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Visible light emissions and single-electron tunneling from silicon quantum dots
embedded in Si-rich SiQ deposited in plasma phase

Keunjoo Kim
OPTEL Semiconductor Corporation, lksan 570-210, Korea
(Received 14 November 1997

Visible photoluminescence at room temperature was observed in silicon-rich oxide films deposited by an
electron cyclotron resonance plasma with a mixture of silane and oxygen. The photocurrent measurement also
exhibits evidence of stable luminescence at 3.0- and 2.2-eV bands from the silicon-enriched parts of oxide
films. The emission energy range corresponds to a crystallite size of 10-35 A. A model of the quantum dot is
suggested from an infrared spectroscopic measurement of the chemical bond structures of oxide films. The
stable light emissions from both the as-deposited and the rapid thermal annealed samples are related to the
oxygen passivation of grain boundaries in the Si nanocrystallites. The current-voltage measurement for Si-rich
oxides shows discontinuous currents around zero voltage at room temperature. The jump of the conductance
relates to the Coulomb blockade in the array of Si quantum {8&163-1828)04620-1

Nanoscale crystalline structures have attracted considegrowth temperature of 200 °C. The ECR plasma was gener-
able attention in the deVeIOpment Of Si|iCOI’l-Compatib|eated by a microwa\/e power of 400 W. The pure Oxygen gas
quantum devices, but the low quantum efficiency of indirectg9g 9904 supplied into the ECR plasma source activated the

band-gap materials such as Si and Ge has limited their use Bjane into the plasma phase. The sample used for the depo-

optoelectronic devices. Recently, the discovery of strong lugiion was a boron-doped (@00) with a resistivity of 6-9

minescence spectra from porous silicon has created new PO§ cm. which was pretreated with (plasma in 9.5 1075
sibilities for optoelectronic applicatiorlsThe quantum effi- Torr fé)r 10 min. The base pressu?e was 0 ° 'I:orr and

ciency of photoluminescend®L) for porous silicon depends e :
on the passivation of grain boundaries in nanocrystalliteszjhe pr(?tczsilpressure waxsgosoc')l' orr. T_Ir_f th'Ck.rgjef; of thle
The stability of the PL for porous silicon can be significantly eposited ims was aroun nm. 1he rapi ermal an-

improved by the passivation of oxygen through rapid thermapeaang(RTA) treatment was performed at a temperature of
processind® Furthermore, the electrical property of the 900 °C for 4 min. _ _ o
nanostructure is highlighted by the quantum transport of The oxide films were used in the investigation of room-
single-electron tunneling, which is a noble phenomenon usdemperature PL using the 325-ri®181 eV) excitation line of
ful for applications in single-electron transistors. a He-Cd lasel(IK 5451R-E, Kimmon Electric C9.with a

The PL from quasiisolated silicon clusters with oxidized power of 50 mW. The luminescence was detected with a
grain surfaces embedded in an Si@natrix has been 500-mm grating monochrometédarrel Ash, 82020and a
established:® Si particles may be embedded by conventionalphotomultiplier tubeRCA C3 1034. The emitted light was
rf-magnetron sputtering by varying the substrate temperaturamplified by a lock-in amplifielfEG & G 5208 and re-
for various Si particle sizes. Another method has been sugeorded in theX-Y plotter. Thel-V characteristics of the Si-
gested from the plasma-induced deposition of hydrogenatedich oxide films were investigated by the metal-oxide-
amorphous silicon films with a subsequent dry oxidafiom. ~ semiconductotMOS) capacitor structure with a dimensional
this process, the crystallite size and the fraction of nanocrysthickness of 800 nm and an area of 0.196 cthel-V curve
talline silicon in the films are easy to control; however, in thewas obtained with a semiconductor parameter analyzer
preparation of samples, it is difficult to oxidize at tempera-(HP4155A with a bias loaded at an interval of 0.1 mV.
tures of more than 1000 °C. The implantation of Sons Figure 1 shows PL spectra for ECR oxide films that origi-
into the SiQ layer also provides a visible PL band from the nate from nanostructures of isolated silicon particles during
nanocrystalline phase of silicon with a subsequent rapid theithe ECR deposition of silicon-rich oxide layers. The as-
mal annealing proces$ From these findings, it is valuable deposited sample grown with the gas mixing ratio of silane
to explore other experimental methods for the light emissiorto oxygen,Q=10/5(a) shows a pronounced PL peak of 405
process of silicon clusters surrounded by oxygen atoms. nm (3.06 eV} with minor bands of around 51@.43 and 365

In this work, we grew silicon-rich oxide layers with an nm (3.4 e\). The RTA effect(b) results in an increased
electron cyclotron resonan¢&CR) chemical vapor deposi- intensity and causes the redshift of the peak from 405 to 410
tion and investigated the formation of quantum dots fromnm (3.02 e\j. The PL intensity from the as-deposited sample
optical and electrical properties. The optical emissions weravith Q=10/4(c) shows peaks of around 398.11) and 540
also verified by photocurrent measurements. The size of them (2.29 e\). The quantum efficiency of the 540-nm band
Si particles was analyzed by a diffractogram from x-ray dif-with a full width at a half-maximuniFWHM) of 0.344 eV is
fraction (XRD) analysis. The current-voltagé-¥) measure- relatively higher than that of the 398 nm band with a FWHM
ment on Si-rich oxides displays discontinuous currentof 0.516 eV. The overall quantum efficiency is enhanced
around zero voltage at room temperature. using thermal annealingd). The 408-nm(3.03 eV} band

Silicon-rich oxide films were deposited by the ECR becomes acute with an enlarged FWHM of 0.668 eV. Fur-
plasma from a mixture of silane (SiH and oxygen at a thermore, the RTA process exhibits a 398-nm peak with a
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FIG. 2. The temperature dependence of PL intensity for the
FIG. 1. PL spectra of the Samples for the flow rate ratio of S”aneas_deposited samp|e Q: 10/6. Room-temperature mu|t|p|e peaks
to oxygen,Q=10/5 (a), 10/4 (c), and the corresponding RTA merge into the envelope peaked at 402 nm, asymmetrically. In the
treated sampleth and d. The 2.2 eV PL spectrum depends on the jnset, PL intensity increases with decreasing temperature similarly
silicon concentration to form a large silicon cluster. A greatertg the porous silicon, nonmonotonically. The main peak of the
oxygen-deficient film exhibits a greater number of PL bands. 402-nm band shows a blueshift by lowering the temperature at a
coefficient of 4. 10 % eV/K.

redshift of 80 meV, while the 540-nm peak exhibits a blue-
shift with an energy of 40 meV. which is used to explain multiple PL peaks in porous silicon.
Reproducible PL spectra are highly dependent on thén addition, the intensities of peaks depend linearly on the
composition of the silane and oxygen in the chemical reacexcitation power density. These facts indicate that the ob-
tion. TheQ=10/5 samplga and b shows a very low inten- served violet and blue emissions are due to direct transitions
sity at the 540-nm PL band, while the PL is obviously ob-in confined Si nanocrystallite@c-Sj.
served in theQ=10/4 sample(c and d. The Q=10/6 Figure 3 shows the photocurref®C) injected by photon
sample observed at 300(Kig. 2) shows four peaks at wave- energy for the as-deposited sample@# 10/4. The typical
lengths of 363 and 402 nigviolet emissiong 475 nm(blue  peak of the PC intensity at 1.12 eV is attributed to the silicon
emission, and 557 nm(green emission The 475-nm PL band gap. The cut-off PC intensity was set at 1@\. In
band is new and is not available for bafh=10/4 and 10/5 general, the PC of the energy above the band gap decays
samples, which indicates that there is a certain relationshipxponentially in crystalline silicon. However, the ECR de-
between the flow rate ratio and PL spectral bands. The regposited sample with the Si-rich oxide layer shows two bands
semblance of PL bands between the as-deposited and twdth PC intensity at 3.04 and 2.0 eV above the band gap.
RTA treated samples implies that their particle sizes aresince photoconductance is related to the electron density of
similar although their morphologies are changed by the RTAstates(DOS) on energy levels, the energy bands above the
treatment. The core of the Si nanoparticle becomes ordered
by the thermal annealing effect and enhances the quantum

-3 -2~

efficiency. 0 112 ' ' 10 £
Temperature-dependent PL measurements were carried £ =, As-deposited >
out from 30 to 300 K using He-Cd laser excitation for the 5 '0 f Oxide (Q=10/4) 1107 <
Q=10/6 sample. The peaks show the blueshift as the tem- & o
perature decreases as shown in Fig. 2. The temperature co- < 10* 2
efficient of the peaks is determined to be 420 * eVI/K, % 2
which is close to the corresponding value of the band gap of § 108 3
the single crystalline Si (4010 # eV/K). This result sug- k= §
gests that violet and blue emissions arise from Si nanocrys- § 5 2
tallites but are not caused by defect levels. Zleaal® re- /&—' 0 2
ported a similar conclusion. Their luminescence band shows 10°, 1 5 3 4 5 .

separate peaks in a wavelength region from 350 to 500 nm
with a temperature coefficient of X310 % eV/K. The PL

intensity increases but not monotonically as the temperature £ 3 The photocurrent intensity and the photoconductance of
is lowered. This temperature-dependent behavior of PL inthe as-deposited sample with a flow rate ratio@# 10/4. The
tensity is similar to that of porous silicdfi. The quantum  photocurrent peaked at 1.12 eV is the silicon band gap. Above the
efficiency is strongly enhanced at the 402-nm band. Asand-gap energy, the PC does not decrease exponentially, indicat-
Kanemitsu et al. suggested’ the nonuniform and highly ing the existence of quantum states. The photoconductances, corre-
asymmetric size distribution of nanoparticles could besponding to the DOS of electronic structures, peak at 3.04, 2.23,
caused by a size step effect on a single atomic layer step,98, and 1.68 eV.

Energy (eV)
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silicon band gap indicate that the silicon-enriched part of the ML L

oxide layer contributes to this phenomenon and forms quan- g g
tum levels. The peak of photoconductance from the 2.0 eV N3 £
band is split into 1.68, 1.98, and 2.23 eV, in detail, and the @ g

3.04 eV peak is consistent with the PL measurement.

The crystallite size was calculated by broadening in the
XRD line. Since the angular range of the intensity increases
as the number of planes of crystallite decreases, the width of
the diffraction curve increases as the diameter of the crystal-
lite decrease¥ Figure 4 shows the x-ray diffractogram of
the ECR deposited SiQOlayer on S{100 in terms of the
double Bragg angle 2 using the source of Mo Klines with
an averaged wavelength of 0.71069 A. The very intense peak
at 30.4° is the diffraction of thé400 plane on the bare Si
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substrate. The intensity around 30.4° in t480) plane of Si ‘ VP o ——
was broadened in the ECR oxide sample, where the profile 1020 30 40 50 60 70 80
shapes are not symmetrical at all scattering angles. This Angle 26 (deg )

asymmetric broadening originates from the silicon-enriched ) o ) ) .
part of the SiQ layer. The peak positions of XRD in ECR FIG._ 4. The x-ray dlffractlpn intensity for various Filameters of
deposited oxide films are similar to quartz with a differentyStallites from the ECR oxide deposited o180 with a flow
tendency in intensity. It should be noted that crystalline ox.fatio 0f Q=10/4. The asymmetric broadening of th.e XRD intensity
ides such as cristobalite and tridymite show a major peak & .11¢ Pottom of the $100) peak produces the tiny multipeaks,
17.9° in the(101) plane and quartz also shows a reIativerWhICh is related_ to the _formatlo_n ofS_| nanopartlcles d_unr_lg the ECR
S 13 ; deposition of Si-rich Si@ The inset is the diameter distribution of
intensive peak from th¢101) plane.” Other SiQ-related g; particles.
peaks are located at 26.9111), 31.5° (200), 37.4° (112),
55.5° (301), and 63.1°(400). formulat®!* as shown in the inset of Fig. 4. The diameters
A small asymmetric broadening around {4€0) plane of  obtained are in the range of 10-35 A, which can be assigned
Si indicates that there are several peaks in the envelope ¢b the optical energy range of 3.0-1.67 eV from the PL
the XRD intensity. The deposited silicon-rich oxide layer is spectra and the PC measurement. The morphology of oxide
neither in the crystalline phase of the Si@yer nor exactly films can be characterized using Fourier-transformation in-
in the amorphous Si@Qphase. Consequently, the broadeningfrared (FTIR) spectroscopy.
of peaks around S400) implies another result like the de- Figure 5 shows chemical bond structures from the FTIR
velopment of the nanocrystalline Si core in the silicon-transmittance. The dominant absorption is due to the Si-O
enriched parts of the oxide layer. There exists hundreds dfonding as evidenced both in the asymmetric stretching
peaks with various FWHM'’s near the(800) peak. The di- mode at 1070 cm' and in the separate lower-frequency ab-
ameters of crystallites can be analyzed with the Scherresorption at 819 cm® caused by the rocking mode in bridg-

Si-OH

FIG. 5. The FTIR transmittance on the as-
deposited Si-rich Si© films (a) and the RTA
j treated film (b) for the flow rate ratio ofQ
T ' T . =10/4. The Si-O stretching mode at 1070 thn
’ . ~- | is shifted to 1074 cm® by the RTA effect. The
Si-H and Si-OH modes in the as-deposited

Transmittance (arb. units)

Si-Si sample disappear. In addition, the Si-Si wrong
-Si-H (a)o s (b) i bond mode at 617 cnt as well as the deforma-
n| I. 5 nop ,'\s, oSi,o—gi—o\Si,o tion mode of Si-H(n=<3) at 64}0 cm? (upward
- i sil w st v\ o"o | 9 .. arrow) can no longer be seen in the RTA sample.
! ! 0-510—§1.8i§(8i81-0.50 O_S{‘O 4|§:j$;j§§}5i_o_§i_o The inset shows a model for quantum dot struc-
1 ! Hp' i ﬁ]’é'\o\ i \ O\ﬁ"%'s\o ) tures according to chemical bondings at the sur-
v O}S‘i o # 4 S 1 faces of Si dots.
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FIG. 6. Schematic of the variation of the electron-energy levels
in an asymmetric double quantum dot system as a function of the
applied bias. The ground states of the smaller and larger dots and
the first excited state of the larger dot are denoted)as®’, and
E‘ZN, respectively. The two anticrossing resonances and the thres
old for LO phonon-assisted tunneling are indicated.

FIG. 7. Thel-V curve for an Si-rich oxide in the MOS structure

near zero voltage. The twofold pathways overlap between the clas-
r§Tca| Ohmic behavior and the single-electron tunneling associated
with capacitive charging energy. In the inset, the corresponding

) . . ) . derivative conductance shows the readily apparent spikes of DOS.
ing Si-O-Si bonds of the ECR deposited oxides. The FWHM

of 125 cmi'! in the Si-O stretching is larger than the sto- number of split bands is increased by increasing the oxygen
ichiometric thermal oxide case. A typical thermal oxide has arate, such as 398 and 540 nm @r= 10/4; 365, 405, and 510
peak in the stretching mode of 1075 chwith an FWHM of  nm for Q=10/5; and 363, 402, 475, and 557 nm f@r
108 cmi 1. The morphology of the ECR deposited oxides is=10/6. The higher flow rate of oxygen is responsible for the
in the oxygen deficient phase. The clear resonance in thiarmation of Si quantum dots of various sizes. This indicates
as-deposited sampleipward arrow is shown from the de- that the quantum size effect in the PL spectra is influenced
formation modes of the Si-lin<3) at 640 cm! and the by the flow rate ratio, which is one of the main growth fac-
Si-Si wrong bonding modes at 617 c®>® Furthermore,  tors for Si-rich SiQ films.
the as-deposited sample also shows weak signals from Si-H The Si quantum dots show an optical energy gap in the
and Si-OH bonds with three bridging oxygen atoms back2.2-3.0-eV range with corresponding potential barriers of
bonded to the Si atom ({3i-H and QSi-OH), which occur  3.0-3.4 eV from a band-gap energy of 8.9 eV of §t®
at 2095 and 3614 cirt, respectively. However, the annealed According to the quantum size effect of Si quantum dots
sample at 900 °C shows Si-O bonds without the Si-Si wronggembedded in the oxide layer, it is plausible to speculate the
bond or the oxygen vacancy, Si-H, and Si-OH bonds. resonant tunneling mechanism of single-electron transport in
Based on these chemical bondings, it is possible to spec& quantum dot array with various dot sizes. When the elec-
late as to a plausible model of a quantum dot surrounded bironic states in the neighboring two dots at the same wave
oxygen as shown in the inset of Fig. 5. The oxygen defi-vector are in resonance, tunneling interaction between them
ciency during the ECR deposition process causes the aggreads to a splitting of these level$Figure 6 illustrates the
gation of silicon-enriched parts in the oxide film. Hydrogenresonant tunneling by applying appropriate positive or nega-
atoms are easily accumulated on the nc-Si surface as well give biases. For the forward bias at poBit the lowest elec-
at the oxide/Si interfac¥. Oxygen atoms can backbond to Si tron state of the smaller dot and the first excited electron
atoms on the nc-Si surface because the binding energy atate of the relatively larger dot show a certain resonant con-
Si-H (3.5 eV) is much stronger than that of Si-§i.86 e\). dition for specific sizes and barrier heights of dots. For the
The Si-H binding energy is enhanced to 4.11 eV because dfackward bias at point, the lowest electron state of both
the backbonded oxygen atorfsThe hydrogen atoms in dots meets the resonant condition, which requires a very
Si-H bonds are transferred to the oxygen site in order to fornsmall longitudinal-opticalLO) phonon energy: w.
a stronger bond of O-H5.65 eV} by the plasma activation In Fig. 7, thel-V curve and the derivative conductance
energy, which is sufficient to overcome the energy barrier. are shown in the MOS structure. The discontinuous current
The nc-Si surface in the as-deposited sample is passivatgamps were measured at room temperature and exhibited a
by the SiQ network—which includes the Si-Si wrong phenomenon different from the conventional MOS structure.
bond—and partially by the Si-H and Si-OH bonds. In theThe conventional -V curve in an MOS structure is usually
RTA process, the surface passivation is rearranged with theontinuous, exhibiting only a very small leakage current in
well-organized SiQ network. Similar to the PL efficiency in the dielectric oxide film which is applicable to the metal-
porous silicor?,® the overall quantum efficiency increases in oxide-semiconductor field-effect transistor. However, the Si-
the RTA process because of the oxygen passivation. Thigch oxide film may have two pathways onto the electron
may reflect an increased DOS on the nc-Si surface by thgansport: the Fowler-Nodheim tunneling mechanism, which
oxygen passivation rather than by the hydrogen terminatiorgives the usual continuous path to the current leaking
The flow rate ratio strongly correlates with PL bands. Thethrough the pure oxide layer, or the single electron tunneling
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interval of pointsA andB. The tunneling barrier of electrons
around zero voltage is pronounced and shows the Coulomb
blockade phenomenon above the Fermi contact level. For a
hole to tunnel, its energy must be below the Fermi energy
level?! Consequently, the energy gap has the widte’s€.

The voltage width of 33.3 meV corresponds to the capaci-
tance ofC=4.8 aF (a=10 8 F).

However, thermal energy at room temperature requires a
Coulomb blockade condition with a capacitance smaller than
3.2 aF for a single quantum dot. Of course, the value of 4.8
aF is the effective capacitance from the capacitor junctions
, ’ of the array of Si quantum dots. This electron tunneling is
76 3 the quantum transport with an anomalous effective number

' e ' of electronsN,=0.82. This indicates that the coherent reso-
014012 ‘0‘1_0 008 -0.06 -0.04 nance tunneli(rawg in the Si dot array may overcome the ther-

Gate Bias (V) mal disturbance in spite of its slightly larger value of capaci-
tance than the thermal limit of a single dot. The anomalous

FIG. 8. The Coulomb staircase of electron conductance as &oulomb blockade correlates with the many-body effect
function of gate voltage of the Si quantum dots of 10—35 A. Thedot array because the exchange and correlation effect of elec-
voltage interval is 16.65 mV corresponding to the capacitance ofrons within a dot perturbs the nonlinear coherent transport
C=4.8 aF. through the many-body eigenstates at a temperature larger

than the level broadening.
mechanism from the resonance phenomenon through the Si In summary, we measured the efficient visible photolumi-
quantum dot array. At the discontinuous positions of biasescence spectra and the photocurrent of crystallites embed-
voltages, the sharp increase of the conductance indicates thed in the Si-rich ECR oxide. The optical band gaps were
existence of resonant tunneling corresponding to the DOS aheasured at values of 3.0 and 2.3 eV from PL results and at
the energy levels in quantum dots. values of 3.0, 2.23, 1.98, and 1.67 eV from PC results. The

For a quantum dot surrounded by an insulating oxide, amize of nanocrystallites was analyzed by broadening the x-ray
electron can be confined by the surrounding barrier of thaliffraction intensity. The crystallite sizes were estimated at a
oxide. By increasing the gate bias voltage;{Vno current  range of diameters 10-35 A. The stable and reproducible
can flow until single-electron tunneling has occurred. Theblue range of light emission from the silicon-rich oxide is
confined electron will gain the electrostatic potential energyrelated to the quantum size effect from the silicon nanopar-
of €2/2C corresponding to the applied energy @VThis ticles surrounded by the oxide network. The anomalous Cou-
energy interval produces the Coulomb staircase, which ifomb blockade around zero voltage correlates with the array
clearly shown in Fig. 8. The voltage of 16.65 mV is the of Si quantum dots with various diameters.

Conductance (10-5Q-1)
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