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to the conduction band of bulk ZnO and is consistent with previous reports of the 

coexistence of both Fe2+ and Fe3+ in n-type ZnO materials.24,25  

3.4. Conclusions  

In summary, we have presented a systematic study of the photodoping of Fe3+ 

doped ZnO colloidal nanocrystals. The introduction of electrons into ZnO via photodoping 

results in the reduction of both substitutional and interstitial Fe3+ dopants prior to 

observation of the spectral signatures of n-type ZnO QDs. This work provides further 

evidence that photodoping fills trap states first prior to filling conduction band of ZnO and 

will allow for future studies of these colloidal nanocrystals as model systems to test the 

theory of charge-transfer ferromagnetism26 in mixed-valent transition metal oxides such as 

Fe2+ and Fe3+ in ZnO.  
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CHAPTER 4  

ETCHING AND REGROWTH STRATEGY FOR AL DOPED ZNO 

NANOCRYSTALS LEADING TO LESS DEFECT AND HIGHER ACTIVATION 

4.1. Introduction 

Our strategy to make Al3+ doped ZnO NCs is modified by a growth-doping 

approach. Growth-doping strategy has been widely used to synthesize internally doped 

nanocrystals, such as Cu2+:ZnSe,1 Co2+:CdS,2 and Al- or In-doped CdSe.3 The typical 

approach is adding the dopant precursor after NC core has formed. After dopant been 

absorbed onto the surface of NC core, either isocrystalline or heterocrystalline shell can be 

grown to encapsulate the dopant.4 In this report, instead of making core/shell structure, the 

initial NC core has been purposely etched by the addition of oleic acid (OA) to a smaller 

core together with the cationic precursor. Then, the Zn(oleate)2 precursor and dopant-oleate 

complex redeposit onto the NC seed. We tentatively call it etching-growth-doping strategy. 

4.2. Experimental Section 

Materials: All chemicals were used without additional purification. Aluminum 

chloride (AlCl3 anhydrous), ferric chloride (FeCl3 anhydrous), sodium hydroxide (NaOH 

98.9%) were purchased from Fisher; zinc chloride (ZnCl2, 97%), Oleic acid (OA, technical 

grade, 90%) were purchased from Alfa Aesar; 1-dodecanol (DDOH, 98%), 1-octadecene 

(ODE, technical grade 90%) were purchased from Acros Organics; and indium(III) 

acetylacetonate (In(AcAc)3, 98%) was purchased from Strem Chemicals. 
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Synthesis of metal oleates. (Zinc oleate and Aluminum oleate): The metal 

oleates were synthesized following literature methods.5 20 mmol of metal chloride was 

dissolved in 100 mL of methanol. Then oleic acid (3 equiv for Aluminum, 2 equiv for Zinc) 

was added. After all the precursor been dissolved, a NaOH solution with 60 mmol (for 

Aluminum oleate), 40 mmol (for Zinc oleate) in 200 mL of methanol was dropped into 

metal precursor. The metal oleate precipitated from the solution. The precipitate was 

washed with methanol 4 to 5 times and dried under vacuum overnight. We also found that 

anhydrous metal precursor and base were required for making the metal oleates. We tried 

using metal precursor with bounded water or using tetramethylammonium hydroxide 

pentahydrate as base,6 the Al was failed to doped into ZnO. 

Synthesis of AZO and IZO nanocrystals using the etching and regrowth 

method: In a typical reaction for AZO nanocrystals, Zn(II) oleate (0.63 g, 1 mmol) and 0.2 

mol fraction Al(III) oleate (0.17 g, 0.2 mmol) were dissolved in a 50-mL three-necked flask 

containing 10 mL ODE. The solution was heated at 100 °C under vacuum for 10 min to 

remove water. The flask was then purged with argon and the solution was heated to 300 

°C under an argon flow. A separate solution of 10 mmol DDOH in 2 ml ODE was heated 

to 150 °C (in air, but we don’t need to mention) and rapidly injected into the reaction flask. 

The reaction temperature dropped to 280 ˚C and the solution was kept at this temperature 

for 30 min to allow ZnO precursor nanocrystals to nucleate and grow. For etching and 

regrowth, a solution of 2 mmol of OA in 2 ml ODE was heated to 150 ˚C (in air) and 

rapidly injected into the reaction solution. The temperature was kept at 280 ˚C for another 

30 min. 
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For IZO nanocrystals synthesis, Zn oleate (1 mmol) and 0.2 mol fraction of 

In(AcAc)3 were mixed with 1 mmol Oleic acid in 4 mL ODE. The solution was heated at 

100 °C for 30 min for dissolving the In precursor. The rest of reaction followed the etching 

and regrowth procedure 

Alternate syntheses of AZO nanocrystals: For comparison, we also compared the 

etching and regrowth method against two typical methods using metal oleates to prepare 

AZO nanocrystals. First, we synthesized AZO nanocrystals in the absence of OA where 

the initial steps of the etching and regrowth method was followed exactly, however, it was 

stopped after first 30 min growth step at 280 °C and before the etching step. 

For synthesis of AZO with OA present during nucleation, we again followed the 

etching and regrowth method, but added 2 mmol of OA was to the initial solution of metal 

oleates in 10 ml ODE before the initial heating steps. This reaction was also stopped after 

the initial growth step at 280 °C. 

4.2. Result and discussion 
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Figure 4.1. Illustration of the molecular mechanism for etching and regrowth strategy.  

 

The proposed mechanism (Figure 4.1) for etching and regrowth method is modified 

from the irreversible esterification reaction between metal carboxylate and long chain 

alcohol. ZnO NC forms after the condensation. This alcoholysis reaction has been widely 

studied for synthesizing a variety of binary and doped oxide nanocrystals including In2O3, 

Fe2O3, Mn3O4, CoO, and ZnO. Particularly, several groups established successful Al/In/Ga 

doped ZnO nanocrystals using this method. However, the reaction conditions are extremely 

important in these synthesis, including hot injection/growth temperature and the chain 

length of alcohol, the dopant/metal precursor reactivity, the temperature increasing rate. 

Without separating the nucleation and growth, doping usually requires extra effort on 

balancing different conditions. 

Our etching and regrowth strategy originated from the observation of partial 

dissolution of the NCs in the present of free acids. During the dissolution, partial ZnO 

transformed to Zinc carboxylate, and the newly formed metal carboxylate reincorporated 

into NCs through subsequent esterification and condensation. Dopants carboxylate were 
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Figure 4.4. Band gap absorption and plasmonic resonance for 1.3% Al doped ZnO 

nanocrystals 

 

Successful Al doping in ZnO due to the etching and regrowth method has been 

proved by the blue shift of the band gap and the present of plasmonic absorption, as shown 

in Fig 4.4.  Al3+ has been reported as ionized shallow donor. When doped in both bulk and 

nanocrystal ZnO, Al3+ will donate free electrons to conduction band. This causing the blue 

shift of the band gap and new plasmonic absorption. The energy of the plasmonic 

absorption peak are related to the electron density in the NCs. In this report, 1.3% Al3+ 

doped ZnO NCs shows plasmonic peak at 0.27 eV. According to the modified Drude 

Lorentz theory, the free electron density can be estimated as ~9.5 × 1019 cm-3. This is 

comparable to previous reported 3.5% Al3+ doped ZnO and 13.2% Ga doped ZnO NCs. 

The highly electronic activated dopant (17.9% of Al3+) in this report indicating etching and 

regrowth method would bring higher activated dopants. Recent report about core/shell 

approach to dopant incorporation in ZnO nanorod also observed highly electronically 

active dopants when introduce dopant after the seed forming.9 
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The activation of the dopant is highly dependent on the charge compensation in the 

nanocrystals. In the n-type extrinsic aliovalent doped metal oxide nanocrystals, the 

common compensation defect are cation vacancies and oxygen interstitials.10 The dopant 

activation or the defect chemistry is dominant by the synthetic procedure. Milliron reported 

a series of activation with fixed size and doping level for Sn doped In2O3 nanocrystals and 

observed that the surface segregation of tin ions reduces the average activation of the 

dopant. They suggest that the diffusion of compensating oxygen interstitial atoms increase 

when tin situate near the nanocrystal surface.11 In this report, we will present three different 

synthetic procedure with drastically different activation and using XRD to study the 

structure difference of the doped nanocrystals in these three different approach. We are 

trying to bridge the gap between the synthetic procedure with the structure defect and with 

the dopant activation. The three-different procedure are (A) without adding the OA in the 

system. (B) Adding the OA together with cationic precursor in nucleation. (C) Adding the 

OA for etching and regrowth.  

Figure 4.5. The band gap absorption for Al doped ZnO with different amount of OA been 

added during the synthesis.  

 



72 

OA has been introduced to the synthesis of the Al/In/Ga doped ZnO nanocrystals 

and Sn doped In2O3 nanocrystals.12-15 In these reports, OA are introduced together with the 

metal precursor in the nucleation step to help stabilized the precursor in ODE. Moreover, 

the ratio of OA/alcohol are also reported to be important during the synthesis.13 In fact, we 

also observed that increasing the amount of OA helps to introduce more conduction band 

electrons, but when the OA is large enough to dissolve all the ZnO nanocrystal, the 

regrowth of the ZnO shows the bulk absorption. (see Figure 4.5) Since the metal oxide 

nanocrystals can be etched by the OA, we believe that in highly kinetic controlled growth 

condition, the introduction of the dopants and the defect chemistry will be altered by OA. 

Figure 4.6. (a) Band gap absorption and (b) plasmonic resonance for three different 

synthetic method of synthesizing Al doped ZnO nanocrystals. The inset shows the 

respective Tauc plot. (c) Dopant concentration measured by ICP-AES for three different 

methods. The dark area indicates the amount of activated dopant estimated by the LSPR 

position. 
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ICP-AES result shows the total amount of Al3+ been doped into ZnO nanocrystals 

are different. Considering the crystal radius in IV coordination, Al3+ (0.53 Å) is much 

smaller than Zn2+ (0.74 Å) in IV coordination compare to other common transition metal 

dopants, as well as aliovalent dopant such as Ga3+ (0.61 Å) and In3+ (0.76 Å).  Thus doping 

Al3+ is more challenge than doping Ga3+ or In3+ in ZnO nanocrystals.13 Etching and 

regrowth do introduce more Al3+ dopant into the ZnO lattice by avoiding the nucleation, 

which is highly kinetic controlled condition. On the other hand, without adding OA and 

introduce OA during nucleation steps show similar band gap absorption (3.27 to 3.29 eV) 

and no plasmon resonance as bulk ZnO. When adding OA for etching and regrowth, the 

band gap absorption blue shifted to 3.33 eV and the plasmon resonance centered at 2150 

cm-1. This indicate the drastically different carrier concentrations for three different 

synthetic methods (from 0 to ~9.5 × 1019 cm-3). However, there are still certain amount of 

Al3+ been doped for no OA and OA in nucleation even though no carriers were introduced. 

And we can calculate that the electronically activated Al3+ for no OA and OA in nucleation 

is 0, while for OA in etching and regrowth is 17.9%. 

The dopant activation various due to the different defect chemistry in the ZnO 

nanocrystals, especially the defects around the dopant. X-ray diffraction (XRD) was 

applied to explore the structure and defect variation in these different synthetic methods. 

As shown in Figure 4.7a, all three methods for Al/ZnO nanocrystals as well as pure 

ZnO NCs possess the würtzite ZnO phase (JCPDS 36-1451). No other common secondary 

phases in Al doped ZnO thin film such as such as aluminum oxide (Al2O3) or gahnite 

(ZnAl2O4) are observable.16,17 The crystallite sizes estimated from Scherrer relationship for 

all the Al/ZnO and pure ZnO NCs are similar (12 to 15 nm), also close to TEM results. 
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Figure 4.7. (a) XRD patterns of pure ZnO and Al doped ZnO nanocrystals from three 

different methods. (The reference diffraction pattern of bulk ZnO is listed at the bottom) 

(b) Lattice contraction for both a and c axis as well as the lattice strain for pure ZnO and 

Al doped ZnO nanocrystals. The detailed parameters is predicted from Rietveld analysis 

using Maud, see Figure 4.8 and Table 4.1. 
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Figure 4.8. Rietveld analysis using Maud. The blank lines refer to the experimental data, 

the red lines refer to the fitting data. The bottom of each figure shows the difference profile. 

 

 

Table 4-1. The detailed parameters from Rietveld analysis fitting for Al doped ZnO 

nanocrystals.  

 

sample dxrd(nm) a(Å) c(Å) lattice strain (%) 

pure ZnO 15.1 3.2508 5.2089 0.15 

Al/ZnO 2OA in regrowth 13.7 3.2498 5.204 0.28 

Al/ZnO no OA 12.2 3.2498 5.2084 0.31 

Al/ZnO 2OA in nucleation 14.2 3.248 5.2048 0.27 
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Using Rietveld analysis, (see Figure 4.8) we can refine the structural and 

microstructure parameters (detailed parameters are listed in Table 4.1).  Figure 4.7b shows 

the lattice contraction and lattice strain of three different methods for preparing the Al 

doped ZnO as well as pure ZnO NCs. Al3+ has a smaller ionic radius than Zn2+, once been 

substituted in ZnO lattice, the lattice parameters will result in contraction. The strain comes 

from the defects as well as the ionic radius dismatch, so the increased strain for the doped 

ZnO are also expected. For Al doped ZnO when OA are not introduced, both a and c 

directions have small lattice contraction. This indicates the Al3+ are not successfully 

substituted in the lattice, while the large lattice strain could come from the surface Al3+ or 

secondary cluster phase which cannot be detected in XRD, since Al3+ are still detected by 

ICP-AES (0.6%). Adding OA during nucleation are typically needed in previous reports.12-

15 In our study, this do not introduce more Al3+ (by ICP) as compared to without adding 

OA, however, the lattice parameters in both a and c directions show relative large 

contractions. The contraction of a direction is even larger than the one with highly doped 

and highly activated Al3+ using etching and regrowth method. Adding OA in nucleation 

shows much higher lattice contraction and lattice strain per Al3+ been doped. This indicates 

the Al3+ been successfully substituted in the ZnO lattice using this method. While the larger 

strain and larger contraction per Al3+ also indicates that other defects remain near the 

dopants, such as Zinc vacancy. Zinc vacancy have been showed in Fe doped ZnO and Al 

doped ZnO thin film by EXAFS studies.18,19 This could also explain the Al3+, even though 

been successfully substituted, but are not electronical activated using this method. Defects 

such as interstitial oxygen and Zinc vacancy will compensate the charge introduced by 

dopant Al3+.10 As for adding OA as etching and regrowth, the highest amount of Al3+ is 
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been doped, the c direction shows more contraction than a direction, same as previous 

reports.9,12 The relatively low strain per Al3+ indicates the smaller amount of defects  is 

been introduced, so the Al3+ is highly electronically activated. 

The synthetic method is crucial to the conduction band electron density since they 

will affect the defect chemistry during synthesis due to the difference in kinetic growth 

conditions. As we discussed previously, without adding the OA, the doping is exposed 

across the whole nucleation process under a highly kinetic controlled growth condition. 

This will result in very limited Al3+ been substituted. Adding OA during nucleation will 

alter the nucleation kinetics. As shown in Figure 4.2a, etching ZnO NCs by OA is faster 

than ZnO NCs formation. With OA remaining in solution, nucleation of ZnO will be 

blocked since the newly formed nucleate will be dissolved again. the OA works as an 

inhibitor in the reaction and the growth conditions will be slower compared to without 

adding OA. Al3+ can be successfully substituted but the defect such as Zinc vacancy also 

been introduced. The etching and regrowth ensure the doping during shell growth, in which 

the growth kinetic is much slower, thus more Al3+ can be substituted without defects 

present.  

 

Figure 4.9. TEM for Al doped ZnO nanocrystals with 2 mmol of OA during the nucleation. 
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The shape of ZnO NCs also supports the difference in growth kinetic conditions for 

three methods. Nano-pyramid shape are formed under highly kinetic controlled growth 

condition. Without adding OA, most ZnO NCs shows nano-pyramid shape (Figure 4.3a). 

Adding OA during nucleation, some of the ZnO NCs shows the dot shape (Figure 4.9). 

While for etching and regrowth, most of the ZnO NCs shows the dot shape (Figure 4.3c). 

In conclusion, we have connected the synthetic procedure to the defect chemistry 

of Al3+ doped ZnO nanocrystals and the free carrier concentrations. Our result shows that 

adding OA for etching and regrowth is an efficient method to introduce the dopant Al3+ in 

ZnO NCs with minimum amount of the defect due to the slower kinetic growth condition. 

This lead to a highly electronic activated dopant and large conduction band electron 

concentration. Similar strategy can also be applied to synthesize the In3+ doped ZnO NCs 

and Sn4+ doped In2O3 NCs (See Figure 4.10). However, In3+ has close crystal radius as 

Zn2+, as well as Sn4+ compared to In3+, doping In3+ in ZnO NCs and Sn4+ in In2O3 NCs are 

much easier. In fact, OA is not needed for these doping. 
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Figure 4.10. Band gap absorption, plasmonic resonance, and picture for Al doped and In 

doped ZnO nanocrystals.  
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CHAPTER 5  

CONCLUSION AND OUTLOOK 

 

In this report, we have established a method to study the speciation of the deep 

donor Fe3+ in ZnO NCs. Through photo-charging experiment, we have estimated the 

relative dopant Fe redox potential, ZnO NCs conduction band potential, and Fermi level. 

These help to answer the question that why Fe is a deep donor in ZnO NCs and why Fe3+ 

is stable. For shallow donor Al3+ in ZnO NCs, we have improved the previous core/shell 

synthetic doping strategy, and observed that less defect has been introduced (especially the 

charge compensation defect Zinc vacancy) together with the Al3+ doping. Thus, a higher 

activated Al3+ is achieved.  

Compared the bulk semiconductor doping with nanocrystal semiconductor doping, 

the most distinct difference in the band diagram is the Fermi level. As we discussed in 

Chapter 1, the Fermi level of bulk semiconductor doping can be estimated using Eq 1.1.1. 

Fermi level increases compared to the intrinsic Fermi level according to the conduction 

band electron accumulation. However, in the semiconductor nanocrystal, the Fermi level 

is not determined by the deep donor. In fact, the intrinsic Fermi level varies according to 

the different synthetic methods, and in return, will determine the dopant oxidation state. 

This difference can be understood that in bulk semiconductor, the system is isolated. The 

Fermi level outside the system will not alter the Fermi level inside the semiconductor, thus 

doping can easily alter the Fermi level. In semiconductor NCs, the surface ratio increases 

dramatically. When the size of NCs decreases down to few nanometers, more than 50% of 

the atoms stay on the surface. The nanocrystal is thus fully exposed to the redox reactions 

happens around the dangling bond at the surface, or in the solution. These redox reactions 
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are what determine the Fermi level in the semiconductor NCs. Different synthetic methods 

will result in the different surface defect and composition and further affect the Fermi level.  

The Fermi level in semiconductors NCs is affected by the surface redox reactions 

can also help to understand the band potential difference between the photo-charging and 

the aliovalent doping. As discussed in Chapter 3, conduction band electrons can be 

obtained through photo-charging with hole quench present. Schimpf and coworkers have 

found that the delocalized electrons donating from aliovalent dopant Sn4+ in In2O3 NCs are 

much more stable than the conduction band electrons from photo-charging, as seen in 

Figure 5.1.3 This can be explained that oxygen is not present in the photo-charging 

experiment, so the system is isolated from the surface redox reaction as bulk semiconductor 

doping, and the Fermi level will increase as the conduction band elections increase.1 In 

aliovalent doped semiconductor NCs, Fermi level will stay constant for different dopant 

concentrations. 

Figure 5.1. Band diagram for the different Sn4+ concentration in Sn4+ doped In2O3 NCs. 

(Adapted from reference 3) 

 

However, the question remains about the nature of band potential shifting. Another 

remaining question is that even though the new synthetic doping strategy brings the dopant 
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activation up to 17%, there are still more than 80% of the aliovalent dopant been charge 

compensated by other defects. So, where are those defects.  

Even though the answer is not resolved, a recent review suggests couple ways to 

shifting the redox potential of conduction band electron, including adding some positive 

charges to the surface (H+ in ZnO NCs or Hg+ in HgS NCs) or changing the surface dipole. 

Later, the same group has published a report on using spectroelectrochemical measurement 

to monitor the redox potentials on CdSe NCs and they observed redox potentials shifting 

by changing the Cd2+-enriched surface to Se2+-enriched surface. The shift can reach up to 

400 meV.2    

Inspired by the surface dipole could shifting the band potential, we have provided 

a hypothesis regarding the nature of stabilized conduction band electrons and the low 

activated aliovalent dopant.  

Figure 5.2. Schematic diagram for the aliovalent doping in semiconductor NCs.  

 

As seen in Figure 5.2, the left figure shows the basic picture of aliovalent doping in 

semiconductor NCs. Due to the relatively higher redox potential of the shallow dopant 
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compared to the conduction band potential, the electrons will donate to the conduction 

band, forming delocalized electrons. However, this could not explain the band potential 

shifting and the low dopant activation. In the right figure, the initial aliovalent dopant does 

not donate electrons to the conduction band, instead, electrons are donated to the lower 

energy surface states, including the dangling bond and surface ligand or defect. This will 

create dipoles towards the core thus lower the band potential. The accumulation of the 

surface electrons and surface dipoles will finally stabilize the conduction band potential 

lower than the Fermi level determined by the surface redox reactions. Further aliovalent 

dopant now can donate electrons to the conduction band.  

This hypothesis will not only explain the nature of band potential shifting in 

aliovalent doping in semiconductor NCs, the model also suggests a unique charge 

distribution in NCs. The doped NCs are overall charge neutral, however, the ionized dopant 

is only localized in the core while the NCs also have the surface electrons and delocalized 

conduction band electrons. Currently, we are investigating the surface charge using 

electrostatic force microscopy (EFM), and the premier result shows that ~ 100 e- are 

estimated on the surface of those aliovalent doped NCs.  
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chemical research 2015, 48, 1929. 
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