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ABSTRACT  

Understanding the electronic structure of doped semiconductors is essential to realize 

advancements in electronics and in the rational design of nanoscale devices. Reported here are the 

results of time-resolved X-ray absorption studies on copper-doped cadmium sulfide nanoparticles 

that provide an explicit description of the electronic dynamics of the dopants. The interaction of a 

dopant ion and an excess charge carrier is unambiguously observed via monitoring the oxidation 

state. The experimental data combined with DFT calculations demonstrate that dopant bonding to 

the host matrix is modulated by its interaction with charge carriers.  Furthermore, the transient 

photoluminescence and the kinetics of dopant oxidation reveal the presence of two types of 

surface-bound ions that create mid-gap states. 

 

Generally, intrinsic semiconductors must be modified by the incorporation of dopants into the 

matrix to add (subtract) electrons to the conduction (valence) bands to create diodes and transistors 

that are the basis of modern electronics.1 However, the conduction of charge carriers is impeded 

by scattering off dopants, which is detrimental to device performance.2,3 To study semiconductor 

dopant photophysics, we have examined the transient interaction of an excess charge carrier with 

a guest ion in a semiconductor matrix using time resolved X-ray absorption spectroscopy (TR-

XAS).4-7 Several synthetic and experimental developments were realized to successfully perform 

such studies. For example, TR-XAS requires a large quantity of the substrate to flow through a 

liquid jet to avoid the buildup of oxidized byproducts.4 To this end, we have developed a method 

for producing large batches of Cu-doped colloidal CdS semiconductor nanocrystals (NCs, or 

quantum dots) where each NC contains the exact same number of guest ions. This procedure is 
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based on the cluster seed method, where nanocrystals are nucleated around a small organometallic 

cluster in a process that can be easily increased in scale.8-10 Doped NCs are created by the use of a 

seed that contains the guest ion(s). Furthermore, the method resolves the problems associated with 

dopant loading level Poissonian inhomogeneity.11,12 

The results discussed below provide an unambiguous demonstration of hole capture by the 

dopant due to the fact that photoexcitation of copper-doped cadmium sulfide nanoparticles resulted 

in a shift of the Cu K-edge X-ray absorption near edge spectroscopy (XANES) absorption to higher 

energy. This in turn instigated a stronger bonding interaction of copper with sulfur within the 

semiconductor host as revealed by the excited state extended X-ray absorption fine structure 

(EXAFS) spectrum. X-ray analyses also revealed two types of surface-bound copper ions that 

display different dynamics in the excited state. These data were augmented with large-scale 

Density Functional Theory (DFT) calculations on ground and excited states of quantum dots.13 

Furthermore, the DFT results attest to the generality of the conclusions made with copper-doped 

CdS dots. Overall, the modulation of dopant bonding by electrons and holes has implications for 

understanding the dynamics of charge carriers in semiconductor hosts.  

RESULTS AND DISCUSSION  

Doped Quantum Dots. Doped colloidal semiconductor nanocrystals have been the subject of 

intense study, as incorporation of guest ions allows for refinement of materials’ properties beyond 

that afforded by quantum confinement effects.11,12, 14-18 Copper-doped cadmium chalcogenide NCs 

have been of special interest as holes are hypothesized to localize on copper.19-22 This paradigm is 

supported by the observation of NC size-dependent dopant emission that shifts in accordance with 

the electron energy levels. However, in our previous propose that emission is due to copper-bound 

electrons recombining with NC holes.8 Clearly, indirect methods of observation will have some 
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ambiguity in interpretation. For this reason we sought to directly measure the oxidation state of a 

dopant in a semiconductor host matrix that contains free charge carriers created by photoexcitation. 

To this end, the cluster seed method was employed due to the method’s ability to create a large 

quantity of homogeneous materials.  

 

Figure 1. (a) Schematic of the cluster seed method (Color code: orange, copper; yellow, sulfur; 

grey, carbon; white, hydrogen). (b) The number of clusters used in the synthesis is highly 

correlated to the quantity of nanocrystals produced. Inset: Absorption (left) and emission (right) 

spectra of Cu4:CdS NCs. (c) High resolution TEM micrographs of Cu4:CdS NCs. Inset scalebar: 

5 nm. 

The cluster seed protocol was optimized to synthesize cadmium sulfide nanocrystals doped with 

four copper ions. Among the many characterizations performed, one of the simplest yet powerful 

demonstrations is the linear relationship that exists between the number of seeds used and the ~ 5 

nm quantum dots synthesized as shown in Figure 1. Furthermore, there is no evidence of emission 

from undoped NCs as the photoluminescence is dominated by sub-bandgap fluorescence. The X-

ray absorption onset, lack of magnetism as revealed by SQUID measurements, and phosphorescent 

emission are consistent with copper dopants in the +1 oxidation state. Several other 

characterizations were performed, including high resolution electron microscopy, X-ray 

photoelectron spectroscopy (XPS), X-ray diffraction (XRD), small angle X-ray scattering (SAXS), 
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scanning transmission electron microscopy-electron energy loss spectroscopy (STEM-EELS), and 

elemental analysis, all of which indicated doped Cu4:CdS NCs, see Figures 1 & 2 and additional 

data in the supporting information. Moreover, the nanocrystals are not photooxidized as confirmed 

by emission and static XANES spectroscopies as shown in Figure S7, which allowed for the use 

of TR-XAS to study guest-host interactions.4  

XANES: Oxidation in the excited state. Ultrafast time-resolved X-ray absorption experiments 

were performed at the beamline 11-ID-D of the Advanced Photon Source at Argonne National 

Laboratory.  The 400 nm laser pulses were stretched to 1.5 ps to negate multiphoton absorption 

effects as evident from the lack of non-linear power dependence to the data; see the supporting 

information Figure S9. Optical excitation was followed by X-ray interrogation at specific time 

delays to measure the Cu-K edge XANES and EXAFS spectra. Shown in Figure 2B are the 

difference absorption spectra (i.e. Abspump_on() – Abspump_off) at various time delays. These data 

were used to construct the excited state XANES and EXAFS spectra by adding the appropriately-

weighted difference spectrum to the static. The result is shown in Figure 2C, demonstrating that 

the XANES absorption edge is blue-shifted by ~0.8 eV in the excited state. There is a pre-edge 

transition observed at 8978 eV, which originates from an electric quadrupole transition from the 

1s to vacant 3d orbitals. The 1s to 3d transition feature here unequivocally demonstrate that copper 

dopants are oxidized to Cu(2+) by the exciton via the capture of holes because Cu(1+) and Cu(0) 

have no vacant 3d orbitals. The main edge transition between 8988 – 8997 eV corresponds to 

excitation from 1s  4p unoccupied orbitals. The strong absorption at the rising edge peaked 

around 8982 eV is ascribed to a 1s  {4p + shakedown} transition.23-25 The significant reduced 

intensity of this transition after excitation suggests increased 3d-4p hybridization. Stronger 3d-4p 
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mixing increases the electron density in the 4pz orbital, thereby reducing the transition 

intensity.26,27  

 

Figure 2. (a) Static Cu K-edge XANES spectra of Cu4:CdS NCs and various standards 

demonstrate that copper is in the +1 ground state. Inset: static EXAFS spectrum of Cu4:CdS NCs.  

(b) TR-XAS difference spectra at the Cu K-edge. (c) The XANES spectra of the ground and 

excited states of copper in Cu4:CdS semiconductor nanocrystals. A 1s → 3d pre-edge transition 

feature is observed at 8978 eV as shown in the inset.   

 

 Figure 3. (a) Natural Transition Orbital analysis of the optimized DFT geometries of a size series 

of interior-doped clusters demonstrates the localization of holes by Cu in the 1st excited state. (b) 

Optimized DFT geometry of CuCd113S114(H2CO2)18 where the copper dopant is localized near the 

surface of the NC. The hole is centered on the dopant in the excited state. (c) Copper near the 

surface of a larger CuCd137S138(H2CO2)25 nanocrystal creates a S-centered hole state with some 
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admixture of Cu character. The “type-II” dopant is not significantly oxidized nor forms a new bond 

with a nearby S-site in the excited state.  

DFT models: Surface and interior-doped NCs. The 1s → 3d pre-edge XANES feature and other 

absorption shifts are indicative of a modulation of the local structure around the guest ion in the 

excited state. This prompted us to compare the ground state (i.e. static) and the excited state 

EXAFS spectra, the results from which were augmented with DFT optimized geometries of both 

the ground and 1st excited (triplet) states of small CuCd32S33(H4C2O2)9 (1.3 nm) to large 

CuCd137S138(H2CO2)25 (2.2 nm) clusters, including ligands, as shown in Figure 3A. Natural Bond 

Orbital (NBO) analyses of the DFT results were employed to assist with describing the bonding 

and localization of charge in manner similar to a Lewis diagram representation.28 Both interior and 

surface doped systems were modeled because the fit to the ground state EXAFS data shown in 

Table S3 reveal that copper is coordinated with two nearest S-atom neighbors. This strongly 

suggest that dopants largely reside at the surfaces of CdS NCs,22, 29 and that copper ions located 

within the interior must be a minority of the sample population. Such a heterogeneous population 

likely forms due to the known diffusivity of copper, even through a solid-state material.30 

Regardless, all the systems except the largest surface-doped model discussed below have copper 

ions that are formally non-bonded to the nearest sulfur sites according to NBO analysis of the 

ground state. However, oxidation of copper in the 1st excited state results in the formation of 

bond(s) with one or two of the nearest-neighbor sulfur sites to regain electron density as evident 

from the ~0.05 Å compression of the Cu-S distances in the excited states’ optimized geometries 

shown in Figure S12 and from NBO analyses.  

As stated above, a very different behavior was characterized from DFT calculations of the largest 

surface-doped CuCd137S138(H2CO2)25 system. In this “type-II” surface model, copper is flanked by 
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two sulfur sites at 180° as shown in Figures 3C & S13. This coordination environment creates a 

nearby sulfur-centered hole trap state with only partial Cu character, which negates copper 

oxidation in the excited state. This also removed the electronic drive for Cu-S bond formation in 

the excited state. As detailed below, this configuration creates a surface defect-type emission (i.e. 

deep-trap state) yet does not significantly contribute to the TR-XAS signal due to the fact that Cu 

is not oxidized in the excited state.  

EXAFS: Bonding in the excited state. Figure 4A shows the Cu-K edge EXAFS ground and 

excited state spectra of the doped nanomaterials. The oscillation period in the excited state is 

shorter, potentially indicating that the Cu-S bond has expanded upon excitation. However, this is 

contradictory to the fact that copper should form shorter Cu-S bonds in the excited state due to 

oxidation of the dopant,31 which is confirmed by the appearance of the1s-3d transition peak, the 

blue shift of the transition edge in the excited state XANES spectrum, and the DFT results. We 

propose that this paradox is due to heterogonous Cu-S bond dynamics resulting from the existence 

of surface and interior copper species as predicted by DFT and corroborated by the kinetic 

behavior. Two types of Cu-S bond have different structural responses upon photoexcitation, and 

the interferences created from the two oscillations may lead to an apparent overall shorter 

oscillation period. We conducted simulations to test this hypothesis. According to DFT 

calculations, the type-II surface Cu-S bonds do not rearrange in the excited state as shown in Figure 

S13. This prompted us to simulate a series of EXAFS spectra with scattering contributions from 

two types of Cu-S bonds that including a shrinking interior Cu-S bond and a static surface bond. 

Figure S10 shows one example of these simulated ground state and excited state spectra, the results 

of which show a similar effect (a shortening oscillation period) as observed in the experimental 

data.  

Page 8 of 24

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 

9 

 

Figure 4. (a) EXAFS k-space spectra of the ground and excited states. (b) The ground to excited 

state difference EXAFS spectrum and the best fit demonstrate a shortening of the Cu-S bond 

length. 

 

It is challenging to directly extract excited state structural parameters using conventional X-ray 

absorption data analysis due to this heterogeneity. Assuming static surface Cu-S bonds, the net 

change in the EXAFS spectrum is only defined by the absorption difference with the interior Cu-

S bond, A×[𝜇𝑒𝑥𝑐𝑖𝑡𝑒𝑑
𝑖𝑛𝑡𝑒𝑟. (𝑘) − 𝜇𝑔𝑟𝑜𝑢𝑛𝑑

𝑖𝑛𝑡𝑒𝑟. (𝑘)], where µ is the experimental measured absorption 

coefficient and A is a constant. This approach allowed us to determine the Cu-S bond lengths. Due 
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to the fact that the pump_on and pump_off spectra were measured simultaneously, it was assumed 

that they have the same background absorption. Therefore,  [𝜇𝑒𝑥𝑐𝑖𝑡𝑒𝑑
𝑖𝑛𝑡𝑒𝑟. (𝑘) − 𝜇𝑔𝑟𝑜𝑢𝑛𝑑

𝑖𝑛𝑡𝑒𝑟. (𝑘)] =

[𝜒𝑒𝑥𝑐𝑖𝑡𝑒𝑑
𝑖𝑛𝑡𝑒𝑟. (𝑘) − 𝜒𝑔𝑟𝑜𝑢𝑛𝑑

𝑖𝑛𝑡𝑒𝑟. (𝑘)]. Figure 4B shows the data and the best fit to the difference spectrum. 

The average interior Cu-S bond lengths for ground and excited state were determined to be 2.40 ± 

0.02 Å and 2.32 ± 0.02 Å, respectively, from the best fit. Note that the 0.08 Å bond compression 

in the excited state is similar to that predicted by DFT. 

Overall, these data demonstrate that copper is oxidized in the excited state which instigates a 

shortening of the Cu-S bond length for interior-bound guest ions. This is consistent with the DFT 

data that dictate that interaction of the dopant with the excess charge carrier results in a modulation 

of the dopant bonding to the semiconductor host matrix. Such an interaction a phenomenon that is 

akin to small polaron dynamics as the modulation of dopant ion bonding induced by interaction 

with a charge carrier likely results in lower charge carrier mobility.32-34 To examine the generality 

of this phenomenon, additional guest / host systems were theoretically investigated, including Cu 

doped CdSe, ZnSe, InAs, InP. It was found that interaction of charge carriers modulated the 

bonding of the dopant in the excited state in every model system. The impact of the effect was 

found to be dependent on the valence potential of the host, as copper is less oxidized and 

subsequently has weaker bonding to a matrix with a higher energy valence state. The effect of 

electron capture by a guest ion was also studied using an indium-doped InCd65S66(H2CO2)18 cluster 

model. Indium is bonded to four nearest neighbor S-sites in the ground state. However, in the 1st 

excited state the dopant is reduced which ruptures a bond with one of the nearest neighbor sulfur 

atoms; see the supporting information for further details. The effect of carrier-modulated dopant 

bonding can also be mollified or enhanced by tailoring the material system. To demonstrate, the 

four nearest neighbors of an interior doped CuCd65S66(H2CO2)18 model were replaced with either 
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oxygen or selenium. It was found that the extent of rebonding in the excited state was significantly 

reduced with selenium nearest neighbors, while the opposite was true with oxygen as shown in 

Figure S15. This information may allow for the design of materials to tune the dopant – charge 

carrier interaction and potentially reduce scattering.  Furthermore, the cluster seeded doping 

method may allow for the experimental realization of such advanced materials as we demonstrated 

in our previous publication that the cluster seed remains partially intact during QD synthesis.8 

 

Figure 5. Copper oxidation kinetics compared to time-resolved emission dynamics at different 

probe wavelengths.  

Oxidation and PL dynamics. The kinetics of dopant oxidation shown in Figure 5 reveal 

significant complexity as they are only partially consistent with the time-resolved 

photoluminescence data. There is an initial sub-ns relaxation that is not observed in the 

photoluminescence data at any wavelength. This dynamic must originate from the recombination 

of electrons with oxidized surface-bound copper for several reasons, including the fact that 

surface-doping pre-formed QDs with copper results in significant fluorescence quenching. 

Furthermore, the EXAFS fitting was consistent with a population of surface-dopant species. This 
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non-radiative recombination is followed by short ~10 ns and longer ~1 s timescale components 

that have analogs in the photoluminescence data. Most likely these are the radiative dynamics of 

interior-bound copper recombining with excitonic and surface-trapped electrons. What is very 

curious is that there is a ~100 ns dynamic in the photoluminescence that is not observed in the TR-

XAS data. As this timescale is very similar to that observed from electron-hole recombination at 

charge-trapping surface states,35,36 and the fact that DFT modeling reveal that dopants may not be 

significantly redox active if they generate hole-trapping surface states,35 this dynamic is attributed 

to emission from type-II surface doped copper species. Overall, these data demonstrate that one 

may not assume that time-resolved dopant-modulated emission tracks the photochemical dynamics 

of the same species. Rather, the sub-bandgap emission from doped semiconductors may result 

from a complex convolution of interior and surface-bound species that may, or may not, have 

redox active excited state behavior. 

 

CONCLUSION 

Time-resolved X-ray absorption spectroscopy coupled with large-scale DFT calculations offer 

unambiguous insight into the photophysical properties of semiconductor dopants in 

nanostructures. To conduct this study, large batches of exactly doped Cu4:CdS NCs samples were 

synthesized via the cluster seeding method. Although highly effective, the population of copper 

ions are found to be divided between interior doped and two types of surface-bound species. A 

microscopic picture of the electronic structure of these guest ions in the presence of charge carriers 

was obtained, the dynamics of which demonstrate that dopant bonding is modulated by free charge 

carriers. Note that there were some differences in the dynamics of interior dopants vs. the surface-

bound ions. We believe that a variety of doped semiconductor materials display these dynamics, 
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which likely impacts charge transport characteristics of QD “artificial solids” and even bulk 

materials due to chemical trapping of charge carriers at dopant sites. These results demonstrate the 

necessity of using powerful techniques such as TR-XAS to generate a comprehensive 

understanding of the electronic structure and dynamics of advanced materials.  

EXPERIMENTAL 

Materials. 1-Octadecene (90%), oleylamine (90%), benzenethiol (97%), anhydrous methanol 

(99.8%), trimethylamine (97%), tetramethylammonium chloride (97%), cadmium acetate 

(99.999%), and thiourea (99%) were purchased from Sigma-Aldrich. Anhydrous 

dimethylformamide (DMF, 99.8%) and copper (II) nitrate trihydrate (99%) were purchased from 

Acros. 1-Butanol (95%) was purchased from Strem. Oleylamine was purified by recrystallization 

at -30 oC from acetonitrile and was stored at 4 oC. All other reagents were used without further 

purification.  

Methods. CdS:Cu4 synthesis using [N(Me4)]2[Cu4(SPh)6] as seeds.   Into a 50 mL three-neck 

flask, 7 mL of 1-octadecene, 2 mL of purified oleylamine, and 0.23 g (1 mmol) of cadmium acetate 

were added and heated to 110 °C under vacuum for 1 hr. The solution turned clear and the vessel 

was backfilled with N2 and cooled to room temperature. Next, 0.8-2.8 mg of [N(Me4)]2[Cu4(SPh)6] 

dissolved into a minimal amount of DMF (∼0.1 mL) was added at room temperature into the 

degassed solvent, followed by 0.038 g (0.5 mmol) thiourea in a minimal amount of DMF (∼0.5 

mL) and 2 mL of 1-butanol. The solution was slowly heated to 50 °C and monitored via absorption 

for 1 hr. Finally, the solution was heated gradually to 100 °C at a rate of 5 °C / min, and was 

maintained at this temperature for ~16 hrs.  

TR-XAS. Time-resolved Cu K-edge XANES measurements (TR-XAS) were performed in total 

fluorescence mode at beamline 11-ID-D of the Advanced Photon Source, Argonne National 
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Laboratory.  The laser pump pulse was the second harmonic output of a Ti:Sapphire regenerative 

amplified laser with 10 kHz repetition rate, giving 400 nm laser pulses with 500 fs FWHM. The 

laser pulse was further stretched to 1.5 ps using a prism pair. The experiment was carried out under 

the hybrid-timing mode where an intense X-ray pulse was used as the probe pulse. This intense 

pulse (117 ps, 271.5 kHz) contains 16% of the total average photon flux and was separated in time 

from other weak X-ray pulses. A ~0.33 mM suspension of quantum dots was pumped through a 

stainless-steel tube to create a 600 m diameter free jet. Two avalanche photodiodes (APDs) 

positioned at 90˚ on both sides of the incident X-ray beam collected the X-ray fluorescence signals.  

A soller slit and an additional Ni filter of 6 absorption length combination was inserted between 

the sample fluid jet and the APD detectors to block the scattering background. The outputs of the 

APDs were sent to a fast analyzer card (Agilent) triggered by a 10 kHz signal that is synchronized 

with the laser pulse. The card digitized the X-ray fluorescence signals as a function of time at 1 ns 

per point after each trigger and averaged repeated measurements using 4 s integration time. The 

fluorescence from the synchronized X-ray pulse at chosen delays after the laser excitation was 

used for creating the excited state spectrum. The ground state spectrum was obtained by averaging 

X-ray pulses in the previous 20 synchrotron ring cycles.  

The synchronization between the laser and X-ray was achieved using a fast diode (“sample 

diode”) with a 40 ps rise time positioned where X-ray and laser spatially overlap. The output of 

the sample diode was connected to an oscilloscope (Agilent, Infiniium, 8 GHz 20/40 GSa). The 

output trace of the sample diode was recorded with only the laser signal or X-ray input separately, 

then the delay between the laser and X-ray was adjusted until the signal traces from laser and X-

ray overlaps on the screen of the oscilloscope. The delay was adjusted using a programmable delay 

line (PDL-100A-20NS, Colby Instruments) that modulated the phase shift of the mode-lock driver 
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for the seed laser relative to that of the RF signal of the storage ring with a precision of 500 fs.  

The precision of delay measurement is less than 10 ps.  

The excited state X-ray spectra were created by adding the difference spectrum, increased by a 

specific weight (), to the ground state spectrum. This composition is conceptually described in 

Figure S8, where the effect of weighting factors of 20×, 30×, and 40× are represented. Note that a 

factor of =20× was used in the data presented in Figure 2C & 4. The excited state spectra were 

constructed from data obtained at a delay of 90 ps. The kinetic trace shown in Figure 5 was 

obtained by monitoring the magnitude of the X-ray absorption bleach at 8982 eV over various time 

delays.  

EXAFS data analysis.  The excited state is EXAFS spectrum was constructed by adding 20× 

difference spectrum (i.e., pump_on – pump_off) to the ground state spectrum to better illustrate 

the change in the excited state.  

Experimental data reduction. The Athena program was used to process ground state X-ray 

absorption data to extract the normalized oscillation amplitude in the ground state 𝜒𝑔𝑟𝑜𝑢𝑛𝑑
𝑒𝑥𝑝 (𝑘). Here, 

k is the photoelectron wave number as defined by 𝑘 = √2𝑚(𝐸 − 𝐸0), where E0 is the absorption 

edge energy, m is the eletron mass, and ℏ is the reduced Plank constant. Because the ground state 

and “pump_on” spectra were measured simutaneously, it is reaonable to assume that they have the 

same background aborption. Therefore, the same background as the ground state spectrum was 

used to  extract 𝜒𝑒𝑥𝑐𝑖𝑡𝑒𝑑
𝑒𝑥𝑝 (𝑘) from the “pump_on” spectrum. 

EXAFS data fitting. The theoretical oscillation amplitude of the X-ray absorption spectrum, 

𝜒𝑡ℎ𝑒𝑜𝑟𝑦(𝑘), is determined using the EXAFS equation: 

])r,k(kR2sin[ee
kR

)k(fNS
)k(

j

jjj

)k(/r2k2

2

j

jj

2

0theory j
2
j

2

 
  where j indicates a shell with identical 
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backscatters, Nj is the coordination number of the jth shell, fj is the backscattering amplitude, Rj is 

the average distance, σj is the mean square variation, j is the scattering phase shift,  is the 

effective mean free path, and 𝑆0
2 is the amplitude reduction factor. In this manuscript, only the first 

Cu-S coordinate shell were used to calculate 𝜒(𝑘) .  Concerning the fit to the difference spectrum, 

in-house Perl scripts incorporating FEFF 9.05 were used to calculate fj, Nj, j and , while the 

structure parameters 𝑆0
2, Rj, j

2, and 𝐸0 were refined by fitting the experimental data. 𝐸0 were 

refined by fitting the experimental data. The difference spectrum fitting only included the path of 

the first Cu-S coordination shell. The ground and excited states shared a common 𝑆0
2. The 2 was 

obtained by fixing the temperature at 300 K (i.e. room temperature) and fitting the Debye 

temperature. 

DFT. Density Functional Theory (DFT) modeling of small to large doped semiconductor 

clusters was performed using the PBE1/PBE hybrid functional,37,38 with the SBJKC basis set and 

effective core potentials (ECPs).39 Very large clusters employed the LANL2DZ basis set and 

ECPs40-42 in NBO analyses. Cluster sizes varied from CuCd32S33(H4C2O2)9 to 

CuCd137S138(H2CO2)25. The paradigm of Stener and co-workers was used to generate initial 

geometries, especially is it pertains to the surface ligand structure.43 Other copper-doped 

semiconductors matrices, H38CuZn116Se117, H38CuIn116P117, and H38CuIn116As117, were modeled 

with hydrogen termination in lieu of formic or acetic acid ligands used for other clusters. Although 

the synthesized CdS:Cu4 QDs were capped with oleylamine, the use of amine ligands for DFT 

electronic structure calculations is not preferred.43 All models had a net single negative charge to 

assure a singlet spin in the ground state, except for the indium complex InCd65S66(H2CO2)18 that 

was modeled with a net single positive charge to account for the loss of electron density upon 

replacement of an In(+3) site with Cd(+2). Undoped clusters were also studied, all of which were 
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modeled as neutral and singlet. Gaussian ’09 was used for the structure refinement and DFT, 

including TD-DFT, calculations,44 as well as natural transition orbital (NTO) analyses of the 

excited states.45 The Natural Bonding Orbital (NBO) 6.0 package was used to analyze electron and 

hole localization in the excited states as well as bonding patterns.28 Visualization was performed 

using GaussView.46 These calculations were run over several months on UIC’s Extreme 

Computing Cluster. All geometries were examined and re-optimized in some instances to assure 

that surface states are passivated by ligands.  
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