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Abstract 

Although there have been extensive speculations regarding the applicability of doped silicon 

nanocrystals (Si NCs) in optoelectronic technologies, a quantitative analysis on the 

photophysical workings of introduced free carriers remains elusive. Here, we present such a 

comprehensive study on the photophysics of ~7.5 nm heavily phosphorous-doped Si NCs, using 

a combination of spectroscopic techniques. We correlate the carrier dynamics with the 

location of the free carriers – which we tune from NC core to surface depending on the state of 

oxidation. The strength of the Coulomb interactions between the photoexcited electron-hole 

pairs and the doping-induced free carriers depends on (1) the concentration of free carriers, 

(2) the location of these carriers, and (3) the diameter of the NCs. In contrast to prior studies, 

the photoexcited carrier dynamics in these n-type doped Si NCs are dominated by strong 

Coulomb interactions with doping-induced free electrons, characterized by a negative trion 

lifetime of around 9 ns. While radiative recombination in doped direct bandgap NCs can often 

still compete with trion recombination (allowing emission to be present), emission in our 

doped Si NCs is completely quenched due to the relatively slow radiative recombination in 

these indirect bandgap NCs. Furthermore, multi-exciton interaction times are slightly 

shortened compared to those of intrinsic Si NCs, which we attribute to an increased number of 

free electrons, enhancing the oscillator strength of Auger recombination. These results 

constitute a framework for the optimization of doped Si NC synthesis techniques and device 

engineering directions for future doped-Si NC-based optoelectronic and photovoltaic 

applications. 
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Introduction 

Electronic doping of silicon nanocrystals (Si NCs) has stimulated several research fields in 

the last decade due to the possibility of visible-range plasmonic effects1–3, increased 

electrical conductivities4–7, tunability of the electronic structure8 and alteration of the 

surface properties9. Doping of Si nanoparticles has even been executed to the extent at 

which simultaneous n- and p-type doping facilitates radiative recombination between 

donor-acceptor states10.  This donor-acceptor co-doping enables efficient carrier 

multiplication11 that is attractive for 3rd generation quantum dot solar cells12. Similar to 

what was previously observed for ensembles of intrinsic Si NCs13,14. As a result, the interest 

in highly doped nanostructures for (fast) carrier extraction devices, plasmonic 

applications15 and e.g., fluorescent markers16 is readily explained. 

 

Despite these numerous advances in the field, only a handful of investigations have focused 

on the ultrafast carrier dynamics of these electronically complicated systems. In two recent 

publications, we addressed and confirmed the carrier multiplication potential of SiO2-

embedded phosphorous-boron (P-B) co-doped Si NCs by transient absorption 

spectroscopy11,17 and reported on a surface passivation effect of the dopant atoms that 

reside at the Si NC surface/SiO2 matrix interface in combination with impurity-induced trap 

states17. Furthermore, only one report discusses the ultrafast dynamics of colloidal 

dispersions of doped Si NCs (in this case B-doped)18. In this work, Diroll et al. observed 

optical switching potential of the transient absorption bleaching effect of the localized 

surface plasmon resonance (LSPR) mode, and derived sub-ps hole cooling times. Due to 

these rather limited efforts, an in-depth quantitative analysis on the electronic interaction 

between doping-induced free-carriers and photoexcited electron-hole (e-h) pairs in Si NCs 

remains elusive. This leads to seemingly contradicting studies on the absence/existence of 

photoluminescence (PL) in heavily doped Si NCs and the assumed strength of Coulomb-

driven trion recombination19–23.  

 

In this work, we use multiple spectroscopic techniques to provide a comprehensive 

understanding of the carrier dynamics in relatively large (>7 nm) n-type P-doped Si NCs 

prepared via non-thermal plasma synthesis. The low impurity environment typical for this 

technique, and optimized in our laboratory, allows us to derive both the negative trion 
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recombination rate and the biexciton recombination rate; two metrics that are driven by 

Coulomb interactions. These results quantify for the first time two of the most important 

nonradiative recombination channels in highly P-doped Si NCs. 

 

Experimental 

Sample production and functionalization 

The P-doped Si NCs were produced by a modification of our previously reported non-

thermal plasma method24. Briefly, 30 standard cubic centimeters per minute (sccm) of 10% 

silane (SiH4) in helium, 30 sccm Ar, 3 sccm H2, and 0.3, 0.5, or 0.7 sccm PH3 gas flows were 

passed through a capacitively-coupled plasma at a pressure of 3.00 Torr in a 7.0 mm ID/9.5 

mm OD quartz reactor tube. Forward RF power of 90 W was applied at 13.56 MHz using an 

Advanced Energy Cesar 136 generator through an Advanced Energy VM1000 matching 

network (tuned to give a reflected power of 0−1 W) to a copper ring electrode giving a 

delivered plasma power density of ~15 W cm–3. A grounded electrode was positioned 

downstream and separated by ~1.5 cm from the working electrode. An Advanced Energy 

Z’Scan device was used to dynamically monitor the plasma conditions. NCs are created in 

the plasma through electron impact dissociation of SiH4 and subsequent clustering of the 

fragments. Hydrogen-terminated Si NCs were collected downstream from the plasma on a 

400-mesh stainless steel filter and transferred via load-lock to an inert-atmosphere argon-

filled glovebox for collection. Samples were functionalized and purified similarly to our 

prior report24, except radical initiation with ABCN was conducted at 140 °C for 3 h using 

neat 1-octadecene (dried over Na0, distilled under N2) rather than with 1-dodecene.  The 

intrinsic Si NCs were produced following that same prior work24. 

Fourier-transform infrared (FTIR) spectroscopy 

FTIR absorbance measurements were conducted on a Bruker Alpha FTIR spectrometer in 

transmission mode with a resolution of 4 cm−1. Gold coated Si plates were used for 

background measurements, and the NCs were drop-casted from toluene solutions on the 

substrates. Spectra were baseline-corrected using the concave rubberband correction 

method. 

X-ray diffraction (XRD) 

XRD measurements have been performed on a Rigaku D-max2500 diffractometer. The 

samples were drop-casted from a toluene solution on Si-based zero diffractions plates. To 

calculate the NC sizes from the XRD patterns we used the Scherrer-approach: 
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Eq3. ���������	 = �∙

�∙���	(�), 

 

With NCdiameter the diameter of the NC, as shaping factor (k) we used 1.125, λ is the x-ray 

wavelength and w and c the width and center of the Si (111) diffraction peak. This 

modeling-procedure is verified by applying it on three differently sized intrinsic Si NC 

ensembles and comparing these results with structural analysis of other studies24, as we 

show in the Electronic Supplementary Information (ESI, Figure S1). Moreover, a recent 

correlation of this XRD-approach with structural transmission electron microscopy (TEM) 

images confirms the robustness of this methodology as well26. 

Electron paramagnetic resonance (EPR) 

EPR measurements were made using a high Q cavity on a Bruker E500, being equipped with 

a low background quartz crysostat. Scan parameters were adjusted as needed to avoid 

lineshape distortion and power saturation effects. We converted the applied magnetic field 

H (gauss), to the magnetic field independent g-value, following: hv=gβH, with h Planck’s 

constant, v the cavity resonance frequency (Hz), g the g-value (unitless), β the Bohr 

magnetron (erg-sex/gauss). 

Energy-dispersive X-ray spectroscopy (EDS) 

EDS measurements were performed with a Si drift detector energy dispersive X-ray 

spectroscopy (EDS) system installed on a FEI ST30 Tecnai gun and was operated at 300 kV. 

Time-resolved photoluminescence 

Photoexcitation was conducted by using a Nd:YAG pumped optical parametric oscillator 

(OPO) (Spectra Physics Quanta Ray and GWU Premi Scan). Photoluminescence was detected 

in off-axis front-face geometry with a silicon avalanche photodiode (APD) (Thorlabs 

APD430A) attached to the other side, transducing transient optical signals with DC-400MHz 

bandwidth. A 650 longpass filter was used to block the excitation light (405 nm) and the 

signal from the APD was digitized using a fast oscilloscope (Tektronix DPO7254). We fit the 

trace with a stretched-exponential function, typical for ensembles of Si NCs27: 

 

Eq3.  ���(�) = �� ∙ exp	[−  �!"
#
] + &�, 
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with IPL(t)  the PL intensity at a specific time t, I0 the PL intensity at t=0, τ the fitting lifetime, 

β the stretching component and y0  representing the baseline specific to the experimental 

conditions. The TRPL data represents a stretching component β of 0.5, illustrating the 

significant broadening between the lifetime components28. This is expected since the 

experiment is conducted without a detection grating, and the TRPL trace therefore consists 

of contributions of multiple emission energies (i.e., different NC sizes and therefore 

different lifetimes) throughout the whole PL spectrum. The effective lifetime 'eff is retrieved 

by uncoupling the dependent fitting parameters β and τ, according to the method of Guillos 

et al.29. 

Transient absorption (TA) 

Ultrafast time-resolved measurements were collected by making use of a pump-probe 

technique with a femtosecond transient absorption spectrometer (Helios, Ultrafast 

Systems). As laser source we used a 4 W Ti-sapphire amplifier (Libra, Coherent), operating 

at 1 kHz and 100 fs pulse width. The fundamental beam (800 nm) was split, and a small 

portion (<5 mW) was used to create the near-infrared continuum (800–1700 nm). Another 

portion was attenuated with two neutral density filters and used as the excitation source 

after being modulated at 500 Hz. The time delay of the probe to the pump beam was varied 

with an exponential distribution between time delays of -2ps to 4 ns, with a 1s averaging at 

each delay point. 

 

Results & discussion 

Doping efficiency and formation mechanics 

Effective substitutional P-doping of Si nanoparticles has been achieved by a variety of 

production methods such as co-sputtering19, hydrogensilsesquioxane30, plasma-enhanced 

chemical vapor deposition6,21, ion implantation23 and non-thermal plasma2,31. The non-

thermal plasma approach could well be one of the most ideal synthesis techniques for P-

doped NCs due to its close to 100% doping attachment/incorporation efficiency32,33 and 

suppression of self-purification. This results from a combination of the relative low 

temperatures (~500 °C) and fast formation times (~ms)32 typical for this method, leading to 

kinetic rather than thermodynamic control of dopant incorporation. 
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Figure 1. Structural characterization of un-oxidized (a-c) and oxidized (d-e) P:Si–H . a) FTIR spectra of all three P-

concentrations. Log-normal fits of the LSPR modes are represented by the black dashed lines. b) Main panel: XRD 

patterns of all three P-concentrations. The dashed line is a Voight fit. Inset: NC diameter (from XRD) as a function of 

the free carrier concentration, nfc (from FTIR). The red dashed line represents an exponential fit and functions as a 

guide to the eye. The error bars represent the fitting errors. c) EDS spectra in which the integrated ratios display 

the elemental composition. d) EPR measurements as a function of the applied magnetic field, before (green) and 

after complete oxidation of one week (black) for Si–H and P:Si–H. e) FTIR spectra of (functionalized) medium doped 

P:Si-R, before (green) and after (black) oxidation. 

 

We produced P-doped Si NCs through the nonthermal plasma synthesis method and vary 

doping concentrations by changing the PH3 content relative to SiH4. Figure 1a-d presents 

data on the as-produced NC powder with H-passivated surfaces – hereafter referred to as 

P:Si–H. Figure 1a  shows diffuse reflectance Fourier transform infrared (referred to simply 

as FTIR) spectra of the systems. The Si–Hx stretching modes of the surface *SiHx groups 

(where the asterisk denotes a surface atom) are visible around 2100 cm–1,24 and P–H 

stretching modes originating from surface *PHx groups appear at 2276 cm–1. Notably, these 
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surface *PHx groups do not contribute to doping since they are electronically satisfied (octet 

rule); only substitutional dopant sites (P for Si) result in electronic doping. In addition, the 

FTIR data show a clear localized surface plasmon resonance (LSPR) mode – reflecting a 

collective oscillation of free carriers – for all three samples, represented by the broad log-

normal shaped absorption feature peaking around ~1000 cm–1. We calculate the free 

carrier concentration (nfc) from the LSPR peak following Ref.26 and find the number of free 

carriers per NC of 34, 36, and 45 for 7.8, 7.6, and 7.3 nm diameter samples, respectively 

(Table 1 and associated analysis in ESI). For detailed modelling procedures of the LSPR 

feature in Si NCs we direct the interested reader to Refs.34–36. The diameters (DNC) are 

retrieved by applying a Scherrer analysis37 on the X-ray diffraction (XRD) patterns of Figure 

1b (Methods). Slight reduction in the NC diameter with increasing doping density (inset of 

Figure 1b) is most likely the result of the impedance of Si cluster coagulation (the process 

by which larger spherical particles are formed)32 by *PHx groups. By using geometrical 

arguments, we estimate the number of Si atoms in a certain sized NC and calculate an 

effective substitutional doping fraction (Dsubst) of 0.27, 0.32 and 0.44 at. %, respectively. 

These Dsubst values are ~1 order of magnitude less than the total atomic percentage of P 

atoms (TPatoms) – quantified from an integrated energy dispersive X-ray spectroscopy (EDS) 

analysis, Figure 1c – that ranges from 3.2–4.6 at. % with increasing P-concentrations.  We 

thus achieved a doping efficiency (Deff) of ~10%, in line with existing literature for the non-

thermal plasma synthesis method31,33. 

 

DNC [nm] nfc [1020cm-3] #fc/NC Dsubst [at. %] TPatoms [at. %] Deff [%] 

7.8 1.36 34 0.27 3.2 8.4 

7.6 1.58 36 0.32 3.6 8.9 

7.3 2.20 45 0.44 4.6 9.6 

 

Table 1. Sample details of the non-thermal plasma produced P-doped Si NCs. 

 

Figure 1d displays electron paramagnetic resonance (EPR) spectra both before and after 

oxidation of P:Si–H and intrinsic Si NCs (Si–H). The Si-H were produced by the same 

technique and serve as reference measurement. The pre-oxidized EPR measurements of 

both the Si–H and P:Si–H confirm the high quality samples from our production technique, 
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as opposed to the defect-related signal resulting from dangling bonds previously observed 

in other Si NC systems2,38–40. This absence of a dangling bond-related feature also tells us 

that the calculated nfc can be rightfully used to calculate the percentage of substitutional 

doping sites (Dsubst)26, as we did in Table 1. Moreover, the un-oxidized P:Si–H show a strong 

feature at a g-factor=1.998, as expected from substitutional P-doping in a crystalline Si 

lattice7,41. Upon the introduction of oxygen, a broad EPR-signal centered around a g-factor of 

~2.006 arises for both samples, indicative of free radicals in an immobilized environment 

(i.e., dangling bonds)7,39. Removal of the ~1.998 free-electron feature for the P:Si–H goes 

hand in hand with the upcoming surface oxidation. This is consistent with the recent work 

of Kortshagen et al.2, who assigned it to the tunneling of free carriers from the Fermi level of 

the NC core to the surface-adsorbed oxygen: the so-called Cabrera-Mott theory42.  

 

The rest of this work focusses on the samples in colloidal form. This allows us to focus solely 

on the photophysics of free-standing NCs, reduce scattering effects and control the optical 

density of our samples. Similar to our prior reports,24,43 Si NC dispersions were prepared 

using a thermally-initiated reaction between octadecene and as-prepared, hydride-

terminated Si NCs to functionalize the NC surfaces with long-chain alkyl ligands, denoted as 

P:Si–R (Methods). The exact functionalization mechanism is discussed in detail in Ref.24. 

Figure 1e presents the FTIR spectra of the P:Si–R (medium doped) and shows that the 

ligand functionalization process does not significantly affect the carriers within the Si NC 

lattice. In addition to the LSPR feature, C–H vibration modes from the hydrocarbon ligands 

(~1490 and ~3000 cm–1) and minor silicon oxide features ~1070 cm–1 are observed 

following functionalization. Trace oxidation appears to be unavoidable in our functionalized 

samples as well as those throughout literature24,44–46, and further on we will discuss its 

impact on the carrier dynamics. Upon intentional oxidation by air exposure, the Si–O 

stretching features become much more prominent and the LSPR mode vanishes, indicating 

that the minimal amount of free carriers necessary to support a plasmon mode (>10)1 is no 

longer present, in line with the before-mentioned Cabrera-Mott theory42. Time-dependent 

FTIR-measurements indicating the oxidation rate, i.e., the loss of the LSPR mode, are given 

in Figure S2. In addition, we present consistent EPR and XRD measurements on the ligated 

NC systems in Figure S3 and S4, respectively. 

 

Photoluminescence from heavily n-type doped NCs 
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We next focus on the photoexcited carrier dynamics by two mutually connected 

approaches: PL and ultrafast transient absorption spectroscopy.  It is somewhat surprising 

that PL has been observed in several P-doped NC systems19,20,22,23 due to the fast ~ps nature 

of typical Auger interactions that dominate the photophysics in these systems47,48. The 

observation of emission in these systems could indicate that negative trion recombination is 

unexpectedly weak, enabling radiative recombination on the µs-timescale to successfully 

compete with trion recombination. In recent work we showed this is indeed the case for 

small diameter doped Si NCs (DNC<6 nm), in which the interaction of dopant-induced 

carriers with photo-excited e-h pairs is negligible small due to the large binding energies of 

carriers in strongly quantum-confined systems17. For larger NCs, as studied in this report, 

such a scenario seems unlikely. In this case, PL most probably arises from a non-doped 

subset of the NC ensemble. This can arise because of the statistical nature of the doping 

mechanism as described by Kroupa et al. for Ag-doped PbSe NCs49, or the oxidation-induced 

free carrier extraction from the core (further on referred to as oxide-compensated NCs) as 

we described above.  

 

In our system, the effect of oxide-compensated NCs on the PL is clearly observed based on 

the time-resolved emission spectra in Figure 2a. Directly upon functionalization, a weak PL 

spectrum is detected or the medium doped P:Si–R which grows in upon purposefully 

opening up the cuvette to ambient air, i.e., oxygen, being accompanied by a small red shift 

(with the PL peak moving from  ~880 to ~920 nm) – inset Figure 2a. From Figure S2 we 

note that the NC sizes remain unchanged upon oxidation. The fact that the Si NC size does 

not change yet the PL peak energy red-shifts over time suggests that the subset of 

effectively undoped NCs changes over oxidation time. This is explained by the fact that 

larger NCs – consisting of more atoms than small NCs – are on average doped with a higher 

number of dopants at a certain free carrier concentration. As such, the emission at early 

times (hours) is dominated by the smallest NCs which reach the oxygen-compensated state 

faster due to their smaller free carrier concentration.  Over time, additional oxidation fully 

extracts the charges from larger NCs as well that then contribute to, and red-shift the, 

ensemble PL spectrum.  
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Figure 2. PL spectra and dynamics of functionalized medium P-doped Si NCs (P:Si-R). a) Main panel: PL spectra for 

increasing oxidation times (i.e. with increasing darkening of the blue color-coding). Excitation has been performed 

by a 405 nm LED. Inset: Peak position as a function of oxidation time, as derived from a Gaussian fitting procedure. 

The red dashed line is a Lorentzian fit and serves as a guide to the eye. b) Time-resolved PL measurements of the 1-

week oxidized nanoparticles. The light blue trace represents the raw data, the darker blue trace is a 10x average of 

the original dataset, and the black dashed line is a stretched exponential fitting model, defining the average 

effective lifetime to be 155 µs. c) Integrated PL intensities (from panel a) as a function of time. The yellow parts 

indicate a situation of continuous illumination of the nanoparticles (ON-times). The white (axis-less) parts 

represent time-intervals of non-illumination (OFF-times). 

 

The stretched exponential shape and decay rate of the time-resolved PL measurements 

(Figure 2b) confirm the excitonic origin of the radiative recombination feature 

(experimental conditions and fitting procedure are presented in the Methods). We find an 

effective lifetime of 'eff =155 µs, in line with previously reported rates for similar-sized Si 

NCs50,51. In Figure 2c we monitor the PL intensity dependence upon illumination, and upon 

oxidation, in more detail. The “Lamp ON” state refers to a continuous CW 405 LED 

excitation, whereas the shutter is closed for the “LAMP OFF” situation. Upon illumination, 

the brightness of the PL decreases in time, which is commonly observed in quantum-

confined materials and often related to charging of the nanoparticles upon photo-excitation. 

This is explained by electron/hole transfer to a trap state that charges the NC core by 

leaving the hole/electron behind in the conduction/valence band, invoking efficient trion 

recombination in the NC core52,53. After a time-interval of non-illumination (illustrated by 

the gap between time domains) the surface oxygen-induced PL takes over completely, and 

the intensity surpasses the original magnitude of before the photo-charging effect. 
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Trion-dominated ultrafast carrier dynamics in the single exciton regime 

Transient absorption measurements were further used to quantify the Auger interactions 

that lie at the origin of the observed PL features. The measurements have been executed in 

the single-exciton excitation regime47. The experiments were conducted with a pump and 

probe wavelength of λpump = 500 nm and λprobe = 1100–1250 nm, respectively. We therefore 

probe photoexcited e-h pairs by making use of strong intraband absorptions, typical for Si 

NCs13,54, and hereby preclude potential lattice heating effects from appearing in the traces, 

as observed by Ref.18. Due to the intraband nature of our experiment we further on use the 

term induced absorption (IA). The main panel of Figure 3a compares the ultrafast carrier 

dynamics of the P:Si–R at the three doping concentrations. The traces can be well fitted with 

a double exponential decay function. We make two main observations. First, for all samples, 

a strong reduction of the carrier signal appears on a short (~6 ps) timescale. Such a fast 

signal decrease is often observed for intrinsic Si NC ensembles and several models have 

been employed to explain this behavior such as hot-carrier relaxation55 and trap-state 

induced recombination47,56. However, our fast component is independent of the pump 

energy used (with the pump energy ranging from 400–600 nm, as shown in Figure S3), 

excluding the hot carrier relaxation effect. The fast component is therefore in line with the 

formation of some surface defects upon functionalization (which we will confirm upon 

discussing Figure 3c). This is most likely due to the trace oxidation observed in the FTIR 

spectra of Figure 1e. Hence, a significant fraction of the carriers (based on our traces we 

assume ~10-30%) are lost as a result of these defects within the first couple of ps. This 

illustrates the difficulty of producing ultrahigh emission efficiencies in Si NCs, as indicated 

by several studies40,57,58. We thus observe two opposite effects upon oxidation that both 

involve dangling bonds at the surface. (i) oxide-compensation (Figure 2) that increases the 

optical activity and (ii) dangling bond-initiated ultrafast non-radiative quenching. Our 

second main observation is a strong nonradiative recombination channel in the sub-ns 

regime (~250 ps) that shortens as a function of the doping concentration (inset of Figure 

3a), in line with the Coulomb-driven Auger interactions between the free carriers and 

photoexcited e-h pairs. We argue that, in contrast to multi-exciton interactions, which 

follow an neh
2 or neh

3 behavior depending on the interaction model47 (with neh being the 

number of e-h pairs), trion interactions should just simply depend on n, with n representing 

the number of free carriers, following: 
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Eq1. '(,*+ = '(,*+, ∙ -, 

 

with τA,X– the negative trion lifetime, τA,X–n the lifetime of an e-h pair in the vicinity of n 

number of free electrons (i.e., the Auger component in the inset of Figure 3a). The negative 

trion lifetime is calculated for all samples using Eq.1 and we find a lifetime of τA,X- 10.5, 8.7 

and 8.5 ns with decreasing NC size. These negative trion lifetimes are ~4-5 orders of 

magnitude faster than the excitonic band-to-band radiative recombination, hereby 

preventing any possibility of radiative recombination from n-type doped NCs. This is in 

contrast to doped versions of direct bandgap NCs59–61 in which efficient radiative 

recombination can still compete with Coulomb-driven Auger interactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. a) Main figure: Dynamics of the P:Si-R for the different doping concentrations, within the first 500 ps after 

photo-excitation. The traces are presented with an offset. The dashed lines represent double exponential decays, 

consisting of a fast (~6 ps) process, followed by a nonradiative Auger recombination channel of ~250 ps. Inset: 

Recombination rate of the Auger decay component as a function of the free carrier concentration, nfc. b) Dynamics 
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at longer time-scales (∆t<4 ns). The grey disks represent a typical trace for an ensemble of intrinsic Si NCs (DNC=6.8 

nm). No offset has been used for these long time-scale traces. All traces are normalized to 1 at their maximum IA 

intensity. The dashed lines function as guides to the eye. c) IA traces of the medium doped P:Si-R before oxidation 

(yellow dots) and after one week of oxidation (orange dots). Main panel: Traces with a time-delay up to 1 ns. For 

comparison, we inserted the same intrinsic Si NC trace (grey disks) as in panel (b). The dashed lines function as 

guides to the eye. Inset: short time-scale comparison of the fresh and oxidized P:Si–R. The scheme on the right side 

depicts the trion interaction model as discussed in the main text. 

 

The analysis above illustrates that within 4 ns of photo-excitation of the P:Si–R Si NCs 

nearly all photoexcited e-h pairs have recombined nonradiatively. The PL observed in 

Figure 2 however originates from a small fraction of e-h pairs that populate a long-lived 

state in the aforementioned effectively undoped NCs (these can be undoped due to the 

statistical doping argument and/or oxide-compensation). This is consistent with the IA 

traces in Figure 3b, which demonstrate that the magnitude of this long-lived fraction 

decreases with increasing doping concentration. The higher the doping concentration, the 

more difficult it is to sweep out all free carriers via the Cabrera-Mott process. For 

comparison, a trace of intrinsic Si–R NCs is displayed in Figure 3b as well, showing a larger 

fraction of long-lived e-h pairs, in line with the much higher optical activities for intrinsic Si 

NCs, as reported in several reports20,22,58.  

 

Furthermore, to directly relate the oxidation-induced PL features from Figure 2 with the 

ultrafast carrier dynamics we compare IA measurements for the medium doped P:Si–R in an 

un-oxidized (yellow markers) and oxidized state (orange) in Figure 3c. Note that the EPR 

measurements (Figure 1d) already indicated that oxidation introduced dangling bonds on 

the surfaces of the –H terminated NCs. Figure 3c now shows that the ~6 ps surface defect-

related recombination channel is enhanced for the oxidized P:Si–R. We thus relate this to 

the introduction of dangling bonds upon oxidation. Furthermore, these data directly probe 

the oxygen-compensation effect: the data of the oxidized P:Si–R NCs mimics that of the 

intrinsic NCs (grey disks), confirming the absence of free carriers in the oxidized sample. 

 

A scheme of the photophysical model with the belonging quantification of the time-scales is 

presented on the right side of Figure 3. Hence, both by changing the doping concentration in 

the production phase and post-production (by oxidation), we were able to alter the carrier 

dynamics in the ps time-regime. Note that the oxygen-compensated experiments (Figure 2 

and 3c) are essential in light of this study. They allow us to safely assign the observed ~ 250 
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ps carrier quench for the unoxidized NCs (Figure 3a) to negative trion recombination. The 

only possible alternative scenario for this quench would be that P-doping deforms the 

crystalline structure and introduces defect states. The number of these defect states could 

also increase with the doping concentration, explaining the shortened lifetimes with the 

doping concentration in the inset of Figure 3a just as well. The oxygen-compensation does 

however solely interact with the free carriers without changing structural defects in the NC 

core. Still we observe upcoming PL (Figure 2) and a neutralization of the ~250 ps carrier 

quench (Figure 3c). We can therefore eliminate the defect-argument as a potential 

explanation of our results. 

 

 

 

Multi-exciton interactions in the multi-exciton excitation regime 

Next, we study the multi-exciton interactions in the P:Si–R by increasing the pump fluence 

to generate multiple e-h pairs within each NC. We expect that the rate of multi-exciton 

interactions will increase in doped relatively to intrinsic samples since the oscillator 

strength of Auger recombination should increase upon the introduction of additional initial 

states (the free electrons). The main panel of Figure 4a displays IA traces of the medium 

doped P:Si–R at several excitation fluences. As a result of Auger recombination between 

multiple e-h pairs in the same NC, a fastening of the carrier dynamics in the initial hundreds 

of picoseconds is observed for high excitation intensities (> 100 nJ, Figure 4a inset). The 

biexciton lifetime is extracted according to the approach of Klimov62.  This is performed by 

(1) normalizing the multi-exciton-dominated trace to point B. Subsequently, (2) the single-

exciton regime trace is subtracted from the multi-exciton trace to arrive at the “scaled 

nonlinear trace” as referred to on the y-axis of Figure 4b. This method allows separating the 

biexciton recombination from higher order multi-exciton recombination pathways by 

simply picking out the exponential decay components. In the excitation regime used here, 

these higher order interactions consist mainly of the triple-exciton recombination feature, 

which is reflected by the decay component in the initial tens of picoseconds. Hence, a double 

exponential fit is used to fit the scaled non-linear trace in which the longer component 

represents the bi-exponential decay time. 
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Figure 4. Multi-exciton interactions of the functionalized P-doped NCs (P:Si-R). a) Main panel: IA traces of the 

medium doped P:Si–R , for several excitation intensities. The traces have been normalized to the intensity at 1 ns 

(point B) and an offset is applied for clarity. Inset: A/B ratios, with A the magnitude at 1 ps, as a function of the 

excitation fluence. An excitation spot of 1mm in diameter has been used. The orange dashed line is a polynomial fit 

and functions as a guide to the eye. b) Main panel: Log-lin plot of the scaled nonlinear IA traces, according to the 

method of Klimov.62, for all three P concentrations. All traces represent a double exponential decay (the fits are 

displayed by the red dotted lines).  Inset: biexciton lifetime as a function of the NC volume for the P:Si–R  (black 

dots) and intrinsic Si NCs (gray dots). The linear fit (gray dashed line) represents the universal r3 dependence of the 

biexciton lifetime. The error bars represent the fitting errors. The scheme on top depicts the biexciton interaction. 

 

The inset of figure 4b presents the derived biexciton lifetimes as a function of the NC 

volume. Auger interactions typically follow universal r3 dependencies, both for direct and 

indirect semiconductor nanocrystals63. For intrinsic Si–R this r3 relationship is upheld as 

shown by the biexciton lifetimes for samples ranging from 3.7-6.7 nm in diameter (gray 

dots in the inset of Figure 4b).  These Si–R samples were purposefully prepared to serve as 

a reference for this study. The experimental derivation of these values is presented in 

Figure S4. However, the P:Si–R NCs seem to break this rule in comparison to their intrinsic 

cousins. The biexciton lifetime of these doped NCs (black dots in the inset of Figure 4b) is 

fastened with a factor ~ 0.8 compared to the extrapolation of the r3 dependence of the 
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intrinsic NCs (gray dashed line). Although the P:Si–R samples consists of different doping 

concentrations, this trend is valid for all three samples and we explain this by the additional 

electrons that increase the oscillator strength of Auger recombination upon P-doping. Note 

that the difference is relatively small (only a factor ~0.8), especially considering the 

significant amount (>30) of free carriers present. As a possible explanation we mention that 

the incorporation of P-atoms in the Si lattice could lower the density of states in the 

conduction band64, hereby actually decreasing the strength of the Auger interaction upon 

doping.  Furthermore, we also are aware of the lighter effective mass of the electron 

(me0.26) compared to the hole (mh0.4) that creates hole-dominated Auger recombination. 

Additional electrons should therefore have a relative small effect on the overall strength of 

the interaction.  

 

In addition, we tried to model the Auger interactions of the P:Si–R NCs using a stochastic 

modeling approach, as previously used by us to model the multi-exciton excitation regime 

of solid state dispersions of P-B co-doped Si NC ensembles17. As shown in Figure S5, it was 

however not possible to fit the data using either a three-charge interaction model or an 

exciton interaction model47. The inability of fitting the multi-exciton dynamics with a 

standard interaction model is another indication of the influence of the free carriers on the 

biexciton Auger interactions and shows conclusively that such interactions cannot be 

treated by a symmetric approach.  

 

Finally, it is worthwhile to compare our results to the extensive work of Park et al.60, who 

proposed a universal dependence describing the biexciton Auger decay as a superposition 

of uncorrelated negative and positive trion pathways: 

 

Eq2. 
.

!/,00
= 2( .

!/,02
+ .

!/,03
), 

 

with τA,XX the biexciton lifetime, τA,X- and τA,X+ the negative and positive trion lifetime, 

respectively. Upon assuming similar electron and hole effective masses (τA,X- = τA,X+), Park et 

al. proposed that the correlation can be rewritten as 4τA,XX = τA,X- = τA,X+. In this study, we 

derived both quantities (τA,XX ≅ 280 ps and τA,X- ≅ 9 ns) and report on a difference of a factor 

~30, in contrast to the factor 4 described by Park et al. We believe that the factor of ~30 

found here more accurately describes the biexciton Auger decay in Si NCs since our analysis 
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accounts for effective mass differences between electrons and holes, which will influence 

the density of states and the localization of the wave functions, hereby leading to τA,X- that 

could be significantly longer than τA,X+. Such a large difference between the negative and 

positive trion lifetimes in Si NCs is consistent with that observed for CdSe61, CdSe/ZnSe65 

and CdSe/CdS66 quantum dots. 

 

Conclusions 

In conclusion, making use of a non-thermal plasma synthesis method and a variety of 

spectroscopic investigations we provide a quantitative analysis of the carrier dynamics in P-

doped Si NCs. The strength of the Coulomb interactions between the photoexcited electron-

hole pairs and the doping-induced free carriers depends on (1) the concentration of free 

carriers, (2) the location of these carriers – residing in the NC core or at the surface – and 

(3) the diameter of the NC. Coulomb-driven Auger recombination dominates the carrier 

dynamics in >7 nm P-doped Si NCs, with a negative trion lifetime of τA,X- ≅ 9 ns. Moreover, 

we observe a small perturbation of the biexciton lifetime in comparison to that of intrinsic 

Si NCs and ascribe this to the increased number of initial states due to the presence of a 

significant number of free electrons. Although we show that Auger-induced trion 

recombination prevails over radiative recombination in these highly n-type doped indirect 

semiconductor nanostructures, we do observe PL. This is explained by free electron 

diffusion to the oxidized surface, effectively cleaning the NC core from free electrons and 

suppressing their forthcoming Coulomb interactions with the photoexcited e-h pairs. These 

results provide insight into some of the conflicting reports regarding the strength of 

Coulomb interactions in doped Si NCs. This combined with the quantification of both the 

negative trion and biexciton recombination rate, should provide a comprehensive basis for 

future Si NC-based optoelectronic and photovoltaic applications dealing with doped NCs. 
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