a long-standing challenge in the development of nanocrystal building 

blocks for quantum dot solar cells, transistors, photodetectors, and electroluminescent devices. 

Successful strategies for introducing extra band-like charge carriers into colloidal semiconductor 

nanocrystals have included remote doping,1,2 defect- or vacancy-induced doping,3,4 

photochemical2,5-10 or electrochemical reduction,7,11-13 and aliovalent doping.10,14-16 Among free-

standing colloidal nanocrystals, the extra electrons of reduced colloidal ZnO nanocrystals are 

arguably the most extensively investigated.1,2,5-10,17 Most commonly, these electrons have been 

generated by photochemical oxidation of EtOH,5,6,8-10,17 as described by equation 3.1.18-20 UV 

illumination of ZnO nanocrystals excites an electron across the band gap and, in the presence of 

EtOH or other hole quenchers (ZQ), the photogenerated valence-band hole (h+
VB) can be 

captured irreversibly. This chemistry deposits conduction-band electrons (e−
CB) and charge-

compensating protons or other cations (Z+). Remarkably, extended UV irradiation leads to 

accumulation of multiple conduction-band electrons per colloidal ZnO nanocrystal (Scheme 

3.1).6,9 Under rigorously anaerobic conditions, these extra electrons are stable indefinitely, 
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allowing their handling and detailed investigation by physical and chemical techniques.8,9 Upon 

exposure to air or other oxidants, these electrons can be removed and the ZnO nanocrystals 

returned to their original oxidation state. Such chemistry thus offers a post-synthetic method of 

tuning nanocrystal carrier densities that has proven attractive for numerous physical and 

chemical investigations.8-10,17,21-27 

 

     e−
CB,h+

VB:ZnO + CH3CH2OH  2e−
CB:ZnO + 2H+ + CH3CHO                      (3.1) 

 

 
Scheme 3.1. Photochemical reduction of ZnO nanocrystals. UV illumination 

promotes an electron to the conduction band (CB), leaving behind a valence-band 

(VB) hole. Under anaerobic conditions and in the presence of a hole quencher 

(ZQ), this hole may be rapidly quenched, leaving a conduction-band electron. The 

hole quencher deposits a cation to compensate the stranded electron. Extended 

UV exposure allows for the accumulation of multiple conduction-band electrons. 

 

 

 

Recently, it was demonstrated that photochemical accumulation of multiple conduction-band 

electrons is made possible by the fact that hole quenching with EtOH is markedly faster than 

Auger recombination of the charged exciton.26 Although this observation explains how more 

than one electron may be injected photochemically, salient questions remain pertaining to the 

level of electron doping that can be achieved by this method. Previous studies have reported 

disparate values for the maximum number of electrons per nanocrystal (denoted <nmax> when 

averaged over the ensemble) that can be added to colloidal ZnO nanocrystals via photochemical 

oxidation of EtOH. Titrations have shown <nmax> = 4 (ref. 17), 6 (ref. 9), 10 (ref. 6), and 48 (ref. 

10) electrons per ZnO nanocrystal. The cause of this large spread in experimental <nmax> values 
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has not been examined or clarified. Furthermore, the role of the hole quencher in determining 

<nmax> has not been examined. 

 Here, we present a systematic investigation of the maximum number of electrons that can be 

added to ZnO nanocrystals via photochemical oxidation of EtOH. We demonstrate that <nmax> 

varies strongly with nanocrystal radius (r) in a well-behaved fashion, covering nearly two orders 

of magnitude in <nmax> with only a factor of four variation in r. Specifically, <nmax> is found to 

scale with nanocrystal volume, yielding nearly constant maximum electron densities over all 

nanocrystal radii. For photodoping using EtOH, <nmax> is largely independent of solvent, 

surface-capping ligands, photoexcitation rates, and other experimental variations. We further 

demonstrate that for a given nanocrystal size, <nmax> is not intrinsic to the nanocrystal but 

depends on the specific hole quencher used. We introduce the use of lithium and potassium 

triethylborohydrides as particularly effective hole quenchers for photodoping ZnO nanocrystals, 

and demonstrate systematic trends in <nmax> that relate to the properties of these hole quenchers. 

Comparison of these hole quenchers with tetrabutylammonium triethylborohydride reveals that 

the cations can also play an important role in determining <nmax>. These results improve upon 

existing methods for photodoping ZnO nanocrystals, and shed light onto the fundamental factors 

governing this nanocrystal photodoping. Ultimately, this knowledge may contribute to the 

development of new routes to functionalization of colloidal semiconductor nanocrystals for a 

variety of chemical, optical, or technological applications. 

 

3.3 Results and analysis 

Figure 3.1 shows UV/vis, IR, and EPR spectra of colloidal r = 2.8 nm ZnO nanocrystals 

collected before and after various durations of UV exposure in the presence of EtOH. As 
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reported previously,2,9 electron accumulation is accompanied by a bleach of the band edge 

absorption (Figure 3.1a), corresponding to filling of the conduction band, and by growth of an 

intense absorption band in the IR (Figure 3.1b) attributable to intra-conduction-band transitions. 

With electron accumulation, the IR band increases in intensity and shifts to higher energy. The 

appearance of the EPR signal at g ≈ 1.96 (Figure 3.1c), and its dependence on nanocrystal 

radius,21 confirms that these extra electrons are delocalized in the conduction band. This 

photodoping is completely reversed upon exposure of the nanocrystals to air or other appropriate 

oxidants, returning the spectroscopic properties to their original values. 
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Figure 3.1. Spectroscopic signatures of photodoping in colloidal ZnO 

nanocrystals. Photochemical addition of conduction-band electrons leads to (a) a 

bleach in the UV absorption, (b) growth of IR absorption, and (c) appearance of a 

g ≈ 1.96 EPR signal. The arrows indicate increased UV irradiation time. The 

region of intense ligand and solvent C‒H stretches (~2800‒3100 cm−1) in panel 

(b) has been interpolated for clarity (dotted lines). Spectra are shown for ~10 M 

in 1:1 toluene/THF (absorption) and ~100 M in toluene (EPR) colloidal TOPO-

capped r = 2.8 nm ZnO nanocrystals. 

 

 

 

Photodoping experiments were performed on colloidal ZnO nanocrystals with average radii 

ranging from r = 1.75 to 6.15 nm using EtOH as the hole quencher. For each sample, <nmax> was 



31 

determined by titration against [FeCp*
2][BArF] (see Appendix B for photodoping and titration 

methods).10,17 Figure 3.2a presents a double-log plot of the resulting <nmax> values (blue squares) 

versus nanocrystal radius. The entire data set spans nearly two orders of magnitude in <nmax>, 

showing a strong and well-behaved dependence on nanocrystal radius. The present data agree 

remarkably well with data reported in previous studies of ZnO nanocrystals in which EtOH was 

the hole quencher (red circles).6,9,10,17 This data set includes nanocrystals with amine, 

TOPO/phosphonate, or acetate/hydroxide surface capping ligands that are suspended in toluene, 

toluene/THF, or EtOH solvents (Appendix D.1). Photolysis was performed at different 

nanocrystal concentrations with different excitation rates and in different laboratories. 

Nevertheless, all of these data fall on the same line in Figure 3.2a, indicating that <nmax> is not 

particularly sensitive to precise experimental conditions such as solvent, ligands, photolysis 

conditions, and nanocrystal or EtOH concentrations. The disparate literature values thus follow a 

rational and fundamentally meaningful trend. Fitting these data to a phenomenological power 

law expression (equation 3.2) yields the solid black line plotted in Figure 3.2a with a best fit 

exponential value of p = 2.8 ± 0.2. For comparison, the dashed line in Figure 3.2a shows the best 

fit obtained when fixing p = 3.0, demonstrating that <nmax> varies roughly in proportion to the 

nanocrystal volume. As a consequence of this size dependence, the average maximum electron 

density (<Nmax>) remains essentially constant across this entire set of samples. To illustrate this 

point, Figure 3.2b plots the data from Figure 3.2a as <Nmax> versus nanocrystal radius. All 

nanocrystals display similar maximum electron densities of <Nmax> ≈ 1–2 × 1020 cm−3. The 

dashed line represents the average value of <Nmax> over all sizes of nanocrystals, <<Nmax
EtOH>> 

= 1.4 ± 0.4 × 1020 cm−3. 
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         max   pn ar            (3.2) 

 

 
Figure 3.2. Size dependence of the maximum photodoping level in colloidal 

ZnO nanocrystals using EtOH as the hole quencher. (a) Average maximum 

number of electrons per nanocrystal (<nmax>) plotted versus nanocrystal radius on 

logarithmic scales. The solid blue squares are data points from the present study. 

The red open circles show literature data points, one each from refs. 6,9,10,17. The 

solid line represents the best fit to equation 3.2, which yields p = 2.8. The dashed 

line shows the best fit for p = 3.0. (b) The data from (a) plotted as the average 

maximum electron density (<Nmax>) versus nanocrystal radius on logarithmic 

scales. The dotted line is the maximum electron density averaged over all 

nanocrystal sizes (<<Nmax
EtOH>> = 1.4 ± 0.4 × 1020 cm−3).  

 

 

 

To date, the influence of the hole quencher on <nmax> in colloidal ZnO nanocrystals has not 

been explored. To investigate this variable, colloidal ZnO nanocrystals were photoexcited in the 
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presence of four additional hole quenchers, defined here as ZQ. These hole quenchers included 

two different anions (Q−): triethylborohydride and dimethylaminoborohydride ([Et3BH]− and 

[Me2NBH3]
−, respectively). For the [Et3BH]− anion, three different charge-compensating cations 

(Z+) were investigated: Li+, K+, and tetrabutylammonium ([Bu4N]+). Similar to EtOH, the 

hydrides successfully quench photogenerated holes and lead to electron accumulation in ZnO 

nanocrystals photoexcited under anaerobic conditions. For these hole quenchers, the net 

photochemical reactions are not yet known, but we speculate that they may be summarized as 

shown in equation 3.3, where Z+ represents Li+, K+, or [Bu4N]+. This representation assumes 

"current doubling" analogous to that reported for EtOH (equation 3.1),18,20 but current doubling 

with these hydride hole quenchers has not been confirmed. The results presented below do not 

rely on any assumptions about current doubling. 

 

                      e−
CB,h+

VB:ZnO + Z[Et3BH]  2e−
CB:ZnO + H+ + Z+ + BEt3                 (3.3a) 

               e−
CB,h+

VB:ZnO + Li[Me2NBH3]
  2e−

CB:ZnO + H+ + Li+ + Me2NBH2             (3.3b)   

 

Figure 3.3a shows IR absorption spectra of r = 2.8 nm nanocrystals after maximum 

photodoping in the presence of EtOH, Li[Et3BH], K[Et3BH], [Bu4N][Et3BH], or Li[Me2NBH3]. 

These experiments demonstrate that <nmax> can be markedly increased by changing the hole 

quencher. Figure 3.3b plots the <nmax> values obtained using the various hole quenchers as a 

function of nanocrystal radius (Appendix D.2). As with EtOH in Figure 3.2, <nmax> is a strong 

function of nanocrystal radius for each hole quencher, in every case changing roughly in 

proportion to the nanocrystal volume. For the hydrides, fits of these data to equation 3.2 all yield 

values of p close to 3 (Appendix D.3). The solid lines in Figure 3.3b show fits obtained with p 



34 

fixed to a value of 3.0. This fitting allows meaningful information to be extracted from the 

coefficient a: The ratio of aZQ
 to aEtOH represents the maximum photodoping achieveable with 

the various hydride hole quenchers, relative to EtOH. Multiplying this ratio by <<Nmax
EtOH>> 

thus yields <<Nmax
ZQ>>. The results of this fitting are summarized in Table 3.1. Floating p yields 

slightly different values but the same trend (Appendix D.3). 

 

 
Figure 3.3. Dependence of photodoping on the hole quencher. (a) IR 

absorption of colloidal r = 2.8 nm ZnO nanocrystals (TOPO-capped in 1:1 

toluene/THF) photodoped in the presence of EtOH (solid gray line), 

[Bu4N][Et3BH] (purple diamonds), Li[Me2NBH3] (dashed green line), K[Et3BH] 

(solid red line) and Li[Et3BH] (blue circles) hole quenchers. The region of intense 

ligand and solvent C‒H stretches (~2800‒3100 cm-1) has been interpolated for 

clarity (dotted lines). (b) Size dependence of <nmax> of ZnO nanocrystals 

photodoped using the hole quenchers from (a). The solid lines show fits to 

equation 3.2 in which p is fixed to 3.0.  
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Table 3.1. Summary of the size dependence of ZnO nanocrystal photodoping 

using various hole quenchers (ZQ). These parameters were obtained by fitting the 

data of Figure 3.3b to equation 3.2 with p fixed at 3.0. Here, aZQ is the scaling 

coefficient (proportional to <<Nmax>>) and aZQ/aEtOH represents the scaling 

coefficient relative to EtOH. The maximum photodoping was calculated as 

<<Nmax
ZQ>> = (aZQ/aEtOH) <<Nmax

EtOH>>, with <<Nmax
EtOH>> = 1.4 ± 0.4 × 1020 

cm−3. Typical errors in a are small (< ± 0.1), and all uncertainties in <<Nmax
ZQ>> 

are thus estimated to be within ~30% based on the uncertainty in <<Nmax
EtOH>>. 

 

ZQ a aZQ/aEtOH 

 
ZQ

maxN  

(1020 cm−3) 

EtOH 0.5 1 1.4 

[Bu4N][Et3BH] 0.7 1.4 2.0 

Li[Me2NBH3] 1.3 2.7 3.8 

K[Et3BH] 2.0 4.1 5.7 

Li[Et3BH] 2.1 4.4 6.1 

 

 

To test whether the high carrier densities achieved with some hydrides still involve 

delocalized electrons, EPR measurements were performed. Figure 3.4a shows the EPR spectra of 

colloidal r = 2.15 nm ZnO nanocrystals at various stages of UV irradiation in the presence of 

Li[Et3BH]. As with ZnO nanocrystals photodoped using EtOH (Figure 3.1c), increased UV 

irradiation causes an increase in g value and a broadening of the EPR signal.9 Figure 3.4b plots 

EPR spectra of the same ZnO nanocrystals photodoped to their maximum extent using EtOH or 

Li[Et3BH] as the hole quencher. Consistent with the absorption experiments, the higher g value 

and broader line width of the latter confirms that photodoping using Li[Et3BH] as the hole 

quencher yields higher densities of conduction-band electrons in colloidal ZnO nanocrystals. 
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Figure 3.4. EPR spectra of photodoped ZnO nanocrystals with different hole 

quenchers. (a) Spectra recorded at various stages of UV irradiation in the 

presence of Li[Et3BH]. (b) Comparison of the same nanocrystals photodoped to 

the maximum extent using EtOH (dotted black line) or Li[Et3BH] (solid purple 

line) as the hole quencher. Spectra are for colloidal r = 2.15 nm TOPO-capped 

ZnO nanocrystals in toluene. 

 

 

 

To gain further insight into the reactivity of the borohydride hole quenchers, electron 

accumulation kinetics were measured with various hole quenchers. Anaerobic solutions of r = 

2.8 nm ZnO nanocrystals were prepared in the presence of each hole quencher and exposed to 

UV illumination under identical conditions. Figure 3.5a plots the relative NIR absorption 

intensities (Aphotodoped − Aas-prepared at 1400 nm) as a function of UV irradiation time. For a given 

sample, these values are directly proportional to the average number of accumulated electrons 

per nanocrystal, <n>. In all cases, <n> increases rapidly before leveling off at <nmax>. A salient 

observation from these measurements is that photodoping with the hydride hole quenchers 

reaches <nmax> much more quickly than with EtOH, despite the fact that EtOH is added at 

concentrations ~40 times greater than the hydrides in these experiments. To test if the difference 
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in rates between the hydrides and EtOH may simply relate to the addition of cations such as Li+, 

parallel photodoping measurements were performed using EtOH with added Li[PF6]. The 

addition of Li[PF6] has only a minor effect on the ZnO photodoping kinetics and no effect on 

<nmax> (Figure 3.5a). Similarly, addition of the acid [H(Et2O)2][BArF] before or during 

photodoping has no effect on <nmax> (Appendix D.4). The difference between the hydrides and 

EtOH is also not linked to the absolute magnitude of <nmax>, because [Bu4N][Et3BH] and EtOH 

yield very similar <nmax> values even though photoreduction is much faster when using 

[Bu4N][Et3BH]. We note that both EtOH curves in Figure 3.5a show a small amount (~10%) of 

rapid photodoping within the first 30 sec, followed by slower photodoping over the course of 

many minutes. 
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Figure 3.5. Kinetics of photodoping ZnO with various hole quenchers. (a) 

Relative absorbance at 1400 nm of colloidal r = 2.8 nm ZnO nanocrystals 

(TOPO-capped in 1:1 toluene/THF) irradiated with UV light in the presence of 

EtOH (filled gray circles), [Bu4N][Et3BH] (open purple diamonds), Li[Me2NBH3] 

(open green triangles), K[Et3BH] (open red squares), Li[Et3BH] (open blue 

circles), and EtOH with added Li[PF6] (open orange triangles). All solutions had 

the same nanocrystal concentration (~5 M). The dashed lines show double 

exponential fits to the data. (b) Plot of R0
ZQ/R0

EtOH versus Amax
ZQ/Amax

EtOH for 

EtOH (closed symbols) and hydride (open symbols) hole quenchers. The dotted 

line is a linear fit to the hydride data. Hydride and Li[PF6] concentrations were 

~500 equivalents per nanocrystal, while EtOH concentrations were ~2 × 104 

equivalents per nanocrystal. 

 

 

 

To quantify the above observations, the data in Figure 3.5a were fit to a double exponential 

function (dotted lines) to extract initial photodoping rates (  0 0
/

t
R dA dt


 ) and asymptotic 

absorbance values (Amax, which represents the absorbance at <nmax>).28 The trends in these two 
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parameters are largely insensitive to the precise form of the fitting function (e.g., bi- versus 

multi-exponential). The details of this analysis are provided in the Appendix D.5, and the results 

are summarized in Table 3.2. The ratio Amax
ZQ/Amax

EtOH in Table 3.2 reflects the ratio <N-

max
ZQ>/<Nmax

EtOH> for these measurements and is analogous to the data of Figure 3.3b 

summarized in Table 3.1, except not averaged over multiple nanocrystal radii and measured at 

only one absorption wavelength. The trends summarized in Table 3.2 capture (i) the faster 

photodoping achieved with all of the hydrides relative to EtOH, and (ii) the greater photodoping 

levels achieved with some hydrides relative to EtOH. Although R0 increases rapidly from EtOH 

to [Bu
4
N][Et

3
BH] and Li[Me

2
NBH

3
], there is no corresponding increase in Amax

ZQ/Amax
EtOH. 

Among the hydrides alone, however, R0 and Amax (<Nmax>) appear strongly correlated. To 

illustrate this point, Figure 3.5b plots R0
ZQ/R0

EtOH   versus Amax
ZQ/Amax

EtOH  for each hole 

quencher. The hydride data all fall onto the same line, whereas the EtOH data lie well below this 

line. 

 

Table 3.2. Summary of the time dependence for colloidal r = 2.8 nm ZnO 

nanocrystal photodoping in the presence of various hole quenchers, based on 

analysis of the data in Figure 3.5a. 

ZQ R
0

ZQ R
0

EtOH

 
ZQ EtOH

max maxA A  

EtOH 1 1 

EtOH + Li[PF6] 4 ± 1 1.1 ± 0.1 

[Bu
4
N][Et

3
BH] 50 ± 20 0.8 ± 0.1 

Li[Me
2
NBH

3
] 130 ± 10 1.5 ± 0.2 

K[Et
3
BH] 220 ± 40 2.8 ± 0.3 

Li[Et
3
BH] 250 ± 30 2.8 ± 0.3 

 

 

 

Finally, we note the observation of Zn2+ reduction to form metallic Zn0 when photodoping is 

performed in the presence of excess Li[Et3BH], Li[Me2NBH3], and to lesser extent, K[Et3BH] 
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hole quenchers. Zn0 is not observed when photodoping is performed in the presence of excess 

EtOH or [Bu4N][Et3BH]. The formation of a metallic species was noticed by a brown/black 

coloration of the ZnO nanocrystal suspensions upon photolysis (Appendix D.6). Considerably 

more coloration is observed when UV photodoping is performed in the presence of a large 

excess of hydride compared to when small aliquots of hydride are titrated in during the 

photodoping process. Within experimental uncertainty, the same value of <nmax> was achieved 

for any given hole quencher, regardless of how much coloration was observed. Under the 

conditions used for the data presented above, metallic Zn0 could not be detected analytically, for 

example, by pXRD or TEM, suggesting its presence in trace quantities. Eventually, metallization 

was confirmed by pXRD of samples exposed to prolonged UV irradiation (24 h) in the presence 

of a very large excess of Li[Et3BH] (>104 equivalents, Appendix D.6). These conditions are 

extreme compared to those used for the data presented above (~3–10 min irradiation with ≤ 500 

equivalents hydride). The collected byproduct showed sharp pXRD peaks attributable to 

relatively large Zn0 metal particles, as well as weaker, similarly sharp peaks that were 

unidentifiable but may reflect formation of a LixZn intermetallic similar to that observed 

following electrochemical reduction of ZnO nanowires in the presence of Li+.29 

 

3.4 Discussion 

The data presented above allow three primary conclusions to be drawn about colloidal ZnO 

nanocrystal photodoping: (i) Photodoping using EtOH as the hole quencher shows a strong 

volume dependence and no evident dependence on other experimental variables (ligand, solvent, 

concentration, photolysis conditions, added cations, luminescence quantum yield), such that the 

entire collection of present and literature data is described well by a single average maximum 
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electron density of <<Nmax
EtOH>> = 1.4 ± 0.4 × 1020 cm−3; (ii) Similar volume dependence is 

observed with other hole quenchers (ZQ), but <<Nmax>> depends on ZQ and can be increased 

substantially by switching from EtOH to Li[Et3BH] or K[Et3BH]; (iii) Under specific 

photodoping conditions, metallic Zn0 is formed, indicating electron localization that appears to 

be aided by Li+ and, to a lesser extent, K+. 

The strong dependence of <nmax> on volume when using EtOH as the hole quencher, and its 

weak dependence on other experimental parameters, is a central result from this work that raises 

fundamental questions about the microscopic origins of this doping limit in ZnO nanocrystals. 

Bulk ZnO shows a similar n-type doping limit (Nmax ~ 1021 cm−3),30 which has been proposed to 

arise from enhanced formation of compensating Zn2+-vacancy centers under heavy n-type 

aliovalent doping conditions.31 Analogously, in ZnO nanocrystals, n-doping by Al3+ substitution 

may be viewed as being limited by the capacity of localized surface charges to compensate the 

aliovalent dopants.10 Nanocrystal photodoping, however, is likely limited by the photoprocesses 

themselves. Reaching an <nmax> means that the net photodoping probability decreases to zero as 

<n> (or <N>) increases. 

As discussed previously,2,26 one possible photophysical origin of <nmax> in photodoped ZnO 

nanocrystals could be the competition between hole quenching and multicarrier Auger 

recombination. For example, after successful addition of one extra conduction-band electron to a 

ZnO nanocrystal, the addition of a second electron must proceed via a negative trion. If trion 

Auger recombination occurs before the valence band hole is transferred to the hole quencher, a 

second electron will not be accumulated in the nanocrystal. A similar competition applies to 

quenching of trapped holes.27 Thus, to add more than one e−
CB per nanocrystal, hole quenching 

must compete kinetically with multicarrier Auger recombination. Because multicarrier Auger 
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recombination rates increase with the number of excess charge carriers,32 Auger recombination 

should become progressively more competitive with hole quenching and could thus determine 

<nmax>. Recently, however, it was shown that hole capture by EtOH is roughly an order of 

magnitude faster (<15 ps) than trion Auger recombination (~150 ps, ref. 33, both size dependent) 

and should therefore be kinetically competent for the accumulation of multiple conduction-band 

electrons.26 Furthermore, the exciton lifetime was shown to increase with increasing <n>, all the 

way up to <nmax>,26 whereas exciton lifetimes limited by multicarrier Auger recombination 

would decrease with increasing <n>. Consequently, we conclude that <nmax> is not limited solely 

by multicarrier Auger recombination. 

A second possibility is that <nmax> is determined primarily by the properties of the hole 

quencher, ZQ. This possibility was investigated by using Li[Et3BH], K[Et3BH], Li[Me2NBH3], 

and [Bu4N][Et3BH] in place of EtOH. For a given nanocrystal sample, <nmax> could be increased 

more than fourfold by using a more reactive hole quencher. Thus, <nmax> clearly depends on the 

identity of ZQ. Moreover, the data suggest that both the anionic (Q−) and cationic (Z+) portions 

of ZQ influence photodoping. For example, [Et3BH]− is a common reducing agent whose alkyl 

electron-donating groups make it more reducing than an unsubstituted borohydride. Conversely, 

the electron-withdrawing nitrogen of [Me2NBH3]
− makes this species less reducing than an 

unsubstituted borohydride. Both of these hydrides are expected to be much better reductants than 

EtOH. Based on these qualitative considerations, the trend in <nmax> for a given ZnO sample 

could be anticipated to be [Et3BH]− > [Me2NBH3]
− > EtOH, which agrees well with the 

experimental trend of Li[Et3BH] ≈ K[Et3BH] > Li[Me2NBH3] > EtOH (Table 3.1). This 

correlation indicates that <nmax> is in some way affected by the strength of Q– as a reductant. 
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Still, the effect is relatively modest, with only three times higher <nmax> for Li[Et3BH] than for 

EtOH despite the much greater reducing power of the borohydride.  

The outlier in the above trend is [Bu4N][Et3BH], which is unable to reduce the nanocrystals 

to the same extent as its Li+ and K+ counterparts can and is only slightly more effective than 

EtOH. This result indicates that the cations also play an important role. On one hand, the smaller 

<nmax> obtained with [Bu4N][Et3BH] could be attributed to poorer stabilization of ZnO electrons 

by the bulky [Bu4N]+ cation. This interpretation would be consistent with the greater effect of Li+ 

than Bu4N
+ on the band-edge energies of bulk ZnO. It is also consistent with recent work 

demonstrating greater chemical reduction of ZnO nanocrystals when using protons rather than 

bulky metallocene cations for electron charge compensation.34 It is conceivable, however, that 

the bulky [Bu4N]+ cation merely limits the effective surface hydride concentration and thereby 

reduces the probability of hole capture, despite a sufficient thermodynamic driving force. 

The insensitivity of <nmax> to added Li[PF6] or [H(Et2O)][BArF] when using EtOH as the 

hole quencher is a particularly striking result, given the previous demonstration that protons shift 

colloidal ZnO nanocrystal conduction-band-edge potentials and thereby tune <nmax> when using 

chemical reductants such as CoCp*
2 or CrCp*

2.
34 A clear conclusion can be drawn that the 

photochemical <nmax> is not directly determined by the same equilibrium thermodynamics as the 

chemical <nmax>. For photodoping, the potentials of the photogenerated holes are probably more 

relevant than the equilibrium Fermi levels of the reduced nanocrystals, and these holes are likely 

always sufficiently powerful to oxidize the hydrides explored here.  

It is noteworthy that all of the hydrides examined here yield substantially faster 

photochemical electron accumulation than EtOH does (Figure 3.5a) despite their lower solution 

concentration. We hypothesize that this faster photodoping reflects greater effective 
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concentrations of the hydrides at the ZnO nanocrystal surfaces compared to EtOH. For example, 

it is possible that EtOH is only reactive when bound dissociatively to the ZnO surface,35,36 a 

condition that would limit its effective concentration. Indeed, Figure 3.5a shows an initial fast 

component to photodoping with EtOH (up to ~10% of Amax), followed by slower photodoping for 

the remaining 90%. This behavior would be consistent with EtOH pre-association and 

subsequent photodoping rates limited by EtOH configuration. EtOH is thus qualitatively 

different from the hydrides. When just the hydrides are considered, the initial photodoping rates 

correlate well with <nmax> (Figure 3.5b).  

Overall, we conclude that <nmax> for any given nanocrystal sample is directly determined by 

ZQ, whereas the volumetric scaling of <nmax> is universal for all ZQ and hence is intrinsic to the 

ZnO nanocrystals. One explanation is that <nmax> is determined primarily by unfavorable hole-

capture kinetics at large <n>, possibly ultimately arising from hole stabilization and contraction 

due to Coulomb interaction with the multiple accumulated electrons, as described previously.26 

Finally, we address the formation of metallic Zn0. The formation of Zn0 metal has been 

reported following UV illumination of ZnO sol-gel films37 and single crystals,38 accompanied by 

marked coloration. Black precipitates were also observed in early studies of the photoreduction 

of ZnO nanocrystals suspended in propanol, and the band-edge absorption bleach upon UV 

irradiation was therefore initially interpreted entirely in terms of surface Zn2+ reduction to Zn0 

metal.39 It was subsequently recognized by the same authors that delocalized electrons were 

being stored within the ZnO nanocrystals following photoreduction.5 The possibility of electron 

localization in reduced ZnO nanocrystals has since been heavily debated.7,40,41 The results 

presented here demonstrate unambiguously that localization of excess electrons in ZnO 

nanocrystals can occur under specific experimental conditions. Strikingly, Zn0 forms with only 
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three of our five hole quenchers, and without any apparent correlation to <nmax>. Specifically, 

only those hole quenchers involving Li+, and to a far lesser extent K+, show evidence of Zn0 

formation. Under identical conditions, photodoping with Li[Et3BH] leads to far more coloration 

than K[Et3BH] despite their nearly identical <nmax>, and no coloration is observed with 

[Bu4N][Et3BH]. Likewise, under identical conditions, photodoping with Li[Me2NBH3] leads to 

much more coloration than with K[Et3BH], despite nearly a factor of two smaller <nmax>. 

Overall, these results implicate the cations of ZQ as non-innocent in the electron-localization 

process. We hypothesize that Zn2+ reduction is facilitated by Li+ (and to a lesser extent by K+), 

which shifts the surface Zn2+/0 potential more positive relative to the ZnO conduction-band edge 

by interacting strongly with surface oxo anions. Li2O has a greater lattice energy than K2O, 

making Zn0 formation more thermodynamically favorable with Li+. In support of this 

interpretation, we note that research into the use of ZnO nanostructures as Li+ battery anodes29 

has demonstrated that extensive electrochemical reduction in the presence of Li+ electrolyte 

severely disrupts the ZnO lattice, eventually converting it to amorphous Li2O and Zn0 metal. We 

propose that similar chemistries occur to a lesser extent under our photochemical reduction 

conditions when using Li+-containing hole quenchers.  

It remains an open question why more Zn0 is observed with a large excess of Li[Et3BH] or 

K[Et3BH] compared to when the same quantities of these hole quenchers are added in small 

aliquots, and why it is not observed in nanocrystals photochemically reduced with EtOH in the 

presence of Li[PF6]. These observations may implicate an unrelated dark chemical reaction of 

the hydride. In any case, Zn0 constitutes a trace side product whose formation appears to be 

unrelated to <nmax>. Overall, the observation of Zn0 precipitates under specific photodoping 
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conditions is both cautionary and potentially revealing of the roles of hard Lewis acids in 

compensating the charges of added electrons in ZnO nanostructures.  

 

3.5 Summary and conclusions 

In summary, the maximum number of kinetically stable, conduction-band electrons that can 

be added to colloidal ZnO nanocrystals by photochemical oxidation of EtOH increases rapidly 

with increasing nanocrystal radius, scaling roughly as <nmax>  r3. These numbers are 

remarkably independent of other experimental parameters. Consequently, ZnO nanocrystals of 

all radii may be reduced to similar maximum electron densities (<<Nmax
EtOH>> = 1.4 ± 0.4 × 1020 

cm−3) when EtOH is the hole quencher. By switching from EtOH to hydride hole quenchers, 

<Nmax> can be increased up to ~6 × 1020 cm−3. This is a very high value, corresponding to one 

added electron per ~70 Zn2+ ions in the nanocrystal. Work is ongoing to define the structures of 

these highly reduced nanocrystals, which may be better described as ZnLixO. Further 

investigation into this chemistry will be of interest both fundamentally and in relation to 

nanostructured Li+/ZnO ion battery electrodes. These data suggest that ZnO photodoping limits 

are determined by the specific identity of ZQ, correlating with the reducing ability of Q− and 

influenced by the identity of the countercation. These results are interpreted in terms of 

competing hole capture and non-productive recombination channels, a competition that evolves 

with <n>. The observation of Zn0 formation in the presence of Li+ cations, and to a lesser extent 

K+, but not with H+ or [Bu4N]+, indicates that electron localization can occur under specific 

conditions.  

The results presented here reconcile the disparate values of electron accumulation reported 

previously for colloidal ZnO nanocrystals photodoped using EtOH and expand the range of 
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carrier densities achievable in such nanocrystals via photochemical reduction. This ability to tune 

carrier densities in colloidal semiconductor nanocrystals over a broad range promises to have 

interesting ramifications in many areas including nanocrystal redox chemistries, nanocrystal 

doping, and quantum dot plasmonics. 

 

3.6 Experimental methods 

Synthesis and general characterization are described in Appendix A. CW EPR measurements 

were collected using a Bruker EMX X-band spectrometer with a SHQE resonator operating at 

9.8 GHz. The g values were measured in reference to DPPH (g = 2.0036). 

3.6.1 Photodoping. General photodoping considerations are provided in Appendix B. For 

kinetic measurements, TOPO-capped r = 2.8 nm nanocrystals suspended in 1:1 toluene/THF 

were used. Nanocrystal solutions were prepared to contain ~5 M nanocrystals. The samples 

photodoped using hydrides were prepared with ~500 equivalents of hydride. The samples 

photodoped using EtOH and EtOH/Li[PF6] were prepared with ~2 × 104 equivalents EtOH and 

~2 × 104 equivalents EtOH plus ~500 equivalents Li[PF6], respectively. All samples were stirred 

while irradiating. 

3.6.2 Electron counting. The average number of excess electrons per ZnO nanocrystal (<n>) 

photodoped using EtOH was determined by titration with [FeCp*
2][BArF].10,17 Details and 

example titration data are provided in Appendix B. For the other hole quenchers, <n> was 

determined ratiometrically by comparing their NIR absorption (integrated between 800 and 1400 

nm, far in the high-energy tail of the IR absorption band) with that of the same nanocrystals 

photodoped using EtOH (see Appendix D.2 for details). In select cases, these reduced 

nanocrystals were also titrated against [FeCp*
2][BArF], and good agreement between the titration 
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and ratiometric optical methods was observed. All size-dependent electron-counting data 

presented in this chapter were fit in original (linear) form. For fits obtained using the log-log 

form of the data, see Appendix D.3. 
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Chapter 4 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 

Photochemical Electronic Doping of 

CdSe Nanocrystals 
 

Adapted from: Rinehart, J. D.; Schimpf, A. M.; Weaver, 

A. L.; Cohn, A. W.; Gamelin, D. R. J. 

Am. Chem. Soc.  2013, 135, 18782. 
 

 

4.1 Overview 

A method for electronic doping of colloidal CdSe nanocrystals is reported. Anaerobic 

photoexcitation of CdSe nanocrystals in the presence of a borohydride hole quencher, Li[Et3BH], 

yields colloidal n-type CdSe nanocrystals possessing extra conduction-band electrons 

compensated by cations deposited by the hydride hole quencher. The photodoped nanocrystals 

possess excellent optical quality and display the key spectroscopic signatures associated with 

nanocrystal n-doping, including a bleach at the absorption edge, appearance of a new IR 

absorption band, and Auger quenching of the excitonic photoluminescence. Although stable 

under anaerobic conditions, these spectroscopic changes are all reversed completely upon 

exposure of the n-doped nanocrystals to air. Chemical titration of the added electrons confirms 

previous correlations between absorption bleach and electron accumulation, and provides a 

means of quantifying the extent of electron trapping in some nanocrystals. The generality of this 

photodoping method is demonstrated by initial results on colloidal CdE (E = S, Te) nanocrystals 

as well as on CdSe quantum dot films. 
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4.2 Introduction 

The generation and manipulation of charge carriers in semiconductor nanostructures is 

central to emerging solar,1-5 battery,6,7 nanoelectronics,8 and nanospintronics9-11 technologies, as 

well as to nanocrystal blinking and multi-carrier Auger processes that impact the use of such 

nanostructures as phosphors in display, lasing, or imaging technologies.12-14 To study the physical 

properties of semiconductor nanostructures possessing extra charge carriers, chemical reduction 

of colloidal nanocrystals,15 electrochemical reduction of quantum dot solids,16 and low-

temperature charge separation17 have been used to introduce the carriers. Many of these 

processes involve harsh reductants, require precipitation and ligand exchange, or only occur at 

cryogenic temperatures. A general method for introducing additional charge carriers to free-

standing colloidal nanocrystals would enable a wide variety of experiments and applications 

involving electronically doped semiconductor nanocrystals. 

Photochemistry offers a convenient in situ method for modulating carrier densities in 

colloidal nanocrystals. For photochemical n-doping, capture of photogenerated holes by suitable 

hole quenchers strands extra electrons inside the nanocrystals, compensated by cations deposited 

upon quencher oxidation. This method has been applied successfully with several oxide 

semiconductor nanocrystals.18-21 Despite the fact that chalcogenide semiconductor nanocrystals 

are frequently used as sensitizers in solar photochemistry, photovoltaic, and 

photoelectrochemical devices because of their strong visible absorption and ability to separate 

photogenerated charges,1-5 photochemical electronic doping of this class of nanomaterials has not 

been explored. In contrast with oxides, chalcogenides such as CdE (E = S, Se, Te) possess 

shallow valence bands and are consequently not as reactive toward many hole quenchers 

commonly used with oxides. For generality, more reactive hole quenchers are thus required. 
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Here, we report facile and reversible photodoping of colloidal CdSe nanocrystals using a reactive 

borohydride, Li[Et3BH], as the hole quencher. This photodoping allows formation of kinetically 

stable colloidal n-type CdSe nanocrystals without the surface degradation caused by chemical 

reductants examined previously. Moreover, this approach allows CdSe nanocrystal doping even 

in the presence of ZnSe shells that impede direct electron injection. Although the present work is 

focused on colloidal CdSe quantum dots, it is expected to be broadly applicable for preparing n-

type nanocrystals in various forms. Proof-of-concept results confirm successful CdE (E = S, Te) 

quantum dot photodoping, as well as photodoping of CdSe quantum dot solids. 

 

4.3 Results and discussion 

Colloidal TOPO-capped CdSe nanocrystals with average diameters (d) of 3.8 and 7.0 nm 

were prepared by established synthetic procedures.22 These nanocrystals were transferred to dry, 

deoxygenated toluene and stored in the presence of excess TOPO under inert atmosphere. Under 

these conditions, exposure to visible or UV radiation does not alter the nanocrystal spectra or 

cause sample degradation. After addition of Li[Et3BH] to these suspensions, exposure to light 

exceeding the band gap energy causes a bleach of the first excitonic absorption feature (Figure 

4.1). This bleach occurs even with excitation solely by ambient room light, but no absorption 

changes are detected without photoexcitation (Appendix E.1).  
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Figure 4.1. Photochemical electron accumulation in CdSe nanocrystals. Top: 

Schematic description of nanocrystal photodoping using [Et3BH]−. A 

photogenerated hole (h+) is quenched by [Et3BH]−, leaving an electron (e⁻) in the 

conduction band. Extended photoexcitation can add more electrons. Bottom: 

Absorption spectra of d = 3.8 nm and d = 7.0 nm CdSe nanocrystals and the same 

nanocrystals at various stages of photodoping starting from as-prepared (black) to 

maximum photodoping (teal). The arrows show increased exposure to UV 

illumination. The data show the exciton bleach and growth of IR absorption with 

increased photodoping. Inset: TEM images of these nanocrystals. 

 

 

 

The observed absorption bleach approaches an asymptotic limit with extended 

photoexcitation. When the absorption spectrum is unchanged over ~30 s of photoexcitation, the 

samples are considered to have reached their maximum photodoping level. Photodoping can be 

stopped at any intermediate stage. Partially photodoped CdSe nanocrystals can be used for 

spectroscopic measurements and the photoexcitation can be resumed to increase photodoping up 

the asymptotic limit. Exposure of the reduced nanocrystals to an appropriate oxidant completely 

reverses the absorption bleach and returns their as-prepared spectroscopic properties (vide infra). 

The absorption bleach is a signature of the presence of one or more delocalized electrons in 

the quantum-confined CdSe nanocrystal conduction band.15 This bleach is accompanied by a 
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concurrent redshift of the first two excitonic absorption bands (e.g., ~−15 meV for the d = 3.8 

nm CdSe nanocrystals at maximum photodoping in Figure 4.2, (Appendix E.2). This redshift is 

comparable to that of trion luminescence relative to neutral exciton luminescence in other CdSe 

quantum dots23,24 and is thus tentatively attribute to the reduced energy required for trion 

formation by photoexcitation of n-doped CdSe nanocrystals. Electrostatic exciton stabilization 

by localized charges may also contribute to the redshift. IR absorption spectroscopy verifies the 

presence of extra quantum-confined electrons, showing intense new absorption corresponding to 

intraband excitations of the newly introduced conduction electrons (Figure 4.1), with an energy 

that increases with decreasing nanocrystal diameter. A per-electron molar extinction coefficient 

of 8.9 ± 0.6 × 104 Me
−1cm−1 is estimated at the IR absorption maximum (0.32 eV) of d = 3.8 nm 

CdSe nanocrystals (Appendix E.3). This IR absorption verifies that the added electrons do not 

simply reside in localized trap states. Interestingly, the IR absorption of the smaller nanocrystals 

shows distinct structure. Similar structure has been seen previously in chemically reduced CdSe 

nanocrystals15 and may reflect a low-symmetry splitting of the 1Pe degeneracy. The IR 

absorption grows with photodoping (Figure 4.1), and in some cases blueshifts slightly. These 

blueshifts are small compared to those observed in ZnO nanocrystals heavily photodoped 

(average electron density, <Nmax>, ≈ 6 × 1020 cm−3) using the same hole quencher,21 suggesting 

smaller carrier densities in the photodoped CdSe nanocrystals. The IR spectroscopic changes are 

also fully reversed upon nanocrystal reoxidation by exposure to air. 

To quantify the maximum (average) number of excess electrons per nanocrystal (<nmax>) 

achievable by these methods, the magnitude of the absorption bleach was analyzed. Previous 

studies have established a linear correlation between the number of CdSe conduction-band 

electrons and the fractional bleach at the first excitonic absorption maximum, where a 100% 
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bleach corresponds to 2 conduction band electrons.19,25  By Gaussian deconvolution of the 

absorption bleach data (Appendix E.2), we find a maximum bleach of 41% for the d = 3.8 nm 

CdSe nanocrystals and 98% for the d = 7.0 nm CdSe nanocrystals. The data in Figure 4.1 thus 

suggest <nmax> ≈ 0.8 (<Nmax> ≈ 2.8 × 1019 cm-3) and 2 ((<Nmax> ≈ 1.1 × 1019 cm-3), respectively.  

An attractive aspect of the photodoping method described here is that the resulting n-type 

nanocrystals are amenable to direct chemical titration of the added electrons, something not 

possible with chemically reduced nanocrystals because of the excess reductant present under 

equilibrium conditions. Chemical titration of excess electrons in chalcogenide nanocrystals has 

not been described previously. Figure 4.2 shows electronic absorption spectra of the 3.8 nm 

CdSe nanocrystals from Figure 4.1 before photodoping, at maximum photodoping, and at 

various stages of reoxidation by [FeCp*
2][BArF]. Titration of these 3.8 nm nanocrystals yields an 

<nmax> of 0.97, consistent with the spectroscopic estimation. Titrations were also performed on d 

= 4.6 nm and 7.0 nm CdSe samples (Appendix E.4). Titration of the 4.6 nm nanocrystals yields 

<nmax> = 1.1, similar to the 1.4 estimated using absorption spectroscopy. By contrast, although 

the absorption bleach of the 7.0 nm CdSe suggests ~2.0 conduction-band electrons per 

nanocrystal, titration requires nearly 30 equivalents of [FeCp*
2][BArF]. This divergence suggests 

substantial electron trapping in these nanocrystals, for example by surface di-selenide bonds.26 

This interpretation is supported by the fact that the same nanocrystal sample with different 

handling/storage history can hold different numbers of electrons (Appendix E.4). Many previous 

experiments have suggested the existence of near-band-edge electron traps in CdSe nanocrystals. 

Such traps have been proposed to play major roles in blinking and other physical processes,5,13,27 

but little is known about their potentials, densities, or redox reactivities. These results emphasize 

that titration is also sensitive to other electrons accessible at the potential defined by the titrant, 
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such as trapped electrons that do not contribute to the band-edge absorption bleach, and titration 

therefore complements the spectroscopic evaluation described above.  

 

 
Figure 4.2. Titration of photodoped CdSe nanocrystals. Absorption spectra of 

d = 3.8 nm (43 M) CdSe nanocrystals collected during redox titration in 1:1 

toluene/THF. The red spectrum shows data collected before introduction of 

Li[Et3BH]. The solid green spectrum is of the maximally photodoped 

nanocrystals, and the red circles represent the nanocrystals after re-oxidation in 

air. The intermediate spectra were collected following incremental oxidation by 

addition of [FeCp*2]
+ aliquots. The corresponding difference spectra (A − Aas-

prepared) are plotted as dotted lines. Inset: Integrated absorption bleach of the first 

excitonic feature as a function of [FeCp*2]
+ equivalents, with a solid line showing 

the best linear fit to the data. The crossing of this line with zero indicates 0.97 

electrons per nanocrystal.  

 

 

 

A second attractive feature of this photodoping methodology is that the resulting colloidal n-

type nanocrystals are of high spectroscopic quality, making them well suited for advanced 

characterization by various spectroscopic techniques. For illustration, Figure 4.3 summarizes the 

changes in room-temperature photoluminescence of d = 4.6 nm CdSe nanocrystals upon 

photodoping. For these measurements, thin ZnSe shells were grown around the nanocrystals to 

passivate surface traps and hence suppress nonradiative decay. Prior to photodoping, these 

nanocrystals show single-exponential excitonic photoluminescence decay with a time constant of 
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 = 16 ns. After photodoping to <n> ~ 0.5 (estimated by absorption spectroscopy), their steady-

state photoluminescence is quenched by ~80% (Figure 4.3, inset), and the two characteristic 

signatures of trion decay are observed in their photoluminescence decay curves: (1) an increase 

in luminescence intensity at short times (<500 ps) relative to the neutral nanocrystals, and (2) 

appearance of a fast decay component attributable to Auger recombination. The persistence of a 

slow decay component in the photodoped sample reflects the presence of some undoped CdSe 

nanocrystals, as expected for <n> ~ 0.5. Analysis of these data yields a trion decay time of X− = 

750 ps that agrees well with those reported previously for electrochemically reduced CdSe/CdS 

core/shell nanocrystals in films,28 but here has been collected on a high-optical-quality colloidal 

suspension with minimal sample perturbation. 

 

 
Figure 4.3. Auger recombination in photodoped CdSe nanocrystals. Time-

resolved PL decays of d = 4.6 nm CdSe/ZnSe nanocrystals measured before 

photodoping (red), after photodoping (green), after 5 min re-oxidation in air 

(dotted blue), and after 3 h in air (solid blue). Inset: Normalized steady-state 

(squares) and time-resolved (at 7.5 ns, circles) PL intensities showing slow re-

oxidation in air. 

 

Like absorption, the PL also recovers completely upon introduction of air, but this recovery is 

markedly slower than the absorption recovery. Whereas absorption recovers within seconds of 
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exposure to air, both the time-resolved and steady-state luminescence intensities have not fully 

recovered even after 5 min in air (Figure 4.3 inset). This discrepancy indicates that the 

nanocrystal PL is sensitive not only to the presence of conduction-band electrons but also to 

other changes induced upon photodoping, which we tentatively associate with electron trapping. 

These results suggest that deeply trapped electrons react more slowly with air than conduction 

electrons do, as could be anticipated from Marcus-theory considerations. The reactivities and 

reaction dynamics of redox-active traps in semiconductor nanocrystals have been of central 

interest to many aspects of nanocrystal photophysics and electronics,3,5,13,27 and the present 

results illustrate a promising new avenue for deliberate investigation of such trap chemistries. 

A final important feature of this photodoping methodology that distinguishes it from all other 

chalcogenide nanocrystal reduction strategies reported to date is that electrons are placed in the 

conduction band by photoexcitation, not by equilibrium electron injection. Photodoping is 

fundamentally governed by the reactivities of the quenchers toward the photogenerated holes.21 

This property may be valuable for applications in which n-type nanostructures are encapsulated 

within barrier heterostructures or in cases where competing redox reactions may interfere with 

direct nanocrystal reduction. To illustrate the power of photochemical reduction, it was compared 

with chemical reduction in CdSe nanocrystals with and without a barrier. To do this a ZnSe shell 

was added (~1 nm thick, ~4 monolayers, Appendix E.5) to the d = 4.6 nm CdSe nanocrystals and 

both sets (shelled and unshelled) were reduced chemically (with Na[C12H10])  and 

photochemically. The results of this comparison are presented in Figure 4.4. 
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Figure 4.4. Comparison of chemical and photochemical reduction methods in 

CdSe nanocrystals with and without a barrier. Top: Scheme outlining 

chemical and photochemical doping methods. Absorption spectra of d = 4.6 nm 

CdSe nanocrystals with and without a ~1 nm ZnSe shell, measured before 

reduction (red lines), after maximum reduction (green lines), and after re-

oxidation by air (red circles). Panels (a) and (c) show reduction of core and 

core/shell nanocrystals using 103 and 104 equivalents of Na[C12H10], respectively. 

Panels (b) and (d) show photodoping of the same core and core/shell nanocrystals, 

respectively, using ~50 equivalents of Li[Et3BH].  

 

 

 

Figure 4.4a shows that addition of 103 equivalents of Na[C12H10] reduces the core d = 4.6 nm 

CdSe nanocrystals, consistent with literature results.15 The absorption bleach is similar to that 

achieved photochemically with the same nanocrystals (Figure 4.4b, both ~60%), albeit with the 

appearance of a small sub-bandgap tail and less complete reversibility in the case of chemical 

reduction. The core/shell nanocrystals show markedly different results: Incremental addition of 

up to 104 equivalents of Na[C12H10] causes only a small (~20%) bleach of the first excitonic 

absorption (Figure 4.4c). A large sub-bandgap absorption tail and an offset at higher energy are 

observed, suggestive of scattering due to nanocrystal clustering or absorption due to trapped 
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electrons. Furthermore, the spectral changes are only partially reversed upon exposure to air, 

suggesting substantial nanocrystal degradation. These irreversible changes are attributed to 

deleterious side reactions of the chemical reductant, Na[C12H10]. In contrast, photodoping the 

same core/shell nanocrystals (Figure 4.4d) yields a clean ~85% bleach of the first exciton that is 

rapidly and completely reversed upon exposure to air. These data demonstrate superior results 

with photodoping compared to chemical reduction. The high optical quality of the photodoped 

nanocrystal samples and the excellent reversibility of the photodoping will facilitate future 

spectroscopic and electronic structure studies of these and related n-type nanostructures.  

Although this study has focused on colloidal CdSe quantum dots, preliminary results have 

also been obtained for colloidal CdE (E = S, Te) nanocrystals and CdSe quantum dot films 

(Appendix E.6). CdE (E = S, Te) nanocrystals of d = 6.0 and 4.1 nm, respectively, were prepared 

by established methods.29,30 Anaerobic photoexcitation of these nanocrystals in the presence of 

Li[Et3BH] leads to successful photodoping as evidenced by a band-edge absorption bleach or 

new IR absorption similar to that obtained for photodoped CdSe nanocrystals. Perhaps more 

intriguingly, anaerobic photoexcitation of CdSe quantum dot solids prepared by co-deposition of 

d = 7.0 colloidal CdSe nanocrystals with Li[Et3BH] onto fluorine-doped tin oxide (FTO) 

electrodes also yields comparable n-doping to that found in solution. In all cases, these changes 

are fully reversed upon re-oxidation in air. These results, in conjunction with our recent 

demonstration of enhanced ZnO nanocrystal photodoping using Li[Et3BH],21 demonstrate this as 

a general and versatile approach for preparing n-type semiconductor nanocrystals, both in 

colloidal suspensions and in solids. The precise roles played by the charge-compensating cations 

(Li+, H+) in this chemistry remains an open topic for future research. In ZnO nanocrystals, bulky 
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cations slow photodoping,21 but it is not yet known whether small cations associate with the 

surfaces or can intercalate into the internal volumes of such photodoped nanocrystals.  

 

4.4 Summary and conclusions 

In summary, a new method for preparation of colloidal n-type CdSe nanocrystals has been 

demonstrated that involves photodoping using Li[Et3BH] as a hole quencher. This hydride is 

commercially available, shelf-stable, and compatible with the solvents and ligands commonly 

used for colloidal semiconductor nanocrystals. The n-type CdSe nanocrystals prepared by this 

method are kinetically stable, show excellent optical quality, and are readily returned to their 

original oxidation state upon exposure to air. Photodoping is successful even for CdSe/ZnSe 

core/shell heterostructures that are significantly more difficult to reduce directly with 

Na[C12H10]. This photodoping methodology is also applicable to other colloidal chalcogenide 

and oxide nanocrystals, offering a facile general approach to in situ nanocrystal electronic 

doping. As such, this methodology will enable a broad range of fundamental science experiments 

to address n-type doped nanocrystal electronic structures, electron spin dynamics, quantum dot 

plasmonics, and inter-nanocrystal electron-transfer processes, among other intriguing topics. It is 

equally attractive for in situ, non-destructive, tunable carrier doping of quantum dot solids 

currently of interest in more applied areas of quantum dot photovoltaics, photodetectors, and 

transistors. 

 

4.5 Experimental methods 

Synthetic methods are described in Appendix A. Photodoping and titration methods are 

detailed in Appendix B. 
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4.5.1 Photoluminescence. Time resolved photoluminescence measurements were taken by 

exciting with the frequency doubled output of a Ti:Sapphire with the repetition rate reduced from 

76 MHz to 500 kHz using a pulse picker (400 nm, 150 fs pulse with, 0.7 nJ/pulse) and detected 

using a streak camera coupled to a monochromator with an IRF of ~ 15 ps. Concurrent quasi-

CW measurements were detected using a perpendicular Ocean Optics 2000+ spectrometer. 
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5.1 Overview 

Plasmonic doped semiconductor nanocrystals promise exciting opportunities for new 

technologies, but basic features of the relationships between their structures, compositions, 

electronic structures, and optical properties remain poorly understood. Here, we report a 

quantitative assessment of the impact of composition on the energies of localized surface 

plasmon resonances (LSPRs) in colloidal tin-doped indium oxide (ITO) nanocrystals. Using a 

combination of aliovalent doping and photodoping, the effects of added electrons and impurity 

ions on the energies of LSPRs in colloidal In2O3 and ITO nanocrystals have been evaluated. 

Photodoping allows electron densities to be tuned post-synthetically in ITO nanocrystals, 

independent of their Sn content. Because electrons added photochemically are easily titrated, 

photodoping also allows independent quantitative determination of the dependence of the LSPR 

energy on nanocrystal composition and changes in electron density. The data show that ITO 

LSPR energies are affected by both electron and Sn concentrations, with composition yielding a 

broader plasmon tuning range than achievable by tuning carrier densities alone. Aspects of the 

photodoping energetics, as well as magneto-optical properties of these ITO LSPRs, are also 

discussed. 
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5.2 Introduction 

LSPRs in semiconductor nanocrystals have recently attracted broad attention,1-6 in part 

because of their tunability in both energy and intensity via tunable carrier densities. Charge-

carrier densities in semiconductor nanocrystals have been modulated by various techniques 

including remote doping,7-13 vacancy generation,14-17 aliovalent doping,18-25 electrochemical 

doping,26-29 and photodoping,8,21,28,30-40 each offering specific advantages. For example, 

aliovalently doped colloidal nanocrystals such as Sn-doped In2O3 (ITO)18,19,41-44 and Al-doped 

ZnO (AZO)20,21,45 contain conduction-band electrons that are stable in air, making them 

attractive for potential aerobic applications. Alternatively, photodoped ZnO nanocrystals contain 

reactive conduction-band electrons that can be readily titrated against mild oxidants,21,31,33,37,38 

making the carrier densities associated with their LSPRs directly quantifiable.46  The reactivities 

of these electrons also provide opportunities for fundamental studies of interfacial electron-

transfer reactions involving semiconductor nanostructures.10,11,36,37,47  

Characterization of the electronic structures of doped semiconductor nanocrystals poses 

interesting challenges. For example, using photodoped ZnO nanocrystals, we have recently 

observed that the LSPR energies of doped semiconductors are strongly coupled to the one-

electron intraband transition energies, causing divergence from the classical Drude model when 

in the quantum confinement size regime.46 A second potentially important feature of doped 

nanocrystal electronic structure that has not received sufficient attention in LSPR analyses is the 

impact of the sizeable electronic-structural changes that frequently accompany the introduction 

of lattice defects (e.g., impurities, vacancies) even in the absence of free carriers. Such effects are 

widely discussed in the context of band-gap engineering36,48,49 but have not been thoroughly 

explored for the purposes of plasmon engineering in semiconductor nanocrystals. For example, 
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isovalent Mg2+ doping is known to shift the potentials of extra conduction-band electrons in n-

type Zn1−xMgxO nanocrystals,36 and it would be reasonable to expect that it might also tune 

LSPR energies. Although LSPRs in Cu2−xE (E = S, Se, Te) nanocrystals are generally attributed 

to formation of nonstoichiometric compositions,14-16,50 the impact of the compositional changes 

alone on LSPR energies has not been addressed. Typically, these ancillary compositional 

changes are difficult to disentangle from the effects of changing free-carrier density, and to our 

knowledge, this issue has not been previously addressed for any plasmonic semiconductor 

nanocrystals. 

Here, we use a combination of aliovalent doping and photodoping to separately evaluate the 

effects of added electrons and impurity ions on the LSPR energies in In2O3-based nanocrystals. 

We demonstrate controlled photodoping of both In2O3 and ITO nanocrystals using EtOH as a 

sacrificial reductant. The added conduction-band electrons can be titrated using mild oxidants, 

allowing them to be quantified without reliance on modeling of absorption energies and 

bandshapes based on the Drude approximation or Mie theory. The results reveal that the LSPR 

energies are affected separately by both electron and Sn concentrations, with compositional 

engineering offering a greater range in LSPR energies than can be achieved by tuning carrier 

densities alone. Surprisingly, the maximum number of electrons that can be added 

photochemically is independent of the number of electrons already present due to Sn doping, 

providing general insight into the factors governing nanocrystal photodoping. Finally, magnetic 

circular dichroism (MCD) spectroscopy of the ITO LSPR reveals properties similar to those of 

metal nanoparticles and heavily n-doped ZnO nanocrystals. The large magneto-optical responses 

from the IR LSPRs of doped semiconductor nanocrystals may have interesting ramifications for 

applications such as IR chiral imaging or sensing. 
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5.3 Results and analysis 

In2O3 and ITO nanocrystals were synthesized as described previously.43 Absorption spectra 

of all samples are provided in Appendix F (Figure F.1). In2O3 and ITO nanocrystals were 

photodoped in the same manner as detailed for ZnO nanocrystals32,33,38 (see section 5.5, 

Appendix B). Specifically, exposure to UV illumination under rigorously anaerobic conditions 

and in the presence of a sacrificial reductant (EtOH) leads to the accumulation of conduction-

band electrons (Figure 5.1, top). Photodoping is evident from the appearance and growth of a 

new IR absorption band in the case of In2O3 nanocrystals, and from an increase and blue shift of 

the existing IR absorption band in the case of ITO nanocrystals (Figure 5.1, bottom). Note that 

the new IR absorption resulting from ITO photodoping has a similar energy and bandshape as 

the IR absorption of the as-prepared ITO nanocrystals. As observed with ZnO nanocrystals,33,38  

a maximum photodoping level is approached asymptotically under these conditions. Importantly, 

this photodoping is completely reversible, with the In2O3 and ITO nanocrystals returning to their 

as-prepared state upon exposure to air or other mild oxidants. 
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Figure 5.1. Photodoping of In2O3 and ITO nanocrystals. Top: Scheme 

depicting photodoping of In2O3 and ITO nanocrystals. Bottom: Absorption 

spectra before and following various extents of photodoping of In2O3 (right, ~0.4 

eV) and 9.0% Sn-doped In2O3 (left, ~0.8 eV) nanocrystals (~20 M in 7:1 

toluene/EtOH). The arrows show the direction of increasing photodoping. 

 

 

 

The reversibility of this photodoping allows the number of photogenerated electrons to be 

counted via oxidative titration.21,31,33,37,38,46 Oxidants such as air or [FeCp*2]
+ remove the 

electrons (equation 5.1) added photochemically but have no effect on those arising from Sn 

doping, indicating greater stability of the latter. Using stronger oxidants such as Ce4+, [NO]+, or 

[N(C6H4Br-4)3]
+, roughly half of the remaining ITO electrons could be removed (Figure F.2), but 

this chemistry leads to nanocrystal precipitation. Nevertheless, this result confirms the greater 

chemical stability of electrons generated via aliovalent doping than of those added 

photochemically, despite their spectroscopic similarity (Figure 5.1). Greater stability of electrons 

added via aliovalent doping over photochemically added ones is also observed in AZO 

nanocrystals.21 
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             e−
CB:NC + [FeCp*2]

+ → NC + FeCp*2                                                            (5.1) 

NC = In2O3 or ITO nanocrystal 

 

Figure 5.2a shows infrared absorption spectra of photodoped 5.9% Sn:In2O3 nanocrystals as a 

function of added titrant. Addition of [FeCp*2]
+ to the maximally photodoped nanocrystals (top, 

solid blue) decreases the LSPR intensity (dotted green) until the spectrum of the as-prepared ITO 

nanocrystals is recovered (solid purple). The inset of Figure 5.2a plots the integrated absorption 

intensity versus equivalents of [FeCp*2]
+. The solid line is a linear fit to the data. These 

intensities are normalized such that the as-prepared nanocrystals have a relative integrated 

absorbance of 1.0. The intersection of the fitted line with 1.0 thus defines the average number of 

electrons per nanocrystal added photochemically (<nphoto>). Furthermore, extrapolation of this 

line to zero absorption represents the average total number of electrons present in the maximally 

photodoped nanocrystals (<ntot>). The difference, <ntot> − <nphoto>, describes the number of 

electrons initially present in the as-prepared ITO nanocrystals (<nas-prepared>). For the sample of 

Figure 5.2a, this analysis yields <nphoto> = 28, <nas-prepared> = 46, and <ntot> = 74. We note that 

this extrapolation may underestimate <nas-prepared> because the plasmon intensity is only linear 

with <n> when integrating over the entire spectrum, and the data in Figure 5.2a are limited by 

solvent absorption and the spectrometer sensitivity window (see section 5.5 for details). 

Fortunately, the spectra of samples with large <nas-prepared> can be mostly integrated (e.g., Figure 

5.2a), and the spectra that cannot be as completely measured come from samples with smaller 

values of <nas-prepared> that require less extrapolation. 
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Figure 5.2. Quantification of the number of electrons per In2O3 or ITO 

nanocrystal. (a) Absorption spectra of as-prepared (bottom, purple) and 

maximally photodoped (top, blue) 5.9% Sn:In2O3 nanocrystals (0.6 M in 1:1 

toluene/THF with 3 × 105 equivalents EtOH). The intermediate spectra (dotted, 

green) were measured after adding various amounts of [FeCp*
2][BArF] to the 

maximally photodoped nanocrystals. The arrow indicates increasing 

[FeCp*
2][BArF]. Inset: Relative integrated IR absorption as a function of added 

[FeCp*
2][BArF]. The solid line is a linear fit to the data. (b,c) Electron densities, 

<Nas-prepared> (squares), <Nphoto> (circles), and <Ntot> (diamonds) obtained from 

titrations and Drude analysis, respectively, plotted versus nanocrystal Sn content. 

The lines are guides to the eye, fitted such that <Ntot> = <Nas-prepared> + <Nphoto> 

across the range of Sn content.  
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To probe the role of Sn, samples of ITO nanocrystals with Sn contents ranging from 0.0–

9.0% were each photodoped to the maximum extent and then their electrons were titrated as 

described above. To correct for volume effects,38 the resulting data are presented as average 

electron densities, <N>. Figure 5.2b plots the electron densities, <Nas-prepared>, <Nphoto>,  and 

<Not> as a function of Sn concentration. The error bars in the experimental data were determined 

from multiple titrations on each sample and from error bars in the quantitative concentration 

measurements. 

 <Nas-prepared> increases rougly linearly from the origin as the Sn content increases, consistent 

with the role of Sn as an n-type dopant. Figure 5.2b shows that <Ntot> also increases linearly with 

increasing Sn content, but no longer starts at zero for 0% Sn. Quite unexpectedly, <Nphoto> is 

almost completely insensitive to Sn concentration, and is therefore essentially independent of 

<Nas-prepared>. Averaging over all samples yields <<Nphoto>> = 2.3 ± 0.8 × 1020 cm−3. This value is 

slightly higher than that found for ZnO nanocrystals photodoped under the same conditions (1.4 

± 0.4 × 1020 cm−3).38  

These titrations determine carrier densities without relying on a model-dependent analysis of 

LSPR energies, which presents an opportunity for critical comparison with use of the extended 

Drude model to analyze carrier concentrations in ITO nanocrystals based on LSPR spectra.43,51,52 

Spectra of the as-prepared ITO and all the photodoped nanocrystals were fit using a parametrized 

dielectric function that included a frequency-dependent damping function, as typically found for 

ITO.53-55 The extracted electron concentrations <nas-prepared> and <ntot> trend monotonically and 

approximately linearly upwards with Sn content (Figure 5.2c). Notably, for photodoped In2O3 

quantitative agreement is found between the titration-derived <Nphoto> and the value determined 

by fitting. In addition, <Nphoto> is found to have a constant value across Sn content, consistent 
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with the results of the titration. Hence, the trends in carrier densities determined by the model-

free titration approach and analysis based on fitting to the extended Drude model agree well. 

The independence of <Nphoto> from Sn content in ITO nanocrystals is revealing. This 

observation indicates that the maximum photodoping level is not determined by competitive 

Auger recombination dynamics. Instead, it appears to be determined thermodynamically, i.e., by 

the chemical potentials of the photogenerated carriers. A similar scenario was considered for 

photodoped ZnO nanocrystals, but kinetic limitations could not be ruled out.38 This new result 

can be rationalized as follows: Prior to photodoping, each conduction-band electron within an 

ITO nanocrystal is compensated by a Sn4+ ion in the same nanocrystal. These Sn4+ ions stabilize 

the extra electrons to such an extent that the nanocrystals are not oxidized upon exposure to air. 

Subsequent photodoping introduces electrons stabilized by charge-compensating protons 

delivered from the EtOH oxidation reaction. As a consequence, the chemical potentials (Vphoto) of 

these photogenerated electrons are essentially the same in all of the nanocrystals, independent of 

Sn content or initial electron density (Scheme 5.1).  

 

 
Scheme 5.1 Stabilization of the In2O3 conduction band by aliovalent doping 

with Sn4+. As-prepared nanocrystals have the same EF, determined by the solution 

potential, regardless of Sn-doping. Stabilization of the conduction-band by Sn4+ 

allows more electrons to be accumulated before reaching EF. Photodoping allows 

EF to be increased by an amount that is constant across all samples. 
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Three control experiments confirm this interpretation. In the first, the as-prepared 9.0% ITO 

and In2O3 nanocrystals were mixed and the absorption spectra monitored for evidence of electron 

transfer, which would imply an elevated chemical potential in the ITO nanocrystals. Figure 5.3a 

shows the absorption spectra of as-prepared In2O3 and 9.0% Sn:In2O3 nanocrystals prepared 

separately. The absorption spectrum measured after adding the ITO nanocrystals to the In2O3 

nanocrystals is a simple superposition of the two independent absorption spectra. This result 

shows that electron transfer from as-prepared ITO nanocrystals to as-prepared In2O3 nanocrystals 

does not occur, and hence that the Fermi level of the ITO nanocrystals is not above the 

conduction-band edge of the In2O3 nanocrystals. In the second experiment, this mixture of as-

prepared nanocrystals was photodoped and monitored spectroscopically, with the observation 

that electrons are added to both types of nanocrystals concurrently (Figure F.3). In the third 

experiment, as-prepared ITO nanocrystals were added to photodoped In2O3 nanocrystals (1 

equivalents) and the absorption spectrum monitored for evidence of electron transfer. The 

spectrum of this mixture is shown in Figure 5.3b, and is essentially identical to that of the 

mixture of the same nanocrystal samples photodoped concurrently (Figure F.3), but at roughly 

half the intensity (Figure F.4). This result demonstrates that electrons do indeed transfer between 

nanocrystals to equilibrate chemical potentials. 
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Figure 5.3. Electron transfer between In2O3 and ITO nanocrystals. (a) 

Absorption spectra of as-prepared In2O3 nanocrystals (dotted), 9.0% Sn:In2O3 

nanocrystals (solid), and an anaerobic mixture of the two (circles, both 1M in 

1:1 toluene/THF). The resulting spectrum shows no indication of electron transfer 

from the ITO to In2O3 nanocrystals. (b) Absorption spectra of: (A) As-prepared 

In2O3 nanocrystals (1M in 1:1 toluene/THF with ~3×105 equivalents EtOH, 

anaerobic); (B) The same nanocrystals after maximal photodoping; (C) As-

prepared 9.0% Sn:In2O3 nanocrystals; (D) After adding one equivalent of 

maximally photodoped In2O3 nanocrystals to a solution of as-prepared 9.0% 

Sn:In2O3 nanocrystals. Spectrum E is a numerical summation of absorption 

spectra B and C. Spectrum E does not match spectrum D, confirming inter-

particle electron transfer in mixture of spectrum D. 

 

 

 

Collectively, these results strongly support the alignment of as-prepared nanocrystal 

chemical potentials (V0) as depicted in Scheme 5.1. The picture that emerges is thus that Sn 

doping does not raise the nanocrystal Fermi level, but instead it stabilizes the band edges relative 

to external redox couples (or vacuum), as summarized in Scheme 5.1. Under air-free conditions, 

irreversible photochemical oxidation of EtOH then raises the electron chemical potential to Vphoto 

(Scheme 5.1), as dictated by the photoredox reaction and the stability of its products. The 

striking result of Figure 5.2b is that this increase is independent of the amount of Sn or the 

number of conduction-band electrons initially within the as-prepared nanocrystals.  
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With the electron densities of these nanocrystals defined, it is now possible to quantify the 

effect of Sn on ITO LSPR energies independent of the effects of free carriers. Nanocrystals with 

different Sn concentrations were photodoped to the same final electron density and their IR 

LSPRs compared. Figure 5.4 plots the NIR absorption spectra of three such ITO nanocrystal 

samples (d = 6.1, 6.8, 6.4 nm; [Sn] = 2.6, 4.7, 5.9%, respectively), all photodoped to the same 

total electron density of ~3.65 × 1020 cm−3. For a fixed carrier density, increasing the Sn content 

from 2.6 to 5.9% increases the LSPR energy by ~0.2 eV. The inset to Figure 5.4 plots these 

LSPR energies as a function of the Sn content and reveals a linear relationship with a slope of 

0.06 eV/%Sn. Quantum confinement cannot be responsible for this increase in LSPR energies46 

because these ITO nanocrystals are substantially larger than the electron in In2O3. Moreover, the 

trend in Figure 5.4 (inset) does not track the small differences in nanocrystal diameter within this 

series. The change in the high-frequency dielectric constant ( ε ) also cannot account for the 

magnitude of this Sn dependence, because the refractive indices of In2O3 and SnO2 are 

experimentally indistinguishable (1.8–2.0). Instead, this blue shift is attributed to the disruptive 

impact of Sn on the electronic structure of In2O3, in the same way as composition control allows 

semiconductor band-gap engineering. Microscopically, the misalignment of In and Sn empty 

valence orbitals in ITO causes minima in the In2O3 conduction-band wavefunction amplitudes at 

each Sn site.  
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Figure 5.4. Compositional engineering of LSPRs. Absorption spectra of ITO 

nanocrystals with 2.6% (dashed red) 4.7% (solid green) and 5.9% (dotted blue) Sn 

content, all having the same carrier density of 3.65 × 1020 cm−3. Inset: Plot of the 

LSPR energy versus Sn cation mole fraction (%) at this carrier density. 

 

 

 

The results presented above thus demonstrate that the LSPR energies of ITO nanocrystals are 

affected separately by both the number of conduction-band electrons and the number of impurity 

ions in the nanocrystal: Greater Sn incorporation leads to higher LSPR energies even without 

introducing more conduction-band electrons. More generally, these data highlight the 

observation that the relationship between carrier density and LSPR energy frequently invoked in 

recent literature1-3,14 is not as straightforward as generally assumed. For example, similar 

perturbations of the band structure and carrier dynamics must also accompany vacancy formation 

in plasmonic semiconductors such as Cu2−xE (E = S, Se, Te).14-16,50,56 Quantitative analysis of the 

LSPR energies of those semiconductors without accounting for such effects will therefore yield 

incorrect carrier densities. Even LSPRs generated by redox doping may be affected by 

perturbations due to the presence of counterions, although such perturbations are likely small 

compared to those from aliovalent substitution or lattice vacancy formation. This sensitivity of 

LSPR frequencies to lattice defects, combined with the possibility of strong quantum 
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confinement effects,40 identifies doped semiconductor nanocrystals as highly flexible platforms 

for tuning IR plasmons. 

Finally, we address the magneto-optical properties of these nanocrystals. Recently, magnetic 

circular dichroism (MCD) spectroscopy has been demonstrated as a powerful probe of the 

LSPRs of both metal nanoparticles57,58 and electronically doped semiconductor nanocrystals.46 

Large magneto-optical responses have been reported in both classes of plasmonic materials. For 

high-carrier-density ZnO nanocrystals, the LSPR magneto-optical spectra closely resemble those 

of metal nanoparticles. To probe the analogous magneto-optical properties of these ITO 

nanocrystals, low-temperature spectroscopic measurements were performed on 9.0% Sn:In2O3 

nanocrystals embedded into PLMA matrices as frozen solutions. The transfer from toluene to 

PLMA has little effect on the LSPR band (Figure F.5). The LSPR absorption spectrum is nearly 

independent of temperature (Figure F.6). Figure 5.5a plots the absorption spectrum collected at 

20K, and Figure 5.5b plots variable-field MCD spectra of the same film collected at 1.8 K. As in 

metal nanoparticles and n-type ZnO nanocrystals, the LSPR gives rise to an intense derivative-

shaped MCD signal with its crossing point red shifted slightly from the absorption maximum. 

The inset of Figure 5.5b plots relative integrated MCD intensity as a function of magnetic field at 

1.8 K. Importantly, this intensity is linear with field and shows no evidence of saturation at high 

fields, indicating that it does not derive from ground-state Curie paramagnetism. Additionally, 

the MCD spectrum shows no temperature dependence (Figure F.7). The similarities between 

these data and those of other plasmonic nanocrystals support the proposal40 that these 

characteristics (linear field dependence and no temperature dependence) are signatures of LSPRs 

in doped semiconductor nanocrystals. This behavior is identical to that of LSPRs in metals,57 and 

is consistent with the classical notion of magnetoplasmonic free-carrier excitations.58 
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Figure 5.5. Magnetic circular dichroism of plasmons in ITO nanocrystals. (a) 

20 K absorption and (b) 1.8 K variable-field MCD spectra of 9.0% Sn:In2O3 

nanocrystals in a PLMA matrix. The inset plots the MCD intensity at 1.8 K as a 

function of applied magnetic field. The solid line is a linear fit to the data. 

 

 

 

5.4 Summary and conclusions 

In summary, photodoping allows the LSPRs of colloidal In2O3 and ITO nanocrystals to be 

tuned post-synthetically. Titration of the photochemically added electrons against mild oxidants 

allows direct quantification of the carrier densities without relying on models, which may be 

inaccurate especially at very low carrier densities, under quantum confinement, or for alloyed 

compositions. Surprisingly, the maximum number of extra electrons that can be added 

photochemically is largely unaffected by the starting number of electrons introduced via 

aliovalent doping with Sn4+, suggesting that the maximum number of electrons added 

photochemically is not limited by competing fast multi-carrier Auger recombination processes 

but is instead determined thermodynamically. By chemical titration of the charge carriers in 
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these nanocrystals, we have been able to separately evaluate the effects of added electrons and 

added impurity ions on the energies of the LSPRs. The results reveal that the perturbation of the 

nanocrystal electronic structure by the added impurity is considerable, and that the final plasmon 

energies across a series of ITO compositions are significantly affected by this perturbation. 

Compositional plasmon engineering can thus be used to tune the energies of LSPRs in doped 

semiconductor nanocrystals beyond the ranges normally accessible via tunable carrier densities. 

These findings have broad implications for the analysis of LSPRs in doped semiconductor 

nanocrystals in general, where until now, such effects have not been explicitly separated 

experimentally. Finally, the observation of strong IR magneto-optical responses arising from 

these nanocrystal LSPRs bolsters prior analysis of doped ZnO nanocrystal plasmonic magneto-

optics and may have interesting ramifications for low-energy plasmonic sensing or imaging 

technologies.  

 

5.5 Experimental methods 

5.5.1 Nanocrystal synthesis and general characterization. In2O3 and Sn:In2O3 nanocrystals 

were synthesized as reported previously.43 Nanocrystals were dried, pumped into a N2 glove box, 

and dispersed in toluene for storage. Tri-n-octylphosphine oxide (99%) was added to the 

nanocrystal solutions to aid in colloidal stability during photodoping and titrations. Nanocrystal 

and dopant concentrations were determined via inductively coupled plasma optical emission 

spectroscopy using a Perkin Elmer Optima 8300. UV/visible/near-IR spectra (4.1–0.4 eV) were 

measured using a Cary 500 spectrometer. IR spectra (1.0–0.1 eV) were measured using a Bruker 

Vector 33 spectrometer. Nanocrystal diameters were determined via statistical analysis of TEM 
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images taken on a JEOL 2100 microscope. All nanocrystals had average diameters of 5.5–6.8 

nm.  

5.5.2 Photodoping and determination of electron densities. In2O3 and ITO nanocrystals 

could be photodoped in the same manner as ZnO nanocrystals, detailed in Appendix B. The data 

in Figure 5.1 were collected using a Bruker Vector 33 IR spectrometer. The nanocrystal solution 

was loaded into an air-free IR cell with a 50 m Teflon spacer between two CaF2 windows. To 

the photodoped nanocrystals, aliquots of [FeCp*
2][BArF] in THF were added anaerobically and 

the absorption spectra monitored after each addition. As titrations required larger volume and 

adequate diffusion, these experiments were conducted in a 2 mm air-free quartz cuvette and 

measured on a Cary 500 spectrophotometer. 

5.5.3 Low-temperature absorption and MCD spectroscopy. A 10 l aliquot of ~2 M 5.4% 

Sn-doped In2O3 nanocrystals was added to 50 l of ~2% poly(lauryl methacrylate) in toluene. 

The ITO-PLMA solution was evaporated to ~5 l, sandwiched between two quartz discs, and 

heated for 2 h at 75 ºC. The resulting film had a slightly red-shifted LSPR from that of the 

colloidal nanocrystals (see Figure F.5). For low-temperature absorption measurements, the 

sample was mounted in a closed-cycle helium refrigerator and spectra were collected with a Cary 

500 spectrometer. For MCD measurements, the film was mounted in a high-field 

superconducting magneto-optical cryostat (Cryo-Industries SMC-1659 OVT) with a variable-

temperature sample compartment oriented in the Faraday configuration. Spectra were measured 

using an Aviv 40DS spectropolarimeter with an InGaAs detector (Teledyne-Judson). 
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6.1 Overview 

Nanomaterials exhibiting plasmonic optical responses are impacting sensing, information 

processing, catalysis, solar, and photonics technologies. Recent advances have expanded the 

portfolio of plasmonic nanostructures into doped semiconductor nanocrystals, which allow 

dynamic manipulation of carrier densities. Once interpreted as intra-band single-electron 

transitions, the infrared absorption of doped semiconductor nanocrystals is now commonly 

attributed to localized surface plasmon resonances and analyzed using the classical Drude model 

to determine carrier densities. Here, we show that the experimental plasmon resonance energies 

of photodoped ZnO nanocrystals with controlled sizes and carrier densities diverge from 

classical Drude model predictions at small sizes, revealing quantum plasmons in these 

nanocrystals. A Lorentz oscillator model more adequately describes the data and illustrates a 

closer link between plasmon resonances and single-electron transitions in semiconductors than in 

metals, highlighting a fundamental contrast between these two classes of plasmonic materials. 

 

6.2 Introduction 

Carrier-doped semiconductor nanocrystals are envisioned as essential components of future 

information processing, solar energy conversion, and other technologies. Nanocrystal carrier 
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doping generates new infrared (IR) absorption bands similar to localized surface plasmon 

resonances (LSPRs) of metal nanoparticles. Semiconductor nanocrystals showing such LSPRs 

have recently attracted broad attention,1,2 in part because of the wide range of carrier densities 

achievable in such systems. Over just the past few years, LSPRs have been reported in many 

semiconductor nanocrystals with excess charge carriers introduced by aliovalent,3-7 vacancy-

induced,8-10 or redox11,12 doping. Central to any analysis of these LSPRs is an assessment of the 

carrier density. Many investigations have applied the classical Drude model to estimate carrier 

densities from IR absorption energies.3-6,8,10-12 Others have assumed stoichiometric relationships 

between defects and carriers.9 In semiconductor nanocrystals, however, a large fraction of 

aliovalent dopants or electronic defects can be compensated by localized surface charges,13 and 

impurity doping of any type perturbs carrier wavefunctions.14 Additionally, in some cases the 

carriers may be partially localized.15 These factors complicate determination of carrier densities 

using the Drude model. Moreover, the Drude model itself may not even be adequate for 

semiconductor nanocrystals, which have much smaller carrier densities than metals, but this 

model has not been quantitatively tested. Finally, quantum confinement effects are not accounted 

for in the Drude model and have also not yet been investigated in LSPR-supporting 

semiconductors. Here, we analyze the IR absorption spectra of photodoped colloidal ZnO 

nanocrystals with tunable radii (r) and carrier densities (Ne) to assess the applicability of the 

Drude model in this case. These experimental data expose fundamental shortcomings of the 

Drude model when applied to semiconductor nanocrystals, revealing the existence of quantum 

plasmons in semiconductor nanocrystals and highlighting important contrasts between LSPRs in 

semiconductor and metal nanostructures. 
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Photodoped ZnO nanocrystals are among the best characterized carrier-doped colloidal 

semiconductor nanocrystals13,14,16-21 and offer a unique platform for turning on, tuning, and 

investigating semiconductor LSPRs. Anaerobic UV irradiation in the presence of an appropriate 

hole quencher allows accumulation of delocalized conduction-band electrons, achieving average 

carrier densities tunable from zero up to ~6 × 1020 cm−3.16 Unlike in other systems investigated to 

date, these carrier densities are readily determined by direct titration against mild redox 

reagents,13,16,19,20,22,23 providing a model-independent measure of this critical quantity. Previous 

studies have described a new IR absorption band that accompanies the added conduction-band 

electrons,19,24-26 but its interpretation remains ambiguous. It has generally been interpreted in 

terms of single-electron intra-conduction-band transitions,19,24-26 but has recently also been 

interpreted in terms of LSPRs,12 and similar IR absorption in Al3+-doped ZnO nanocrystals has 

also been described as LSPRs.27,28 If indeed this IR band is due to LSPRs, the relationship 

between these collective excitations and the anticipated single-electron excitations has yet to be 

revealed. 

 

6.3 Results and analysis 

Figure 6.1 shows IR absorption spectra of two anaerobic ZnO nanocrystal suspensions (r = 

1.75 and 6 nm), each prepared and photodoped using ethanol for hole quenching as detailed 

previously (see Appendix B for details).16 Spectra collected at various UV irradiation times are 

shown, with increasing IR absorption reflecting increasing electron density.19,26 The maximum 

photodoping corresponds to an electron density of 1.4 ± 0.4 × 1020 cm−3 for both samples 

(Appendix G.1).16 With added electrons, the IR absorption maxima blue shift while increasing in 

intensity. A similar blue shift has been reported in r = 2.1 nm ZnO nanocrystals,26 where it was 
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interpreted as arising from the increased energy spacings of intra-conduction-band single-

electron transitions. The experimental shifts are slightly greater than predicted from tight-binding 

calculations,26 but are comparable to expectations from the classical Drude model (Figure G.4a). 

Similar shifts are observed in all sizes of nanocrystals (Figure G.4b), even though the smallest 

have a maximum of ~3 conduction-band electrons while the largest have up to ~130. This 

similarity suggests that the blue shift is correlated with electron density rather than number. 

Additionally, from tight binding calculations,26 a significant blue shift is not expected in large 

nanocrystals, where intraband spacings are nearly constant. Although it is conceivable that the 

blue shift reflects preferential reduction of larger nanocrystals, because intraband spacings are 

size-dependent and electrons can transfer rapidly from one nanocrystal to another,14,18 the 

average radius (6 nm) for the larger ZnO nanocrystals of Figure 6.1 is well beyond the quantum 

confinement size regime (≤3.5 nm), allowing the conclusion that size heterogeneity is not 

responsible. Based on these considerations, the IR blue shift with increased photodoping is 

consistent with assignment of this IR band as an LSPR. 
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Figure 6.1. Infrared absorption spectra of photodoped ZnO nanocrystals. IR 

absorption spectra of r = 1.75 and 6 nm colloidal photodoped ZnO nanocrystals. 

For each sample, the increased IR absorption corresponds to progressively greater 

photodoping. Both samples display the same maximum photodoping level of 1.4 

± 0.4 × 1020 cm−3. This density corresponds to a maximum average occupancy of 

3.2 ± 0.9 and 116 ± 22 electrons per nanocrystal for the small and large 

nanocrystals, respectively. Inset: TEM images of the r = 1.75 nm (left) and r = 6 

nm (right) nanocrystals. 

 

 

 

Magnetic circular dichroism (MCD) spectroscopy provides strong support for assignment of 

the IR band in photodoped ZnO nanocrystals as an LSPR. Figure 6.2 shows room-temperature 

absorption (a) and variable-field MCD (b) spectra of photodoped r = 1.55 nm ZnO nanocrystals. 

The MCD intensity is very large (|A/A0| ~ 0.01) but does not maximize at the absorption 

maximum, instead crossing zero close to the absorption maximum. The MCD intensity is 

temperature independent (Figure G.5) and shows a linear dependence on magnetic field, even at 

2 K (Figure 6.2, inset). Strikingly similar MCD data have been reported for the LSPRs of 

colloidal Au nanoparticles,29 which also show very large (|A/A0| ~ 0.001) and temperature-

independent derivative-shaped MCD intensities. These similarities support the assignment of the 

ZnO IR peak as an LSPR. 
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Figure 6.2. Infrared magnetic circular dichroism spectra of photodoped ZnO 

nanocrystals. Room-temperature (a) absorption and (b) MCD spectra of heavily 

photodoped colloidal r = 1.55 nm ZnO nanocrystals. The arrow indicates 

increasing magnetic field strength in 1 T steps. The dip in panel (a) at ~0.55 eV is 

due to imperfect subtraction of solvent vibrations. Inset: Relative 2 K IR MCD 

intensities plotted as a function of magnetic field strength. The MCD spectra 

terminate at the instrumental limit of ~0.6 eV. 

 

 

 

Temperature-independent derivative-like band shapes are typically characteristic of A-term 

MCD intensities,30 which derive from the effects of magnetic fields on excited states rather than 

from magnetization of the ground state (C-term).30 Previous MCD spectra of plasmons in Au 

nanoparticles have been interpreted in this way.29 For the photodoped ZnO nanocrystals, this 

interpretation is surprising because of the strong correlation between IR absorption and the 

ground-state g = 1.96 electron paramagnetic resonance (EPR) intensity from the delocalized 

electrons within these nanocrystals.19,21 Paramagnets typically display C-term MCD intensity 

that increases rapidly with decreasing temperature (in proportion to 1/T for simple Curie-type 

paramagnets, see Figure G.6) and therefore dominates at low temperatures. The MCD of these 
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photodoped ZnO nanocrystals is thus not typical of paramagnetic chromophores. We propose 

that the temperature independence of the plasmon MCD intensities in these nanocrystals may 

alternatively reflect Pauli-type paramagnetism, a characteristic of conduction electrons in most 

nonferromagnetic metals.31 

Several samples of colloidal ZnO nanocrystals were prepared with average radii ranging 

from 1.75 to 6 nm. All photodoped to the same electron density of 1.4 ± 0.4 × 1020 cm−3, which 

was independently verified.23 Figure 6.3a shows IR absorption spectra of these nanocrystals and 

illustrates a key result of this study: At a constant carrier density, the IR absorption blue shifts 

substantially with decreasing nanocrystal radius. Figure 6.3b plots the energies of the absorption 

maxima as a function of nanocrystal radius (blue circles). For large radii (≳ 5 nm), this energy 

approaches an asymptote of ~0.25 eV, agreeing well with the LSPR energies of ZnO thin films32 

(which should be greater by a factor of ~1.2). This size dependence is very similar to that 

observed for the first excitonic absorption maximum in ZnO nanocrystals arising from quantum 

confinement,33 but it is qualitatively different from that anticipated by the classical Drude model. 
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Figure 6.3. Size dependence of LSPR energies in colloidal photodoped ZnO 

nanocrystals. (a) IR absorption spectra of a series of colloidal ZnO nanocrystals 

with different radii, each photodoped to an average carrer density of Ne = 1.4 ± 

0.4 × 1020 cm−3. Dotted lines indicate the region of intense C‒H stretches. (b) IR 

peak maxima versus nanocrystal radius (blue circles). The dotted black line shows 

the Drude model (equation 6.1) prediction for LSPR energies at Ne = 1.4 ± 0.4 × 

1020 cm−3. The dashed red line extends this model to account for increased surface 

scattering in small nanocrystals (equation 6.2). Inset: Predicted (diamonds, from 

equation 6.1) and experimental (shaded region) carrier densities plotted versus 

nanocrystal radius. Solid lines are guides to the eye. 

 

 

 

The LSPR frequencies predicted by the classical Drude model are given by     
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This relationship has been widely employed in the analysis of heavily doped semiconductor 

nanocrystals. Here, bulk   is the bulk scattering frequency, e is the elementary charge, 0 is the 

permittivity of vacuum, m is the medium dielectric (estimated as 2.25 for toluene),  is the 

high-frequency dielectric (3.72 for ZnO),34 and me = 0.28m0 is the mass of an electron in ZnO.34 

Application of equation 6.1 to predict the LSPR frequencies of ZnO nanocrystals photodoped to 

Ne = 1.4 × 1020 cm−3 yields the dotted line in Figure 6.3b. The Drude model accurately estimates 

sp for the largest ZnO nanocrystals but fails for smaller nanocrystals. Equivalently, the inset of 

Figure 6.3b compares the experimental carrier densities (shaded) with those estimated from 

equation 6.1. Here, Ne values were calculated from the IR absorption using sp and  as the 

maxima and half-widths-at-half-maxima (HWHM), respectively. The Drude model accurately 

estimates the carrier density of the largest ZnO nanocrystals, yielding a value of 1.2 × 1020 cm−3, 

but it predicts a carrier density roughly four times too large (4.2 × 1020 cm−3) for the smallest 

nanocrystals. Furthermore, an extended Drude model that accounts for size-dependent surface 

scattering through modification of the scattering frequency, 

             F
bulk

Av

r
   ,                                                                  (6.2) 

actually predicts an absorption red shift with decreasing radius for a constant Ne (Figure 6.3b, 

dashed line). Here, Fv  is the Fermi velocity (8.4 × 105 m/s in ZnO)35 and A is an empirical 

constant whose value is debated in the literature.36 Drude models thus fail to describe the IR 

absorption spectra of carrier-doped ZnO quantum dots. For accurate interpretation of this IR 

absorption, a more sophisticated model is needed. 

To address these shortcomings, we introduce a quantum mechanical correction to the driving 

force on a classical Lorentz electron in an external electric field.37 A similar semiclassical 
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approach was recently used to model a blue shift of Ag nanoparticle LSPR energies with 

decreasing radius.38 We model electron motion within a spherical semiconductor nanocrystal as a 

collection of damped and driven harmonic oscillators, where the driving force is dependent on 

both the incident electric field and quantum mechanical responses to the boundary. Quantum 

confinement also alters the harmonic restoring force by discretizing the set of available transition 

frequencies, if , where i and f are composite labels for initial and final quantum states. This 

model yields the dielectric function, 

                                                  2

IB p 2 2
,

if

i f if

S

i
    

  
 

 
 ,                                   (6.3) 

where 2

p e 0 e/N e m  is the bulk plasma frequency, ifS  is the oscillator strength obeying the 

Thomas-Reiche-Kuhn sum rule,   is the size-dependent scattering frequency (equation 6.2), and 

 IB   represents contributions from interband transitions. 

To apply this dielectric function to photodoped ZnO nanocrystals, conduction electrons are 

modeled as noninteracting particles within an infinite spherical potential well. The quasi-

spherical shapes of our nanocrystals are verified by transmission electron microscopy (Figure 

6.1, inset). The many-electron character is introduced by imposing the Pauli exclusion principle 

and a hydrogenic shell-filling scheme with degeneracy 22n  for each principle quantum number, 

n . Under these assumptions, the Fermi level, Fn , is determined by finding the nearest integer to 

the solution of 

                                                               
F

2

e

1

2
n

n

n n


 ,                                                           (6.4) 
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where   3

e e4 / 3n r N  is the total number of conduction electrons. Dominant contributions to 

the sum in equation 6.3 come from low-energy excitations around this value of 
Fn  (Appendix 

G.5). Finally, interband transitions in ZnO occur above ~3.5 eV, far from the IR region. 

Therefore, it suffices to replace  IB   with   to impose consistency with the behavior of bulk 

ZnO. With this approach, LSPRs are found according to the Clausius-Mossotti relation at 

frequencies where  

                                                             mRe 2      .                                                    (6.5) 

Only frequencies in normal dispersion regimes (    / Re 0       ) are considered. All 

calculations use the experimental carrier density of 1.4 × 1020 cm−3. 

Figure 6.4a presents  Re     for various ZnO nanocrystal sizes (see Figure G.7 for 

 Im     ). The corresponding normalized absorption efficiencies are shown in Figure 6.4b. 

LSPR energies, ħωsp, were determined using equation 6.5 and are plotted on top of the 

absorption efficiencies (black circles). The single-electron transition energies, ħωif, are also 

plotted in Figure 6.4b (white circles), with symbol opacities proportional to ifS . LSPRs are found 

in regions of high absorption efficiency, supporting the conclusion that plasmons dominate the 

ZnO nanocrystal IR absorption spectra at these experimental carrier densities. The single-

electron transitions are relatively weak because they involve only one electron, whereas plasmon 

excitations involve many. As the radius decreases, the LSPR and lowest-energy single-electron 

transition energies converge. A similar convergence occurs for fixed radius as Ne is reduced 

(Figure G.7). The discontinuities in these calculations, which appear as jumps in Figure 6.4b, are 

a consequence of the shell-filling approximation used in our model (equation 6.4). 
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Figure 6.4. Calculated dependence of LSPR frequency on nanocrystal radius 

in photodoped ZnO and comprison to Au. Spectral dependence of (a) the real 

part of the ZnO dielectric function for various nanocrystal radii and of (b) the 

corresponding normalized absorption efficiencies as a function of nanocrystal 

radius. The dotted black line in panel (a) is positioned atm. The crossings of 

this line with Re[)] in regions of normal dispersion correspond to LSPR 

energies, ħωsp, which are displayed as black open circles in panel (b). The white 

circles in panel (b) correspond to single-electron transitions and their opacities are 

scaled to their oscillator strengths. Also shown are the spectral dependencies of 

the real part of the dielectric functions for (c) ZnO and (d) Ag calculated with the 

Drude (dashed lines) and Lorentz (solid lines) models for two different sizes. The 

dotted vertical lines indicate the crossings of the Lorentz model withm5.5 

for the two different sizes (red and blue). All ZnO calculations use the 

experimental carrier density of 1.4 × 1020 cm−3. 
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As observed experimentally, the calculated results of Figure 6.4b show an increase in ħωsp
 

with decreasing radius, starting from bulk. We conclude that this model, although idealized and 

without any adjustable parameters, successfully captures the essence of the experimental 

observations. The calculated size dependence is steeper than observed experimentally, possibly 

because of the model's inability to account for electron tunneling beyond the nanocrystal surface 

("spill-out").39 Tunneling makes the smallest nanocrystals effectively larger and weakens the size 

dependence. Another factor could be the existence of delocalized surface states, such as 

Shockley or Tamm states.40 Surface states could be important at high electron densities, 

particularly if the electron-charge-compensating protons from photodoping all reside at the ZnO 

nanocrystal surfaces. Confinement of such surface states is documented in metals, where 

electrons behave as particles in two-dimensional boxes.41 The calculations of Figure 6.4 are 

based on an idealized model and do not account for surface states. We note that the experimental 

size dependence of the IR absorption is similar at both high and low electron densities (Figure 

G.4b), arguing against major contributions from surface states. Additional deviations from 

ideality may arise from nanocrystal shape anisotropies and surface ligation. Expansion of the 

model to include adjustable parameters accounting for such effects can indeed improve 

quantitative agreement with the experimental data (e.g., Figure G.8), but it does not provide 

greater insight into the physical problem. Overall, the data in Figure 6.3b reveal large quantum 

size effects manifested in the LSPRs of doped semiconductor nanocrystals. This result 

constitutes the first experimental demonstration of quantum confinement effects on LSPRs in 

semiconductors. We stress that this size dependence is identified only because carrier densities 
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could be measured independently. Application of the Drude model to deduce carrier densities 

would have yielded a qualitatively different understanding of these semiconductor LSPRs. 

It is interesting to note that, unlike in metals, LSPRs in photodoped ZnO nanocrystals occur 

spectrally near the regions of large anomalous dispersion (Figure 6.4c), placing them close to the 

most allowed single-electron transitions. In this regime, the Lorentz dielectric model is strongly 

non-Drude in character, and the free-electron picture used for metallic plasmons is qualitatively 

incorrect. Instead, the ZnO LSPRs become very sensitive to the most-dominant single-electron 

transitions, and converge to their energies in the limit of low carrier occupancy. Moreover, 

because this spectral proximity is a result of the relatively low carrier densities, it is not specific 

to ZnO or to nanocrystals. Carrier densities achievable in semiconductors are generally 2–3 

orders of magnitude smaller than in metals, making this relationship between LSPRs and single-

electron transitions universally significant. Figures 6.4c and 6.4d highlight this important 

contrast, comparing the calculated dielectric functions of photodoped ZnO nanocrystals and Ag 

nanoparticles at two radii. Because of its high carrier density, collective excitations in Ag occur 

far from the dominant single-electron transitions, within the free-electron (Drude) part of the 

Lorentz dielectric function. Consequently, they are spectrally distant from and relatively 

insensitive to the most-allowed single-electron transitions (Figure G.9). In stark contrast, the 

lower carrier densities of photodoped ZnO nanocrystals link the plasmons to dominant single-

electron excitations, making them difficult to distinguish energetically. When these single-

electron transitions shift due to changing nanocrystal radius, the collective excitations follow. 

These insights reconcile conflicting evidence for interpretation of the IR bands of doped 

semiconductor nanocrystals as plasmon resonances versus single-electron excitations.  
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6.4 Summary and conclusions 

In summary, carrier-doped semiconductor nanocrystals offer a unique platform for tuning 

plasmons on nanometer length scales. The ability to control and quantify carrier densities in 

colloidal ZnO nanocrystals has allowed experimental assessment of the classical Drude model 

commonly applied to interpret IR absorption spectra of doped semiconductor nanocrystals. 

Investigating the relationship between nanocrystal size and IR absorption energy at constant 

carrier density has revealed that the Drude model fails for small nanocrystals in which electron 

wave functions are quantum confined. A Lorentz oscillator model that accounts for quantum-

mechanical corrections qualitatively reproduces the experimental size dependence. Both the 

experimental and theoretical results bridge the single-electron and LSPR regimes, displaying 

quantum confinement in small nanocrystals and converging to classical bulk LSPRs in large 

nanocrystals. These findings shed new light on semiconductor plasmonics, with important 

ramifications for both fundamental investigations of doped semiconductor nanocrystals and 

future applications of this emerging class of materials. 

 

6.5 Experimental methods  

Synthesis and characterization of colloidal ZnO nanocrystals are provided in Appendix A. 

Photodoping and titration details are provided in Appendix B and Appendix G. 

6.5.1 IR absorption measurements. For infrared (IR) absorption measurements on 

photodoped nanocrystals, nanocrystal solutions were prepared anaerobically to be ~0.15 M Zn2+ 

in toluene. These solutions were loaded into an air-free IR cell in an inert-atmosphere glove box, 

which was then removed from the glove box for subsequent experiments. The nanocrystals were 

photodoped by placing the IR cell in front of a 100 W Hg/Xe Oriel photolysis lamp for short 
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times (1−20 s between spectra). The IR absorption was monitored during photodoping until it 

stopped increasing. Residual EtOH from the synthesis and purification procedures is the hole 

quencher.17  

6.5.2 MCD spectroscopy. For MCD measurements, a 200 l sample of nanocrystals was 

prepared anaerobically in 2-methyltetrahydrofuran and to it added 2 l of 1 M Li[Et3BH], which 

serves as a hole quencher.16 The sample was prepared in the glove box by dropping a small 

amount of this solution onto a polished quartz disc holding a Teflon spacer and placing another 

quartz disc on top. These nanocrystals were photodoped as described above and placed into the 

magneto-cryostat.  
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Chapter 7  
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Acceleration of Mn2+ Spin Relaxation 

by Excess Charge Carriers in 

Colloidal n-Type Zn1−xMnxO 

Nanocrystals 

 
Adapted from: Schimpf, A. M.; Rinehart, J. D. 

Ochsenbein, S. T.; Gamelin, D. R. In 

preparation. 

 

 

 

7.1 Overview 

We present a quantitative analysis of how colloidal impurity-doped semiconductor 

nanostructures are affected by the introduction of excess charge carriers. Employing pulsed 

electron paramagnetic resonance (pEPR) spectroscopy enables us to probe the influence of 

excess electrons on the spin relaxation dynamics of Mn2+ doped into colloidal ZnO nanocrystals. 

We show that Mn2+ spin-lattice relaxation is strongly accelerated by the addition of one electron 

to the conduction band of the nanocrystals. We propose this increased relaxation rate in n-type 

Zn1−xMnxO nanocrystals is due to a new pathway not available in intrinsic Zn1−xMnxO 

nanocrystals and propose a kinetic model to quantify the enhancement. These findings are 

relevant to the design of DMS nanostructures for spin-based information processing 

technologies. 

 

7.2 Introduction 

Diluted magnetic semiconductor (DMS) nanocrystals are attractive targets for emerging 

spintronic and quantum computing applications1-4 due to the large carrier-dopant magnetic 
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exchange interactions5-7 and the ability to electronically and optically manipulate or read-out the 

magnetic dopant spins. One particular motif that has received broad attention involves the 

incorporation of Mn2+ cations into metal oxide nanocrystals. Substitutional Mn2+ incorporation 

has been demonstrated in nanoscale oxides from a distribution of many hundreds of Mn2+ cations 

per nanocrystal down to a single magnetic dopant per nanocrystal. Previous studies employing 

this motif have demonstrated that dopant-dopant exchange interactions and spin polarizations 

can be effectively manipulated by the introduction and removal of excess free carriers8 or 

excitons. Less is known, however, about the effects of these free carriers on the dynamics of the 

Mn2+ spins. Such dynamics will eventually govern many of the device characteristics from 

polarization switching frequencies to the available timescale for coherent operations.  

A distinct advantage of colloidal DMS nanocrystals is that many such systems can be easily 

photodoped to introduce a well-defined number of stable, delocalized electrons.8-13 This 

chemistry turns on interactions between the delocalized electrons and the S = 5/2 Mn2+ ions, 

allowing the effects of delocalized charges on spin relaxation times to be varied systematically. 

Quantitative understanding of the effects of proximate electrons or holes on spin-lattice 

relaxation and quantum coherence times of magnetic dopants is vital to developing technologies 

based on DMS nanocrystal architectures. Here, we use electron paramagnetic resonance (EPR) 

spectroscopy to explore the effects of added electrons on the spin-lattice and spin-spin relaxation 

of Mn2+ dopants in colloidal ZnO nanocrystals. 

 

7.3 Results 

EPR experiments are detailed in Appendix H. Colloidal Zn1−xMnxO nanocrystals were 

synthesized and capped with trioctylphosphine oxide ligands as described previously (Appendix 
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A.1).14 For these studies, three samples were examined: d = 3.7 nm Zn0.9997Mn0.0003O, d = 3.7 nm 

Zn0.996Mn0.004O and d = 7.8 nm Zn0.997Mn0.003O nanocrystals, with the focus primarily on the first 

two. Figure 7.1a shows the room-temperature continuous wave (CW) EPR spectrum of the 3.7 

nm Zn0.996Mn0.004O nanocrystals (red). The rich Mn2+ hyperfine structure is similar to that 

observed in bulk Zn1−xMnxO, indicative of substitutional doping of the ZnO nanocrystals.15  

 

 

 
Figure 7.1. Effect of excess conduction-band electrons on the Mn2+ EPR 

spectrum in of Zn1−xMnxO nanocrystals. Room temperature X-band CW EPR 

spectra of as prepared (red) and maximally photodoped (blue) 3.7 nm 

Zn0.996Mn0.004O nanocrystals in (a) derivative and (b) absorptive mode. 

 

 

 

Extra electrons were added to the conduction bands of these Zn1−xMnxO nanocrystals via 

photochemical reduction.10-13 Briefly, UV illumination under anaerobic conditions generates and 

excitonic hole that may be quenched by ethanol or other hole acceptors, leaving behind 

kinetically stable conduction-band electrons (e−
CB). Continued illumination allows accumulation 
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of multiple e−
CB per nanocrystal, which can be monitored by the appearance and growth of an 

absorption band in the IR.10,11,13,16 Nanocrystals are referred to as fully reduced when continued 

photoexcitation no longer alters the intensity or position of the IR absorption peak. The number 

of conduction-band electrons can be determined via titration with [FeCp*2][BArF].12,13,16-18 The 

CW EPR spectrum of fully reduced 3.7 nm Zn0.996Mn0.004O nanocrystals is shown in Figure 7.1a 

(blue). Introduction of e−
CB leads to a broadening of the EPR signal and an increase in the total 

integrated intensity (Figure 7.1b). These changes have been observed previously and arise from 

new magnetic exchange interactions that are activated in the presence of the excess electrons.8,10 

The broadening of the Mn2+ CW EPR spectrum upon photodoping is indicative of increased 

spin-spin and/or spin-lattice relaxation rates. To investigate the effect of conduction band 

electrons on Mn2+ spin relaxation times, pulsed EPR measurements were conducted at 4.2 K. 

Figure 7.2a shows electron spin echo spectra of the as-prepared 3.7 nm Zn0.9997Mn0.0003O 

nanocrystals (red) and the same nanocrystals after maximum photochemical reduction (blue). A 

slight broadening of the signal and a decrease in overall intensity is observed upon photodoping. 

The sharp signal at ~360 mT is due to conduction band electrons in undoped ZnO nanocrystals 

that are present in the ensemble at very low Mn2+ concentrations. For 3.7 nm Zn0.9997Mn0.0003O 

nanocrystals, there is an average of 0.33 Mn2+ per nanocrystal, meaning ~2/3 of the nanocrystals 

are undoped. 
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Figure 7.2.   Effect of excess conduction-band electrons on the Mn2+ spin 

dynamics in Zn1−xMnxO nanocrystals. (a) Echo detected field sweep 

measurements of as prepared (red) and fully reduced (blue) d = 3.7 nm 

Zn0.9997Mn0.0003O nanocrystals. (b) and (c) show measurements of T1 and T2, 

respectively, of the same nanocrystals at amounts of added electrons. Arrows 

show increased photochemical reduction. 

 

 

 

 To quantify spin-lattice relaxation times (T1), the echo intensity was measured as a function 

of delay time () using an echo-detected inversion recovery sequence (‒  ‒ /2 ‒ fixed ‒  ‒ 

fixed ‒ echo). These decays are shown in Figure 7.2b for the same nanocrystals as-prepared and 
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at various levels of photochemical reduction. With added electrons (arrow), a faster inversion 

recovery is observed. For the same electron levels, the spin-spin relaxation times (T2) were also 

measured by monitoring the Hahn echo intensity as a function of delay time (‒  ‒  ‒  ‒ 

echo). These curves are plotted in Figure 7.2c. Similar to T1, T2 becomes shorter with added 

electrons. With increased photochemical reduction, both the spin-lattice and spin-spin relaxation 

rates are accelerated. To estimate T1 and T2 from these measurements, the spectra in Figure 

7.2b,c were fit to equations 7.1a and 7.1b, respectively. Neither data set follows purely single 

exponential decay, but for the purposes of this study an effective single exponential time is most 

useful for quantifying the changes in relaxation dynamics.  

 

      1 11 exp /I A T      
   (7.1a)

 

      2 22 exp 2 /I A T              (7.1b) 

The effect of added electrons is most easily visualized by plotting the relaxation times as a 

function of the number of conduction-band electrons per nanocrystal. Figures 7.3a and 7.3b plot 

T1 and T2, respectively, as a function of average electron density (bottom axes) and of the 

average number of electrons per nanocrystal (top axes) for the 3.7 nm Zn0.9997Mn0.0003O 

nanocrystals. The solid lines are guides to the eye. From these data, the addition of even one 

electron leads to a rapid decrease of both the spin-lattice and spin-spin relaxation times, causing 

both T1 and T2 to drop to around half of the initial values. The same experiments were performed 

on d = 3.7 nm Zn0.996Mn0.004O nanocrystals and the results are plotted in Figure 7.3c,d. Again, a 

rapid decrease is seen in T1 upon the addition of one electron. Interestingly, a similar trend is not 

observed for T2. The same measurements were performed on 3.7 nm Zn0.996Mn0.004O 

nanocrystals and 7.8 nm Zn0.997Mn0.003O nanocrystals. 
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Figure 7.3. Dependence of Mn2+ spin dynamics on the number of conduction-

band electrons in photochemically reduced Zn1−xMnxO nanocrystals. Change 

in (a,b) T1 and (c,d) T2 with increased photochemical reduction for (a,c) d = 3.7 

nm Zn0.9997Mn0.0003O and (b,d) d = 3.5 nm Zn0.996Mn0.004O nanocrystals. The level 

of added electrons is given in terms of both electron density (bottom axes) and 

electrons per nanocrystal (top axes). The solid curves are guides to the eye. 

 

 

 

Figure 7.4 plots normalized T1 times as a function of electron density for each sample of 

Zn1−xMnxO nanocrystals. As mentioned above, both systems with d = 3.7 nm show a plateau in 

T1 around 0.6 × 1020 cm−3, corresponding to fewer than one e−
CB per nanocrystal. For larger (d = 

7.8 nm) nanocrystals, much smaller maximum electron densities were achieved, possibly due to 

competitive hole trapping. Despite the lower electron densities, the trend of T1  decreasing with 

increasing electron densityis consistent with  that of the smaller nanocrystals. 
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Figure 7.4. Normalized dependence of Mn2+ spin dynamics on the carrier 

density in n-type Zn1−xMnxO nanocrystals. Normalized Mn2+ spin-lattice 

relaxation in reduced nanocrystals (T1
reduced/ T1

as-prepared) as a function of carrier 

density for 3.7 nm Mn0.0003Zn0.9997O (blue diamonds),  3.7 nm Mn0.004Zn0.996O 

(green plus signs) and 7.8 nm Mn0.003Zn0.997O (red squares) nanocrystals. The 

dashed curves are guides to the eye. 

 

 

 

7.4 Analysis and discussion 

In order to discuss the spin dynamics of n-type DMS nanocrystals, three coupled subsystems 

must be considered: (1) the magnetic ions (Mn2+ dopants), (2) the charge carriers (conduction-

band electrons) and (3) lattice excitations (phonons). Spin and energy transfer between these 

subsystems is responsible for the spin dynamics of the DMS (Scheme 7.1, adapted from ref. 19). 

The impressive magneto-optical effects observed in DMSs, such as giant Zeeman splittings,20-23 

are a result of the strong exchange interactions between charge carriers and magnetic 

dopants.7,8,10,20,23-37 The addition of charge carriers to the DMS nanocrystals opens up new 

coupling pathways between different Mn2+ dopants and between Mn2+ dopants and the lattice. 
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Scheme 7.1 Three coupled subsystems contributing to spin dynamics in n-

type Zn1−xMnxO nanocrystals. Spin and energy transfer between Mn2+ electron 

spins, conduction-band electron spins and lattice phonons are responsible for the 

spin dynamics of the DMS. 

 

 

 

The increase in intensity and broadening of the CW EPR spectrum (Figure 7.1) upon 

photochemical reduction has been shown to arise from interactions between the magnetic 

dopants and the conduction band electrons,10 as well as electron-mediated interactions between 

dopants.8 Excess electrons allow Mn2+ ions to overcome antiferromagnetic nearest-neighbor 

interactions, increasing the CW EPR intensity.8 On the contrary, the  electron spin echo (ESE) 

intensity decreased with added electrons (Figure 7.2a). This decreased intensity is due to fast 

relaxation, leading to reduced intensity at the first data point. For the reduced nanocrystals, the 

faster T2 means that more of the signal decays before it is refocused, leading to a smaller 

measured echo intensity. Broadening of the spectrum is more pronounced in the CW spectrum 

than in the ESE spectrum, suggesting that some of the broadening is inhomogeneous and thus 

can be overcome by employing an echo sequence.  

To first order, an isolated Mn2+ ion has zero orbital moment and does not interact directly 

with the lattice phonons, giving it a relatively long T1. Therefore, the largest contribution to Mn2+ 

spin-lattice relaxation is due to interactions between adjacent Mn2+ ions, making T1 highly 

dependent on Mn2+ concentration.19 This concentration dependence is observed in the spin-lattice 

relaxation times of these Zn1−xMnxO nanocrystals: at higher Mn2+concentrations T1 is shorter 
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(Figure 7.3a,b). A similarly strong concentration dependence is also observed for T2 (Figure 

7.3c,d). At relatively low Mn2+ concentrations such as the ones in this study, spin-spin 

interactions are dominated by the magneto-dipole interaction.19 This mechanism is inversely 

dependent on inter-dipole distance, consistent with smaller T2 for higher Mn2+ concentrations. A 

strong dependence of T1 and T2 on Mn2+ concentration has been observed in a variety of bulk 

Mn2+-doped II-VI semiconductors.38-42  

Unlike Mn2+ spins, conduction-band electron spins are efficiently coupled to lattice phonons. 

These electron spins are also coupled strongly to Mn2+ spins, allowing efficient exchange 

scattering. They therefore open alternative channels for Mn2+ spin-lattice relaxation.19 Such 

effects have been observed in (Cd, Mn)Te and (Zn, Mn)Se quantum wells in which spin-lattice 

relaxation is controlled by excess electrons or holes.43,44 The introduction of this new pathway is 

depicted in Scheme 7.2. Here, exch exch1/k T  describes the efficiency of Mn2+ exchange 

scattering, which is generally very fast (10−12‒10−11 s).29,45,46 Thus the Mn2+ excited spin state 

(
2

CBMn *,e 
) and the electron excited spin state (

2

CBMn , *e 
) reach thermal equilibrium 

before the instrument detection limit. The ground state can then be recovered via (1) direct 

coupling of Mn2+ spins with lattice phonons (kMnSLR = 1/T1
as-prepared) or (2) coupling of electron 

spins with lattice phonons (keSLR = 1/T1
electron). The observed recovery of the ground state 

population is described by equation 7.2, where ne is the number of conduction-band electrons. 

Equation 7.2 was used to model the dependence of T1 on the number of conduction-band 

electrons for d = 3.7 nm Zn0.9997Mn0.0003O and d = 3.5 nm Zn0.996Mn0.004O nanocrystals (Figures 

7.3a and 7.3b, respectively) and qualitatively reproduces the observed trend (Appendix I).   

 

               
observed

1

MnSLR e eSLR

1
T

k n k



                       (7.2) 
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Scheme 7.2. Kinetic model for the acceleration of Mn2+ spin-lattice relaxation 

in n-type Zn1−xMnxO nanocrystals. Conduction-band electrons provide a new 

pathway for spin-lattice relaxation not available in intrinsic Zn1−xMnxO 

nanocrystals. 

 

 

            

The ability of the spins to decay via electron spin-lattice relaxation relies on the very efficient 

exchange scattering. Since this interaction is exchange-mediated, it must conserve spin as well as 

the overall energy of the DMS. Therefore, the energy of the electrons must change by the 

difference in Mn2+ spin sublevels, EMn = gMnBH, where gMn is the Mn2+ g value, B is the Bohr 

magneton and H is the applied magnetic field. The only electrons that may participate in spin-

flips with Mn2+ are those within thermal reach of EF − EMn (EF is the Fermi energy), since 

deeper electrons will not have enough energy to populate an unfilled level. This requirement 

leads to a saturation in the effect of excess electrons on Mn2+ spin dynamics. As EF increases, the 

density of states available at EF − EMn becomes larger such that the addition of one more 

electron does not shift EF significantly. For a spherical particle, EF depends on the electron 

density, consistent with the data of Figure 7.4. 

 

7. 5 Summary and conclusions 

Zn1−xMnxO nanocrystals are model systems for probing spin interactions in DMS 

nanostructures. The effects of excess conduction-band electrons on Mn2+ spins in Zn1−xMnxO 

nanocrystals has been investigated by pulsed EPR spectroscopy. The addition of just one e−
CB per 

nanocrystal leads to a large decrease in Mn2+ spin-lattice relaxation time. For all nanocrystals, 
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effects of excess electrons on spin-lattice relaxation time saturates around ~5 × 10-19 cm−3. We 

attribute this to saturation of the number of filled conduction-band levels available for coupling 

to Mn2+ spin flips. This study represents the first in which the acceleration of spin dynamics has 

been measured in a zero-dimensional DMS containing both a magnetic dopant and excess charge 

carriers. These results provide a benchmark analysis of how electronic manipulation of zero-

dimensional DMS systems will affect efficacy in devices for spin-based information processing 

technologies. 

 

7.6 Experimental methods 

Nanocrystal synthesis and general characterization is provided in Appendix A.1. 

Photodoping details are provided in Appendix B. EPR experimental details are provided in 

Appendix H. 
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Chapter 8  
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

Surface Contributions to Mn2+ Spin 

Dynamics in Colloidal Doped 

Quantum Dots 

 
Adapted from: Schimpf, A. M.; Ochsenbein, S. T.; 

Gamelin, D. R. In preparation. 

 

 

 

8.1 Overview 

Colloidal impurity-doped quantum dots are attractive model systems for testing the 

fundamental spin properties of semiconductor nanostructures relevant to future spin-based 

information processing technologies. Although static spin properties of this class of materials 

have been studied extensively in recent years, their spin dynamics remain largely unexplored. 

Here, we use pulsed electron paramagnetic resonance (pEPR) spectroscopy to probe the spin 

relaxation dynamics of colloidal Mn2+-doped ZnO, ZnSe, and CdSe quantum dots. pEPR 

spectroscopy is particularly powerful for identifying the specific nuclei that accelerate electron 

spin relaxation in these QDs. We show that the spin relaxation dynamics of these colloidal QDs 

are strongly influenced by dipolar coupling with proton nuclear spins outside the QDs, and 

especially those directly at the QD surfaces. Using this information, we demonstrate that spin 

relaxation times can be elongated significantly via ligand (or surface) deuteration or shell 

growth, providing two tools for chemical adjustment of spin dynamics in these nanomaterials. 

These findings advance our understanding of the spin properties of solution-grown 

semiconductor nanostructures relevant to spin-based information technologies. 
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8.2 Introduction 

The manipulation of spins in diluted magnetic semiconductors (DMSs) is at the heart of 

various technologies in the nascent field of spin-based information processing.1-5 Recently, 

coherent impurity spin manipulation was demonstrated in colloidal Zn1−xMnxO and Pb1−xMnxS 

quantum dots (QDs).6,7 Colloidal doped QDs have impurity spin centers separated by the 

solution matrix (i.e., solvent and ligands) in addition to the semiconductor host lattice, 

effectively isolating them and thereby reducing Mn2+-Mn2+ spin-spin interactions relative to bulk 

semiconductors at the same Mn2+ doping level. Doped QDs have large surface-to-volume ratios, 

however, and the short distances between impurity ions and nanocrystal surfaces introduce new 

pathways for spin decoherence. For example, electron-nuclear double resonance (ENDOR) 

spectra of colloidal Cd1−xMnxS QDs showed resonances due to 1H and 19F nuclei of 

fluorothiophenol capping ligands,8 and pulsed electron paramagnetic resonance (pEPR) 

measurements of colloidal Zn1−xMnxO and Pb1−xMnxS  QDs showed electron spin echo envelope 

modulations (ESEEM) due to 1H from solvent and ligand molecules.6,7 The impact of such 

interactions between magnetic-dopant electron spins and external molecular nuclear spins on 

spin dynamics of the doped QDs, and strategies to mitigate or exploit such interactions, have not 

yet been extensively investigated. 

Here, we use pEPR to probe the influence of nuclear spins on the spin relaxation dynamics 

of Mn2+ dopants in colloidal CdSe, ZnSe, and ZnO QDs. Nuclear spins from the host lattice as 

well as outside the QDs are observed to influence both the spin-lattice (T1) and spin-spin (T2) 

relaxation times of Mn2+ dopants, primarily via dipolar coupling. Experimental methods for 

decreasing this coupling are demonstrated to yield correspondingly increased relaxation times. 

pEPR spectroscopy thus provides a unique way to probe interactions between spins inside and 
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outside the QD. First, pEPR experiments were conducted to determine which nuclei contribute to 

Mn2+ spin relaxation in colloidal Zn1−xMnxSe and Cd1−xMnxSe QDs. Colloidal Zn1−xMnxO QDs 

are then used to evaluate the influence of nuclear spins on ligand and solvent molecules. Finally, 

we present a strategy to decrease the influence of surface nuclei by growing CdSe shells around 

Cd1−xMnxSe cores. The information gained from these experiments may be valuable not only for 

assessing spintronics functionalities but also for interpreting other QD relaxation processes 

involving surfaces. 

 

8.3 Results and discussion 

EPR experiments are detailed in Appendix H. Figure 8.1a shows room-temperature CW 

EPR spectra of Zn0.995Mn0.005Se and Cd0.995Mn0.005Se QDs. The hyperfine coupling constants of 

|A| = 60 × 10−4 cm−1 for Zn1−xMnxSe and |A| = 62 × 10−4 cm−1 for Cd1−xMnxSe are consistent with 

those previously reported for each material,9 confirming substitutional Mn2+ doping. Figures 8.1b 

and c show 4.5 K electron spin echo intensities for the same samples measured following 2-pulse 

Hahn echo sequences (echo), plotted as a function of the transverse magnetic field. 

For both Zn0.995Mn0.005Se and Cd0.995Mn0.005Se QDs, modulations in the echo decay are observed 

that reflect coupling of the Mn2+ electron spins to nuclear spins.  
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Figure 8.1. Representative CW and pulsed EPR of Zn1−xMnxSe and 

Cd1−xMnxSe quantum dots. (a) Room-temperature CW EPR spectra of d = 6 nm 

Zn0.995Mn0.005Se (top) and d = 2.9 nm Cd0.995Mn0.005Se (bottom) QDs. (b,c) 4.5 K 

2-pulse ESEEM measurements on the same Zn0.995Mn0.005Se and Cd0.995Mn0.005Se 

QDs, respectively, as a function of delay time and magnetic field. 

 

 

 

Fourier transform (FT) analysis of the time-domain data gives information about the 

energies of these couplings. Because the 2-pulse echo sequence is subject to combination 

frequencies and the data are limited by T2, a 3-pulse stimulated echo sequence is more valuable 
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for obtaining information from the frequency domain. Echo-decay measurements using 3-pulse 

ESEEM sequences (echo) were therefore performed with a magnetic field 

of 3410 G for both samples. Figure 8.2 shows the resulting FT spectra from these measurements. 

In the Zn0.995Mn0.005Se QDs, small peaks are seen around 0.9 and 2.8 MHz, consistent with the 

Larmor frequencies of 67Zn and 77Se, respectively. In the Cd0.995Mn0.005Se QDs, a small peak 

around 3.2 MHz is observed, consistent with the Larmor frequencies of 111Cd and 113Cd. (The 

predicted Larmor frequencies are 3.1 and 3.2 MHz for the 111Cd and 113Cd isotopes, 

respectively.) This peak may also contain intensity from 77Se. These peaks appearing at the 

Larmor frequencies are due to weak, dipolar coupling of the Mn2+ electron spins to nuclear spins 

on atoms inside the QD that are not directly bound to the Mn2+ dopant.  
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Figure 8.2. Coupling of Mn2+ spins to nuclear spins. Fourier transform spectra 

of the 4.5 K 3-pulse ESEEM data collected for (a) d = 6 nm Zn0.995Mn0.005Se and 

(b) d = 2.9 nm Cd0.995Mn0.005Se QDs. The Larmor frequencies of 1H, 67Zn, 77Se, 

111Cd, and 113Cd are indicated on the spectra. The starred features are attributed to 

strong coupling with neighboring 77Se in Zn0.995Mn0.005Se and 111,113Cd in 

Cd0.995Mn0.005Se. 

 

 

 

The Cd0.995Mn0.005Se QDs also show a large feature centered around 7.3 MHz and a smaller 

one centered around 1.5 MHz. These peaks are attributed to coupling of the Mn2+ electron spins 

with nuclear spins on nearest-neighbor Cd2+ ions, mediated by covalency, and agree with what 

has been observed by CW EPR.10,11 This interaction is much stronger than the dipolar coupling 

described above, serving to split and shift the peak away from the Cd Larmor frequency.12 The 

Zn0.995Mn0.005Se QDs also show a small peak around 5.2 MHz, which is attributed to covalent 

coupling of the Mn2+ electron spins to 77Se nuclear spins. The relatively low intensity of this 

peak compared to the 7.3 MHz Cd peak in Figure 8.2b reflects the relative abundances of Cd and 
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Se isotopes containing nuclear spins (25% for Cd, 7.6% for Se) and the number of neighbors in 

the respective coordination shell (12 for Cd, 4 for Se). A similar peak is also expected in the 

Cd0.995Mn0.005Se QDs but is occluded by the large Cd peak. 

In both samples, a large feature is observed at 14.5 MHz, corresponding to the Larmor 

frequency of 1H. This feature suggests long-range dipolar coupling of Mn2+ electrons to nuclear 

spins outside the QDs, likely on solvent or ligand molecules. Such coupling has been observed 

previously by ESEEM in Zn1−xMnxO and Pb1−xMnxS QDs6,7 and by ENDOR in Cd1−xMnxS QDs.8 

In molecular magnets, nuclear spins of atoms not bound directly to the magnetic centers can 

significantly affect the coherence time.13 Even solvent nuclear spins, despite the lack of through-

bond coupling channels, influence spin-relaxation times in single molecule magnets.14 Solvent 

and surface ligand protons are not relevant in bulk DMSs, however, so relaxation due to coupling 

with solvent and ligand nuclear spins is unique to the colloidal form of DMS QDs. Although 

doped QDs generally have longer spin relaxation times than their bulk counterparts at the same 

doping level,6 these solvent and ligand nuclear spins introduce new pathways for spin 

decoherence not available in other semiconductor architectures. 

To understand the impact of these new interactions, pEPR experiments were performed on 

DMS QDs to specifically probe solvent and ligand nuclear spins. These experiments were 

conducted on Zn1−xMnxO QDs because of their high colloidal solubility, which allows for high 

signal-to-noise ratios in the pEPR experiments. Figure 8.3 shows 4.5 K pEPR data collected on 

colloidal Zn0.999Mn0.001O QDs suspended in frozen toluene (tol) and deuterated toluene (tol-d8). 

A detailed fitting analysis of the inversion recovery and 2-pulse ESEEM data is provided in 

Appendix J. From the inversion recovery and echo decay data, there is a small change in T1 
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(decreasing from 139 ± 2 s to 117 ± 1 s, Figure 8.3a) and no difference in T2 (1.10 ± 0.02 s 

versus 1.13 ± 0.03 s, Figure 8.3b) when switching to the deuterated solvent. 

 

 

 
Figure 8.3. Effects of solvent deuteration on Mn2+ spin dynamics in 

Zn1−xMnxO. 4.5 K pEPR data collected on d = 3.1 nm Zn0.995Mn0.005O QDs 

suspended in toluene (tol) or in deuterated toluene (tol-d8). (a) T1, (b) T2, (c) 3-

pulse ESEEM, and (d) FT of 3-pulse ESEEM. 

 

 

 

The 3-pulse ESEEM experiment reveals high-frequency modulations in both solvents. In 

addition, lower frequency modulations with relatively low amplitude are observed for the QDs 

suspended in deuterated toluene (Figure 8.3c). The FT spectra of these data (Figure 8.3d) reveal 

that the high frequency modulations are due to protons, which dominate the ESEEM of both 

samples. The FT spectrum of the QDs suspended in deuterated toluene shows a peak at the 

Larmor frequency of deuterium but, overall, changing the solvent nuclear spins does not have a 
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large influence on the Mn2+ electron spin relaxation times (Figure 8.3a,b). This result is 

reminiscent of that seen in molecules, where a change in spin relaxation times was observed 

when going to a solvent with no nuclear spins, but not upon deuterating the solvent.14 The data in 

Figure 8.3d also show a peak due to coupling to 31P (6.0 MHz) from the trioctylphosphine oxide 

(TOPO) or the related phosphonate capping ligands.  

EtOH, used in the synthesis and washing of these ZnO QDs,15 has been shown to adsorb to 

ZnO surfaces, binding dissociatively as ethoxide and a proton.16-19 We hypothesized that such 

chemistry, if occurring here, should result in strong coupling of these surface proton nuclear 

spins with the Mn2+ electron spins inside the QDs. Figure 8.4 shows data from pEPR 

experiments conducted on colloidal Zn0.995Mn0.005O QDs from the same synthesis, washed with 

EtOH or with EtOD. A detailed fitting analysis of the inversion recovery and 2-pulse ESEEM 

data is provided in Appendix J. Both T1 and T2 increase significantly when EtOD is used (from 

48 ± 1 s to 80 ± 1 s and from 581 ± 1 ns to 760 ± 10 ns, respectively). Additionally, low-

frequency modulations are seen in the 3-pulse ESEEM, and a correspondingly large peak in the 

FT spectra at the Larmor frequency of deuterium is observed when EtOD is used. Overall, this 

result is consistent with formation of O‒H (or O‒D) bonds at the ZnO surfaces upon washing 

with EtOH (or EtOD). The influence of direct surface deuteration on the Mn2+ spin relaxation 

times of these Zn0.995Mn0.005O QDs is consistent with what has been with direct deuteration of 

molecules,13 although smaller in magnitude because of the larger dimensions involved. 
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Figure 8.4. Effects of ethanol deuteration on Mn2+ spin dynamics in 

Zn1−xMnxO. 4.5 K pEPR measurements on d = 3.3 nm Zn0.990Mn0.010O QDs 

washed with EtOH or with EtOD. (a) T1, (b) T2, (c) 3-pulse ESEEM, and (d) FT 

of 3-pulse ESEEM. 

 

 

 

We next hypothesized that it should be possible to decrease coupling between Mn2+ electron 

spins and ligand (or solvent) nuclear spins by growing an undoped semiconductor shell to 

increase the distances between Mn2+ dopant ions and the QD surfaces (Figure 8.5a). Growing a 

shell of the same material as the core should allow comparison of the core and core/shell 

structures without the complication of new nuclear spins. To test this hypothesis, Cd1−xMnxSe 

QDs were overcoated with isocrystalline CdSe shells. Cd1−xMnxSe was chosen for these 

measurements because the large Cd coupling peak at 7.3 MHz provides a convenient internal 

intensity reference. Because this peak is due only to Cd2+ nearest neighbors of the Mn2+ dopants, 

it is unaffected by shell growth. 
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Figure 8.5. Overcoating Cd1−xMnxSe QDs with CdSe. (a) Schematic 

representation of core and core/shell QDs used to control the distance from Mn2+ 

dopants to the QD surfaces. Room-temperature (b) absorption and (c) CW EPR 

spectra of d = ~2.9 nm Cd0.996Mn0.004Se core QDs and the same QDs after CdSe 

shell growth (core/shell d = ~5.0 nm). 

 

 

 

The core QDs used in these experiments (Cd0.996Mn0.004Se) were prepared such that most 

would have only one Mn2+ ion per QD, to minimize interactions between Mn2+ spins. Figure 8.5b 

plots electronic absorption spectra collected before and after CdSe shell growth. From the 
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energies of the first excitonic maxima,20 the Cd0.996Mn0.004Se cores are ~2.9 nm in diameter, and 

the nanocrystals grow to ~5.0 nm in diameter with shell addition. The CW EPR spectra are 

similar before and after shell growth. Both spectra show hyperfine splittings consistent with 

substitutional Mn2+ in CdSe, indicating that both samples are free of surface Mn2+, and both 

show sharp hyperfine lines consistent with the low Mn2+ concentrations. The hyperfine lines are 

noticeably sharper following shell growth (Figure 8.5c), however, suggesting slower relaxation 

dynamics, less inhomogeneous broadening (e.g., less g or D strain), or both. Inductively coupled 

plasma- mass spectrometry (ICP-MS) measurements confirm the same number of Mn2+ per 

nanocrystal following shell growth, indicating that this change in relaxation dynamics does not 

come from a change in Mn2+-Mn2+ interactions. 

Figure 8.6 plots data from pEPR experiments conducted on the Cd0.996Mn0.004Se core QDs 

before and after CdSe shell growth. Figure 8.6a plots the echo intensity as a function of time 

delay in the echo-detected inversion recovery, and Figure 8.6c plots the Hahn echo intensity as a 

function of delay time. From these data, there is an obvious increase in both spin-lattice and spin-

spin relaxation times upon CdSe shell growth. Fits to obtain T1 and T2 are provided in Appendix 

J, and Table 8.1 summarizes the results. Both T1 and T2 increase by more than a factor of two 

upon shell growth. 
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Figure 8.6. Effects of CdSe overcoating on Mn2+ spin dynamics in 

Cd1−xMnxSe. 4.5 K pEPR data collected on Cd0.996Mn0.004Se QDs before and after 

CdSe shell growth. (a) Echo-detected inversion recovery (T1), (b) 2-pulse spin-

echo decay (T2), and (c) Fourier transform plot of 3-pulse ESEEM data. The QDs 

are the same as used in Figure 8.5. 

 

 

Table 8.1. Spin relaxation times before and after shell growth 

 

Core  

(d = 2.9 nm) 

Core/shell  

(d = 5.0 nm) 

Increase 

Factor 

Spin-lattice (T1, ms) 0.725 ± 0.005 2.01 ± 0.01 2.8 

Spin-spin (T2, s) 2.13 ± 0.01 4.70 ± 0.01 2.2 
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3-pulse ESEEM FT spectra of the same core and core/shell QDs are shown in Figure 8.6c. 

Because the 7.3 MHz peak due to Cd2+ nearest neighbors is unaffected by shell growth, these 

spectra were normalized to the integrated intensity of this peak. From this comparison, the peak 

at the 1H Larmor frequency is smaller in the core/shell QDs than in the core QDs, reflecting a 

smaller contribution to decoherence from protons. This decrease in coupling with increasing 

distance between Mn2+ and the QD surfaces is consistent with the dipolar coupling mechanism 

expected for such long-range interactions. 

The pEPR changes upon shell growth can be used to evaluate dipolar contributions to the 

observed spin-lattice and spin-spin relaxation. For both spin-lattice and spin-spin relaxation 

processes, the spin relaxation times are described by equation 8.1a, where Tobs is the measured 

spin relaxation time, T0 is the intrinsic relaxation time, and Tdip is the contribution from dipole-

dipole coupling. With the assumption that the intrinsic relaxation times do not change upon shell 

growth, equations 8.1b and 8.1c describe the core and core/shell relaxation times, respectively. 

 

     
obs 0 dip

1 1 1

T T T
                         (8.1a) 

     
core core

obs 0 dip

1 1 1

T T T
                         (8.1b) 

     
core/shell core/shell

obs 0 dip

1 1 1

T T T
                       (8.1c) 

 

For an ensemble of uniformly doped d = 2.9 nm cores containing one Mn2+ per nanocrystal, 

the average distance between Mn2+ and the surface of the QD is ~0.7 nm. The surface of the QD 

is where the nearest ligand or solvent molecules reside, and thus this distance represents the 

shortest distance between the Mn2+ and extrinsic nuclear spins and leads to the strongest dipolar 
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coupling. Upon shell growth, the distance to the surface increases to ~1.8 nm. Dipole-dipole 

coupling scales as 61/ r , implying 
core/shell core

dip dip/ 215T T  . With this information, the intrinsic and 

dipolar coupling contributions to the experimental T1 and T2 values can be estimated, and these 

values are summarized in Table 8.2. From this analysis, the intrinsic and dipolar contributions to 

both T1 and T2 are comparable in magnitude in the core nanocrystals, but in the core/shell 

nanocrystals the dipolar contributions have been reduced to such a large extent that they 

effectively no longer contribute, and the nanocrystal spin dynamics are determined solely by 

their intrinsic terms. This analysis thus demonstrates that extrinsic dipole-dipole contributions to 

spin relaxation can be simply and effectively eliminated by shell growth. This result is  

consistent with that observed in Pb1−xMnxS QDs, in which only 1H within < 0.5 nm contributed 

significantly to Mn2+ decoherence.7 Assuming a non-uniform Mn2+ spatial distribution or Mn2+ 

diffusion during shell growth yields nearly identical results (Appendix J), and hence the same 

overall conclusions. Similarly, because of the very strong distance dependence of the dipole-

dipole interaction, consideration of Mn2+ coupling to nuclei beyond the QD surface may alter the 

quantitative values in Table 8.2, but not the central conclusion drawn from this analysis. 

 

 

Table 8.2. Intrinsic and dipolar contributions to spin relaxation times in core and 

core/shell nanocrystals estimated using equation 8.1. 

 0T  core

dipT  
core/shell

dipT  

Spin-lattice (T1) 2.03 ms 1.13 ms 34 s 

Spin-spin (T2) 4.70 s 3.88 s 116 ms 
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8.4 Summary and conclusions 

In summary, pEPR was used to directly probe the factors influencing dopant spin relaxation 

in colloidal DMS QDs. The results demonstrate that the spin relaxation dynamics of magnetic 

impurities within colloidal QDs can be influenced by long-range dipolar coupling (and hence 

dipole-dipole energy transfer) to nuclear spins outside the QDs, and particularly those directly at 

the QD surfaces. We have demonstrated that Mn2+-doped QD spin relaxation times can be 

elongated significantly by ligand (or surface) deuteration, which lowers the relevant Larmor 

frequency, or by shell growth, which reduces dipolar coupling between impurity electron spins 

and external nuclear spins. These results are reminiscent of the important role of dipole-dipole 

energy transfer from hot electrons to ligand vibrations in nonradiative electron cooling within 

photoexcited QDs.21 Such cooling is slowed markedly in CdSe QDs by ZnSe shell growth21 and 

is highly dependent on the ligand vibrational absorption cross sections.22 The pEPR experiments 

described here are particularly powerful for probing the specific identities of the nuclei that 

participate in accelerating electron spin relaxation. Understanding these spin-spin interactions 

will assist the design and improvement of DMS-based nanostructures for spin-based information 

technologies. 

 

8.5 Experimental methods 

Nanocrystal syntheses are provided in Appendix A. EPR experiments are described in 

Appendix H. 
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Chapter 9  
________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Thermal Tuning and Inversion of Excitonic 

Zeeman Splittings in Colloidal Doped CdSe 

Quantum Dots 

 
Adapted from: Schimpf, A. M.; Gamelin, D. R. J. Phys. Chem. Lett. 

2012, 3, 1264. 

 

 

 

9.1 Overview 

Variable-temperature magnetic circular dichroism (MCD) spectroscopy is used to measure 

excitonic Zeeman splittings in colloidal Co2+- and Mn2+-doped CdSe quantum dots (QDs) with 

low dopant concentrations. The data demonstrate that the competition between intrinsic and 

exchange contributions to the excitonic Zeeman splittings in doped QDs can be tuned using 

temperature, from being dominated by exchange at low temperatures to being dominated by 

intrinsic Zeeman interactions at room temperature, with inversion at easily accessible 

temperatures and fields. These results may have relevance to spin-based information processing 

technologies that rely on manipulating carrier spins in QDs.  

 

9.2 Introduction 

The defining physical characteristic of a diluted magnetic semiconductor (DMS) is the so-

called "giant" Zeeman splitting of their band structure, which arises from sp‒d exchange 

coupling between delocalized charge carriers and localized spins on magnetic impurity ions 

embedded within the semiconductor.1 These splittings lend DMSs a variety of extraordinary 

magnetic, magneto-optical, and magneto-transport properties that make them attractive for 

semiconductor-based spintronics or spin-photonics technologies.2 Giant Zeeman splittings of 
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excitons give rise to the so-called giant Faraday rotation effect,3-5 useful in Faraday optical 

isolators, and to spin-polarized excitonic photoluminescence,6 in which magnetic fields control 

luminescence polarizations. Giant Zeeman splittings are also responsible for the spontaneous 

zero-field magnetization observed in excitonic magnetic polarons.7-10  

This study demonstrates tuning and inversion of the excitonic Zeeman splittings in colloidal 

Mn2+- and Co2+-doped CdSe QDs at small magnetic fields, using temperature as the external 

variable. Excitonic Zeeman splittings probed by MCD spectroscopy are shown to follow a Curie 

temperature dependence, except that at elevated temperatures they pass through zero and actually 

invert in sign, in contrast with the MCD intensities of simple Curie paramagnets (like the Co2+ 

ligand-field MCD in the same Co2+-doped CdSe QDs). Fitting the excitonic MCD temperature 

dependence allows quantitative parameterization of the microscopic factors underpinning this 

sign inversion. Specifically, these measurements yield an unusually clear illustration of the 

competition between intrinsic and exchange contributions to the excitonic Zeeman splittings of 

DMS QDs. 

 

9.3 Results and discussion 

Figure 9.1 shows room temperature absorption spectra and variable-temperature MCD 

spectra of Cd1−xMnxSe and Cd1−xCoxSe QDs (x = 0.005  0.001). Based on the empirical 

relationship between size and absorption maximum,11 the QDs have radii of 1.5 nm and 2.1 nm, 

respectively. Although this relationship is altered by the presence of impurity atoms that lead to 

band gap engineering,12 this is likely a small effect at such low dopant concentrations.  For MCD 

measurements an external field of 0.63 T was applied using a small electromagnet. At 28 K, the 

MCD spectrum of the Cd0.995Mn0.005Se QDs shows a large, derivative shaped feature at the CdSe 
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absorption edge. This feature has its positive intensity at lowest energy, indicative of a negative 

excitonic Zeeman splitting, ZeemanE .13 The excitonic MCD intensity decreases with increasing 

temperature, reflecting loss of Mn2+ magnetization (vide infra). At ~80 K, this intensity passes 

through zero, and its sign is inverted at higher temperatures. It is worth noting that the MCD 

intensity does not pass through zero simultaneously at all wavelengths within the excitonic band, 

largely because of inhomogeneities in dopant concentration and QD diameter.  
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Figure 9.1. Variable-temperature MCD of Mn2+- and Co2+-doped CdSe QDs. 

Representative absorption and variable-temperature MCD spectra of colloidal (a) 

Cd0.995Mn0.005Se and (b) Cd0.995Co0.005Se QDs, collected at H = 0.63 T. The bold 

red and blue MCD spectra represent the highest and lowest temperatures, 

respectively. Absorption spectra were collected on colloidal suspensions and 

MCD spectra were collected on films drop-coated from these suspensions. 

 

 

 

Similar results are obtained for Cd0.995Co0.005Se QDs. The large, positive excitonic MCD 

feature dominant at 33 K loses its intensity with increasing temperature. In this sample, the 

excitonic MCD intensity inverts closer to room temperature. The structured MCD feature 

centered at ~13500 cm-1 derives from the 4A2(F) → 4T1(P) ligand-field transition of tetrahedral 
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Co2+ in CdSe.14 This MCD intensity also decreases with increasing temperature, approaching 

zero at high temperatures but not inverting. 

The strong temperature dependence and inversion of the excitonic MCD intensities in these 

DMS QDs can be understood by examination of the microscopic contributions to the excitonic 

Zeeman splittings. Formally, the magnitudes of the excitonic Zeeman splittings are determined 

by a competition between the intrinsic excitonic Zeeman splitting of the parent semiconductor 

( intE ) and that arising from sp‒d exchange ( sp dE  ), as described by equation 9.1a.1 

 

                                                Zeeman int sp dE E E                                                         (9.1a) 

                                                                B 0 zg H x N S                                   (9.1b) 

               eff Bg H                                                           (9.1c) 

 

These two contributions are expanded in equation 9.1b, and in the Curie regime their sum 

may be conveniently represented by a single (temperature-dependent) effective excitonic g value, 

gexc (equation 9.1c). In equation 9.1b, intE is described by a simple Zeeman perturbation term, 

where g is the intrinsic Landé g factor of the exciton ( CdSe 1.41g   . ref. 15), B  is the Bohr 

magneton, and H is the external magnetic field. To first order, intE is thus independent of 

temperature and of the magnetic impurity ion concentration or magnetization. On the other hand, 

sp dE   reflects the splitting of the exciton induced by the collective action of an ensemble of 

magnetic impurity ions simultaneously exchange coupled with the exciton. As shown in the 

second term of equation 9.1b, sp dE  depends on the mole fraction of the magnetic ion (x), the 

cation density ( 0N ), the exciton-impurity overlap ( ), the s–d and p–d exchange energies ( and 
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, respectively), and the spin expectation value of the magnetic ions ( zS ). For magnetic 

transition-metal impurity ions with spin-only ground states, such as tetrahedral Mn2+ and Co2+ (S 

= 5/2 and 3/2 Curie paramagnets, respectively), zS  follows Brillouin magnetization as 

represented by equation 9.2, where TMg  is the effective g value of the impurity's ground state, 

Bk is the Boltzmann constant, and T is temperature. At small magnetic fields, this function is 

inversely proportional to T (Curie behavior). The strong temperature dependence seen in Figure 

9.1 is thus consistent with excitonic Zeeman splittings dominated by sp dE  . 
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      
      

                            (9.2) 

 

An interesting feature of DMSs is that intE  and sp dE   usually have opposite signs and thus 

compete with one another. Typically, ZeemanE is measured at low temperatures where sp dE   

may become extremely large due to the inverse temperature dependence of zS . In this regime, 

there is little evidence of intE , and consequently it is widely neglected. For a particular 

magnetic field, however, equation 9.1 predicts the existence of a unique temperature for any 

given DMS at which int sp dE E    , and hence Zeeman 0E  . Similarly, equation 9.1 predicts 

that at fixed temperature, the g value can be inverted by application of a magnetic field. Whereas 

inversion of DMS spin splittings has indeed been demonstrated at cryogenic temperatures using 

large magnetic fields and low dopant concentrations,3,4,16,17 the use of temperature for this 

purpose has not been explored. 
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The data in Figure 9.1 were analyzed by plotting the integrated intensities of the first 

excitonic MCD peaks ( excI ) versus temperature for each sample. These plots are shown in Figure 

9.2. The ligand-field MCD intensity (
LFI ) in the Cd0.995Co0.005Se spectra is also plotted versus 

temperature in Figure 9.2b. The inset in Figure 9.2b plots the ratio of excitonic to ligand-field 

MCD intensities ( exc LF/I I ) versus temperature for the Cd0.995Co0.005Se QDs. This ratio is linear 

over a broad temperature range. The temperatures at which the excitonic MCD intensities invert 

are more clearly seen from these plots than from those in Figure 9.1. This crossing point occurs 

at ~80 K for the Cd0.995Mn0.005Se QDs, and at ~160 K for the Cd0.995Co0.005Se QDs. At these 

crossing points, the two contributions to ZeemanE cancel one another (i.e., int sp dE E    ). 

Doped QDs with small values of x were used for these measurements because their MCD 

inversion occurs at relatively low temperatures. This inversion temperature can be adjusted by 

altering x (equation 9.1). 
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Figure 9.2. Temperature dependence of the MCD intensities in Mn2+- and 

Co2+-doped CdSe QDs.  Temperature dependence of the MCD signal intensities 

in colloidal (a) Cd0.995Mn0.005Se and (b) Cd0.995Co0.005Se QDs, normalized at room 

temperature. The plus signs and open diamonds are the integrated MCD 

intensities of the lowest energy feature for the exciton and d‒d transitions, 

respectively. The solid lines show fits to the data using equation 2.3. The right 

axes show the corresponding excitonic Zeeman splittings. The inset in (b) plots 

the ratio of excitonic to ligand-field MCD intensities in the Cd0.995Co0.005Se QDs. 

 

 

 

The solid curves in Figure 9.2 were obtained by fitting these data to equation 9.3. 

                        exc Zeeman CdSe B 0 zI T A E T A g H x N S                             (9.3a) 

                       
 LF zI T B S

                                                       (9.3b) 
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Equation 9.3a describes the excitonic Zeeman splitting, and therefore the excitonic MCD 

signal intensity, as a function of temperature, where A is a proportionality constant that relates 

the observed MCD signal intensity (in mdeg) to the actual Zeeman splitting energy (in eV). 

Similarly, B is the proportionality constant relating the ligand-field MCD intensity to Co2+ 

ground-state magnetization. When determining the fits, A, B, and the overlap factor  were 

floated, while all other values were held constant. The values of CdSeg  and  0N   were fixed 

to that of bulk, and x was fixed to the value determined analytically. The linearity of Iexc/ILF 

versus T (Figure 9.2, inset) is consistent with a temperature-independent value of CdSeg . From 

these fits, the values of ZeemanE at saturation may be determined by taking the limit as T → 0 

(equation 9.4). Figure 9.3 plots the temperature dependence of ZeemanE extended to saturation, 

with the analysis summarized in Table 9.1. 

                                            

 excsat

Zeeman
0

lim
T

I T
E

A

 
   

 
                                          (9.4) 
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Figure 9.3. Temperature dependence of the Zeeman splittings in Mn2+- and 

Co2+-doped CdSe QDs extended to saturation.  Temperature dependence of the 

magnitude of Zeeman splittings in colloidal Cd0.995Mn0.005Se (red circles) and 

Cd0.995Co0.005Se (blue squares) QDs extended to low temperatures to illustrate the 

saturation behavior. Zeeman energies are plotted as absolute values such that the 

dips at ~100 K represent changes in sign. Near this point, the curves deviate from 

Curie behavior and the contribution from the intrinsic Zeeman splitting is clearly 

observed. 

   

 

 

Table 9.1. Results from analysis of excitonic Zeeman splittings. 

Sample 

Experimental 

sat

ZeemanE (meV) 

Predicted  
sat

ZeemanE (meV) 

Experimental  

 0N    

(eV) 

Literature  

 0N    

(eV) 

Overlap 

( ) 

Cd0.995Mn0.005Se −4 −17 0.35 1.50a 0.23 

Cd0.995Co0.005Se −10 −16 1.32 2.15b 0.61 

*Predicted values are calculated using equation 2.1 based on literature values of N0( - ). aRef. 18. bRef. 19. 

 

 

 

The values of 
sat

ZeemanE  extracted from the data in Figure 9.2
 
are smaller than expected from 

bulk exchange energies, yielding  = 0.61 and 0.23 for the Cd0.995Co0.005Se and Cd0.995Mn0.005Se 

QDs, respectively. Because of the propensity for crystal nucleation to exclude dopants, colloidal 

DMS QDs generally have undoped cores,20,21 precisely where the exciton probability density is 

greatest. The values of  determined here are consistent with undoped cores of ~2 nm in both 
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samples, similar to the values measured in previous experiments.20 The influence of such non-

statistical dopant distributions is exacerbated in QDs because of the tight exciton confinement. 

The larger value of  for the Cd0.995Co0.005Se QDs than for the Cd0.995Mn0.005Se QDs may be due 

in part to the larger size of the Cd0.995Co0.005Se QDs. Additionally, until recently,12 doping CdSe 

with large amounts of Mn2+ has proven more difficult than with Co2+, suggesting that the 

Cd0.995Co0.005Se QDs in this study may have a more uniform dopant distribution. Although some 

research22-25 may suggest that  should instead be interpreted in terms of confinement-induced 

changes in 0N  ,22 recent theoretical work suggests that these QDs are too large to display 

significant kinetic s-d exchange.26,27 The literature values for 0N  and 0N   in bulk Cd1−xMnxSe 

and Cd1−xCoxSe (Table 9.2) show substantial variation (up to ~15%,). Similarly, the value of 

CdSeg  taken from bulk may not be accurate for QDs,28 and at such small x even small 

experimental uncertainties (x = 0.005  0.001) translate to large uncertainties in . The specific 

values of  in Table 9.1 are thus influenced by uncertainties in  0N   , CdSeg , and x, and 

hence should not be overinterpreted. The primary finding from these data, namely of inversion of 

the sign of ZeemanE using temperature, is valid regardless of the value or interpretation of  and 

provides a particularly clear experimental validation of the competition between intE and Esp‒d 

formulated in equation 9.1. 
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Table 9.2. Literature values for mean-field exchange energies in bulk Cd1−xMnxSe and 

Cd1−xCoxSe. 

Sample 0N   (eV) Ref. 0N   (eV) Ref.  0N    (eV) Ref. 

Cd1−xMnxSe 0.26 

0.26 

0.28 

0.23 

18 

29 

30 

31 

 

-1.27 

-1.24 

31 

18 

  

Cd1−xCoxSe 0.28 

0.32 

19 

32 

-1.87 

-2.12 

19 

33 

2.52 34 

 

 

 

From equation 9.1c, these results further demonstrate that the effective excitonic g values 

( effg ) of these QDs also invert over the temperature range explored here. At the crossing point, 

where exc 0I  , effg  is tuned to zero. In the high-temperature limit, eff CdSe 1.41g g   . At ~30 

K, eff CdSe3g g   (−4.2) for the Cd0.995Mn0.005Se and eff CdSe8g g   (−11.3) for the 

Cd0.995Co0.005Se QDs. At the liquid helium temperatures (4.2 K), these effg  values increase to 

−25.9 and −50.2, respectively.  

 

9.4 Summary and conclusions 

In summary, variable-temperature MCD spectroscopy at small magnetic fields has been used 

to measure excitonic Zeeman splittings in colloidal Co2+- and Mn2+-doped CdSe QDs. The 

results clearly illustrate a competition between intrinsic and exchange contributions to these 

Zeeman splittings, and demonstrate that the exciton spin polarizations can be tuned and inverted 

within easily accessible temperature and magnetic field ranges, a finding that may be relevant to 

future spin-photonic information processing technologies reliant upon spin manipulation within 

QDs. Used in this way, variable-temperature MCD spectroscopy is demonstrated as a valuable 

tool for probing magnetic exchange interactions in DMSs.  
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9.5 Experimental methods 

QD synthesis and general characterization are described in Appendix A.  

9.5.1 Low-field, variable-temperature MCD. Concentrated QD solutions were drop-coated 

onto quartz discs that were mounted onto a Janis ST-300MS cryostat with a custom-made cold 

finger. The cryostat was placed between the poles of a GMW 45 mm electromagnet with a field 

of 0.63 T. The temperature of the cold finger near the sample was read with a Lakeshore CX-

1030-SD-1.4L temperature sensor. MCD spectra were collected using an Aviv 40DS 

spectropolarimeter. All spectra were obtained at 0.63 T. MCD data are reported as (mdeg) = 

32980A, where A = AL − AR. AL and AR refer to the absorption of left and right circularly 

polarized photons, respectively, following the sign convention of Piepho and Schatz.35 
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Appendix A 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
Nanocrystal Synthesis and General Characterization Methods 

 

A.1 ZnO nanocrystals 

Zn(OAc)2, TMAH, DDA and TOPO (90%)  were purchased from Sigma-Aldrich and used 

without further purification.  

A.1.1 Synthesis of colloidal ZnO nanocrystals. Colloidal ZnO nanocrystals were 

synthesized by base-initiated hydrolysis and condensation of Zn2+ as detailed previously.1,2 In a 

typical synthesis, a solution of 22 mmol TMAH in 40 ml EtOH was added dropwise to a stirred 

solution of 13 mmol Zn(OAc)22H2O in 135 ml DMSO at room temperature. Nanocrystals were 

grown for 15-60 min, after which the reaction was stopped by precipitation with ~300 ml ethyl 

acetate. Nanocrystals were collected via centrifugation and resuspended in EtOH, followed by 

precipitation with heptane. To suspend the nanocrystals in nonpolar solvents, the surface ligands 

were exchanged by suspending the nanocrystals in excess of DDA that had been heated above 

the melting point (29 ºC), followed by precipitation with EtOH. Finally, the nanocrystals were 

heated in TOPO at 100 ºC for 30 minutes. The resulting TOPO-capped nanocrystals were then 

washed/resuspended with ~3:1 EtOH/toluene as described above. 

A.1.2 Large ZnO nanocrystals. Large ZnO nanocrystals were made in a similar manner as 

described above, but were heated under N2 in DDA at 180 ºC for 2-24 h prior to TOPO capping 

to promote growth to various sizes. Similar photodoping results are obtained for TOPO- and 

DDA-ligated nanocrystals, but TOPO-ligated nanocrystals retain their solubility better during 

titrations. We attribute this to the stronger binding of the phosphonate-type ligating groups in the 

90%-purity TOPO, making it more compatible with the ionic [FeCp*
2][BArF] oxidant. 
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A.1.3 General characterization. The radii of small ZnO nanocrystals (r < 3.2 nm) were 

determined from the empirical correlation between radii and absorption spectra.3 The radii of 

larger nanocrystals were determined by pXRD using a Bruker D8 Discover diffractometer and 

by statistical analysis of TEM images collected using a FEI Tecnai G2 F20. 

A.1.4 Mg2+- and Mn2+-doped ZnO nanocrystals. ZnO nanocrystals doped with Mg2+  or 

Mn2+ were synthesized using the procedure described above, with the addition of 

Mg(OAc)24H2O or Mg(OAc)24H2O, respectively. Sizes were determined by pXRD or by 

statistical analysis of TEM images. 

 

A.2 Al3+-doped ZnO (AZO) nanocrystals 

AZO nanocrystals were synthesized following literature procedures.4 Briefly, solutions of 

(A) 1 mmol zinc stearate, 3 mmol oleic acid and 0.05–0.2 mmol aluminum acetylacetonate in 4 

ml ODE and (B) 10 mmol 1,2-hexadecanediol in 11 ml ODE were degassed at 140°C under 

argon for 1 h. The temperature of B was increased to 260 ºC and A was rapidly injected. 

Following injection, the temperature dropped to 240 ºC, where it was held for 5 h to allow 

nanocrystal growth. The resulting nanocrystals were precipitated with EtOH, collected by 

centrifugation, and resuspended in hexane. This procedure was repeated three times. On the third 

wash the nanocrystals were suspended in 1:1 hexane/octane. To prepare DDA-ligated AZO 

nanocrystals, excess DDA was added to the nanocrystal suspension and this solution was 

sonicated for 30 min. Following sonication, the nanocrystals were washed twice by precipitation 

with EtOH and resuspension in toluene. This process was repeated a total of three times to 

ensure effective ligand exchange. The AZO nanocrystals were sized via statistical analysis of 

TEM data collected using a JEOL 2100 microscope at Lawrence Berkeley National Laboratory. 
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A.3 CdSe nanocrystals  

A.3.1 Synthesis of CdSe nanocrystals for photodoping. CdSe nanocrystals were synthesized 

according following a previously reported method.5 For 4.6 nm nanocrystals, CdO (60 mg), 

ODPA (280 mg) and TOPO (3.0 g) were added to a 50 mL round bottom flask, heated to ~130 

°C and degassed under vacuum for ~1.5 h. The reaction mixture was heated under nitrogen to 

above 350 °C to form an optically clear and colorless solution. After adding 1.0 ml TOP to the 

solution, the temperature was brought up to 375°C, at which point a solution of 60 mg Se in 0.5 

ml TOP was swiftly injected into the flask. The CdSe cores were grown at ~370 °C until desired 

size was reached (2 – 5 min) at which point growth was halted by removing the heating mantle. 

The cooled CdSe nanocrystals were washed repeatedly by precipitating with EtOH and 

redissolving in toluene. 

A.3.2 Synthesis of CdSe/ZnSe core/shell nanocrystals. CdSe/ZnSe nanocrystals were 

synthesized by modification of a literature method.6 A 50 ml round bottom flask containing ∼2 × 

10−7 mol of washed CdSe cores, oleylamine (5 ml), and octadecane (5 ml) was heated to ~115 °C 

and degassed under vacuum for ~1.5 h.  Stock solutions of ~0.2 M Se dissolved in TOP and ~0.2 

M zinc oleate in 1:1 (m/m) ODE and decylamine were used as precursors for shell growth. The 

exact amount of precursors used for each monolayer of shell growth was calculated according to 

the increase in volume of each shell monolayer, taking into account the change in total 

nanocrystal size throughout growth. The reaction temperature was set at 200 °C under nitrogen. 

Growth times were 2.5 h for each cadmium addition and 1 h for each selenium addition. Aliquots 

were taken during growth and the amount for each addition of shell precursor was adjusted to 

take into account the lesser amount of remaining nanocrystals. The cooled CdSe/ZnSe 

nanocrystals were washed repeatedly by precipitating with EtOH and redissolving in toluene.  
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A.4 CdS and CdTe nanocrystals 

CdS nanocrystals were synthesized by published methods.7 CdTe nanocrystals were 

synthesized by a slight modification of published methods.8 Briefly, CdO (13 mg), 

hexadecylphosphonic acid (60 mg), and octadecene (3.9 g) were degassed at 110 °C for 40 min 

and heated to 300 °C under nitrogen. To this stirring solution, an air-free solution of Te (25 mg) 

tributylphosphine (0.6 mL), and octadecene (1.5 g) was injected swiftly. The stirring solution 

cooled to ~270 °C and was held there for 3 min. The solution was cooled to room temperature 

and twice precipitated with acetone, centrifuged and redissolved in toluene. 

 

A.5 Transition-metal-doped CdSe nanocrystals 

A.5.1 Cd1−xMnxSe synthesis. Cd1−xMnxSe QDs were synthesized by cluster thermolysis.9 

Briefly, a solution of 0.015 mmol manganese chloride tetrahydrate in 11 g HDA was degassed 

under vacuum at 130 °C for 1.5 hours. The reaction flask was placed under N2 and the 

temperature reduced to below 80 °C for the addition of 0.093 mmol (Me4N)2[Cd4(SePh)10] and 

0.260 mmol Se powder. The temperature was increased to 130 °C and maintained for 1.5 h, then 

increased to 220 °C and maintained for 1 h. After growth, the solution was rapidly cooled using a 

water bath. The QDs were suspended with the addition of ~4 ml toluene when the temperature 

dropped to ~70 °C.  

A.5.1.1 Overcoating Cd1−xMnxSe with CdSe. CdSe shells were grown by the SILAR 

approach.10 A Se precursor was made under anaerobic conditions with 0.16 g of Se powder in 10 

ml of trioctylphosphine. A separate Cd precursor was made by dissolving 0.01 g of CdO and 

0.38 g of oleic acid into 2.6 g of ODE and degassing at 200 °C until turning clear. In a separate 

flask, 0.8 g oleylamine and 5.6 g ODE were degassed before combining with degassed 
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Cd1−xMnxSe QDs and heating to 200 °C under N2. Shells were grown with alternate additions of 

the Cd and Se precursors via syringe pump, starting with the Cd precursor. For each addition, 

250 l of precursor was added at a rate of 50 l/minute. Because HDA was the capping ligand 

for the cores, the core/shell sample was sonicated with HDA and washed with toluene/EtOH in 

order to have HDA as the primary ligand for EPR measurements. 

A.5.2 Cd1−xCoxSe synthesis. Cd1−xCoxSe QDs were synthesized by hot injection following 

literature procedures.11 Briefly, a solution of the following was prepared and degassed at 130 °C: 

80 mmol octadecene, 1.7 mmol oleic acid, 2.1 mmol HDA, 0.312 mmol cadmium acetate 

dehydrate, and 23 mol cobalt(II) acetate tetrahydrate. A separate air-free solution of 25 mmol 

Se powder in 1 ml tributylphosphine was prepared. The former solution was heated to 310 °C 

and the latter solution was added quickly and anaerobically via syringe with vigorous stirring. 

The QDs were allowed to grow for ~7 min, after which they were cooled with a water bath.  

A.5.3 Surface treatment and purification. QDs prepared by both methods were washed with 

EtOH, followed by centrifugation and resuspension in toluene. They were then sonicated in 

toluene with excess TOPO to remove surface cations, washed again, and resuspended as 

described above.  

A.5.4 General characterization. Absorption spectra were collected in a 1 mm quartz cuvette 

using a Cary 500 (Varian) spectrophotometer. The dopant mole fraction (x) was determined by 

ICP-MS. QD sizes were determined from empirical correlation to absorption maxima.12 

 

A.6 Zn1−xMnxSe nanocrystals 

The Zn1−xMnxSe QDs were synthesized in the same manner as Cd1−xMnxSe QDs (section 

A.5.1), using (Me4N)2[Zn4(SePh)10] and growing at 270 °C for 1.5 hours. All QDs were washed 
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with EtOH, followed by centrifugation and resuspension in toluene. They were then sonicated in 

toluene with excess TOPO (90%) to remove surface Mn2+ ions, washed again, and resuspended 

in toluene. QD sizes were determined from empirical correlation to absorption maxima.13 
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Appendix B 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
Photodoping and Titration Methods 

 

B.1 Chemicals 

B.1.1 Photodoping chemicals. Toluene and THF were obtained from a solvent purification 

system, transferred to a N2 glovebox, and placed over molecular sieves for 24 h prior to use. 

Anhydrous EtOH was purchased from Acros and stored in the glovebox. Li[Et3BH], K[Et3BH, 

Li[Me2NBH3], and Li[PF6] were purchased from Sigma-Aldrich as 1 M solutions in THF and 

stored in the glovebox. [Bu4N][Et3BH] was synthesized by cation exchange. Briefly, 0.1 mmol 

[Bu4N][PF6] was added to a solution of 0.1 mmol K[Et3BH] in 100 l THF. 100 l toluene was 

added with stirring to precipitate the K[PF6] byproduct. The resulting solution was filtered 

through a 200 m PTFE filter.  

B.1.2 Titration chemicals. [FeCp*
2][BArF] was synthesized following literature procedures.1 

The starting materials, sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, 

bis(pentamethylcyclopentadienyl)iron(II), and iron(III) chloride (99.9%) were purchased from 

Sigma-Aldrich and used without further purification. 

 

B.2 Photodoping of colloidal ZnO nanocrystals 

Colloidal ZnO nanocrystals were photodoped to their maximum level by prolonged exposure 

to UV irradiation from a 100 W Hg/Xe Oriel photolysis lamp (~2 W/cm2, ~1.5 cm illumination 

diameter) in the presence of a hole quencher. Concentrated aqueous CuSO4 was used as an IR 

filter to reduce sample heating. ZnO was successfully photodoped using EtOH, Li[Et3BH], 

K[Et3BH], Li[Me2NBH3] and [Bu4N][Et3BH] hole quenchers. 
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B.2.1 EtOH as a hole quencher. Photodoping in the presence of EtOH was performed on 

both TOPO- and DDA-ligated nanocrystals. Similar results were obtained for both, but TOPO-

ligated nanocrystals retain their solubility better during titrations. We attribute this to the stronger 

binding of the phosphonate-type ligating groups in the 90%-purity TOPO, making it more 

compatible with the ionic [FeCp*
2][BArF] oxidant. 

B.2.2 Borohydride hole quenchers. Photodoping in the presence of borohydrides was 

incompatible with amine ligands, and thus performed only on TOPO-ligated ZnO nanocrystals. 

Photodoping with the hydrides, especially Li[Et3BH] and Li[Me2NBH3], sometimes resulted in 

formation of a brown/black byproduct that showed a pXRD pattern consistent with that of Zn0 

metal (Appendix D.6). The formation of this byproduct could be greatly reduced by periodically 

adding the hydride in small (~10–50 equivalents) aliquots during the photodoping process 

instead of introducing the entire amount at once so as to keep the unused hydride concentration 

low.  

B.2.3 Spectroscopic measurements. Photodoping of ZnO nanocrystals was performed in (1) 

1 cm air-free cuvettes for titrations, (2) an air-free IR cell to measure the IR and UV absorption, 

and (3) EPR tubes to measure the electron g value. 

B.2.3.1 Photodoping in 1 cm air-free cuvettes. Nanocrystals were suspended in 1:1 

toluene/THF. Typical nanocrystal concentrations were 10–100 M, depending on nanocrystal 

size. Samples were considered maximally photodoped when the NIR absorption stopped 

increasing over ~20 min UV exposure. Under these conditions, maximum photodoping levels 

were typically reached within 2–4 h for EtOH or within ~20 min for borohydrides. Except for 

kinetic experiments, samples were not stirred during photodoping.  
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B.2.3.2 Photodoping in air-free IR cell. Nanocrystals were suspended in 1:1 toluene/THF. 

Typical nanocrystal concentrations were 1–10 M, depending on nanocrystal size. Samples were 

loaded into an air-free IR cell containing a 100 m Teflon spacer sandwiched between two CaF2 

windows. Spectra were obtained using Cary 500 and Bruker Vector 33 spectrometers for UV and 

IR measurements, respectively. Samples were considered maximally photodoped when the IR 

absorption stopped increasing over ~60 s. It should be noted that the UV absorption appeared to 

stop bleaching before the IR absorption maximized. Under these conditions, maximum 

photodoping levels were typically reached within ~30 min using EtOH and ~2 min using 

borohydrides. Prolonged UV irradiation after reaching the maximum photodoping level causes 

some irreversible photochemistry, manifested as diminished red shift in the IR absorption during 

re-oxidation, attributed to poor mixing in the IR cell.  

B.2.3.3 Photodoping in air-free EPR tubes. CW EPR measurements were collected using a 

Bruker EMX X-band spectrometer with a SHQE resonator operating at 9.8 GHz. The g values 

were measured in reference to 2,2-diphenyl-1-picrylhydrazyl (DPPH, g = 2.0036). Nanocrystals 

were suspended in toluene with typical concentrations of 50–100 M. Samples were considered 

maximally photodoped when the g value stopped increasing over ~10 min. Under these 

conditions, maximum photodoping levels were typically reached within 1–2 h using EtOH and ~ 

20 min for borohydrides. 

 

B.3 Electron counting in ZnO nanocrystals 

B.3.1 Titration of photodoped ZnO nanocrystals. Electron counting in photodoped ZnO 

nanocrystals was performed by titration against [FeCp*
2][BArF].2-5 Addition of [FeCp*

2][BArF] 

removes electrons from the ZnO nanocrystals, as described by equation B.1. Figure B.1a plots 
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NIR absorption spectra of photodoped r = 1.75 nm ZnO nanocrystals (TOPO-capped, 120 M in 

1:1 toluene/THF) at various stages of titration, using the NIR spectrum of the as-prepared 

nanocrystal solution as the baseline (A = Aphotodoped − Aas-prepared). With each addition of 

[FeCp*
2][BArF] to the photodoped nanocrystals, the NIR absorption decreases due to nanocrystal 

oxidation. Once all of the ZnO electrons are removed, equation B.1 can no longer proceed in the 

forward direction. Instead, further addition of [FeCp*
2][BArF] leads to growth of [FeCp*

2]
+ 

absorption centered around ~700 nm (Figure B.1b). 

To determine <nmax>, the decrease in NIR absorbance integrated from 800 to 1400 nm, and 

the subsequent increase in [FeCp*
2]

+ absorption at 800 nm, are plotted versus equivalents of 

[FeCp*
2][BArF] added to the ZnO nanocrystals (Figure B.1c). The x intercepts of these two lines 

indicate <nmax>. The use of integrated absorption was found to be more reliable than the 

absorption at a single wavelength, but both yield similar results (see section B.3.2).3 Often the 

number of electrons determined by the decrease in NIR absorption was slightly smaller than that 

determined by [FeCp*
2]

+ absorption due to shifting of the IR peak. The values reported here are 

averages of the two sides of the titration, and error bars encompass the upper and lower values. 

For r = 1.75 nm nanocrystals, <nmax> was determined to be 4.6 ± 0.6 e−
CB per nanocrystal, which 

corresponds to an average maximum electron density of <Nmax> = 1.9 ± 0.3 × 1020 cm−3. 

 

                               e−
CB:ZnO + [FeCp*2]

+ 
  ZnO + [FeCp*2]                                    (B.1) 
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Figure B.1. Titration of photodoped ZnO nanocrystals. Absorption spectra of 

fully reduced r = 1.75 nm ZnO nanocrystals (top spectrum) with increasing 

amounts of [FeCp*
2][BArF] added, demonstrating (a) loss of the NIR absorption 

and (b) growth of [FeCp*
2]

+ absorption. The arrows indicate increasing amounts 

of [FeCp*
2][BArF]. (c) Integrated NIR absorption (800−1400 nm, blue diamonds) 

and [FeCp*
2]

+ absorption at 800 nm (green circles) plotted as a function of 

[FeCp*
2][BArF] added to the nanocrystal solution. The solid lines are linear fits to 

the data. The equivalence point yields <nmax>. 
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B.3.2 Use of single wavelength or integrated intensity to determine the equivalence point. 

A 6 M solution of dodecylamine-capped ZnO nanocrystals in 2 ml toluene/THF (1:1) was 

prepared anaerobically. THF was used to aid the solubility of [FeCp*2][BArF]. The nanocrystals 

were maximally photodoped as described above. To the fully reduced nanocrystals, several 20 l 

aliquots of 4.9 mM [FeCp*2][BArF] in THF were added and the reduction of the NIR absorption 

was monitored. Figure B.2a plots the absorption spectra of the as-prepared nanocrystals and fully 

reduced nanocrystals with sequential additions of [FeCp2*][BArF]. The NIR absorption decreases 

linearly in proportion to the added [FeCp*2][BArF]. Figure B.2b plots the difference in 

absorption between the as-prepared and fully reduced nanocrystals at each stage of titration. 
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Figure B.2. Addition of [FeCp*2]+ to photodoped ZnO monitored by NIR 

absorption.  (a) NIR absorption spectra of as-prepared ZnO nanocrystals and 

photodoped ZnO nanocrystals in 1:1 toluene/THF (6 M) with titration of 

[FeCp*2][BArF]. (b) Difference in absorption between reduced and as-prepared at 

each stage of titration. 

 

 

 

To determine the equivalence point, the difference in absorption at various wavelengths was 

plotted as a function of added [FeCp*2][BArF]. This plot is shown in Figure B.3a. The solid lines 

are linear fits to the data. From these fits, the points at which there is no difference in absorption 

(i.e., the nanocrystals are no longer reduced) were determined and used to calculate the average 

number of electrons per nanocrystal. There is some scatter when the data are analyzed this way, 

so the absorption differences integrated over low- and high-energy intervals were plotted (Figure 

B.3b). The integrated intensities should be less sensitive to small baseline shifts and solvent 

peaks. Both data sets converge to the same crossing point of 48 electrons per nanocrystal. The 
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nanocrystals were therefore concluded to contain an average of ~48 e−
CB each. This amount 

corresponds to an electron density of 9.2 × 1019 cm−3 for a spherical 10 nm nanocrystal.  

 

 
Figure B.3. Effect of single-wavelength versus integrated intensities on 

titration analysis. (a) Difference in absorption (from Figure B.2b) at various 

wavelengths plotted as a function of mol [FeCp*2][BArF] added. (b) Integrated 

absorption differences for two integration intervals, as a function of titration. The 

lines are fits to the data. 

 

 

 

B.3.3 Electron counting in AZO nanocrystals. For the comparison with AZO by absorption 

and EPR spectroscopies presented in Chapter 2, a 6 M anaerobic solution of the same 

nanocrystals in toluene was prepared. THF was not used in these experiments due to its 

incompatibility with room-temperature EPR experiments. The ZnO nanocrystals were charged to 
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an intermediate level such that the NIR absorption closely matched that of the AZO nanocrystals 

(Figure 2.2, referred to as the maximally photodoped or fully reduced ZnO nanocrystals). Figure 

B.4a shows the NIR absorption spectrum of these as-prepared and highly reduced ZnO 

nanocrystals. The difference compared to that of the highly photodoped nanocrystals is shown in 

Figure B.4b. The difference in absorption of the highly reduced nanocrystals is ~2/3 that of the 

fully reduced nanocrystals, from which these highly reduced nanocrystals were determined to 

contain 32 electrons per nanocrystal on average. It is noted that this analysis assumes the same 

extinction coefficient for e−
CB in toluene and in 1:1 toluene/THF. 

 

 
Figure B.4. Comparison of AZO and highly reduced ZnO nanocrystals by 

NIR absorption. (a) NIR absorption spectra of as-prepared and highly reduced 

ZnO nanocrystals in toluene (6 M). (b) Difference in absorption for maximally 

photodoped (taken from Figure B.2b) and highly reduced ZnO nanocrystals. 
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B.4 Photodoping of CdSe and CdS nanocrystals 

B.4.1 Photodoping of CdSe and CdS colloidal nanocrystals. CdS and CdSe were 

photodoped using Li[Et3BH] Photodoping experiments could be done under a wide range of 

conditions, but typically worked best with 10-100 equivalents of Li[Et3BH] per CdSe 

nanocrystal. CdSe nanocrystal concentrations were determined by absorption.6 Solutions were 

prepared and kept in the dark until photodoping. Without exposure to visible light (beyond the 

low-level excitation used in the absorption measurement), no measureable nanocrystal 

absorption bleach or IR absorption was detected (Appendix E.1). Photodoping was achieved with 

a variety of light sources. Many samples could be photodoped in the presence of ambient room 

light, but more efficient photodoping could be achieved using a white light LED or photolysis 

lamp with a λ = 450 nm cutoff filter (to prevent UV illumination) and a water IR filter (to 

prevent sample heating).  

B.4.1.1 IR absorption of photodoped CdSe colloids. For IR absorption measurements, 

nanocrystal solutions were prepared in the dark in a nitrogen glove box to be 10‒100 M in 

toluene with 250‒1000 equivalents Li[Et3BH]. These solutions were loaded into an air-free IR 

cell comprised of a 100 m spacer between two CaF2 windows, which was kept in the dark until 

background absorption measurements were taken. The as-prepared nanocrystal solutions were 

used as a background. The IR cell was then exposed to visible light using the white light LED on 

a Galaxy Nexus by Samsung smartphone (λmax = 436, 535 nm) for short times (1−20 s between 

spectra). The IR absorption was monitored until no further increase was observed. 

B.4.2 Photodoping of CdSe nanocrystal films. CdSe quantum dots (d = 7.0 nm) were drop 

cast onto a FTO substrate and dried under inert atmosphere. A solution of Li[Et3BH] (20 μl of 

0.1 M in THF) was dropped onto the dried CdSe film and allowed to evaporate.  
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B.5 Titration of photodoped CdSe nanocrystals 

For comparison with numbers determined by fitting of the optical bleach, the average number 

of excess electrons per nanocrystal (<nmax>) was determined by titration against 

[FeCp*
2][BArF].7 Direct reaction of [FeCp*

2][BArF] with excess Li[Et3BH] was found to be slow 

compared to the nanocrystal oxidation, ruling out the possibility of anomalously large electron 

counts due to the titration method. Additionally, a nanocrystal-catalyzed reaction of 

[FeCp*
2][BArF] with excess Li[Et3BH] can be ruled out because both d = 3.8 and 4.6 nm 

nanocrystals showed much lower electron counts than the d = 7.0 nm nanocrystals despite 

similar concentrations of Li[Et3BH]. All titrations, including absorption measurements, were 

conducted in a nitrogen glove box. A solution of 1‒50 M CdSe nanocrystals in 1:1 toluene/THF 

was prepared in a 1 cm quartz cuvette with a 2 mm sample path-length. Excess trioctylphosphine 

oxide was added to aid in solubility. A starting absorption spectrum (denoted “as prepared”) was 

measured using an Ocean Optics 2000+ spectrometer with an absorption attachment. To the 

cuvette, 20‒100 equivalents Li[Et3BH] was added as a solution in 10 l THF. The absorption 

was monitored using the Ocean Optics, which simultaneously provided light for photodoping. 

The nanocrystal solutions were left in the Ocean Optics lamp until the first exciton absorption 

stopped decreasing. To these maximally photodoped nanocrystals, 10 l aliquots of 

[FeCp*
2][BArF] in THF were added and recovery of the first exciton absorption was monitored. 

To analyze the titration data, difference spectra (A = Aphotodoped – Aas-prepared) were integrated 

over the first exciton, and the amount of bleach was plotted as a function of added 

[FeCp*
2][BArF]. The data were fit to a line, with the x-intercept representing the equivalence 

point. 
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Appendix C 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Supplementary Material for  

Chapter 2: Comparison of Extra Electrons in n-Type Al3+-Doped 

Photochemically Reduced ZnO Nanocrystals 

 
Adapted from: Schimpf, A. M.; Ochsenbein, S. T.; Buonsanti, R.; Milliron, D. J.; Gamelin, D. 

R. Chem. Comm. 2012, 48, 9352. 

 

C.1 Addition of [FeCp*
2][BArF] to AZO nanocrystals 

The titration of AZO nanocrystals with [FeCp*2][BArF] described in Chapter 2 (Figure 2.3) 

was performed under the same conditions as the titration of photodoped ZnO nanocrystals. 

Figure C.1 shows the absorption spectrum of anaerobically prepared dodecylamine-capped 5.4% 

AZO nanocrystals suspended in 1:1 toluene/THF and mixed with various amounts of 

[FeCp*2][BArF]. No loss of NIR absorption is observed upon addition of [FeCp*2][BArF] to the 

nanocrystals. As [FeCp*2] is added, absorption from [FeCp*2]
+ appears with a maximum at ~780 

nm. The immediate appearance of [FeCp*2]
+ absorption without loss of AZO NIR absorption 

indicates that no electrons are transferred from AZO to [FeCp*2]
+ (to form the colorless FeCp*2). 

To rule out slow electron-transfer kinetics, the final titration point (most [FeCp*2][BArF]) was 

monitored for 24 h but still showed no loss of NIR absorption. 
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Figure C.1. Addition of [FeCp*

2][BArF] to AZO nanocrystals. Electronic 

absorption spectra of 5.4% AZO nanocrystals mixed with the various amounts of 

[FeCp*2][BArF] as indicated. Addition of [FeCp*2]
+ does not lead to decrease in 

AZO NIR absorption, but is accompanied by an increase in absorption of the 

[FeCp*2]
+ band centered at ~780 nm. 

 

 

 

C.2 Comparison of reactivity toward methylene blue 

Methylene blue (MB+) undergoes facile two-electron proton-coupled reduction in the 

presence of electron donors to form the doubly reduced leucomethylene blue (LMB, equation 

C.1a). LMB formation can be reversed upon reoxidation (equation C.1b).1 Equation C.1b is not 

intended to literally identify the fate of the reduced O2, which has not been investigated here. In 

contrast with the reactions with [FeCp*2]
+ described above, this reaction (like that with O2 in air) 

involves proton-coupled electron transfer. 

 

         2e− + H+ + MB+  LMB        (C.1a) 

         LMB + ½O2  MB+ + OH−     (C.1b) 

 

To illustrate the difference in reactivities of AZO and photochemically charged ZnO 

nanocrystals, samples of each were mixed with MB+ under anaerobic conditions. MB+ dissolved 

in EtOH was added to the nanocrystals suspended in toluene. Figure C.1a shows the absorption 
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spectrum collected after anaerobic mixing of reduced ZnO nanocrystals with excess MB+ (solid 

line). Exposing this mixture to air increases the MB+ absorption (circles), indicating formation of 

MB+ via re-oxidation of LMB. LMB shows no absorption in this spectral range. Figure C.2b 

shows the MB+ absorption spectra obtained from the same experiment performed with AZO 

nanocrystals. In this case, exposing the reaction mixture to air does not increase the MB+ 

absorption, indicating that no LMB was present and therefore that no electron transfer from the 

AZO nanocrystals occurred. This experiment is solely intended to illustrate the reactivity 

difference, and no attempt was made to quantify the number of electrons in the photodoped ZnO 

using MB+ as the acceptor. 

 

 
Figure C.2. Difference in reactivities of photodoped ZnO and AZO toward 

methylene blue. MB+ absorption spectra (solid lines) collected after anaerobic 

mixing with (a) photodoped ZnO and (b) AZO nanocrystals suspended in toluene. 

The gray circles show the absorption spectra of the same mixtures after exposure 

to air. LMB shows no absorption in this spectral range. 
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Appendix D 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

Supplementary Material for  

Chapter 3: Controlling Carrier Densities in Photochemically 

Reduced Colloidal ZnO Nanocrystals: Size Dependence and Role of 

the Hole Quencher 

 
Adapted from: Schimpf, A. M.; Gunthardt, C. E; Rinehart, J. D.; Gamelin, D. R.  J. Am. Chem. 

Soc. 2013, 135, 16569. 

 

D.1 Titration results 

Table D.1 summarizes the titration data for all of the nanocrystals described in Figure 3.2, 

some of which are from previously published reports. The surface capping ligands and solvent 

are listed for each sample. All of these nanocrystals were reduced by photoexcitation in the 

presence of EtOH, but other experimental conditions were different. All of these samples follow 

the same trend in <nmax> versus r, as summarized in Figure 3.2. Figure D.1 plots the data in 

Figure 3.2 using symbols to represent the different surface ligands and solvents used in each 

experiment. 
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Table D.1. Values for maximum number of electrons per nanocrystal and 

corresponding electron densities for the data presented in Figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

Radius Ligand, Solvent maxn
 

maxN
 

(1020 cm−3)
 

Ref.
 

1.75 TOPO, toluene/THF 4.6 ± 0.6 2.0 ± 0.3 this work 

1.95 DDA, toluene/THF 4 1.3 1
 2.15 TOPO, toluene/THF 5.0 ± 0.9 1.3 ± 0.3 this work 

2.3 TOPO, toluene 5.7 1.1 2 

2.5 Hydroxide, EtOH 10 1.5 3 

2.8 TOPO, toluene/THF 16 ± 3 1.7 ± 0.4 this work 

3.9 DDA, toluene/THF 42 ± 6 1.7 ± 0.3 this work 

4.85 TOPO, toluene/THF 51 ± 7 1.0 ± 0.2 this work 

5 DDA, toluene/THF 50 0.9 4 

6.15 TOPO, toluene/THF 110 ± 20 1.4 ± 0.2 this work 
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Figure D.1. Size dependence of the maximum photodoping level in colloidal 

ZnO nanocrystals using EtOH as the hole quencher with various 

ligands/solvents. (a) Maximum number of electrons per nanocrystal (<nmax>) 

plotted versus nanocrystal radius on logarithmic scales. The red open squares are 

for DDA-capped nanocrystals suspended in 1:1 toluene THF. The solid blue 

diamonds are for TOPO-capped nanocrystals suspended in 1:1 toluene/THF. The 

open purple diamond is for TOPO-capped nanocrystals suspended in toluene. The 

filled green circle is for nanocrystals capped with hydroxides and suspended in 

EtOH. The solid line represents the best fit to equation 3.2, which yields p = 2.8. 

The dashed line shows the best fit for p = 3.0. (b) The data from (a) re-plotted as 

the maximum electron density (<Nmax>) versus nanocrystal radius on logarithmic 

scales. The dotted line is the maximum carrier density averaged over all 

nanocrystal sizes (<<Nmax>> = 1.4 ± 0.4 × 1020 cm−3). 

 

 

 

D.2 Comparison between EtOH and hydride hole quenchers  

D.2.1 Photodoping. A stock solution containing ~50 M r = 2.15 nm ZnO nanocrystals 

(TOPO-capped in 1:1 toluene/THF) was prepared anaerobically. For photodoping with EtOH, 1 
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ml of the stock solution was combined with 1 ml THF. For photodoping with Li[Et3BH], 1 ml of 

the stock solution was combined with 1 ml of 10 mM Li[Et3BH] in THF. Both solutions were 

illuminated with UV light until the maximum photodoping level was reached. 

D.2.2 Electron counting by titration with [FeCp*2][BArF]. Both solutions were titrated as 

described in Appendix B. The nanocrystals photodoped using EtOH were determined to have 

<nmax> = 5.4 e−
CB per nanocrystal. Figure F.3 shows the decrease in NIR absorption with added 

[FeCp*2][BArF] for the ZnO nanocrystals irradiated in the presence of Li[Et3BH]. The 

equivalence point of this titration yields <nmax> = 19 e−
CB per nanocrystal, corresponding to 3.5 

times more electrons than in the nanocrystals photodoped using EtOH. After complete loss of the 

NIR absorption, further addition of [FeCp*2][BArF] did not lead to the expected linear increase 

in absorption of [FeCp*2]
+. We hypothesize that this result is due to direct reaction between 

[FeCp*2][BArF] and the excess Li[Et3BH] when no more conduction band electrons are present 

in the nanocrystals. 

 

 
Figure D.2. Titration of ZnO nanocrystals photodoped with Li[Et3BH]. 

Integrated NIR absorption (800−1400 nm) plotted as a function of [FeCp*
2][BArF] 

added to the solution of ZnO nanocrystals photodoped using Li[Et3BH] as the 

hole quencher. 
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D.2.3 Electron counting by optical determination. To rule out the concern that reaction 

between [FeCp*2][BArF] and excess Li[Et3BH] affects the decrease in NIR intensity, the number 

of electrons in ZnO nanocrystals photodoped using Li[Et3BH] was also determined 

spectroscopically. Figure D.3 shows absorption difference spectra (Aphotodoped − Aas-prepared) for the 

fully photodoped nanocrystals prepared using EtOH (dotted blue line) and Li[Et3BH] (solid 

purple line). The ratio of integrated absorption between 800 and 1400 nm yields a ratio of 1:3.9 

for the EtOH:Li[Et3BH] spectra, meaning that the nanocrystals reacted with Li[Et3BH] should 

contain ~22 e−
CB per nanocrystal. These numbers agree well with those determined above by 

titration using [FeCp*2][BArF] (<nmax> = 19 e−
CB per nanocrystal, a ratio of 1:3.5 for the 

EtOH:Li[Et3BH] solutions), validating the use of such absorbance ratios for estimating the 

number of added electrons when photodoping with different hole quenchers. 

The data in Figure 3.3 and Table 3.1 were obtained by analyzing the absorbance of 

nanocrystals photodoped using hydride hole quenchers relative to the same nanocrystals 

photodoped using EtOH. For the data presented in this figure and table, the nanocrystals 

photodoped using EtOH were assumed to have (<Nmax> = 1.4 ± 0.4 × 1020 cm−3, and the average 

carrier density of nanocrystals photodoped using a hydride was estimated by multiplying 1.4 × 

1020 cm−3 by the ratio of integrated NIR absorption intensities. For example, if the integrated 

intensity between 800-1400 nm was three times more when photodoping was performed in the 

presence of Li[Et3BH] than in the presence of EtOH, the nanocrystals were estimated to have a 

maximum carrier density of <Nmax> = 3 × (1.4 × 1020 cm−3) = 4.2 × 1020 cm−3. The estimated 

densities were then converted to numbers of electrons per nanocrystal. 
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Figure D.3. Determination of photodoping level in ZnO nanocrystals 

photodoped using Li[Et3BH] by comparison with ZnO nanocrystals 

photodoped using EtOH.  Absorption difference (Aphotodoped - Aas-prepared) of r = 

2.15 nm ZnO nanocrystals photodoped to the maximum extent in the presence of 

EtOH (solid gray line) and Li[Et3BH] (blue circles). 

 

 

 

D.3 Size dependence of the maximum photodoping level with various hole quenchers 

The data in Figure 3.3, which describe the size dependence of the maximum photodoping 

using various hole quenchers, were fit to equation 3.2. This was done both by holding p = 3, 

which facilitates interpretation of the fit paramater a in terms of the relative maximum electron 

density achieveble with each hole quencher. Fixing p = 3 biases the fitting slightly toward the 

larger nanocrystals, however, because in most cases these have slightly larger electron densities. 

Figure D.4 shows fits of the same data, obtained when p is allowed to float. The values of p from 

these fits are summarized in Table 3.2, and in all cases are close to 3. This fitting was performed 

using a log-log representation of the data, but the data are presented on linear scales here for 

clarity. 
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Figure D.4. Size dependence of <nmax> of ZnO nanocrystals photodoped 

using various hole quenchers. The solid lines show fits to equation 5.2 in which 

p is allowed to float. 

 

 

 

Table D.2. Summary of the size dependence of ZnO nanocrystal photodoping 

using various hole quenchers. Parameters were obtained by fitting the data in 

Figure 5.3b to equation 3.2and allowing p to float.  

 

 

 

 

 

 

 

D.4 Photodoping in the presence of acid 

Figure D.5 shows the NIR absorption spectra of TOPO-capped r = 2.8 nm ZnO nanocrystals 

photodoped using EtOH as the hole quencher, under different conditions. Sample 1 contains as 

prepared nanocrystals that were maximally photodoped (~3 h). To prepare sample 2, the 

nanocrystals were fully photodoped, and to them added 10 equivalents of [H(Et2O)+][BArF].5 

This mixture was then photodoped for an additional 1 h. Sample 3 contains a mixture of as 

prepared nanocrystals and 10 equivalents of [H(Et2O)+][BArF] that was maximally photodoped 

(~4 h). All samples contain the same concentration of nanocrystals in 1:1 toluene/THF. In 

ZQ p 

EtOH 2.7 ± 0.3 

[Bu4N][Et3BH] 3.3 ± 0.3 

Li[Me2NBH3] 3.5 ± 0.2 

K[Et3BH] 3.3 ± 0.4 

Li[Et3BH] 3.6 ± 0.4 
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contrast to chemically reduced nanocrystals,5 added protons have no effect on the maximum 

number of electrons introduced photochemically by EtOH oxidation. 

 

 
Figure D.5. Photodoping in the presence of acid. Comparison of NIR 

absorption spectra of TOPO-capped r = 2.8 nm ZnO nanocrystals photodoped 

using EtOH hole quencher, with and without additional acid, [H(Et2O)][BArF]. 

 

 

 

D.5 Analysis of kinetic photodoping data 

Kinetic photodoping data (Figure 3.5a) were fit to a double exponential (equation D.2a) and 

initial rates determined by evaluating the initial slope (equation D.2b). Tables D.3a and D.3b 

give a summary of the fitting parameters and analysis. The ratios Amax
ZQ/Amax

EtOH, which reflect 

<Nmax
ZQ>/<Nmax

EtOH>, are slightly smaller than the ratios <<Nmax
ZQ>>/<<Nmax

EtOH>> obtained 

from analysis of the size dependence and reported in Table 3.1. This difference is likely due to 

two factors: (1) The absorbance values here are measured at a single wavelength, which may be 

slightly different than the integrated intensities used in Table 3.1, and (2) these data represent 

only a single nanocrystal sample. 
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Table D.3a. Summary of rate constants and weighting coefficients obtained from 

fitting kinetic data to equation F.2a. 

ZQ 1A  1k  2A  2k
 

EtOH 0.138 ± 0.007 0.037 ± 0.005 0.044 ± 0.007 0.9 ± 0.4 

EtOH + Li[PF
6
] 0.186 ± 0.004 0.078 ± 0.004 0.037 ± 0.004 4 ± 1 

[Bu
4
N][Et

3
BH] 0.11 ± 0.02 8 ± 1 0.05 ± 0.02 30 ± 10 

Li[Me
2
NBH

3
] 0.10 ± 0.01 4.6 ± 0.5 0.21 ± 0.01 25 ± 2 

Li[Et
3
BH] 0.29 ± 0.01 3.2 ± 0.5 0.30 ± 0.02 35 ± 3 

K[Et
3
BH] 0.26 ± 0.03 1.9 ± 0.4 0.32 ± 0.03 29 ± 5 

 

 

 

Table D.3b. Summary of initial rates and photodoping levels. Maximum photodoping 

levels were obtained from fitting kinetic data to equation D.2a. Initial rates were 

obtained by evaluating equation D.2b. 

 

 

 

D.6 Formation of Zn0 metal 

Figure F.6 shows typical examples of the black/brown coloration observed in ZnO 

nanocrystal suspensions following anaerobic exposure to UV illumination (~15 min) in the 

presence of excess (~500 equivalents) Li[Et3BH] or Li[Me2NBH3]. When these samples were 

precipitated in air, pXRD showed only ZnO, and Zn0 was not detectable. 

 

 ZQ 
ZQ

0R  
ZQ EtOH

0 0/R R  ZQ

maxA  ZQ EtOH

max max/A A
 

 EtOH 0.04 ± 0.02 1 0.21 ± 0.02 1 

 EtOH + Li[PF
6
] 0.18 ± 0.05 4 ± 1 0.23 ± 0.02 1.1 ± 0.1 

 [Bu
4
N][Et

3
BH] 2 ± 1 50 ± 20 0.16 ± 0.01 0.8 ± 0.1 

 Li[Me
2
NBH

3
] 5.6 ± 5 130 ± 10 0.31 ± 0.2 1.5 ± 0.2 

 Li[Et
3
BH] 11 ± 1 250 ± 30 0.59 ± 0.05 2.8 ± 0.3 

 K[Et
3
BH] 10 ± 2 220 ± 40 0.59 ± 0.05 2.8 ± 0.3 
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Figure D.6. Coloration of ZnO nanocrystal suspensions when exposed to UV 

illumination in the presence of Li[Et3BH] or Li[Me2NBH3]. 

 

 

 

The formation of metallic Zn0 was observed following prolonged UV exposure (24 h) in the 

presence of a large excess of Li[Et3BH] (~3 × 104 equivalents). The resulting black, cloudy 

solution was centrifuged and the ZnO nanocrystals could be washed away with hexanes while 

the black pellet would not resuspend. The black pellet was dried and pressed between two pieces 

of Kapton tape for pXRD analysis. Figure D.7 shows the pXRD pattern obtained for a drop-

coated film of r = 3.75 nm ZnO nanocrystals before photodoping (top spectrum, dotted black 

line). Following extensive UV irradiation (24 h) of the colloids in the presence of excess 

Li[Et3BH] (>104 equivalents), coloration was observed, and a brown/black byproduct could be 

separated from the nanocrystals by centrifugation and washing with hexanes. The resultant pellet 

was placed between two pieces of Kapton tape and the pXRD spectrum measured (bottom 

spectrum, solid black line). The patterns for ZnO and Zn0 are shown at the bottom (blue and red, 

respectively). Before photodoping, the sample shows only ZnO peaks. The byproduct of 

photodoping shows both ZnO and Zn0 metal peaks, plus some additional peaks that could be due 

to a LixZn intermetallic.6 The large amorphous peak below 30 degrees is due to Kapton tape. 
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Figure D.7. Formation of Zn0 metal detected by pXRD. pXRD spectra of r = 

3.75 ZnO nanocrystals before photodoping (top spectrum, dotted black line) and 

of the black byproduct generated during photochemical doping with Li[Et3BH]. 

The ZnO (blue) and Zn0 (red) patterns are given for reference. 

 

 

 

D.7 Stability of the photolysis lamp 

The stability of the lamp used during the kinetics experiments was examined by monitoring 

the lamp output over time (data point taken every 10 s, averaged for 10 ms) using an Ocean 

Optics 2000+ fiber-coupled spectrometer. Figure D.8a shows the lamp intensity (integrated from 

340-380 nm) as a function of time. Figure D.8b plots a histogram of the data in Figure D.8a. The 

black curve shows a Gaussian fit to the data (equation D.3), yielding a standard deviation that is 

~8% of the mean. This difference is small compared to the differences in initial photodoping 

rates using EtOH and the hydride hole quenchers shown in Figure 3.5. Lamp intensity variations 

could possibly contribute to differences between initial photodoping rates among the different 

hydride hole quenchers or between those observed using EtOH with and without added Li[PF6]. 
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Figure D.8. Stability of the photolysis lamp used in photodoping. (a) Output of 

the UV photolysis lamp over time. Each data point represents the integrated 

intensity between 340−380 nm, averaged for 10 ms. A data point was collected 

every 10 s. (b) Histogram of data from (a). The solid black curve shows a 

Gaussian fit to the data, yielding a standard deviation that is ~8% of the mean. 
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Appendix E 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

Supplementary Material for  

Chapter 4: Photochemical Electronic Doping of CdSe Nanocrystals 

 
Adapted from: Rinehart, J. D.; Schimpf, A. M.; Weaver, A. L.; Cohn, A. W.; Gamelin, D. R. J. 

Am. Chem. Soc.  2013, 135, 18782. 
 

 

 

E.1 Addition of Li[Et3BH] to CdSe nanocrystals in the dark 

 

 
Figure E.1. Addition of Li[Et3BH] to CdSe nanocrystals in the dark. 

Absorption spectra of d = 3.8 nm CdSe nanocrystals before and after the addition 

of Li[Et3BH] but without exposure to light other than the spectrometer source 

used for the measurement of these spectra.  
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E.2. Gaussian deconvolution of the excitonic absorption bleach  

 

 
Figure E.2. Gaussian deconvolution of the excitonic absorption bleach in 

photodoped CdSe nanocrystals. Multi-Gaussian fits (thick black dashed) of 

absorption spectra (thin black) of d = 3.8 nm (a,b,c) and d = 7.0 nm (d,e,f) CdSe 

nanocrystals before photodoping (a,d), at maximum photodoping (b,e), and after 

re-oxidation (c,f). All absorption spectra are fitted with a sum of four Gaussians. 

The magnitudes, positions, and widths of the three lowest-energy Gaussians (red, 

green, blue) were allowed to float during fitting. The highest-energy Gaussian 

(purple) accounts for rising absorption in the high-energy region, and its 

amplitude, position, and width were fixed to be equal across all three panels for a 

given nanocrystal. The fitting of the smaller nanocrystals also incorporated a 

small additional Gaussian (thin black dashed) to account for the slight pre-edge 

tail that appears after photodoping. 
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E.3 Extinction coefficient of conduction-band electrons in CdSe nanocrystals 

 

  

Figure E.3. Extinction coefficient of conduction-band electrons in CdSe 

nanocrystals. (a) Visible/IR absorption spectra for undoped (purple) d = 3.8 nm 

CdSe nanocrystals and the same nanocrystals photodoped to <ne> = 0.6 electrons 

per nanocrystal (blue). Regions of intense C-H and CO2 vibrational absorption are 

interpolated (dotted lines). (b) Difference spectra (A = Aphotodoped – Aas-prepared), 

from the spectra in (a). Inset: Extinction coefficient plot for the IR absorption in 

units of Me
−1cm−1, where Me is the molar concentration of conduction-band 

electrons. The per-electron molar extinction coefficient for the IR absorption 

maximum in these nanocrystals is 8.9 ± 0.6 × 104 Me
−1cm−1 at 0.32 eV. Note that 

this extinction coefficient is for this specific nanocrystal diameter, because the 

spectrum changes with nanocrystal diameter (Figure 4.1). 

 

 

E.4 Titrations on photodoped CdSe nanocrystals 

For comparison with numbers determined by fitting of the optical bleach, the average number 

of excess electrons per nanocrystal (<nmax>) was determined by titration against 

[FeCp*
2][BArF].1-4 Direct reaction of [FeCp*

2][BArF] with excess Li[Et3BH] was found to be 

slow compared to the nanocrystal oxidation, ruling out the possibility of anomalously large 

electron counts due to the titration method. Additionally, a nanocrystal-catalyzed reaction of 

[FeCp*
2][BArF] with excess Li[Et3BH] can be ruled out because both d = 3.8 and 4.6 nm 



196 

nanocrystals showed much lower electron counts than the d = 7.0 nm nanocrystals despite 

similar concentrations of Li[Et3BH].  

 

 
Figure E.4. Titration of small photodoped CdSe nanocrystals. Absorption 

spectra of d = 4.6 nm (10.6 M) CdSe nanocrystals collected during redox 

titration in 1:1 toluene/THF. The red spectrum shows data collected before 

introduction of Li[Et3BH]. The solid green spectrum is of the maximally 

photodoped nanocrystals. The other spectra were collected following addition of 

various amounts of [FeCp*
2]

+ (increasing with direction of arrow). The 

corresponding difference spectra (Aphotodoped – Aas-prepared) are plotted as dotted 

lines. Inset: The integrated absorption bleach of the first excitonic feature as a 

function of equivalents of [FeCp*
2]

+. The solid line shows a linear fit to the data. 

The crossing of this line with zero indicates the equivalence point, corresponding 

to 1.1 electrons per nanocrystal.  
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Figure E.5. Titration of large photodoped CdSe nanocrystals. Absorption 

spectra of d = 7.0 nm (4.4 M) CdSe nanocrystals collected during redox titration 

in 1:1 toluene/THF. The red spectrum shows data collected before introduction of 

Li[Et3BH]. The solid green spectrum is of the maximally photodoped 

nanocrystals. The other spectra were collected following addition of various 

amounts of [FeCp*
2]

+ (increasing with direction of arrow). The red circles show 

the solution after reoxidation with air. The corresponding difference spectra 

(Aphotodoped – Aas-prepared) are plotted as dotted lines. Inset: The integrated absorption 

bleach of the first excitonic feature as a function of equivalents of [FeCp*
2]

+. The 

solid line shows a linear fit to the data. The crossing of this line with zero 

indicates the equivalence point, corresponding to 27 electrons per nanocrystal. 

 

 

 

E.4.1 Effect of storage environment on titration results. Figure G.6 shows the absorption 

bleach and titration data for two sets of the same nanocrystal batch with different 

handling/storage. Sample A (red) was stored immediately in the N2 glove box, while sample B 

was stored in air until the titration measurement. The absorption data for the two samples before 

and after photodoping are essentially indistinguishable, but the titration data show a significant 

difference in the number of electrons retrieved from these nanocrystals (~7 electrons/nanocrystal 

more in sample B). These data support the conclusion that the absorption bleach reports on the 

delocalized conduction electrons, whereas the chemical titration is also sensitive to other 

(trapped) electrons. 
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Figure E.6. Effects of storage environment on titration results. Absorption 

spectra and titration data for two different sets of the same d = 7.0 nm (4.4 M) 

CdSe nanocrystals with different storage/handling histories. 

 

 

 

E.5 ZnSe shell growth 

 

  

Figure E.7. Representative TEM images of core and core/shell CdSe and 

CdSe/ZnSe nanocrystals. (a) 4.6 nm CdSe nanocrystals and (b) the same 

nanocrystals with a ZnSe shell. Because of shape anisotropy, an average shell 

thickness was estimated by distributing the total shell volume equally around the 

central CdSe core. Core/shell volumes were modeled as rectangular cuboids with 

a = b < c, estimated from TEM data.  

 

 

a        b 
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E.6 Extension of photodoping methods to other nanocrystal systems 

 

 
Figure E.8. Photodoping in CdS nanocrystals observed by IR absorption. IR 

spectra demonstrating the introduction of electrons into the conduction band of a 

1:1 THF:toluene CdS nanocrystal colloidal suspension after introduction of 

Li[Et3BH] and incremental exposure to 405 nm light.   

 

 

 

 
Figure E.9. Photodoping in CdTe nanocrystals observed by exciton bleach. 

Absorption spectra of CdTe (d = 4 nm) in THF solution (1 μM) as prepared (blue 

line), after addition of 40 equivalents of Li[Et3BH] and λ > 450 nm light exposure 

(dotted blue and green lines), and after reoxidation in air (red circles). Difference 

spectra of matching colors are shown below.   
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Figure E.10. Photodoping of CdSe nanocrystal films. Absorption spectra of d = 

7.0 nm quantum dot film on FTO maximally photodoped (blue) and reoxidized 

(red). The small sharp peak at ~1.98 eV is due to film reflections.   
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___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

Supplementary Material for  

Chapter 5: Photodoped In2O3 and Sn-doped In2O3 Nanocrystals 

 
Adapted from: Schimpf, A. M.; Lounis, S. D.; Runnerstrom, E. L.; Milliron, D. J.; Gamelin, D. 

R. J. Am. Chem. Soc. 2014, Accepted Manuscript, doi: 10.1021/ja5116953. 
 

 

F.1 Absorption of In2O3 and ITO nanocrystals 

 
Figure F.1. Absorption spectra of In2O3 nanocrystals containing various Sn 

dopant concentrations. 
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F.2 Oxidation of ITO nanocrystals with (NH4)2Ce(NO3)6 

 

 
Figure F.2. Oxidation of ITO nanocrystals with (NH4)2Ce(NO3)6. (a) 

Absorption spectra of 5.9% Sn-doped In2O3 nanocrystals (top purple, 0.6 mM in 

heptane) with various amounts of added (NH4)2Ce(NO3)6 (dotted orange). (b) Plot 

of relative LSPR absorption versus  equivalents of added (NH4)2Ce(NO3)6. Even 

with a large excess of this strong oxidant, some electrons remained in the ITO 

nanocrystals. 
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F.3 Evidence for electron transfer between In2O3 and ITO nanocrystals 

 

 
Figure F.3. Simultaneous photodoping of a mixture of In2O3 and ITO 

nanocrystals. (a) In2O3 (dashed red) and 9.0% Sn-doped In2O3 (dotted blue) 

nanocrystals photodoped to their maximum extents (both ~1 M in 1:1 

toluene/THF). The spectra are plotted as the difference in absorption from the as-

prepared nanocrystals (A = Aphotodoped – Aas-prepared). (b) Mixture of the 

nanocrystals from panel (a), photodoped together (purple). The arrow shows 

increased UV exposure. The dotted black line represents the numerical 

summation of the two nanocrystal absorption spectra after photodoping each to its 

maximum extent individually. (c) Plot of the absorption (normalized) at 0.50 eV 

and at 0.83 eV measured as a function of time. Absorption from both nanocrystals 

increases concurrently. 
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Figure F.4. Electron transfer between In2O3 and ITO nanocrystals. (a) 

Reproduced from Figure 5.3b. Absorption spectra of: (A) As-prepared In2O3 

nanocrystals (1M in 1:1 toluene/THF with ~3×105 equivalents EtOH, 

anaerobic); (B) The same nanocrystals after maximal photodoping; (C) As-

prepared 9.0% Sn:In2O3 nanocrystals; (D) After adding one equivalent of 

maximally photodoped In2O3 nanocrystals to a solution of as-prepared 9.0% 

Sn:In2O3 nanocrystals. Spectrum E is a numerical summation of absorption 

spectra B and C. (b) Spectra of a mixture of as-prepared ITO and In2O3 

nanocrystals before (dotted) and after (solid) maximal concurrent photodoping. 

The absorption spectrum of as-prepared ITO nanocrystals added to maximally 

photodoped In2O3 nanocrystals (spectrum D from part (a)) falls roughly halfway 

between the two endpoints, confirming electron equilibration between the ITO 

and In2O3 nanocrystals in part (a). 
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F.4 Absorption of ITO-PLMA films 

 

 
Figure F.5. LSPR absorption in solution versus films. Room-temperature 

absorption spectra of 9.0% Sn-doped In2O3 nanocrystals before (dashed red) and 

after (solid gray) incorporation into a PLMA matrix. 

 

 

 

 
Figure F.6. Variable-temperature absorption spectra of ITO nancrystals. 

Absorption of 9.0% Sn-doped In2O3  nanocrystals embedded in a PLMA matrix. 
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F.5 Variable-temperature magnetic circular dichroism of ITO nanocrystals 

 

 
Figure F.7. Variable-temperature magnetic circular dichroism of ITO 

nancrystals. MCD spectra of 9.0% Sn-doped In2O3  nanocrystals embedded in a 

PLMA matrix. 
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Appendix G 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

Supplementary Material for  

Chapter 6: Charge-Tunable Quantum Plasmons in Colloidal 

Semiconductor Nanocrystals 

 

 

 

Figure G.1. Representative TEM Images of colloidal ZnO nanocrystals of 

various sizes. 

 

G.1 Determination of electron densities 

Electron densities in photodoped ZnO nanocrystals have been determined via titration against 

a mild oxidant, as described in detail in Appendix B.1-5 Figure G.2 illustrates representative 

titration data, from which carrier densities were determined. A solution of 3.7 M r = 6 nm ZnO 

nanocrystals was anaerobically prepared in 1:1 toluene/THF with EtOH as the hole quencher. 

The solution was illuminated with UV light and the NIR absorption monitored until it stopped 

increasing, at which point the nanocrystals are considered to be maximally photodoped. Figure 

G.2a shows the NIR absorption tail of the maximally photodoped nanocrystals (top spectrum). 

To the maximally photodoped nanocrystals, aliquots of 8 mM [FeCp*
2][BArF] were added. 

Electron transfer from the photodoped ZnO nanocrystals to [FeCp*
2]

+ (equation G.1, Figure G.2a 

inset) results in a decrease of the NIR absorption.3-5 When all of the electrons are removed, the 
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reaction described by equation G.1 no longer proceeds, and growth of [FeCp*
2]

+ absorption 

centered around 1.75 eV is observed (Figure F.2b). Figure G.2c plots the decrease in ZnO NIR 

absorption (integrated intensity, 0.9−1.5 eV) and the growth in [FeCp*
2]

+ absorption as a function 

of added equivalents of [FeCp*
2][BArF]. The solid lines show linear fits to the data. The x-

intercepts of these lines determine the equivalence point. The values determined by the two x-

intercepts are averaged, and their values used to determine uncertainties in the number of 

electrons per nanocrystal. In this case, 116 ± 22 electrons were added to the r = 6 nm ZnO 

nanocrystals, corresponding to an electron density of 1.3 ± 0.3 × 1020 cm−3.  

 

                                          e−
CB:ZnO + [FeCp*2]

+ 
  ZnO + [FeCp*2]                                     (G.1) 
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Figure G.2. Representative titration data for photodoped ZnO nanocrystals. 

(a) Reduction of the ZnO NIR absorption due to electron transfer from the 

photodoped ZnO nanocrystals to [FeCp*
2]

+. (b) Growth of absorption due to 

excess [FeCp*
2]

+, after all ZnO electrons have been removed. (c) Plot of the 

decrease in NIR absorption (blue diamonds) and increase in [FeCp*
2]

+
 absorption 

(green circles) versus added equivalents of [FeCp*
2][BArF]. ZnO nanocrystals are 

6 nm in radius. The solid lines are linear fits to the data and their x-intercepts 

determine the equivalence point. 

 

 

 

Figure G.3 plots the maximum number of electrons that can be added to various sized ZnO 

nanocrystals by photochemical reduction using EtOH as the hole quencher, titrated as described 

above (adapted from ref. 5). The maximum photodoping level scales with nanocrystal volume, 
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meaning that all sizes of nanocrystals reach the same electron density, determined to be 1.4 ± 0.4 

× 1020 cm−3. The solid line plots equation G.2 for Ne = 1.4 × 1020 cm−3. 

                                                        
3

e e e

4

3
n N V N πr                                                          (G.2) 

 

 
Figure G.3. Size dependence of photodoping in ZnO nanocrystals. Maximum 

number of electrons that can be added to ZnO via photodoping using EtOH as the 

hole quencher, plotted as a function of nanocrystal radius. The solid line plots the 

number of electrons per nanocrystal at a fixed electron density of 1.4 × 1020 cm−3. 

Adapted from ref. 5. 

 

 

G.2 Dependence of IR absorption energy on size and electron density 

Figure G.4a plots the IR absorption peak energy (purple squares) as a function of electron 

density for colloidal r = 6 ± 1 nm nanocrystals (top spectrum, Figure 6.1). From Figure G.3, the 

maximum photodoping is 1.4 ± 0.4 × 1020 cm−3, and the electron densities of the other spectra 

were estimated by equation G.3, where I is the integrated absorption intensity from 0.14−0.50 eV 

(excluding regions of intense absorption from ligand or solvent). The error bars in electron 

density are based on the 20% error for the maximum photodoping level. The error bars in peak 

energy are set at 5% based on the breadth of the absorption band. The black line plots the peak 

energy calculated for various electron densities from the Drude model (equation 6.1). It should 
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be noted that the spectral integration range does not encompass the entire IR absorption band. 

The lowest electron densities are thus lower limits to the actual electron densities.                                                    

              
e maximally doped

maximally doped

I
N N

I
                                             (G.3) 

 

 

 
Figure G.4. Size- and electron-dependence of the IR absorption in 

photodoped ZnO nanocrystals. (a) IR absorption maximum (purple squares) as 

a function of electron density for r = 6 nm ZnO nanocrystals. The black line 

shows the dependence predicted by the Drude model (equation 1). (b) Size 

dependence of the IR absorption peak maxima for ZnO nanocrystals photodoped 

to an electron density of 1.4 ± 0.4 × 1020 cm−3 (blue diamonds) and in the low 

electron density limit (red circles). 

 

 

 

Figure G.4b plots IR absorption peak energies versus radius for photodoped ZnO 

nanocrystals with Ne = 1.4 ± 0.4 × 1020 cm−3 (blue diamonds) and in the low-photodoping limit 
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(red circles). This low-electron-density limit was estimated by plotting the peak energy versus 

electron density and determining the y-intercept. 

 

G.4 Magnetic circular dichroism spectroscopy 

Figure G.5a shows the 2 K MCD spectra for the same nanocrystals as in Chapter 6. The 

difference in intensity is attributed to depolarization induced by sample freezing. Once frozen, 

the sample shows no temperature dependence (Figure G.5b). 

 

 

 
Figure G.5. Temperature-independent magnetic circular dichroism in 

photodoped ZnO. (a) 2 K MCD spectra of photodoped r = 1.55 nm ZnO 

nanocrystals. The arrow indicates increasing magnetic field. (b) 3 T MCD spectra 

collected at three temperatures, illustrating temperature independence of this 

MCD signal. 
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Figure G.6. Calculated spin expectation values for an S = ½ paramagnet as a 

function of applied magnetic field. Plotted at the three temperatures used in 

Figure G.5b. C-term MCD intensities are proportional to spin expectation value. 

The lack of temperature dependence in Figure G.5b indicates that this MCD 

intensity does not come from the C-term mechanism. 

 

 

 

G.5 Theoretical model 

Resonance behavior in photodoped ZnO quantum dots is modeled by constructing a 

quantum-mechanically modified Lorentz approximation to the dielectric function.6 This process 

begins at the single electron level, where electron response to an external electric field is 

modeled as a damped and driven harmonic oscillator. Thus, the equation of motion for a single 

electron is specified via Newton's Second Law as 

                                                          
2

0

1
x x x= F(x, )t

m
 

 

       (G.4) 

where 0   is the resonance frequency of the restoring force and   is the measure of damping 

force (known as the scattering frequency, see Chapter 6 for details). Classically, the driving force 

is dependent only on the electric field of the incident photon, generally taken to be a plane wave. 

However, boundary effects, due to the confined nature of the nanocrystals, serve to give the 

system preferential modes similar to modes found in classical waveguides. This modal structure 

both discretizes the set of available resonance frequencies in the restoring force and modifies the 
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strength of the driving force. These effects are treated quantum mechanically and separately, but 

they modify the equation of motion above. Then, 

                                                     
2

0x x x= S E(x) i t

if

e
e

m

 
 

       (G.5) 

where i and f are composite indices representing the quantum numbers associated with some 

initial and some final state, respectively. This equation can be solved in the frequency domain 

and simply summed to model a system of many, non-interacting electrons. In that case, the 

dielectric function is written as 

                                                2

IB p 2 2
,

if

i f if

S

i
    

  
 

 
                                            (G.6) 

where p is the bulk plasma frequency and  IB   represents contributions from interband 

transitions. In ZnO, interband transitions occur far from the near-IR plasmons, and are expected 

to have little contribution to the dielectric function in this region. We thus replace  IB   with 

 .  

A quantum model of a ZnO nanocrystal is required to specify parameters in the equation 

above. TEM images show that the quantum dots are quasi-spherical, motivating the choice to 

model the conduction electrons as a degenerate Fermi gas in an infinite, spherical potential well 

of radius R. In that case, single electron wave functions are known to be 

                                                      
^

, , x ,   n l m l lmj r Y r r R 
 

  
 

.                                         (G.7) 

Here, lj is the lth spherical Bessel function,  is the wavenumber ( , /n lx R  , where ,n lx is the 

nth root of the lth spherical Bessel function) and lmY is a spherical harmonic. The set  , ,n l m  is a 

given state's principle, angular, and projection quantum numbers. 
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For the semi-conductor case, the number of electrons in the conduction band is, compared to 

a conductor, relatively small, and this limits the angular quantum number, l, accordingly. In this 

case, using the Lorch lower bound7 for ,n lx , one can show that r l   and, thus, 

                                         

 
^

, ,

sin 1
2 2

n l m

r l

Y r
rR






 
  

    
 

.                                      (G.8) 

Meanwhile, eigenvalues of the spherical potential well specify single-electron energies. Thus, the 

discretized set of resonance frequencies, if , is 

   
2

2 2

2

e

2 2 2 2
8

f i

if f f i i

E E
n l n l

m r

        
  


 .                            (G.9) 

Finally, the interaction strengths, ifS , are computed using the well-known Thomas-Reiche-Kuhn 

sum rules. The expression used for the harmonic oscillator is 

                                                           
2e

e

2 if

if

m
S f z i

n


 ,                                                  (G.10) 

where the matrix element above is simply the integral 

                                                        * 3cos df if z i r x   .                                             (G.11) 

Thus, contributions to the sum in equation S6 can, using the quantum mechanically derived 

equations above, be computed as needed. The quantum numbers that contribute most to the 

physics are dependent on the Fermi level, Fn . Computation of the Fermi level is described in the 

paper and amounts to finding the roots of a cubic polynomial. Given a Fermi level, all other 

quantum numbers have specified ranges:8,9 
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where f il l l    and f in n n   . 

The absorption efficiencies for the dielectric functions were calculated as the ratio of the 

diffractive absorption cross section to the geometric cross section and normalized at each radius: 

                                                 
 

 
m3

abs 2

m

4
Im

2

k
Q r

r

  


   

  
  

  

.                                      (G.12) 
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Figure G.7. Calculated spectral dependences of the ZnO dielectric function 

for various nanocrystal radii. (a) real (reproduced from Figure 6.4a) and (b) 

imaginary parts The imaginary parts are smaller for solutions of Re[()]=m 

in regions of normal dispersion, as opposed to those in regions of anomalous 

dispersion, validating the former as the proper solutions. 
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Figure G.8. Effects of electron tunneling on LSPR energies. Comparison of 

calculated LSPR energies (a) without and (b) with inclusion of a 

phenomenological tunneling ("spill-out") parameter. Panel (a) is the same as 

Figure 6.4b. Panel (b) has been calculated modeling the ZnO nanocrystals with 

effective radii of reff = r(1 + C2/r2),10 where C is a fit parameter chosen to be 1 

nm, to illustrate the effect of tunneling beyond the nanocrystal surface. This reff 

was not used in calculation of the Fermi level in order to keep the same number of 

conduction-band electrons for calculations with and without tunneling. The effect 

of tunneling is to make the smallest nanocrystals effectively larger and weaken 

the LSPR size dependence. This description of tunneling is arbitrary and is solely 

intended to illustrate the general effect of introducing spill-out into the model. In 

reality, tunneling is only one of several factors neglected in the idealized model of 

Chapter 6 that could prove significant.  
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Figure G.9. Convergence of LSPR and single-electron transitions and low 

carrier densities. Calculated difference between LSPR and dominant single-

electron transition energies (
sp( )ifE    ) as a function of electron density in 

an r = 6 nm ZnO nanocrystal. These results demonstrate convergence of the two 

types of transitions in the low-carrier-density limit. The calculations use the 

parameters described in Chapter 6. 

 

 

 

 
Figure G.10. Calculated absorption efficiencies for Ag nanoparticles. The 

single-electron transitions are shown as white circles, with opacities proportional 

to their oscillator strengths. The LSPRs are plotted in open black circles. 

Discontinuities in the curve of highest absorption efficiency are a result of our 

approximate shell-filling scheme. This figure illustrates that LSPRs in Ag, and 

metal nanoparticles in general, are spectrally remote from the most allowed 

single-electron transitions. 
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Appendix H 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

Electron Paramagnetic Resonance Measurements 
 

H.1 CW EPR 

CW EPR spectra were collected using a Bruker E580 X-band spectrometer with a Bruker 

SHQE resonator operating at 9.8 GHz. 

 

H.2 Pulsed EPR 

pEPR experiments (4.5 K) were performed on a Bruker E580 X-band spectrometer with an 

ER 4118 X-MD5 resonator operating at a microwave frequency of 9.7 GHz. The sample and 

probe were mounted inside an Oxford Instruments CF935O dynamic continuous flow cryostat. 

The temperature was controlled and monitored with an Oxford Instruments ITC5035 temperature 

controller and a Cernox Resistor CX-1050-AA-1.4L temperature sensor (LakeShore). T1 was 

measured using an echo detected inversion recovery pulse sequence (echo). 

T2 was measured using a standard 2-pulse Hahn echo sequence (echo). A stimulated 

echo sequence (echo) was used to obtain well-resolved frequencies in the 

ESEEM experiments. The length of the  (pulse for all experiments was 16 ns (32 ns).
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Appendix I 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

Supplementary Material for 

Chapter 7: Acceleration of Mn2+ Spin Relaxation by Excess Charge 

Carriers in Colloidal n-type Zn1−xMnxO Nanocrystals 

 
Adapted from: Schimpf, A. M.; Rinehart, J. D. Ochsenbein, S. T.; Gamelin, D. R. In 

preparation. 

 

 

 

I.1. Kinetic model of the acceleration of Mn2+ spin-lattice relaxation by excess electrons. 

The dependence of T1 on the number of conduction-band electrons, ne, was modeled using 

equation S1. Here, T1
Mn

  = T1
as-prepared and T1

electron
 = 0.1 ms was measured independently (I.2).  

 

          
observed

1 Mn electron

1 e 1

1

1/ /
T

T n T



         (I.1) 

 

Figure I.1 presents T1
observed  (circles) compared to T1

calc (crosses) calculated with equation I.1. 

The calculations qualitatively reproduce the observed trend, and are close to the actual values for 

Zn0.996Mn0.004O nanocrystals.  

 

 

 

 



223 

 

Figure I.1. Kinetic model of the acceleration of Mn2+ spin-lattice relaxation 

by excess electrons. Observed (circles) and calculated (crosses) dependence of T1 

on the number of conduction-band electrons for (a) d = 3.7 nm Zn0.9997Mn0.0003O 

and (b) d = 3.5 nm Zn0.996Mn0.004O nanocrystals. The solid line is a fit to the 

experimental data allowing T1
electron

 to float. 

 

 

 

Equation I.1 was also used to fit the experimental data, allowing T1
electron to float (dashed 

line). The results of the fitting are presented in Table I.1. The best fit produced T1
electron that was 

~18 times longer than the measured T1
electron for Zn0.9997Mn0.0003O and 0.35 times shorter for 

Zn0.996Mn0.004O. The small decrease factor of 0.35 could be due to differences in size or sample 

homogeneity. It is unlikely, however, that such differences could account for an increase of 18 

times. The T1
calc

 suggest that this effect should actually be much more efficient at decreasing T1. 

 

Table I.1. T1
electron obtained by fitting the experimental data in Figure I.1 to equation I.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 T1
electron (fit) T1

electron (measured)/ T1
electron (fit) 

Zn0.9997Mn0.0003O 2.0 ± 0.5 ms 17.7 

Zn0.996Mn0.004O 40 ± 13  s 0.35 
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I.2. Measurement of electron spin-lattice relaxation in colloidal ZnO nanocrystals 

 

 
Figure I.2. Measurement of electron spin-lattice relaxation in colloidal ZnO 

nanocrystals. 4.5 K inversion recovery measured on photochemically reduced d 

= 6.9 nm ZnO nanocrystals. 
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Appendix J 
___________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 
 

Supplementary Material for 

Chapter 8: Surface Contributions to Mn2+ Spin Dynamics in 

Colloidal Doped Quantum Dots 

 
Adapted from: Schimpf, A. M.; Ochsenbein, S. T.; Gamelin, D. R. In preparation. 

 

 

J.1 Fitting analysis to obtain T1 and T2 

Figure J.1 shows inversion recovery data for Zn0.995Mn0.005O QDs in toluene (tol, a) or 

deuterated toluene (tol-d8, b), and for Zn0.900Mn0.010O QDs washed with ethanol (EtOH, c) or 

deuterated ethanol (EtOD, d). The data were fit to both single (equation J.1a, dashed blue) and 

double (equation J.1b, dotted orange) exponentials1 to obtain T1. From the double exponential 

fits, an effective spin-lattice relaxation time was calculated (T1eff) using equation J.1c. The results 

of this analysis are presented in Table J.1. The T1eff values determined from this analysis are 

reported in Chapter 8 as T1 values. 

 

       0 11 exp /V V T                          (J.1a)

         1A 1B1 exp / exp /V A T B T                              (J.1b) 

    1eff 1A 1B

A B
T T T

A B A B
 

 
        (J.1c) 
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Figure J.1. Spin-lattice relaxation measurements in Zn1−xMnxO QDs. 

Inversion recovery data (solid black) with single (dashed blue) and double (dotted 

orange) exponential fits following equations J.1a and J.1b, respectively. Data are 

shown for Zn0.995Mn0.005O QDs in tol (a) or tol-d8 (b) and for Zn0.900Mn0.010O QDs 

washed with EtOH (c) or EtOD (d). 

 

     

 

Table J.1. Spin-lattice relaxation times in Zn0.995Mn0.005O (tol versus tol-d8) and Zn0.990Mn0.010O 

(EtOH versus EtOD) QDs. 

 

 

 

 

 

 

 
Single 

Exponential Fits Double Exponential Fits 

 T1 (s) T1A (s) A T1B (s) B T1eff (s) 

In tol 139 ± 2 298 ± 3 0.342 ± 0.004 46.6 ± 0.6 0.658 ± 0.005 151 ± 2 

In tol-d8 117 ± 1 230 ± 2 0.374 ± 0.005 37.4 ± 0.5 0.625 ± 0.005 109 ± 1 

With EtOH 41 ± 1 179 ± 5 0.177 ± 0.005 19.7 ± 0.3 0.823 ± 0.007 48 ± 1 

With EtOD 84 ± 1 184 ± 2 0.338 ± 0.004 22.4 ± 0.4 0.662 ± 0.006 80 ± 1 
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Figure J.2 shows 2-pulse ESEEM data for Zn0.995Mn0.005O QDs in toluene (tol, a) or 

deuterated toluene (tol-d8, b), and for Zn0.900Mn0.010O QDs washed with ethanol (EtOH, c) or 

deuterated ethanol (EtOD, d). The data were fit to both single (equation J.2a, dashed blue) and 

double (equation J.2b, dotted orange) exponentials1 to obtain T2. From the double exponential 

fits, effective spin-lattice relaxation times were calculated (T2eff) using equation J.2c. The results 

of this analysis are presented in Table J.2. For EtOD, a double exponential fit does not converge 

when 1A 1BT T , so a single exponential fit was used. In Chapter 8, T2eff from this analysis is 

reported for comparison between tol and tol-d8, and T2 from this analysis is reported for comparison 

between EtOH and EtOD. 

 

       0 2exp 2 /V V T                         (J.2a) 

     2A 2Bexp 2 / exp 2 /V A T B T              (J.2b) 

 2eff 2A 2B

A B
T T T

A B A B
 

 
        (J.2c) 
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Figure J.2. Spin-spin relaxation measurements in Zn1−xMnxO QDs.  Hahn 

echo decay data (solid black) with single (dashed blue) and double (dotted 

orange) exponential fits following equations J.2a and J.2b, respectively. Decays 

are shown for Zn0.995Mn0.005O QDs in tol (a) or tol-d8 (b) and for Zn0.900Mn0.010O 

QDs washed with EtOH (c) or EtOD (d). 

 

 

Table J.2. Spin-lattice relaxation times in Zn0.995Mn0.005O (tol versus tol-d8) and Zn0.990Mn0.010O 

(EtOH versus EtOD) QDs. 

 

 

 

 

 

 

 
Single 

Exponential Fits Double Exponential Fits 

 T2 (s) T2A (s) A T2B (s) B T2eff (s) 

In tol 1.150 ± 0.002 1.28 ± 0.01 0.77 ± 0.01 0.49 ± 0.02 0.23 ± 0.01 1.10 ± 0.02 

In tol-d8 1.176 ± 0.002 1.36 ± 0.01 0.70 ± 0.02 0.60 ± 0.03 0.30 ± 0.02 1.13 ± 0.03 

With EtOH 0.581 ± 0.001 0.73 ± 0.03 0.47 ± 0.02 0.43 ± 0.02 0.53 ± 0.02 0.57 ± 0.03 

With EtOD 0.76 ± 0.01      
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Figure J.3 shows inversion recovery (a) and 2-pulse ESEEM data (b) collected on 

Cd0.996Mn0.004Se QDs before (blue) and after (red) CdSe shell growth. To obtain T1 and T2 the 

inversion recovery and 2-pulse ESEEM spectra were fit to equations J.1a and J.2a, respectively.  

 

 

 
Figure J.3. Measurement of Mn2+ spin dynamics in Cd1−xMnxSe core and 

Cd1−xMnxSe/CdSe core/shell QDs.  pEPR data collected on Cd0.996Mn0.004Se 

QDs before (blue) and after (red) CdSe shell growth. (a) Echo-detected inversion 

recovery (T1) and (b) 2-pulse spin-echo decay (T2). The dashed black lines are 

single exponential fits to the inversion recovery and 2-pulse ESEEM data 

following equations J.1a and J.2a, respectively. 
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