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We propose a simple way to engineer the energy band gap of an ensemble of silicon nanocrystal

(Si-NC) embedded in SiO2 via thickness/composition profiling of Si-NC multilayers. By means of

a complementary metal-oxide-semiconductor compatible process, light emitting diodes (LEDs)

which incorporate graded energy gap Si-NC multilayers in the active region have been grown.

Electrical and optical properties of these graded Si-NC LEDs demonstrate the ability of the

proposed method to tailor the optoelectronic properties of Si-NC devices. VC 2011 American
Institute of Physics. [doi:10.1063/1.3658625]

Engineering of energy band gap of semiconductor nano-

crystals promises a high impact in photonic and biomedical

applications, as demonstrated with colloidal nanocrystals of

compound semiconductors.1–5 Band gap engineering of sili-

con nanocrystals (Si-NCs) and their dense structurally or-

dered ensembles is studied to a much less extent (see, for

example, Refs. 6 and 7) even though Si-NCs have a high

potential impact in photonic applications.8

Here, we propose to engineer the energy band gap of

dense Si-NC quantum dot ensembles via thickness/composi-

tion profiling of a multilayer (ML) Si-NC/SiO2 structure. A

ML approach allows the independent control of Si-NC size

and density.9–11 Upon annealing at a high-temperature, the

thickness of non-stoichiometric silicon-rich silicon oxide

(SRO) in the ML structure confines the nanocrystals size,

while the excess silicon content of the SRO layer determines

the nanocrystal density.11,12 A control over the silicon oxide

scaffolds is possible which ensures efficient injection and

tunnelling currents in Si-NC light emitting diodes (LEDs).

The Si-NC LEDs having a ML structure show high power ef-

ficiency and low operating voltages,13 both provided by

direct tunnelling of electrons and holes among the nanocrys-

tals.14 Indeed, we measured a power efficiency of the graded

gap Si-NC LED of 0.20% which is comparable with the best

Si-based LEDs reported so far.15

Since in ML LEDs the bipolar tunnelling of electrical

charges at low voltages was achieved,14 we propose a signifi-

cant improvement of this scheme where the sizes of the

nanocrystals increase from the active region towards the

electrodes. In this way, the energy levels of the confined

states in each layer gradually increase from the silicon value,

so that reducing the energy difference between adjacent tun-

nelling states. Moreover, the luminescence efficiency

increases due to the presence of small nanocrystals in the

active region.15,16

The details on the fabrication of the ML Si-NC LED

and of their properties can be found elsewhere.17,18 The ML

structure and formation of Si-NCs were confirmed by both

ellipsometry and high resolution transmission electron mi-

croscopy (TEM).17 The actual thicknesses of the individual

layers within the ML stack were somewhat smaller than the

nominal thickness values. This is due to a delay in plasma

ignition during the plasma-enhanced chemical vapor deposi-

tion (PECVD) growth and interdiffusion at the ML interfaces

during the high temperature annealing. The total ML thick-

ness is found to decrease of about 30% of its nominal

value.17

Several Si-NC ML structures are studied: periodic MLs

with a nominal ML period of 4 nm (2 nm SiO2/2 nm SRO),

5 nm (2 nm SiO2/3 nm SRO), and 6 nm (2 nm SiO2/4 nm

SRO), having five ML periods each and a ML with graded

SRO thickness. The graded ML has a stepwise decrease in

the SRO thickness toward the ML centre (exact sequence of

SRO layer thicknesses, in nanometers, is 4-3-2-2-3-4, see

Fig. 1) and approximately the same average silicon content

as the periodic ML of 3 nm SRO. All the SRO layers have

the same composition. A schematic energy band diagram of

a periodic and the graded-size (energy gap) Si-NC MLs is

shown in Fig. 1. When an external bias is applied, the

energy bands of the graded-size Si-NC ensemble align at

low voltages (Fig. 1) which makes it easier for charges to

tunnel into the central recombination region.

The formation of Si-NCs in ML structures is evidenced

by the electroluminescence (EL) spectra shown in Fig. 2.

The EL spectra of three MLs were collected at the same

injection current density of 1 mA/cm2. The peak EL intensity

of the graded Si-NC ML is about 3 times larger than the one

of the reference periodic ML with 3-nm-thick SRO layer

(approximately the same average excess silicon content).

The peak wavelength blueshifts when the applied voltage

increases which is shown in the inset of Fig. 2. This blueshift

is ascribed to small variations in the nanocrystal size of a

periodic ML structure.13 In the whole range of applied vol-

tages, the peak wavelength of the graded ML is smaller than

the peak wavelength of the periodic ML with 3-nm-thick

SRO, which is in turn smaller than the peak wavelength of

the ML with 4-nm-thick SRO. This is in a good agreement

with the quantum confinement effect. Together with the

minor blueshift of the peak wavelength and large EL inten-

sity, it also indicates that the light emission of the graded
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ML originates mostly from the 2-nm-large nanocrystals in

the centre of the ML stack.

Another evidence for the improved charge injection in

the graded ML and light emission originating from the small-

est nanocrystals could be found in Fig. 3. It shows current-

voltage (I-V) characteristics of the three ML devices. The

charge injection is enhanced in the graded ML with respect

to the reference periodic ML with 3-nm-thick SRO. The ML

with 4-nm-thick SRO is more conductive due to higher aver-

age silicon content,13,17 larger Si-NCs and, hence, smaller

band offset with respect to the silicon electrodes. On the con-

trary, the ML of 2 nm SiO2/2 nm SRO shows poor electrical

conduction, which becomes unstable when high voltages are

forced, and no EL. This is attributed to the large band offset

with respect to the silicon electrodes and to the low average

silicon excess. The inset of Fig. 3 shows stretched exponen-

tial EL decay time as a function of the applied voltage (the

stretching exponent of 0.62 6 0.05 is approximately constant

within the voltage range and the same for all the devices).

Again, the graded ML has the shortest decay time, which

corresponds to the smallest excited nanocrystals. The EL

decay time of the graded ML has almost a constant value of

60 ls at low applied voltages when direct charge tunnelling

is a dominant injection mechanism.14 In contrast, the EL

decay time of the periodic MLs decreases when applied volt-

age increases, which is ascribed to the excitation of smaller

nanocrystals. The absence of the decay time voltage depend-

ence indicates that the band offset tuning in the graded ML

facilitates the carrier injection into the smallest nanocrystals.

Our graded ML LED bears some resemblance with the best

porous silicon LEDs which have graded porosity of the opti-

cally active and contact layers.15,16

The graded-size structure is a good compromise

between an ensemble of large Si-NCs with high electrical

conductivity, but low luminescence, and an ensemble of

small Si-NCs with high luminescence, but poor electrical

conductivity. Indeed, radiative recombination rate increases

when nanocrystal size decreases9 and, hence, an ensemble of

small nanocrystals have larger emission efficiency than an

ensemble of large nanocrystals. However, injection into

small nanocrystals is hindered by a larger band offset of

small Si-NC with respect to bulk silicon than that of large

Si-NC. In contrast, an ensemble of large Si-NC (with lower

FIG. 1. (Color online) (Top) Schematic of the ML Si-NC LED with periodic

(left) and graded size (right) Si-NC ensembles. (Bottom) Energy band dia-

gram for a periodic (left) and the graded nanocrystal size ML Si-NC LED

(right). EC and EV stand for the bottom of the conduction and the top of the

valence energy bands, respectively. The checked pattern areas highlight the

difference in the energy band gap of the active recombination region of the

two LEDs. Notice an even alignment of the (electron and hole) ground states

of Si-NC quantum dots and wider band gap in the middle of the active

region of the graded-size LED. The arrows show direct tunneling (followed

by a rapid thermalization) of electrons (e�) and holes (hþ) from the cathode

and anode, respectively.

FIG. 2. (Color online) EL spectra of three Si-NC ML LEDs: periodic LED,

2 nm SiO2/3 nm SRO; periodic LED, 2 nm SiO2/4 nm SRO; and the LED

with a graded energy gap. The spectra are taken at the same injection current

density of 1 mA/cm2. The spectra are normalized to the spectrometer

response. The inset shows the peak wavelength dependence on the applied

voltage. Lines are a guide to the eye.

FIG. 3. (Color online) Forward I-V characteristics of the same three devices

as in Fig. 2. The inset shows EL decay time for these devices as a function

of the applied voltage (lines are a guide to the eye). EL signal was recorded

under a pulse excitation scheme. The driving electrical signal has a fre-

quency of 500 Hz.
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energy band offset) exhibits large conductivity, but low

emission efficiency. The graded gap structure, with a step-

like increase in band offset, provides a desired compromise

between high recombination rates (in small Si-NC) and large

injection currents (in an ensemble of large Si-NC). When

external bias is applied, energy band alignment of the

graded-size Si-NC ensemble is achieved over a range of low

voltages (Fig. 1).

Optical power density of our devices, along with the

corresponding power efficiency g, as a function of the injec-

tion current density, J, is shown in Fig. 4. The optical power

dependence obeys a power law, �Js. A super-linear increase

with s¼ 1.3 6 0.1 at low J and a sub-linear increase with

s¼ 0.8 6 0.1 at high J are observed. The super-linear de-

pendence is attributed to the presence of radiative and non-

radiative competing recombination channels. As J increases,

the radiative recombination of excitons in Si-NCs takes over

the recombination at non-radiative centres in the oxide ma-

trix. At J� 10 lA/cm2, recombination at the non-radiative

centres saturates and optical power becomes an almost linear

function of the current. At J� 10 lA/cm2, non-radiative Au-

ger recombination becomes dominant and EL becomes a

sub-linear function of J. g of the graded-size LED reaches a

maximum of 0.2% at J¼ 10 lA/cm2 and applied voltage of

2 V. g is about twice g of the corresponding periodic ML

LED at the same J. The maximum optical power density is

as high as 10 lW/cm2 (not shown here).

In conclusion, we show that (1) energy band gap engi-

neering of Si-NC ensembles grown by PECVD or a similar

complementary metal-oxide-semiconductor (CMOS) com-

patible technique is possible with the size-controlled ML

approach and (2) the graded-size Si-NC LED shows superior

performance in terms of power efficiency than periodic ML

Si-NC LED. Therefore, this work shows that tunnelling engi-

neering (control of the tunnelling barrier and injection

energy) of electrical injection into Si-NCs might further

improve the emission properties of the LED.
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