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Abstract: The nonstoichiometric ITO/n-SiC/i-SiC/p-Si/Al light-emitting diodes (LEDs) with
dense Si quantum dots (Si-QDs) embedded in the Si-rich SixCy_x-based i-SiC layer are
demonstrated. The Si-rich SixCq_x films with buried Si-QDs are grown by the plasma-
enhanced chemical vapor deposition with varying substrate temperatures. After the anneal-
ing process, the average Si-QD size in the Si-rich Sig52Co4s film is 2.7 + 0.4 nm with a
corresponding volume density of 1.43 x 10'® cm~3. By increasing the deposition temper-
atures from 300 °C to 650 °C, the turn-on voltage and turn-on current of the ITO/n-SiC/i-SiC/
p-Si/Al LEDs are found to decrease from 13 to 4.2 V and from 0.63 to 0.34 mA, respectively.
In addition, these Si-rich SixC1_x LEDs provide the maximal electroluminescent (EL) power
intensity increasing from 1.1 to 4.5 ;LW/cmz. The yellow (at 570 nm) EL emission power of
the ITO/n-SiC/i-SiC/p-Si/Al LEDs reveals a saturated phenomenon due to the Auger effect.
The dissipated energy by the lattice thermal vibration contributes to a decayed EL emission
power at higher biased currents. The corresponding power—current slope is observed to
enhance from 0.45 to 0.61 uW/A with the substrate temperature increasing to 650 °C.

Index Terms: Silicon nanophotonics, quantum dots (QDs) and single molecules, light-
emitting diodes (LED).

1. Introduction

The nonstoichiometric amorphous silicon carbide (a-SiC)-based light-emitting diodes (LEDs) were
extensively investigated because of the C/Si composition ratio detuned bandgap, the visible pho-
toluminescence (PL) region (410—-730 nm), and the controllable n- or p-type doping concentrations
in SiC films [1]-[4]. The first report on the electroluminescence (EL) of the p-i-n a-SiC LEDs varying
from red to green was observed by Kruangam et al. [5]. However, Sel and coworkers pointed out
that the stoichiometric a-SiC material deteriorated its conductivity and luminescent properties
because a lot of defect states were created in the forbidden bandgap of the host matrix by the sp3
bond configuration between Si and C with dangling bonds [6], [7]. Therefore, many processes have
emerged to overcome the limit on the lighting efficiency of the LED made by the indirect bandgap
SiC material. Moreover, Jen and coworkers employed the single- or double-graded-gap p-i-n
structure to reduce the notch barriers of the a-SiC LEDs [8], [9]. Furthermore, the quantum-well
injection was applied to the intrinsic layer for assisting the carrier injection into i-SiC layer; hence,
the EL intensity at shorter wavelengths was enhanced under high electric fields [10]. In addition, the
Si quantum dots (Si-QDs) embedded in the host matrices, such as Si-rich SiOy, SiNy, and SiOxNy
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films, are another solution to improve the EL intensity because the Si-QDs act as the radiative
recombination centers. This mechanism has emerged as a new approach that is different from the
radiative mechanisms occurring at the defect states, which are localized at the surface of the Si
core or at the extrinsic centers for the confined electron—hole pairs [11]-{19]. Specially, the PL of
the Si-QDs embedded in the Si-rich SiNy film can be detuned from 550 nm to 375 nm by
Rodriguez et al. [18]. In addition, Park’s group further employed a theoretical formula of
E(eV) = 1.56 + 2.40/0d? to obtain the relationship between the PL peak wavelength and the Si-QD
size for Si-QDs embedded in the Si-rich SiNy film [19]. However, the SiO4 and SiNy host matrices
have higher resistivities to make the carriers hardly injected into Si-QDs. To overcome this, the
researches on Si-QDs embedded in versatile semiconductor materials, such as ZnO, SiC, etc., have
also been comprehensively investigated in recent years [20]-[27]. PL at 685 nm was also demon-
strated with Si-QD embedded in ZnO host matrix by Kuo’s group [26]. However, the Si-rich SixCq_x
host matrix is usually employed in recent work. Specially, Kurokawa and coworkers employed the
Si-QD/a-SiC superlattice to study its PL at wavelength ranging from 780 nm to 1170 nm [27].
Recently, there are many reports on using the Si-QD embedded in Si-rich SixCq_x for fabricating
solar cells. Only few reports were emphasized on the LED application using these SixC1_x-based
thin films with buried Si-QDs [25]. In this paper, the indium tin oxide (ITO)/n-SiC/i-SiC/p-Si/Al LEDs
grown with Si-QDs are demonstrated by using the plasma-enhanced chemical vapor deposition
(PECVD) system at different substrate temperatures. The optical and electrical properties of the
ITO/n-SiC/i-SiC/p-Si/Al LEDs are discussed.

2. Experimental Details

2.1. Si-QD-Based ITO/n-SiC/i-SiC/p-Si/Al LEDs Fabrication

The 50-nm-thick Si-rich SixC1_x films were deposited on a p-type (100)-oriented Si substrate by
using the PECVD system at a chamber pressure of 0.3 torr and an RF plasma power of 20 W. The
Argon (Ar)-diluted SiH, fluence was fixed at 75 sccm with a fluence ratio defined as R = [CHa]/
([CHa4] + [SiH4]) x 100% = 60%. The substrate temperature was varied from 300 °C to 650 °C.
Afterwards, the Si-rich SiyC1_ films were annealed in a quartz furnace at 1100 °C under the Ar
atmosphere for 30 min in order to synthesize the Si-QDs. Then, the 25-nm-thick phosphor-doped
n-SiC film that served as an ohmic contact was deposited on the Si-rich SixC4_ films with buried
Si-QDs. A 100-nm-thick ITO film with a diameter of 0.8 mm was deposited on the top of the n-SiC
film by e-gun evaporation to form ITO/n-SiC/i-SiC/p-Si/Al LEDs. A 150-nm-thick Al contact elec-
trode was coated at the bottom of the Si substrate by thermal evaporation. Later on, all samples
were annealed in a quartz furnace at 450 °C for 30 min to improve the contact resistivity. The Si-
QD size in Si-rich SixCq_4 film was determined by using a high-resolution transmission electron
microscopy (HRTEM, JEOL 4000EX) analysis. The current-voltage (/-V) analysis of the ITO/n-SiC/
i-SiC/p-Si/Al LEDs was measured by a programmable electrometer (Keithley, model 237). The
room-temperature EL spectrum ranging from 400 to 800 nm was measured by using a mono-
chromator (CVI, model DK240), a photomultiplier (Hamamatsu, model R928), and a multimeter
(HP, model 34401A). All samples were diced to a suitable size and put into a Si integral sphere
head (ILX, model OMH-6703B) in connection with a power multimeter (ILX, model OMM-6810B) for
detecting the EL emission power in the continuous-wave (CW) current mode. For the pulsed
current operation, the devices were driven by a pulsed current with a duty cycle and a pulsewidth of
1 % and 1 ms, respectively.

3. Results and Discussion

3.1. TEM and XPS of the Si-Rich SikC1_x Films With Buried Si-QDs

The cross-sectional bright-field HRTEM images confirm the existence of Si-QDs embedded in the
Si-rich SixC1_x host matrix after annealing at 1100 °C for 30 min, as shown in Fig. 1(a). The size
distribution of Si-QDs in Fig. 1(b) reveals that the Si-QD diameter is ranged between 1.7 and 3.7 nm,
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Fig. 1. (a) HRTEM image for the 2.7 + 0.4 nm large Si-QDs embedded in SixCi_x film grown at
substrate temperature of 650 °C. (b) Size distribution of Si-QDs embedded in SixC¢_4 film grown at
substrate temperature of 650 °C. (c) HRTEM image for the 2.5 + 0.5 nm large Si-QDs embedded in
SiOx sample grown at substrate temperature of 300 °C. (d) Size distribution of Si-QDs embedded in
SixC1_x films grown at substrate temperature of 300 °C.

which can be fitted by a Gaussian function with a peak at 2.7 nm and a full-width at half-maximum at
0.8 nm. In Fig. 1(a), the TEM-estimated volume density of Si-QDs in Si-rich SixCq_x host matrix is
controlled at 1.43 x 10'® cm~3. The size distribution of Si-QDs shown in Fig. 1(d) reveals that the
Si-QD diameter is ranged between 1.5 and 3.5 nm, which can be fitted by a Gaussian function with
a peak at 2.5 nm and a full-width at half-maximum at 1 nm. The TEM-estimated volume density of
Si-QDs in Si-rich SixCy_x host matrix is controlled at 7.3 x 10'7 cm~3. The Si-QD slightly increases
its size in Si-rich SiyCq_4 film grown by decreasing the substrate temperature. For the Si-rich
SixC1_x grown at higher substrate temperatures, the excessive Si atoms are easily deposited on
the substrate because the Si atoms have a faster deposition rate under the higher substrate
temperatures [28]. According to the literature, the excessive Si content in a-SiC films is directly
proportional to deposition temperature during PECVD growth, as reported by Huran et al. [28].
Therefore, the Si-rich SixCq_x matrix gradually changes to a highly Si-rich SixCq_4 structure by
increasing the substrate temperature. In our previous work, the C/Si composition ratio of the Si-rich
SixC1_x film has shown an impact on a formation of the self-aggregate Si-QDs [24]. With a smaller
C/Si composition ratio, the excessive Si atoms observed in the Si-rich SixCy_4 film have larger
diffusion coefficients. The larger diffusion coefficient contributes to a longer diffusion length for
excessive Si atoms. The longer diffusion length makes the self-aggregated Si-QD larger in Si-rich
SixC+_x film. In addition, it also contributes to the higher volume density of Si-QDs. Therefore, the
Si-rich SixC1_y films grown at higher temperature exhibit the larger Si-QDs and the higher volume
density. The pattern of the selected area diffraction (SAD) for Si-QDs embedded in Si-rich SixC+_x
film after annealing at 1100 °C for 30 min is observed, as shown in the inset of Fig. 1(a). The
SAD pattern shows the diffraction rings (ry, r2, and r3) for Si-QDs embedded in Si-rich SixC_
film, which is due to the contributions of the (220)-, (422)-, and (511)-oriented Si-QDs with
corresponding d-spacings of 1.92 A, 1.37 A, and 1.10 A, respectively [29], [30]. Moreover, the
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Fig. 2. XPS analysis of Si-rich SixC1-x films with buried Si-QDs grown at substrate temperatures of
(@) 300 °C and (b) 650 °C. The Sip related XPS spectra of the Si-rich SixC1-x films with buried
Si-QDs grown at substrate temperatures of (c) 300 °C and (d) 650 °C. Inset: The compositional bonds
and their dependent XPS intensities within the Si,, spectrum.

preferred orientation of the Si-QDs in Si-rich SixC4_ films after annealing at 1100 °C is (220), which
is confirmed by the corresponding d-spacing of 1.91 +0.01 A.

Fig. 2(a) and (b) shows that the composition ratio x of the Si-rich SixCy_ films varies from 0.506
to 0.52 owing to the increased Si concentration in Si-rich SixCy_x films. The O/Si ratio is reduced
from 0.21 to 0.112 by increasing the deposition temperature from 300 °C to 650 °C, which is due to
a better crystallinity of PECVD growth SixCi_x material so that the oxygen invasion in Si-rich
SixC1_x films can be prevented. In addition, the oxygen contents in Si-rich SixC¢_ films are reduced
from 300 °C to 650 °C since the oxygen atoms are easily escaped from the Si-rich SiyCq_ film. In
other words, the oxygen atoms are hardly deposited into a-SiyC4_4 films during PECVD growth
under the higher temperature. Therefore, the Si-rich SixC_x film grown at higher substrate has the
lower oxygen content. By comparing the Si-rich SixC1_x film grown at substrate temperatures of
300 °C and 650 °C in Fig. 2(c) and (c), the X-ray photoelectron spectroscopy (XPS) signals
indicated a phase change in the Si-rich SixC1_ film by fitting the Si ;) electron related XPS spectra
with four separated Gaussian components with their binding energies at 99.7, 100.5, 101.5, and
103.35 eV attributed to the Si—Si bonds, Si—C bonds, C-Si-O bonds, and O-Si-O bonds, re-
spectively. The Si—Si bond related signal significantly enhances when growing the Si-rich SixCy_x
film at substrate temperature of 650 °C, providing an evidence for more Si-QDs precipitated in Si-rich
SixC1_x film grown at higher deposition temperatures. On the other hand, a reduction in O-Si—O and
C-Si-0 related signals reveals that the invaded oxygen content decreases in Si-rich SixC4_ film
grown at higher substrate temperatures.

3.2. Current-Voltage and Power—Current Analyses of the ITO/n-SiC/i-SiC/p-Si/Al LEDs
With Buried Si-QDs

In addition, the /-V analyses of the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at different substrate
temperatures are performed. The -V responses of the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at
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Fig. 3. (a) I-V, (b) P—I curves, and (c) pulsed P—/ curves versus biased current of the CW biased ITO/
n-SiC/i-SiC/p-Si/Al LEDs grown at substrate temperatures of 300 °C (black), 450 °C (red), 550 °C (blue),
and 650 °C (green). (d) The Z-parameter versus biased current of the ITO/n-SiC/i-SiC/p-Si/Al LEDs
grown at different substrate temperatures.

different substrate temperatures are shown in Fig. 3(a). Under a forward bias applied from an Al
electrode to ITO gate, the electrons and the holes are injected into ITO gate and Si substrate,
respectively. Fig. 3(a) illustrates that the corresponding turn-on voltage and the turn-on current of
the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown with the substrate temperature increasing from 300 °C to
650 °C are decreased from 13 to 4.2 V and from 0.63 to 0.42 mA, respectively. The Si-rich SixCy_
films with buried Si-QDs grown at higher substrate temperatures result in lower C/Si composition
ratios, because the Si and C atoms stack much more compact in Si-rich SixCqi_x film when
obtaining a higher thermal energy under the growth at higher substrate temperatures. The turn-on
voltage and the turn-on current of the ITO/n-SiC/i-SiC/p-Si/Al LEDs are determined by the resistivity
across the Si-rich SixCy_x film. The resistivity of the Si-rich SixCq_x film with buried Si-QDs is
decreased by growing the film at higher substrate temperature, because the high temperature
deposition reduces the incorporation of residual oxygen atoms into the as-deposited SixC1_x film. In
addition, the P—/ characteristics of the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown with the substrate
temperature increasing from 300 °C to 650 °C indicate that the maximal EL power enhances from
1.1t04.5 uW/cm2 with a corresponding P—/ slope increasing from 0.42 to 0.61 uW/A, as shown in
Fig. 3(b). In addition, the device could be heated when ITO/n-SiC/i-SiC/p-Si/Al LEDs are CW
operated at higher bias currents. This phenomenon contributes to a dramatic degradation on EL
power. To avoid the inevitably increased device temperature, the ITO/n-SiC/i-SiC/p-Si/Al LEDs are
subsequently biased with a pulsed current. Fig. 3(c) shows the pulsed P—/ characteristics of the
ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at substrate temperature increasing from 300 °C to 650 °C.
The maximal EL power enhances from 1.34 to 8.52 ,uW/cm2 with a corresponding P—/ slope
increasing from 0.44 to 0.75 uW/A. The saturated and degraded phenomenon on the EL power
versus current response disappears due to the suppressed heating effect of the device. The
controlled device temperature can put off the breakdown of the ITO/n-SiC/i-SiC/p-Si/Al LEDs,
which enables the operation at higher biased currents.
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In principle, the dominated recombination in a LED can be determined by using the Z-parameter
analysis described in [31]. When neglecting the stimulated emission, the net recombination in the
steady state is balanced by the injected current as described as

I = qVa(AN + BN? 4- CN®) (1)

where [ and V, are the total current and active volume, respectively. The EL power is proportional to
the radiative current (f,q) described as

P o lag ox N2. )
When one of the recombination processes dominates the current, (1) can be approximated by
I N?. 3)

The Z-parameter varies between 1 and 3 for different recombination mechanisms. Typically, the
Z-parameters are 1, 2, and 3 for the defect, radiative, and Auger related recombinations, respec-
tively. In the experiment, the Z-parameter can be obtained by plotting the P versus / curve of a LED
as the derivative of the In(/) versus In(P"/2) plot. Goddard et al. have defined the Z-parameter using
the following formula [31]:

d“n(l)] -1 Idefect / IAuger

+27d, 3

2 = Jin(P1/2)] I I I

(4)

where lyefect, had, and lauger are the defect, radiative, and Auger currents, respectively. With the
Z-parameter experimentally obtained from the pulsed P—/ curve, Fig. 3(d) shows the Z-parameter
as a function of the pulsed currents for ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at different substrate
temperatures. At lower bias currents, the defect and radiative recombinations compete each other
in the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at different substrate temperatures with a corresponding
Z-parameter of approximately 1.5. The Z-parameter gradually approaches 2 with increasing
biased currents, indicating that the radiative recombination becomes to dominate the ITO/n-SiC/
i-SiC/p-Si/Al LEDs under a pulsed bias condition.

In greater detail, the slope of P—/ curve is a function of the internal quantum efficiency, which can
be derived by the following formula. The rate equation for electron—hole recombination with an
external supplied current density of J is described as below

dan(t)y J n

dt qd 7 ©)

where g is the electron charge, d is the thickness of the recombination region, 7 is the carrier
lifetime. In equilibrium condition with dn/dt = 0, the steady-state current density can be derived as

JT

nfw. (6)

With the use of (6), the optical power generated internally in the active region of the LED is
described as

/ hcl
Pint = ﬂinta hv = Uinta (7)

where P denotes the optical power, and / the current injected to active region. Therefore, the
slope of P—I curve can be described as the following formula:
dPint . E
dl - 77|nt q)\ .

(8)
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Fig. 4. Power versus current (P—/) responses of a LED under the dominated recombination effects by
radiative, defect, and Auger, respectively.

In addition, 7 is defined as the ratio of radiative recombination rate to the summation of all kinds
of recombination rates, as given by

" Rradiative Rradiative
int = =
Rradiative + Rdefect + RAuger Rradiative + Rnon—radiative
2
BN Tnon-—radiative

= = . 9
AN + BN? + CN®  Tragiative + Thon—radiative ®)

That is, the EL power as a function of biased currents can be described as the following formula
with the use of (1):

Jhe_  BN® Jhe
"t aXx ~ AN + BNZ + CN® g\

= BN? va% (10)

/
Pt = WintahV =

where N denotes the carrier concentration. In principle, the functions of EL power (Pg_) versus
biased current (/) can be linear, square, and saturated properties if the recombination is dominated
by the defect, radiative, or Auger recombination, respectively. That is, the linear relationship of
P x I exists only when / « BN? for the radiative dominated recombination, whereas the P  /?
shape appears if | o« AN under the nonradiative defect dominated recombination and the P 123
shape appears if / o« CN® for the Auger dominated recombination. As a result, Fig. 4 illustrates
three kinds of P—/ responses for a LED dominated by radiative (electron—hole), defect (electron-
defect or hole-defect), and Auger (electron—hole—electron, electron—hole—hole, etc.) recombina-
tions, respectively. In our case, the crystallinity of the PECVD-grown SiC material becomes more
perfect at higher substrate temperatures, which provides a better band-to-band radiative recom-
bination such that the influence of the Auger effect is postponed to a larger bias condition. The
residual oxygen content in Si-rich SixCy_4 film reduces by increasing the substrate temperature.
The reduction of the residual oxygen content in Si-rich SixCq_x film contributes to the decreasing
resistance in ITO/n-SiC/i-SiC/p-Si/Al LEDs. By V—I analysis, the evaluated resistance of the ITO/
n-SiC/i-SiC/p-Si/Al LEDs grown by enlarging the substrate temperature from 300 °C to 650 °C
degrades from 1599.6 Q2 to 188.5 2. The ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at higher substrate
temperatures have the larger injection efficiency in active layer due to the decreasing resistance
in devices. With the higher injection efficiency, the probability of radiative recombination could be
enhanced. The internal quantum efficiency of the ITO/n-SiC/i-SiC/p-Si/Al LEDs increases when
enlarging the probability of radiative recombination. Therefore, the ITO/n-SiC/i-SiC/p-Si/Al LEDs
grown at higher substrate temperatures have a larger P—/ slope.

Except the Auger effect, the thermally assisted carrier leakage could be another possible reason
in reducing efficiency at high current density, which is attributed to a small band offset (or effective
barrier height) occurred in low-dimensional semiconductor heterostructures. This will lead to an
increased thermionic carrier escaping rate [32], [33]. That is because the thermionic carrier escape
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Fig. 5. I-V curves of the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown with the different substrate temperatures
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depends on the band offset for both conduction and valence bands. In addition, the thermionic
current leakage is described as [32]

J = NqLzNap/7 (11)

where J, N, q, L;, Nop, and 7 are the thermionic leakage current, the number of Si-QDs, the
electron charge, the size of Si-QD, the carrier density in Si-QD, and the thermionic carrier escaping
time, respectively. With a smaller band offset, it also contributes to a shortened escaping time for
thermionic carriers to enhance the thermionic leakage current. Moreover, the current injection
efficiency could be determined by [33]

-1
T TQD—
Tinjection = [1 + capture (1 + QD total>:| (12)

B Te

Where ninjection, Teapture; TQw—total, aNd T, are the injection efficiency of LEDs, the carrier capture time
from the SiC to Si-QD, the carrier recombination lifetime in the Si-QD, the carrier recombination
lifetime in SiC, and the carrier escaping time of Si-QD via thermionic emission [33]. The increased
thermionic carrier escaping rate at higher current density contributes to the degradation of the
injection efficiency and internal quantum efficiency in the active region [32], [33]. The thermionic
emission current density is described as [34]

Jthermionic =Ax T2exp <z—;-i)5) =Ax TzeXp (k? ((I)B - 4E7:;_> (13)
where A* = 4nqk?m*/h® = 120(m*/m), K? is Richardson’ constant, m is the free electron mass,
m* is the effective mass, &5 is the barrier height, E; is the applied electric field, and T is the
absolute temperature. A simulated thermionic current with m*/m =0.33, T =300 K, and &g =
0.6 eV is shown in Fig. 5, which is much smaller than the real currents obtained from the ITO/
n-SiC/i-SiC/p-Si/Al LEDs grown at different substrate temperatures. The thermionic emission
process is a minor effect in such ITO/n-SiC/i-SiC/p-Si/Al LEDs. That is, the current transport
mechanism is dominated by the F-N tunneling rather than by the thermionic emission.

3.3. Tunneling Mechanism Analysis of the ITO/n-SiC/i-SiC/p-Si/Al LEDs With
Buried Si-QDs

Fig. 6(a) shows the band diagram of the ITO/n-SiC/i-SiC/p-Si/Al LEDs without bias. The rela-
tionship between the Si-QD size and the luminescent wavelength (bandgap) is described as [35]

3.73

-1
)\_1.24<1.12+W) (14)
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Fig. 6. Band diagram of the ITO/n-SiC/i-SiC/p-Si/Al LEDs (a) without the applied voltage and (b) with
applied voltage.

where d and )\ are the Si-QD diameter and the luminescent wavelength, respectively. In our case,
the Si-QD size at 2.7 + 0.4 nm in Si-rich SixCy_x film contributes to an EL wavelength of 602 nm
(2.05 eV). In addition, Fig. 6(b) shows the band diagram of the ITO/n-SiC/i-SiC/p-Si/Al LEDs with
applying bias voltage. The Si-QDs are regarded as the QW to confine the carriers and to generate
the EL, because the bandgap energy of the Si-rich SixC1_x film is 2.36 eV. Typically, the carriers
obtain sufficient energies to easily escape from Si-QDs due to a lower barrier height at the Si-QD/
SixC4_x interface. The wave function for electrons and holes in Si-QDs will overlap to enhance a
probability of the nonphonon assisted recombination. The tunneling probability of the carriers
between the Si-QDs for the square potential well is given by:

(15)

8m« AE
Te = 16exp{—d T}

where m*, d, and AE are the effective mass of the host matrix, the spacing among Si-QDs, and
the energy barrier at SiC/Si-QD interface, respectively. Because the carrier tunneling probability
among Si-QDs mainly depends on the barrier height of the host matrix, the quantum confinement
effect for Si-QDs embedded in Si-rich SiyC1_y films thus becomes weaker than that for the Si-QDs
embedded in Si-rich SiOx or SiNy films [36]-[39]. Due to the higher band energies of the SiO,
(~9 eV) and the SizN4 (~5.3 eV) matrices, the barrier heights at the Si-QDs/SiOy or the Si-QDs/SiNy
interfaces are much larger than that at the Si-QD/SixC1_x interface. Therefore, the tunneling current
of the SixC1_x-based LEDs is larger than those of the SiOx- and the SiNx-based LEDs as the weaker
qguantum confinement for Si-QDs embedded in Si-rich SixCq_x film decreases, thus providing a
lower probability of the carrier storage and the electron—hole recombination in Si-QDs embedded in
the Si-rich SiyCq_y films.

In previous works, the Si-rich SiOy [40]-[42] and SiN, [16], [37], [43] films are used as host
matrices to confine carriers in Si-QDs. However, the SiO, and SiNy films are dielectric materials.
They contribute to an enhanced resistivity in LEDs to make carriers hardly be injected into Si-QDs
without the use of surface roughened nano-structures [44]. The device configuration changes from
a MOS to a p-i-n structure when the Si-rich SixC_ film replaces SiOy or SiNy films to be employed
as a host matrix; the resistivity of the ITO/n-SiC/i-SiC/p-Si/Al LEDs could be significant decreased
due to the semiconducting characterization of the Si-rich SiC material. This configuration could lead
to an increased injection efficiency to further improve the quantum efficiency of the ITO/n-SiC/i-SiC/
p-Si/Al LEDs. In our case, the SiC-based LEDs obtain the lower quantum efficiency due to an
invasion of the residual oxygen atoms in Si-rich SiC film during the PECVD and postannealing
processes. The invasion of the residual oxygen contributes to additional SiO, molecules formed in
SiC film. These additional SiOx molecules inevitably increase the resistivity of the SiC film.
Therefore, the injection efficiency of the ITO/n-SiC/i-SiC/p-Si/Al LEDs could be degraded due to the
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Fig. 7. (a) F-N, (b) the p-n junction and (c) the p-i-n tunneling plots of the ITO/n-SiC/i-SiC/p-Si/Al LEDs
grown at different substrate temperatures.

increased resistivity of the Si-rich SiC film. In addition, the doping concentration for n-type SiC film is
limited by PECVD growth in our case. The resistivity of the ITO/n-SiC/i-SiC/p-Si/Al LEDs is also
enlarged by decreasing the doping concentration for n-type SiC film. Therefore, the external
quantum efficiency of the ITO/n-SiC/i-SiC/p-Si/Al LEDs could be further increased by further in-
creasing the doping concentration for n-type SiC film and decreasing the invasion of residual
oxygen to enhance the injection efficiency.

The carrier transport mechanism of the F—N tunneling could be considered in our case because
the F-N tunneling occurs at high biased field when the metal/SixC1_y barrier has a triangular shape
for carriers tunneling through only a part of the SixCq_x layer. After tunneling through this triangular
barrier, the rest of the SixC;_x film does not impede the current flow. In other words, the carrier
transport is mainly due to the F=N tunneling mechanisms as described by

3 87\ /2Moyx 3
Jr N = q (mo/mox) Ezexp (_ ox B)

8rhos 3qhE

mo/Msic)

_ 6
=1.54 x 10 o5 (16)

X 3
Fooxp <6.83 10 <ms.oémo>/¢s>

where q, h, E, mox, moy, and Fg are the electron charge, the Planck’s constant, the applied electric
field, the effective electron mass in the S,C1_y film, the free electron mass, and the effective barrier
height. By linearly fitting the F—N plot of In(J/ E?) versus 1/E for each ITO/n-SiC/i-SiC/p-Si/Al LEDs,
the F-N tunneling behavior can be confirmed according to a observation on the linear turn-on
characteristic in the Arrhenius F-N plot, as shown in Fig. 7(a). By increasing the deposition tem-
perature, the increasing turn-on electric field accompanied with interfacial barrier height enlarged
from 0.25 to 0.32 eV is observed. The existence of the embedded Si-QDs leads to a decreased
turn-on voltage of the F-N tunneling and creates a tunneling path for carriers from Si substrate to
ITO contact. The growth at higher deposition temperature suppresses Si-rich condition to shrink the
Si-QDs in a more stoichiometric SixC1_x film, thus providing a larger interfacial barrier height for
carrier tunneling from ITO to SixCq_ film.

In addition, the possibility of other tunneling mechanisms for the p-n junction and p-i-n junction
should also be considered. The two remarkable tunneling mechanisms are described as below

J=Js {exp (Z‘;_) - 1} (17)
S {GXP(W) - 1] (18)

where J, I, V, and R are the current density, the current, the voltage, and the series resistance for
ITO/n-SiC/i-SiC/p-Si/Al LEDs, respectively. Js, k, q, and T are the saturation current density, the
Boltzmann constant, the electron charge and the temperature, respectively. Equations (12) and (13)
stand for the tunneling mechanism of the p-n and p-i-n junctions, respectively. By linearly fitting the
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Fig. 8. (a) The EL spectrum of the ITO/n-SiC/i-SiC/p-Si/Al LEDs without Si-QDs. The EL spectra of the
ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at substrate temperature of (b) 300 °C and (c) 650 °C with the inset
of EL emission pattern.

In(J) and In(J) + IRs as a function of V for the ITO/n-SiC/i-SiC/p-SiC/Al LEDs grown at different
deposition temperatures, the tunneling behavior could be observed, as shown in Fig. 7(b). Com-
paring with the aforementioned three tunneling mechanisms, the carrier tunneling in the ITO/n-SiC/
i-SiC/p-SiC/Al LEDs is dominated by the F-N tunneling.

3.4. EL Spectrum and Power Analyses of ITO/n-SiC/i-SiC/p-Si/Al LEDs With
Buried Si-QDs

The ITO/n-SiC/i-SiC/p-Si/Al LEDs without Si-QDs reveal unobvious EL signals, as shown in
Fig. 8(a). The EL of the ITO/n-SiC/i-SiC/p-Si/Al LEDs with Si-QDs is corroborated to the contribution
of the buried Si-QDs. The EL spectra of the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at substrate
temperatures of 300 °C and 650 °C are performed and shown in Fig. 8(b) and (b). The EL peak
wavelengths of the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at substrate temperatures of 300 °C and
650 °C are 550 nm and 570 nm, respectively. In addition, the EL peak wavelength of the devices
grown at lower substrate temperature is blue-shifted because the Si-QDs embedded in Si-rich
SixC1_x film have a smaller size distribution. The EL emission patterns of the ITO/n-SiC/i-SiC/p-Si/
Al LEDs grown at substrate temperatures of 300 °C and 650 °C under a biased current of 2.5 mA
changes from white to yellow, as shown in the inset of Fig. 8(c). The relatively broadened EL
spectrum is observed for the ITO/n-SiC/i-SiC/p-Si/Al LED grown at substrate temperature of 300 °C,
which is mainly attributed to the broadened size distribution of Si-QDs. As a result, the ITO/n-SiC/
i-SiC/p-Si/Al LEDs grown at lower substrate temperatures easily generate a nearly white-light EL
pattern as compared with other samples.

Under the higher electric field, the electrons can obtain a larger amount of kinetic energy. That
energy can be released through a collision event within the matrix, and the additional electron—hole
pair is created in such a manner. The new generated electron—hole pair repeats this mechanism to
form other electron—hole pairs. Therefore, numerous electron—hole pairs are created by such an
impact ionization procedure, which also affect the EL response. The EL power versus the applied
voltage corresponding to the expression for electron accelerated process is described as [45]

1/2
P = Poyexp (— (%) ) (19)

where P, Py, Vp, and V are the EL power, the saturation EL power, the saturation voltage, and
voltage.

By linearly fitting the In(P) versus V~'/2 for each ITO/n-SiC/i-SiC/p-Si/Al LEDs, the impact
ionization mechanism can be considered according to the observation on the linear fit of the turn-on
characteristic, as shown in Fig. 9. With the fitting, the linearly fitted turn-on characteristics appear at
higher bias voltages. Therefore, the mechanism of the impact ionization should be considered in our
case. The turn-on voltage of the ITO/n-SiC/i-SiC/p-Si/Al LEDs by the impact ionization tunneling
decreases from 13.7 V to 7.3 V by increasing the substrate temperature due to the larger C/Si
composition ratios and the more residual oxygen content in Si-rich SixC1_x film. These phenomena
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Fig. 9. EL power versus (voltage)’”2 plots of the ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at different
substrate temperatures varied from 300 °C to 650 °C.

contribute to the increased bandgap of the Si-rich SixC1_« film. The larger bandgap of the Si-rich
SixC+_x film results in the requirement of a higher electric field to obtain the same impact ionization
rate. Therefore, the ITO/n-SiC/i-SiC/p-SiC/Al LEDs grown at lower substrate temperatures need the
higher voltage to turn-on the impact ionization tunneling. In addition, the residual oxygen contributes
to an additional resistance in ITO/n-SiC/i-SiC/p-Si/Al LEDs to turn-on under the higher electric field.
In addition, the mainly dominated tunneling mechanism for the ITO/n-SiC/i-SiC/p-SiC/Al LEDs in our
case is F-N tunneling as confirmed by the Arrhenius F—N plot.

4. Conclusion

The Si-QD-based ITO/n-SiC/i-SiC/p-Si/Al LEDs grown at different substrate temperatures have
been demonstrated. The HRTEM analysis reveals that the Si-QDs exhibit a size distribution of
2.7 + 0.4 nm and a volume density of 1.43 x 10" cm~2 in the Si-rich SixCy_4 film grown at
substrate temperature of 650 °C. The turn-on voltage decreases from 13 to 4.2 V by increasing the
substrate temperature from 300 °C to 650 °C due to the reducing resistivity of the Si-rich SixCy_y
host matrix. Concurrently, the turn-on current also decreases from 0.63 to 0.43 mA. Under the
growth at higher substrate temperatures, the Si-rich SixC_4 film with buried Si-QDs has a lower
C/Si composition ratio with reduced oxygen incorporation. By enlarging the substrate temperature,
the maximal EL power of the ITO/n-SiC/i-SiC/p-Si/Al LED enhances 1.1 to 4.5 ,U,W/sz with its
corresponding P—/ slope increasing from 0.42 to 0.61 uW/A. The EL power under higher bias
currents saturate due to the Auger effect. It starts to decay because the energy is dissipated
through the thermal vibration of lattice. The F-N tunneling is the dominated carrier transport me-
chanism in the ITO/n-SiC/i-SiC/p-Si/Al LEDs. The yellow-emission EL peak wavelength is located
at 570 nm for the ITO/n-SiC/i-SiC/p-Si/Al LEDs in Si-rich SiyC4_y film with a lower C/Si composition
ratio grown at higher substrate temperatures.
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