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Chapter 8

P–B co-doped silicon

nanocrystals

In a ultimate attempt to bring the photon energy range for carrier multiplication
down even more, a study is performed on B and P doped silicon nanocrystals.
It is shown that luminescence in this case occurs from donor-acceptor pair re-
combinations and has a photon energy that is below the bulk silicon bandgap.
Determination of photoluminescence quantum yield is complicated in these sys-
tems and different solutions on how to circumvent that are presented. Finally, an
outlook of the research, presenting a possible road map for future investigatinons
is given.

8.1 Introduction

Electronic states in semiconductors can be described by band theory of solids. For
silicon the electronic structure consists in the simplest approximation of the oc-
cupied states that form the valence band and empty states the conduction band.
The Fermi energy is approximately in the center of the bandgap and at room
temperature there are practically no thermally excited carriers in the conduc-
tion band. One important reason that silicon is so successful in (micro)electronic
technology is that its electrical transport properties can be very well controlled
by impurity doping. n-type doping can be obtained by introducing group V
elements, which form shallow donor states just below the conduction band. Simi-
larly p-type doping is done by introducing group III elements, giving an acceptor
level close to the valence band. The energetic positions of these levels allow for
their easy population at room temperature, thereby strongly chaning electronic
properties.
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94 CHAPTER 8. P–B CO-DOPED SILICON NANOCRYSTALS

Similar considerations opened a large research field concerning the influence of P
and B doping in Si NCs [141, 142, 143]. Since there are only a small number of
constituent atoms, already a single dopant strongly affects the optical and elec-
tronic properties of a Si NC [144, 145]. In general, the presence of a dopant is
disastrous for emission of Si NCs, as the carrier introduced by it will induce a
strong Auger interaction with photo-excited carriers. However small concentra-
tions of P-doping were observed to actually increase luminescence intensity, which
was attributed to passivation of dangling bonds [146, 147]. The Auger quenching
of emission could be avoided in compensated NCs simultaneously doped with n-
and p-type impurities. Although effective doping of NCs is generally very diffi-
cult, resulting from effects like self-purification [148], statistical distributions of
dopants and size dependence of doping efficiency [149], co-doping of B and P in Si
NCs has been shown to be favorable, as calculated formation energies are smaller
than for undoped or single-doped NCs [145]. Moreover, it was found both the-
oretically [144], and experimentally [150], that codoping effectively reduces the
“optical” bandgap with respect to that of undoped NCs, and that emission shifts
to energies below bandgap of bulk Si. The location of the doping centers is very
important for the properties of the NCs, however determination hereof is ex-
perimentally very difficult. Theoretical modeling [151] shows that boron favors
locations around the center of a NC, while phosphorus is preferentially found
on surface sites. The latter has also been confirmed experimentally [152] and is
possibly related to presence of dangling bonds [146, 147]. These results show the
possibility to tune the optical properties of Si NCs by impurity-based engineer-
ing.
The ability to change the electronic structure and lower the bandgap can be bene-
ficial for cooperative effects like carrier multiplication for photovoltaic conversion.
NCs are widely studied for their ability to generate multiple excitons upon ab-
sorption of a single photon (see Chapter 5). The beneficial properties of NCs
in terms of their more efficient CM ability are tempered, since their increased
bandgap energies limit the part of the solar spectrum that can be converted. Si
has a bandgap that is close to the optimum for a single junction solar cell, as
determined by the Shockley-Quisser limit [1]. For NCs the bandgap becomes
larger and, although it increases the photovoltage, it lowers the photocurrent –
even when the effect of CM is taken into account. Detailed calculations show
that the maximum power conversion efficiency for a solar cell with optimal CM
can be obtained with a bandgap around 0.8 eV [87]. Codoped Si NCs might offer
the ability to shift the emission toward this value and, similarly, also bring down
the energy threshold for CM.
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8.2 Spectra and decay times

Fig. 8.1 shows normalized PL spectra for the sample series M5 (see Section 2.2.1
for specific parameters). The three samples in this series have similar deposi-
tion compositions and annealing procedure, but different level of phosphorus and
boron doping (no doping, 1.1% or 2.2% doping). The undoped sample shows
emission around an energy of 1.42 eV, associated with recombination of quan-
tum confined excitons. The introduction of P and B doping shifts the PL peak
intensity to smaller values - see Fig. 8.1. The highest doping level gives a peak
of emission around 1.0 eV, and at the same time the integrated PL intensity
becomes smaller (not indicated in the figure). This decrease is generally assumed
to arise from the inhomogeneity in the distribution of dopants throughout the
NCs, where those that are not precisely compensated, i.e., with no equal numbers
of P and B dopants, will have a strong Auger quenching of emission [53]. The
emission at energies below that of bulk Si bandgap is suggesting that it originates
from transitions between donor and acceptor states, influenced also by the actual
number of dopants present in a NC.
Further information about this mechanism could possibly be deduced from PL
decay kinetics. Fig. 8.2 depicts spectral dependence of decay times from the same
series of samples. For the undoped sample, it can be seen that at large photon
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Figure 8.1: Normalized PL spectra of B and P co-doped Si NCs in SiO2 of
multilayer series M5, (see Section 2.2.1 for sample parameters), with different
doping concentrations. Peaks of PL intensity for different samples are indicated
by arrows. The dotted line shows the bulk Si bandgap.
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energies there is a relatively short decay time, which increases for smaller ener-
gies. This behavior is typical for emission from quantum confined carriers in the
size dispersed ensemble; smaller photon energies are originating from larger NCs,
where quantum confinement effects are smaller, and quasi-direct (in k-space)
transitions are less probable. It can also be observed that for a fixed emission
energy, doping reduces the lifetime of PL, probably as these dopants also intro-
duce non-radiative recombination pathways. On the small photon energy side,
typically below the bulk Si energy gap of 1.15 eV, the decay times are more or less
constant. This suggests that the mechanism behind this emission is not related to
size distribution of NCs anymore, but purely to the dopants. From the empirical
relation between size and emission energy for undoped Si NCs (see Section 2.3.3)
it is possible to estimate the size of NCs from PL peak. We note that this rela-
tion is obtained for samples having a single layer of Si NCs. The multi-layered
samples in this study might have a slightly different relation, but the trend will
be the same. The sizes of series 3 of the samples have been determined from the
PL peak intensity in this way. The PL peak of the 1.1% and 2.2% doped samples
are separately determined and the combined results hereof are shown in Fig. 8.3.
While the undoped samples have a strong size dependence of the position of the
emission peak, this is not the case for both doped samples. This insensitivity of
the PL maximum on the NC size is again indicative for a different mechanism
behind their luminescence, and shows that its origin can be explained by donor-
acceptor recombination, as opposed to the confined free excitons in the undoped
samples [153].

0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
0

50

100

150

200

250

300
undoped
1.1% co-doping
2.2% co-doping

 
 

Li
fe

tim
e 

(
s)

Photon energy (eV)

Figure 8.2: PL lifetime at different photon energies for multilayer series M5.
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Figure 8.3: Comparison of the emission peak as function of the diameter for
different size series of samples with varying P and B doping concentrations.

8.3 Photoluminescence quantum yield

The previous section showed that P and B doped Si NCs have the properties
which are predicted by theory. Emission takes place at energies smaller than the
bulk Si bandgap, and the dynamic and structural characteristics hereof strongly
suggest that this emission is related to recombination of donor-acceptor pairs. As
mentioned in the introductory paragraph, a smaller bandgap than that of bulk
Si is desirable for use of carrier multiplication effects in photovoltaics. Emission
from these states below the bulk Si bandgap indicates that they might also be
involved in CM effect. A study of the photoluminescence quantum yield, similar
as in Chapter 5, is needed in order to determine if such an effect occurs, and if
the onset threshold is indeed shifted to smaller photon energies.
Due to experimental limitations of the setup used in prior chapters, it was not
possible to obtain reliable values of the absolute PL QY for the doped samples
in the course of this research project. The infrared emission falls outside the
effective range of the silicon charge-coupled device, so use of a different technique
and/or detector is imminent. The first, and possibly the simplest, approach is
to determine a relative quantum yield for a broad spectral range. This could be
done by the same method as that introduced in Section 4.2, where the excitation
and absorption cross-sections of the Si NCs and the ratio hereof are determined.
An improved determination of the relative PL QY can be obtained with a similar
setup as that in Fig. 3.1, where an integrating sphere is used in order to remove
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effects that scattering, and differences in optical constants of the material might
introduce. In this case, however, it is necessary to complement the setup with a
detector capable of capturing emission up to around 1500 nm. A combination of
a low cut-off filter and a liquid-nitrogen cooled germanium photo-diode combined
with a lock-in amplifier could be readily employed. The photo-diode only detects
the intensity of the emitted luminescence of the NCs, and absorption will still be
determined in the same way as described in Chapter 5, where the difference in
excitation intensity is obtained by comparison with an reference sample.
The step toward determination of absolute PL QY will require that luminescence
is also spectrally resolved. This can be done by adding a monochromator before
the photo-diode, and scan the different wavelengths, but, since this procedure
is quite time-consuming, it is preferable to replace the photo-diode by a linear
detector. In this way it should be possible to determine the PL QY over a broad
wavelength range. The experimental effort in that direction is already going on
at the time when this thesis is written.




