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Since reports that silicon nanocrystals (Si-NCs) can exhibit direct transition emission, the silicon laser

field is at a juncture where the importance of this discovery needs to be evaluated. Most theoretical

models predicted a monotonic increase in the bandgap and experimental information currently

available on the electronic structure at the C valley of these promising materials is circumstantial as it

is obtained from emission measurements where competing non-radiative relaxation and recombination

processes only provide an incomplete picture of the electronic structure of Si-NCs. Optical absorption,

the most immediate probe of the electronic structure beyond the band-edges, showing the evolution of

the C valley states with nanocrystal size has not been measured. Here, we show such measurements,

performed with high dynamic range, allowing us to observe directly the effect of crystal size on the C
valley splitting far above the band-edges. We show that the splitting is 100 s of meV more pronounced

than predicted by pseudo potential calculations and Luttinger-Kohn model. We also show that

ultrafast red-shifting emission can be observed in plasma enhanced chemical vapor deposition

prepared Si-NCs. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868299]

I. INTRODUCTION

The first report of single pass or transient gain in Si-NCs

in 2000 generated much excitement.1 Within this context,

the synthesis and optoelectronic properties of Si-NCs have

been extensively studied.2–5 Using quantum confinement

effects in Si-NCs with size between 2 and 6 nm, it is possible

to tune light emission due to indirect recombination in the

700 to 1000 nm range. Optical gain, however, is fundamen-

tally limited by the free carrier absorption (FCA) cross-

section of the nanocrystals, which increases due to small size

effects.6,7 Indeed, as soon as pump power is increased in a

multi-pass design, such as in a resonant cavity, FCA starts to

dominate. The FCA-associated loss is approximately of the

same order of magnitude as the gain from these crystals

thereby suppressing the ability of the cavity to lase.8

One strategy proposed in recent years to achieve

multi-pass gain has been to focus on the F (fast) direct band

recombination in Si-NC, as opposed to the S (slow) band

associated with phonon-assisted excitonic recombination.9,10

The F-band emission is promising because the emission rate

is fast and comparable to direct transition materials and the

coupling with a nanophotonic cavity improves when temper-

atures are lowered. The higher photon energy operation also

offers reduced free carrier absorption losses. It should be

noted that while blue emission can also be obtained from Si-

NCs synthesized via colloidal routes, these are currently not

suitable for solid state laser sources as their incorporation

into nanophotonic structures is much more challenging.11

The origins of the F-band have been debated, with many

reports pointing to a size-independent emissive defect with

decay time scales on the order of ns.12 Other reports,

however, proved that the F-band actually consists of a ps

core-related component in addition to ns decay from

defects.13 Understanding the band structure of Si-NCs at

high energy and the decay channels giving rise to the F-band

is clearly extremely relevant to determining whether multi-

pass gain can indeed be obtained in these materials. While

there are many discordant theoretical predictions of the

effects of quantum confinement on the higher energy levels

in Si-NCs in an oxide matrix, there is currently no direct ex-

perimental measurement of these effects.

In contrast with the well-known behavior of the S-band,

which is associated with indirect recombination, quantum con-

finement leads to a red-shift with decreasing crystal size of the

F-band. The F-band is observable at the �100 s of ps timescale

(Fig. 1). This shift excludes defect-based processes as a possi-

ble origin of the emission. Hence, the F-band in high quality

Si-NCs is purported to originate from the direct recombination

of negative effective-mass states at the C valley. Using pseudo-

potential calculations, the quantum-confinement induced red-

shift of the direct recombination energy was initially reported

as an anomaly and to be on the order of 100 meV even down

to 2 nm crystal sizes.14 At the time most calculations of the full

band structure predicted an increase in the direct gap as NC

size was reduced. Some later works, however, do show that in

reality some of the C states decrease in energy while others

increase, thus causing a split within the conduction band.15,16

The purpose of this work is to measure the direct bandgap of

Si nanoparticles and its dependence on particle size using opti-

cal absorption, rather than emission as previously done.

II. EXPERIMENTAL METHODS

For this study, we prepared Si-NCs in a solid SiO2 ma-

trix by fabricating silicon-rich oxide (SRO) films using

plasma enhanced chemical vapor deposition (PECVD).a)asalleo@stanford.edu
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PECVD deposition was performed at 350 �C with an rf gener-

ator set at 13.56 MHz. The flow rate of SiH4 to N2O was var-

ied to control the overall composition of SiOx. Deposition was

followed by 1-h anneals in the 900 �C to 1140 �C range in an

N2 atmosphere to precipitate the crystals and by 1-h forming

gas passivation at 400 �C to reduce surface dangling bond

based defects. The final film thickness was measured using

spectroscopic ellipsometry to be approximately 500 nm. The

resultant films contained about 8% by atomic weight nitrogen.

In order to produce the best results to date in terms of internal

quantum efficiency and overall performance, Si-NCs must be

encapsulated in SiO2, which also minimizes spurious interface

recombination.17 It should be added that, until now, efficient

F-band emission was observed only in high-quality Si-NCs

prepared by RF co-sputtering. We show that PECVD can be

used to prepare equally high-quality Si-NCs (vide infra).

From the manufacturing prospective, PECVD is advantageous

compared to RF-co-sputtering because it can afford much

larger throughput.

PL has regularly been used to study the electronic proper-

ties of these systems; however, emission measurements

involve the relaxation process through radiative and non-

radiative processes and thus do not provide a complete picture

of band structure evolution. As a result, we directly measure

band-to-band absorption in our films using photothermal

deflection spectroscopy (PDS), a high-dynamic-range optical

absorption measurement technique in the 1 eV to 4 eV range

(i.e., above the bandgap).18 Briefly, PDS measures the heat

released by the non-radiative relaxation following the optical

excitation of the film caused by a monochromated temporally

modulated pump beam. The heat causes the deflection of a

laser beam grazing the surface of the sample, which is

immersed in a liquid (mirage effect). Locking-in the deflection

to the pump modulation allows us to achieve high sensitivity.

We used a chopped halogen lamp source incident onto the

NCs through a monochromator with the deflected laser signal

collected through a lock-in amplifier with a 10 s integration

time at each pump wavelength. The inert immersion fluid

used was commercial fluorinert FC-72.

III. EXPERIMENTAL RESULTS

The unnormalized PDS spectra are shown in Figure 2.

In order to make quantitative comparisons and calculate the

absorption cross section, the spectra need to be normalized.

We obtain the average size and the relative concentration of

Si nanocrystals of the annealed films integrating the x-ray

diffraction (XRD) signal from the [311] peak shown in

Figure 2(b). This procedure allows us to normalize to the

amount of crystalline material in each film. In order to calcu-

late the absorption cross section, we used XPS to calculate

FIG. 1. Illustration of the E(k) diagram of silicon nanocrystals and the split-

ting mechanism due to opposite signs of the electron effective mass in the

conduction band at the C(k¼ 0) point.

FIG. 2. (a) PDS curve before normal-

ization and calibration. XRD in (b)

shows the relative crystallinity of the

films from the 311 peak. The film with

5 nm crystals had four times lower

crystallinity than the 3 and 4 nm films.

(c) The size distribution for the three

films obtained using the analytical

model in Ref. 21. The films with

smaller average crystal sizes also have

smaller distributions, 20%, 32%, and

34%, respectively, for 3 nm, 4 nm, and

5 nm films.

103515-2 Mustafeez et al. J. Appl. Phys. 115, 103515 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

171.67.216.22 On: Mon, 17 Mar 2014 23:00:43



the excess silicon in each film. Under the assumption that all

excess Si crystallized after annealing, silicon nanocrystals

per unit volume (Nnc) can then be calculated from the geom-

etry and excess c-Si content (Sip) of the film using

Nnc ¼
Sip

4
3
pr3

cm�3: (1)

Then, the nanocrystal cross section (rnc) can be calculated

from the absorption coefficient (r) using

rnc ¼
r

Nnc
cm2: (2)

In order to reliably use the absorption results, we must

ensure that the Si-NC size distribution is limited. The rela-

tionship between the NC size and emission energy has been

established via high-resolution transmission electron micros-

copy studies.19 Under the assumption that the probability of

emission is independent of crystal size, we get the analytical

expression relating TEM obtained size distribution and PL

linewidths.

D Eð Þ ¼
�

1:86

E� Ebulk

� 1
1:39

; (3)

where D is diameter, E is emission, and Ebulk is the bandgap

of bulk Si. For our samples, the distribution width ranges

from 20% to 34% and is state of the art.21

Our PDS setup is sensitive down to 10�4 changes in

absorption over a span of 5 orders of magnitude and is thus

able to resolve very small changes in the optical properties

of the film due to quantum confinement in Si-NCs, even

though these changes occur on top of a strong background

signal due to the increasing Si-NC and matrix absorption at

high energies. Furthermore, due to the nature of the excita-

tion and detection mechanism, PDS is largely insensitive to

artifacts caused by scattering or emission, especially in poor

emitters like Si-NCs. We found that some of the high energy

features in optical absorption measurements in Si-NCs were

beyond the dynamic range of other conventional techniques

such as ellipsometry and UV-VIS absorption spectroscopy.

Our results thus provide previously unattainable experimen-

tal information about the electronic structure at the C15 point

of thermally grown Si-NCs embedded in an oxide matrix.8

By overlapping the PDS spectra with conventional

UV-Visible spectroscopy in a limited spectral range and by

using the XRD data to estimate the volume density of

Si-NCs, we obtain the absorption cross section for the three

sizes (Fig. 3(a)). At the onset of the indirect absorption, i.e.,

1.7 eV, 1.51 eV, and 1.4 eV, the absorption cross-section is

1.6 � 10�16 cm2, 1.12 � 10�16 cm2, and 8.6� 10�17 cm2

for crystals of diameter 3, 4, and 5 nm, respectively, and

matches previous reports (Figs. 3(a) and 3(b)).20 The varia-

tion in absorption cross section is an interplay between the

oscillator strength (OS), FCA, and density of states (DOS).

The higher OS and FCA in smaller crystals cause an increase

in the absorption cross section despite lower DOS. The onset

of the absorption edge corresponds perfectly to the peak

emission energy of the S-band, confirming that it originates

from the indirect transition.

The high-energy part of the absorption spectra of the Si-

NCs can be generally described as having two peaks instead

of the single feature present in bulk Si, a hallmark of the arti-

ficial atom nature of the NCs. The exact positions of the

peaks depend on crystal size. Comparing the Si-NC spectra

to bulk Si absorption allows us to assign these spectral fea-

tures to the C15 point. The two peaks are caused by the split-

ting of the heavy electron (he), light electron (le), and mixed

(me) states with quantum confinement. With decreasing

crystal size, the heavy electron states shift higher in energy,

the light electron states shift lower in energy, while the

mixed states move either higher or lower depending on the

quantum number. The opposing motion of these three transi-

tions results in a DOS minimum at 3.4 eV (Fig. 3(c)).

The evolution of absorption cross-section of Si-NCs

with size provides experimental proof supporting the F-band

red shift as some of the heavy electron and mixed states

move down in energy with confinement. In addition, it also

allows validation of various theoretical models that predicted

such a shift. At the C valley, one band has a positive effec-

tive mass and the other one has a negative effective mass

(Fig. 1). The energy of the quasi-particles with positive

effective mass increases when the crystal size is reduced.

Hence, a blue-shift of the indirect transition (�1.7 eV from

1.12 eV for 3 nm NCs) is observed. Similarly, the positive

effective mass states and some mixed positive-negative

states cause a blue-shift of the higher-energy component of

the direct transition (�3.7 eV from 3.5 eV for 3 nm NCs).

The energy of negative effective-mass and some mixed

states on the other hand decreases in smaller crystals. The

lowest quantum number red-shifting states at the direct tran-

sition (1he0 to 1mh2) involve mixed holes and negative

effective mass electrons. Thus, the overall effect of quantum

confinement is a decrease in the absorption energy and split-

ting of the conduction band.

We compare the shift observed with two theoretical stud-

ies that simulated shifts with crystal size in the lowest order

states at the C point states. Krishna et al.15 were the first group

to predict a redshift in Si-NCs energy levels using pseudopo-

tential calculations. Prokofiev et al.21 studied the same energy

levels using the Luttinger-Kohn model. Both of these theoreti-

cal results are compared in Figure 3(c). The results from

Krishna et al. showed no definitive splitting until a crystal di-

ameter of 2 nm. The Luttinger-Kohn model provides a reason-

able approximation but still underestimates the shift by 100 s

of meV. The sign of the effective mass only provides a first-

order approximation, various states in the band have a com-

bined effect on the movement of any single state as captured

by the Luttinger-Kohn model. Our optical absorption meas-

urements allow us to estimate experimentally the quantum-

confinement-induced splitting of the conduction band at the C
point, which for 3-nm nanoparticles is �870 meV (Fig. 3(c)).

Finite particle size distribution, the relative proximity of the

split energy levels in combination with the high measurement

temperature (298 K) all contribute to the broadening of the

absorption features thus individual states cannot be observed.

The size-dependence trends and the order of magnitude of the

103515-3 Mustafeez et al. J. Appl. Phys. 115, 103515 (2014)
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energy splitting predicted by Prokofiev et al. are in agreement

with our experimental measurements; however, the lack of a

quantitative agreement highlights the need for further theoreti-

cal developments.

IV. EMISSION CHARACTERISTICS

In order to confirm that the electronic structure we

measured by PDS is responsible for the emission behavior of

the Si-NCs, we discuss the time-resolved PL (Fig. 4). For the

ps decay measurement, we used a 380 nm (3.26 eV), approxi-

mately 30 ps pulsed laser with a repetition rate of 80 MHz.

The resulting PL was dispersed by a grating with a 2-nm

spectral resolution, and sent to single photon counters

(Hamamatsu). The temporal dynamics was obtained by

measuring the photon arrivals with a Pico-Harp picosecond

time analyzer, where the time-origin was determined by the

laser pulse. The ls decay was measured using a 532 nm,

12 ns pulsed laser (10 Hz repetition rate) and an avalanche

photodiode.

We can separate direct band and indirect band emissions

by taking advantage of their different timescales. Shifts up to

1100 meV (from 3.2 eV to 2 eV for crystal sizes decreasing

from 5.5 nm to 2.5 nm) were observed in the strongest emit-

ting C transition.22 Emission from all three samples exhibits

a fast ps decay of 410 ps, 500 ps, and 620 ps (F-band) for

3 nm, 4 nm, and 5 nm crystals, respectively. In addition, there

is a �50 ns decay and a ls decay (S-band). As expected,

emission from the F-band is strongly suppressed at lower

energy (<1.5 eV), which is consistent with it being caused

by a higher-energy direct transition (Fig. 4). The ultrafast

decay rate of the direct transition, limited by the transition

time from the C point to the X point would imply an ultrafast

rise time of indirect emission. This rise time is known to be

FIG. 3. (a) Absorption cross section spectra for the three quantum dot sizes. Bulk silicon absorption is in arbitrary units. The onset of the direct transition leads

to a sharp increase in absorption in bulk material at 3.4 eV. However, in the Si-NCs this feature is split into two features leaving an absorption minimum in-

between. The arrows highlight the center of the Lorentzian fit for the splitting of the conduction band. The low energy part of the spectrum shows the effect of

quantum confinement on the absorption onset and is displayed on a log scale in (b) to demonstrate that the absorption onset energy corresponds to the S-band

emission energy (Fig. 2). Comparison of the splitting observed with pseudopotential and Luttinger-Kohn models (c), in particular, we display the lowest order

heavy electron (he), light electron (le), and mixed states (me). The number preceding the state name is the quantum number “n” and the subscript is the total

angular momentum “F.”

103515-4 Mustafeez et al. J. Appl. Phys. 115, 103515 (2014)
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sub-ns and thus is consistent with our results.23 The observed

�50 ns-decay on the other hand is known to vary based on

passivation through a forming gas anneal (from a few ns to

several tens of nanoseconds). The dependence of the decay

time on passivation is consistent with non-radiative recombi-

nation at defects.24 Finally, emission at the ls time-scale is

observed in the energy-range commonly associated with the

indirect excitonic emission band (1.5 eV–1.7 eV) and decays

faster as crystal size decreases, as expected.

We use integrated photon counts from the ls decay for

constructing the indirect emission spectra and the ps decay

for the direct emission spectra. The emission decay at each

energy was fitted with stretched exponentials in order to cal-

culate the integrated photon count. Figure 5 shows the com-

plete spectra with blue shifting indirect and red-shifting

direct transition emissions obtained from the ps and the ls

decays. The spectral dependence on Si-NCs size confirms

that the F-band is affected by quantum confinement. Room-

temperature emission shows emission tuning from 810 to

708 nm (1.53 eV to 1.75 eV) for crystal diameters 5 nm to

3 nm. The Raman spectra (Fig. 5, inset) also confirm the exis-

tence of a broadened and red-shifted crystalline Si peak due to

the increased separation of phonon modes. We can use this

shift to confirm the average crystal sizes of 3, 4, and 5 nm,

which is consistent with well-known PL emission energies in

addition to estimates by the broadening of the Si (311) XRD

peaks (Figure 2(b)).25 Using the ratio of time-integrated ps-

decay to the ls-decay, we calculate the relative efficiency of

F-band emission. Fast emission occurs at a lower energy and

is more efficient for smaller crystals (Fig. 4). The best relative

efficiency we obtained was 5.2� 10�4 for 3 nm crystals at

2.1 eV, a value comparable to that obtained by de Boer et al.
(�10�3) confirming that our material is of high quality.

Hence, the time-resolved studies confirm that the elec-

tronic structure we measured by PDS is responsible for the

emission characteristics of Si-NCs. F-band emission is con-

sistent with direct recombination of electrons located in

states red-shifted from the bulk Si C-point energy due to

quantum confinement effects. F-band emission is unambigu-

ously associated with high order heavy electron and mixed

electron-electron and electron-hole states. It must be noted

that the red-shifted emitting C-point states do not form a val-

ley and cannot accumulate electrons. Thus, the emission

must be metastable, as supported by the broad emission

range shown in Figure 5 and the ultrafast sub-ns decay times.

V. CONCLUSION

While the path towards a Si-NC laser remains difficult,

F-band emission may provide a new possible route. For

strong light matter coupling in nano-cavities, the emitter ho-

mogeneous line-width must be much narrower than the cav-

ity resonance. This requirement poses an inherent problem

for the indirect transition in Si. Individual Si-NCs have a

phonon-induced broadening of the emission line-width of

120 meV at room temperature, which can be reduced to

10 meV only by cooling at liquid nitrogen temperatures. The

indirect emission, however, is strongly suppressed at low

temperatures. In contrast, at low temperatures the C to D
electron transfer rate will decrease and thus improve the

direct transition efficiency. Hence, the ps decay may poten-

tially offer a path to observing large Purcell enhancements in

Si-NCs. Furthermore, the FCA loss that fundamentally limits

the feasibility of a Si-NC laser at long wavelengths is

strongly reduced at the shorter wavelengths where the direct

transition is more efficient.

In conclusion, we show a direct experimental measure-

ment of the effect of quantum confinement on the above-

edge band structure of Si-NCs in an oxide matrix. We offer

an experimental proof of the splitting of the C valley DOS,

due to the opposite signs of the electron effective mass. The

combination of absorption and emission provides a complete

picture of the effect of quantum confinement on the elec-

tronic structure of Si-NCs and allows to resolve controver-

sies in theoretical models. Our measurements are more

consistent with Luttinger–Kohn model for a spherical

FIG. 4. (a) The temporal decay of the PL shows a ns component due to

defects and a faster ps decay component corresponding to the F-band. The

efficiency of the decay varies with excitation energy. Slower ls decay of the

peak PL due to indirect recombination from states in the D valley (measured

at 1.5 eV, 1.58 eV, and 1.7 eV) of samples with 5 nm, 4 nm, and 3 nm NCs

(b). Phonon assisted recombination becomes more efficient as the crystal di-

ameter decreases causing a faster PL decay.

FIG. 5. Complete emission spectra measured for the integrated direct F-

band and indirect S-band in films with different crystal sizes. The integrated

emission is obtained at each energy from time-dependent PL. The inset

shows Raman spectra with shifts from the bulk Si value of 521 cm�1.

103515-5 Mustafeez et al. J. Appl. Phys. 115, 103515 (2014)
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geometry, showing that the pseudo-potential calculations

and others under-predict the shifts of the energy levels.17

The increase in emission efficiency of the direct transition

with decreasing Si-NC size offers new opportunities for the

use of silicon as a photonic material.
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