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ABSTRACT

To extend the usage of silicon as light emitter in optoeectronics, two ways are exploited to overcome its indirect
bandgap obstacle. Meta-oxide-semiconductor structures with silicon dioxide (SIO,) nanoparticles as oxide layer
exhibits el ectroluminescence with 1.5x10* externd efficiency at Si bandgap energy. The enhancement in light emission
isatributed to carrier concentration due to non-uniformity of oxide thickness. Another approach is to take advantage of
direct bandgap materias. Chemically synthesized cadmium sulfide (CdS) nanoparticles are deposited on S substrate
and exhibits el ectroluminescence corresponding to different process treatment.

Keywords: light emitting diodes, silicon, eectroluminescence, silicon dioxide nanoparticle, cadmium sulfide
nanoparticle.

1. INTRODUCTION

Silicon isthe most important semiconductor material in electronics industry. However, itsimportance in optoel ectronics
isnot prominent because indirect-bandgap nature of Si makes it inefficient asalight source. It is achallenging issue for
efficient light emitting devices either comprised of silicon or integration of direct bandgap materia with silicon. In the
past, many efforts had been attempted to overcome such obstacles. These efforts includes conversion of silicon into
light-emitting material such porous-silicon-based devices*®, nanocrystalline Si “®, Si*-implanted SiO, 7, deposition of
polymer upon Si substrates®, growth of GaN upon Si substrates®™, and so on.

In this work we reported two ways of fabrication of light emitting diodes on silicon. One isto use silicon dioxide
(SIO,) nanoparticles as oxide layer in metal-oxide-semiconductor tunneling diode (MOSTD). In slicon, electrons and
holes cannot recombine efficiently due to momentum mismatch. In this structure, or improved MOSTD, we use SO,
nanoparticlesto generate nano-structure to confine el ectrons and holes so that radiative recombination can be enhanced.

We replace traditional oxide layer by SiO, nanoparticles (particles size 8~12nm)™ and with its non-uniformity in
oxide thickness. Two major effectstake place. First, in n-type silicon, holes tunneling through thin region of oxide layer
are orders of more than those through thick region. This leads to localized concentration of injected minority carrier
(hole). Second, band bending toward the Si/S IO, interface also depends on oxide thickness. This leads to localized
concentration of accumulated majority carrier (electron). As a result, exciton or eectron-hole pairs are more easily
formed around thin oxide region than in bulk silicon and radiative recombination rate increases. With KOH wet etch to
improve surface condition, external quantum efficiency of eectroluminescence (EL) at silicon bandgap edge
(wavelength 1.1um) can be enhanced to 1.5x10™. In addition, frequency response is exploited in characterization of
device lifetime. Both nonradiative recombination coefficient and mgjority carrier density can be extracted from lifetime
vs. bias current relation.

Another approach is to disperse cadmium sulfide (CdS) nanoparticles onto silicon and utilize its direct bandgap
characteristics for efficient light emission. The advantage of using nanoparticles is its insensitivity of lattice match to
the substrate. Severe constrain of lattice match can be relieved. The fabrication of light emitting active layer is smply
the spin-coating technique. Carriers to achieve light emission can be supplied by quantum tunneling through
surrounding barrier into nanoparticles. By comparison EL spectrum from devices of different process treatment, it is
found that there can be significant enhancement of light emission from surface states.

Both ways use silicon as substrate and demongtrate a promisng way to monolithically integrate light emitting
diodes and conventional electronic circuitry. In this paper, fabrication and characteristics of both light emitting diodes,
improved MOSTD and CdS LED, arereported.
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2. IMPROVED MOSTD

This section includes the fabrication process of improved MOSTD, emission characteristics and frequency response
analysis. Details of applying nanoparticles and wet etch are given. Wet etch time and air exposure day is found to be
influentia to device performance in el ectroluminescence. Frequency response is proved to be good tool in investigation
of minority carrier lifetime. Both nonradiative coefficient, which is rdated to interface states, and majority carrier
density can be extracted.

2.1 Fabrication of improved MOSTD

The fabrication process steps are as follows. First, native oxide on silicon wafer is removed by buffered oxide etch
(BOE) and KOH solution (45%) is subsequently applied to improve surface quality. Prepared SiO, nanoparticles
solution (5% weight ratio) with feature size 8~11 nm is spin-coated onto surface and baked in oven to remove solvent.
The thickness of coated oxide layer is about 150 nm. A thick layer of aluminum is evaporated on wafer backside to
form ohmic contact. Conductive silver paint is directly applied on top of the nanoparticles to hold gold wire for top
contact. Fig.1 shows scanning-electron microscope photograph of cross-sectional view and schematic of device (inset).
Although the thickness of oxide layer seems preventive for tunneling current, it is found metal migration takes place
when voltage is applied. Silver particles migrate through the stack of nanoparticles and reach surface until large
tunneling current is available from metal to silicon.

Mag = 150.00 K X
wD= 6mm

Fig. 1: SEM photo of cross-sectional view of improved MOSTD (inset: schematics).

Polish damage is common nonradiative recombination centers for commercially available prime grade silicon
wafer. Wet etching solution KOH is used to improve surface quality of silicon wafer and contributes to higher
efficiency in emitting light at S bandgap edge. Commercial 45% KOH is convenient for use. The etching rate of the
45% KOH solution a 35°C is about 1 nm/sec. Fig. 2 shows the experiments that KOH etching silicon wafer for 20
seconds can increase the EL intensity for more than 10 times in comparison with the devices without KOH etching (0
second etching time).

10+ n
2
=
o
2
o 51
3 M=
8 — -
o ./
o — -/
oL® . . . . .
0 5 10 15 20 25

etching time (sec)
Fig. 2: Variation of EL power with KOH etching time
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Asshown inFig. 3, EL intensity increases for first few days and then decreases. The reason for increasing efficiency
is the formation of native oxide on slicon surface to passivate surface states and to prevent short contact of silver and
silicon. Nonradiative recombination is therefore reduced. For overgrown native oxide, high electric field is needed for

the same level of tunneling current. Certain region of oxide will breakdown with meta punch-through. Light efficiency
reduces and resemblesthat of first few days.
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Fig. 3: Variation of EL power with air exposure days.

2.2 Characterigticsof Improved MOSTD

In analysis of improved MOSTD with non-uniform oxide, Fig. 4 shows two-dimensional band diagram. Dashed arrows
point to thin oxide regions, where holes tunnd into silicon under positive bias applied to metal. In silicon under thin
oxide, dectrons accumulate heavily with more surface bending. Spatia confinement of electrons and holes in this
nanostructure improves radiative recombination rate. This confinement of both electron and hole is the major reason of
high efficiency of light emission. The EL spectrum with origin of phonon-assisted exciton recombination® is shown in

the Fig. 5.
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Fig. 4: Two-dimensional band diagram of improved MOSTD on n-type silicon.
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Fig. 5: The eectroluminescent spectrum correspondent to S bandgap edge.
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The L-I curve in Fig. 6 shows that EL externa quantum efficiency rapidly increases and reaches 1.5x10* for
operation current between 20 to 30 mA and dightly drops to 10 due to thermal effect. The EL power could be 10 ' W
at theinjection current of 100 mA (current density 12.7 A/cm?). The power is measured only from the periphery of the
silver paint pad. Because top contact pad would obstruct a portion of light generated from the device, actual light power
might be more than 10 ;2 W. If total EL power isincluded, quantum efficiency will reach 10°.
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Fig. 6 External quantum efficiency (solid) and output power (dash) vs. injection current relation.

2.3 Frequency response analysis of improved MOSTD

Frequency response with small signd current permits measurement of carrier lifetime under low level bias condition ( <
10A/cm? ) and causes negligible destructive excitation. In analysis of carrier lifetime, nonradiative recombination rate
and its coefficient can be determined by the relation between the lifetime and the current bias. The physical reason for
the lifetime-bias relation is attributed to extension of accumulation region near surface into silicon bulk region. In
improved MOSTD, light is proportional to current in static state condition. Under bias current, the majority carrier
concentration is fixed. With modulated current, response time of light is limited by minority carrier recombination rate.
To be specific, the rate equation describing minority dynamics is

dép _ ndd
dt  ed
Minority carrier recombination time is defined asz = 1/( A+ Bn) and this parameter is simply frequency response time
of modulated light.

—(A+Bn)dp (1)
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Fig. 7 Measured lifetime of improved MOSTD for different fabrication condition: A, B) norma C) with KOH pre-cure.

Fig. 7 shows therdation between the measured lifetime derived from the frequency response and the bias current.

Device A and B are MOSTD fabricated by application of 120nm thick layer of SO, nanoparticle. Device C is
fabricated the same way except being pre-treated with KOH wet etch. All devices have metal pad area 0.01cm? The
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external light emission efficiency n, is 5x10°, 2x10° and 10° (W/A) respectively. With the same light extraction
efficiency m. and minority carrier injection efficiency m,,, internal or radiative recombination efficiency m, is
proportional to external efficiency because Ne=nMinNr. Devices with alonger lifetime at low level bias current have
better efficiency and have quite the same lifetime with high level bias current. This suggests that initidly lifetime be
affected by nonradiative recombination and the reduction of lifetime at increased bias current come from increasing
radiative recombination.
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Fig. 8 Fitted recombination coefficient and theoretical recombination efficiency of improved MOSTD

The inverse of lifetime, or recombination coefficientr™ = A+ Bn, under certain level of injection current density
Jreveals simple relation with carrier density n. However, it lackstheoretica explanation of complex relation between n
and J. Observation in Fig. 7 alows us to empirically approach n-Jrelation byn= 83 —9J 2. This saturation behavior of

carrier density comes from physical consideration that increasing injection current a high level only extends
accumulation depth rather than increases n. Carrier lifetimeisrelated to injection current density by r* = A+ BBJ — Byd?

as shown by solid linein Fig. 8.

This measurement fitting permits identification of individua contribution of radiative and nonradiative
recombination rate. Fitted A is 17185 (sec), Bp is 320 (sec’A™cm?) and By is 0.718 (sec’A™cm?). However, only
nonradiative recombination coefficient can be independently extracted. With typical value of B coefficient as 10
cm?/sec’?, majority carrier density nisin the order of 10"°~10%cm.

Ratio of radiative recombination rate to overall recombination rate, or radiative recombination efficiency
Niec= Bn/(A+ Bn) can be obtained, as shown by the dash line in Fig. 8. This ratio reaches more than 50% at injection

current density 5A/cm?, indicating that radiative recombination could be more efficient than nonradiative recombination.
This high recombination efficiency comes from selection of high quality silicon wafer for fabrication of MOSTD and
using SO, nanoparticles for carrier confinement to increase carrier density. Although internal efficiency is high,
externa efficiency islimited by low light extraction efficiency due to metal pad and low minority injection efficiency.

With frequency response analysis of radiative and nonradiative recombination rate, it is confirmed that internal
efficiency of our light emitting diode is very high.

Experiments (frequency response as well as varying efficiency) show that nano-structuresin the oxide layer could
enhance radiative recombination rate to comparable to Schottky-Read-Hall (SRH) nonradiative recombination rate. This
indicates that nonradiative recombination is not the dominant factor, and using SO2 nanoparticles can enhance silicon
EL at the bandgap energy for orders of magnitudes.

3. CdSLED
In this section, light-emitting diode with cadmium sulfide (CdS) nanoparticles as active layer for light emission is
reported. It includes preparation of nanoparticles, fabrication of CdS LED, and its spectral characterigtics. The emission

spectrum is influenced by fabrication process and reflects physical condition of nanoparticles. It is found that there can
be significant enhancement of light emission from surface states.
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3.1 Preparation of CdS nanoparticles

Two kinds of CdS nanoparticles ready for spin-coating purpose are synthesized by modification of Pietro’'s method™.
Firg form is CdS nanoparticle with organic capping. Cadmium acetate dihydrate Cd(CH,COO),2H,0, 0.80 g, 3.0
mmole) is dissolved in 20 ml mixed solvent of acetonitrile, methanol, and water with volume ratio 1:1:2. Another
solution containing disodium sulfide nanohydrate (Na,S9H,0, 0.36 g, 1.5 mmole) and p-hydroxyl thiophenal (0.56 g,
4.4 mmole) in the same solvent system is added into vigoroudy stirred cadmium acetate solution. The whole system
was stirred for 18 hours without light illumination. After removing solvent and purifying by centrifuge, we obtained
0.70 g yellow solid aggregate of CdS nanoparticles capped by p-hydroxyl thiophenal.

Second form of CdS nanoparticle is coated with silica shell. The purpose of preventive use of organic component is
to raise the thermal budget of whole fabrication process and increase tolerance with low temperature. The preparation
processis as follows. Cadmium acetate dihydrate (Cd(CH,COO),2H,0, 1.60 g, 6.0 mmole) isdissolved in 32 ml mixed
solvent of acetonitrile and water with volume ratio 1:1. Ancther solution containing disodium sulfide (Na,SxH,0,
Xx=7~9, 0.58 g, ~2.4 mmole) and (y-mercaptopropyl) trimethoxysilane (1.41 g, 7.2 mmole) in the same solvent system is
added into vigoroudly stirred solution of cadmium acetate. After being vigoroudly stirred for 18 hours, the mixture is
basified to pH=8.4 with 25% of NH; aqueous solution. Additional 64 ml of ethanol is added to the mixture. The mixture
is stirred for 48 hours after adding 1.89 g of orthotetragthoxysilane (TEOS). Part of the solvent was removed and
precipitation takes place in the mixture. The precipitate is centrifuged for three times and rinsed with delonized water.

The prepared nanoparticle aggregate is redispersable in ethanol or other polar organic solvents. After treated by
ultrasonic vibration and percolation, solutions for spin-coating purpose are produced.

The average diameter of the spherica CdS nanoparticles is about 5 nm, as shown in Fig. 9. Compared with the
high-temperature synthesizing method by using trioctyl phosphine oxygen (TOPO), this room-temperature process is
simpler but the particle size distribution iswider.

X

25
Fig. 9. TEM image of p-hydroxyl thiophenal caF)Bed CdS nanoparticles.

By replacing part of cadmium acetate with manganese acetate, we prepared Mn doped CdS nano- particles with
different concentrations of manganese (5%, 10% and 20%, in molar percentage). Through out the experiment, no
significant difference of doped and undoped CdS nanoparticles is found under the spectra resolution of our
monochromator. To synthesize manganese doped CdS nanoparticles, we have used large molar percentage of Mn, 5 %,
10 % and 20 % respectively in the reaction. However, only trace doping amounts of Mn, 0.08%, 0.05% and 1.10% was
detected respectively by ICP-Mass investigations. When the same approach was used to synthesize MnS nanoparticles,
a very low yield was obtained. This indicates very low doping content can be made and e ectroluminescence is less
affected by Mn content.

3.2 EL spectrum
We take different post treatments after the nanoparticle film is spin-coated onto silicon substrate. The normal treatment
is to remove the solvent without physical change of nanoparticles. Heat treatment is carried out in medium high
temperature to explore decomposability of organic passivation and test oxygen cooperation. Oxygen enrichment raises
extent of oxygen related surface states. All three conditions show prominent spectral features and can be used to
monitor passivation of surface condition.

Origins of eectroluminescence of CdS nanoparticle with bulk CdS are schematically shown in Fig. 10. Three
exciton levels corresponding to bulk CdS bandgap now change their peak positions of quantum states due to
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modification of surface configuration. Modified A free exciton level changes from 508nm to 526.5nm as can be
determined in normal treatment of electroluminescence device. Transition level of surface states related to Cd-O
termination with peak position of 571.5nm can be observed. This level occurs when passivation of nanoparticle is
removed and it has contact with atmosphere, asin heat treatment and oxygen enrichment.

Bulk CdS with capping
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Fig. 10 Energy diagram of CdS nanoparticle.

3.3 Device fabrication of carrier transport

The basic idea about setup of el ectroluminescence is to use cascade tunneling asinjection source. Carriers are supplied
by tunneling current through potential barrier of high bandgap material surrounding nanoparticle, as shown in Fg. 11.
In our case, the SIO group or organic functiona group p-hydroxyl thiophenol serves as the barrier. The choice of
substrate to host CdS nanoparticles is silicon due to its surface quality and availability. With different type of injection
carriers, depending on n-type or p-type silicon substrate, electrons or holes are emitted from silicon and holes or
electrons are emitted from meta deposited. Fermi level of S in n-type case has to be raised for electrons to tunnel
through the potentia barrier of p-hydroxyl thiophenol group. Most carriers tunnel into the adjacent nanoparticles.
Carriers are expected to recombine within nanoparticles through intrinsic radiative transition or surface-state related
transition.
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Fig. 11: Schematic of electron transport and transition in the device.

A schematic of CdS-nanoparticle light emitting device is shown in Fig. 12. The fabrication steps are as follows.
Fird, a doped silicon wafer (doping ~10" cm®) is used as substrate. Acetone, methanol, and DI water are used
successively for clean procedure. Buffered oxide etch is applied to remove native oxides. The wafer is spin-coated with
CdS nanoparticle solutions. Solvents are either removed by evacuation or heat treatment. The thickness of CdS
nanoparticle layer can be as large as 500 nm, verified by surface profile scan. In this case, volume density can be very
high. Subsequently, both top and bottom metal contacts are made by thermal evaporation. The top semi-transparent
contact layer is 10nm gold, and the bottom is 150nm gold. Before the deposition of the Au layer, a3-nm adhesion layer
of chromium had been evaporated for both contacts.

Samples made on n- and p-type Si wafers show different current-voltage curves, as shown in Fig. 13. Both have
rectifying current-voltage (I-V) curves, but with opposite polarities. This rectifying effect corresponds to metal-
insulator-semiconductor tunneling effect as expected. To be specific, the thin potential barrier of organic functional
group and low substrate doping level resultsin Schottky-diode-like behavior.
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Fig. 12: Schematic of the CdS nanoparticles EL device on S wafer.
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Fig. 13: I-V curves of devices on n-typeand p-type Si.

3.4 Process Effect

3.4.1 Normal process

After spin-coated, the device is placed in a chamber with evacuation at room temperature for 5 minutes to remove
ethanol solvents. Both spectra of CdS and CdS doped with Mn are the same, as shown in Fig. 14.

This spectral peak indicates radiative recombination of free exciton in CdS nanoparticles with red-shift due to p-
hydroxyl thiophenol groups. The green spectral pesk is at 526.5nm (2.355€V), different from bulk CdS A-exciton
trangition energy, 2.441eV (508nm) at room temperature. Although quantum confinement within the nanoparticles
increases exciton energy whenever the particle size decreases™*, organic functional group or silicon dioxide matrix can
modify the electron configuration within and change ground states significantly. It results in energy red-shift of 86 meV.
CdS nanoparticles coated with poly(vinyl alcohol) also show such energy shift in absorption spectrum®, where
photoluminescence at 2.42eV (10K) is observed.
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Fig. 14: EL Spectrum of CdS with solvent removed.
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3.4.2. Heat treatment

The CdS nanoparticles are spin-coated as described in previous section. These samples are subsequently treated
by rapid therma annealing (RTA) with temperature 425°C for 5 minutes. The annealing process takes place in nitrogen
purge and its purpose is to remove solvent and both test decomposition of organic functional group. Electrical property
like I-V curve resembles that in Sec. 3.4.1. As shown in Fig. 15 the emission spectrum consists of two pesks. Oneis at
513.7nm and the other a 571.5nm. The former peak standsfor bulk CdS free A exciton transition.

free A exciton 513.7nm
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surface states Cd-O
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Intensity (a.u.)
o
(63}
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Fig. 15: The EL Spectrum of CdS particles after heat treatment.

The 571.5nm peak results from the trapped carriers in surface states related to oxygen, Cd-O termination®. In
medium high temperature treatment, decomposition of p-hydroxyl thiophenol group causes oxygen termination with
cadmium to occur. It proves p-hydroxyl thiophenol group to be effective overcoat of CdS nanoparticles againgt oxygen
influence. The surface states induce radiative transition as well. The peak magnitude at the spectral lobe is smaller than
the magnitude at 513.7 nm, indicating emission from surface states is weaker than that resulted from CdS nanoparticles.
However, light power from this sample is generaly stronger than that in Sec. 3.4.1. This phenomenon is due to the
participation of surface level luminescence, leading to the increase of tota light output.

3.4.4 Effect of surrounding oxides

To further sudy the surface states related to oxygen, we immersed CdS nanoparticles into high oxygen content
environment. Two ways are processed. First, the nanoparticle solutions were mixed with spin-on-glass (SOG,
Filmtronics 315FX), and the second way, mixed with SO, nanoparticles (average diameter of 12 nm, dissolved in
isopropanal). The cleaned, oxide-free silicon substrate is spin-coated and treated by 425°C to sinter with SIO, glass. The
similar EL spectrum is found in mixture of CdS nanoparticles with SOG and SiO, nanoparticles. The peak at 513.7nm
(2.414eV) resembles A free exciton signal of bulk CdS at temperature 65°C, and the peak at 571.5nm (2.414¢eV)
corresponds to radiative trangtion due to surface states. The magnitude of total light emission in current setupsis ten
times gronger than that of unheated samplesin Section 3.4.1, under the same carrier injection condition.

Mixed with SiO, Nanoparticles
Mixed with SOG N /
!

Intensity(a.u.)

500 550 600 650
wavelength(nm)

Fig. 16: EL spectrum of CdS nanoparticles with oxygen enrichment
(solid: Mixed with SOG, dash: Mixed with SO, nanoparticles)
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EL spectrum shown in Fig.16 indicates two mechanisms as shown by the energy diagram in Fig. 10. First, the
coalescence of CdS nanoparticles into bulk form results in less broadening spectrum around 513.7 nm. Since the
potential barrier of p-hydroxyl thiophenol group disappears due to decomposition, carriers in bulk powders stay for
enough time (about 1ns trangtion lifetime) to recombine radiatively between each tunneling process. Second, relative
magnitude of surface-state luminescence is much gronger than that in Sec. 3.4.2. Highly increased concentration of
surface state levels, which are supplied by surrounding oxygen termination, contributes to the enhancement of internal
guantum efficiency. The magnitude difference between mixture with SOG and SiO, nanoparticles comes from excess
dangling Si-O bond of the latter case. With the same sintering time, the latter mixture makes more extent of oxygen
enrichment.

4. CONCLUSION

We report e ectroluminescence metal -oxide-semiconductor tunneling diode with improved nanostructure and CdS light-
emitting-diode. Both devices are based on slicon. Improved MOSTD that use SIO, nanoparticles as oxide layer has
externa quantum efficiency more than 10, CdS LED uses CdS nanoparticles as active layer and releases constraint of
| atti ce match.
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