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We report on a continuously emitting electroluminescent device fabricated bip&implantation

and subsequent annealing of a Si@yer on a silicon substrate. The Si@yer with a thickness of

250 nm was prepared by the sol—gel technique. Four differénid®i energies and implantation
doses were applied in order to obtain a flat-8in profile across the SiCfilm thickness with an
atomic Si excess of 5%. Electroluminescend@el) occurs above a low-voltage threshold
(~5 V, 1 Alcn?) at one bias polarity only even if the device in fact does not exhibit rectifying
properties. EL microscopy reveals that EL at 295 K is emitted from a small number of bright spots
with diffraction-limited size. EL spectra of individual bright spots were measured using an imaging
spectrometer. The wide EL emission bafsituated in the red regior-750 nm obtained with
spatial averaging over the semitransparent indium—tin—oxide contact represents the envelope of
these individual contributions. We suggest that the EL is due to electron—hole injection into Si
nanocrystals which create several conductive percolation paths across thdil®i.OShunting
current paths due to defects exist in parallel and are probably the main factor responsible for low EL
efficiency (10°%). © 2000 American Institute of Physid$S0003-695(00)01545-X

The current interest in light-emitting silicon nanocrystals ness of the implanted filijncan lead to the appearance of a
(Si-ng is motivated mainly by the need to reconciliate mi- red PL bandtypical of Si-nc(Refs. 8—10]. Moreover, such
croelectronicgbased on Siwith optoelectronicgactive el- samples can exhibit also red EL emission that, we believe,
ements based on IlI-V semicondugto®ne of the promis- originates in percolating Si-nc.
ing techniques being used to elaborate on Si-nc is the The samples were prepared in the following way: A sol—
implantation of Si ions into Si©films, followed by high-  gel SiO, film was prepared from a mixture of tetramethox-
temperature annealiffigWhile most of such films are fabri- ysilane (TMOS), methanol(MeOH), acidic water(HNO5),
cated by thermal oxidation of crystalline-Si wafér§,an  and formamide (CENO) in the ratios TMOS:MeOH:kD:
alternative approach is the deposition of §iGn various formamide=1:9:5:1. One hour after mixing the reactants, the
substrates by the sol—gel technique. These sol—gel-derivesblution was deposited by spin coating at 3000 rpm on an
Si0, films have proven, e.g., to be excellent matrices forn-type[100] crystalline-Si substrate. Then, the samples were
CdS nanocrystal® annealed in air at 500 °C for 1 h. The thickness of such

Recently we have shown, however, that the photolumisol—gel films was estimated to be 026.05 um. Implanta-
nescencéPL) of sol—gel-derived Si-implanted SiQ fims  tion with Si* ions was done with four different energies and
situated in the blue spectral region is probably due to postimion  doses (20 keV/5.5<10® cm 2, 30 keV/4.5
plantation defects and not due to Si‘nSuch samples do not x 105 cm 2, 40 keV/1x10%cm 2, and 70 keV/3
emit any electroluminescencEL). In this letter, we wish to X 10'® cm™2) in order to obtain a flat ion profile across the
show that an improved implantation proceddngnich intro-  SjO, film thickness, with peak excess atomic Si concentra-
duces a constant profile of Sion density across the thick- tion of 5%. Postimplantation annealing was performed at
1100 °C in vacuum for 1 h. Finally, on the top of the im-

dpermanent address: Department of Chemical Physics and Optics, Charlpi_ame?I films, indium—tin—oxidéITO) transparent contacts
University, Prague; electronic mail: valenta@karlov.mff.cuni.cz with diameters of 2 mm were evaporatgéig. 3d)]. The
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FIG. 2. Time-resolved PL and EL measurements. Upper fi@aepresents
M@’.«o@,.«, a 50 us injection current pulse with “forward” bias of 14 V. Lower traces
T T T T T correspond to El(b) and PL(c) decays and both of them are approximated
400 450 500 550 600 650 700 750 by single exponentialgstraight lineg with the decay timesg =8 us and
wavelength (nm) TpL=2.5 us.

FIG. 1. Comparison of PLfull line) and EL (symbol3 spectra. Left inset
demonstrates the almost linear electric behatiieV curve of the device. strate. In order to obtain EL in such a situation, a voltage

- ity s -6 -1 Right inset- N ,
The film conductivity is~5x10"" (em) . Right inset: current depen- g plied across the sample must reach several hundreds of V
dence of the spectrally integrated EL intensity. Corresponding current den

sities range from 0 to 3.2 A/c An onset voltage of approximately 5 (80 a”O_' th_e E_L shows a blue c_omponent c_mly. In this cas_e, light
mA\) for the light emission can be deduced from the plot. emission is not due to carrier percolation between Si-nc but

to hot electrons in the active part of the implanted layer.

occurrence of Si-nc was evidenced by Raman analysis that 10 check the above conjecture about percolating Si-nc,
was performed in a reference samfpeepared in exactly the W€ have performed experiments with time- and spatially re-
same way but on a quartz substrate instead ofctBe sub- solved EL measurements. The results of the time-resolved
stratd. The Raman spectrum contains a distinct peak arounfL study are shown in Fig. 2. Upper cur¢@ represents an
490 cni ! due to Si—Si vibration in Si-nk. injection current pulse of 5Qus duration. Its rectangular

EL was excited via a continuous dc voltage app"edshape means that the current rise time is very short and can-
across the implanted Sjdilm between the ITO contact and Not be resolved on the time scale tengusf Curve(b) in Fig.
the c-Si substrate. As an excitation source for PL measure2 Shows the relevant EL respon@etegrated spectrally and
ments, either a cw Xe lam{B70 nn) or 3 ns pulses of the also spatially over the whole ITO contactvith clearly ex-
third harmonics(354 nm from a Nd:YAG laser were used. Pressed EL rise and decay. The EL decay can be fitted as a
All experiments were performed at room temperature, exceptingle exponential with the time constamg =8*1 us.
the PL measurements in Fig. 1, where the sample was cooldeurve(c) in Fig. 2 represents the temporal profile of the red
down to 70 K in order to enhance the signal level. PL band (detected at 680 nmin the same sample under

The PL and EL emission spectra are displayed in Fig. 1€Xcitation with a 354 nm pulses of 3 ns duration. Apart from
It can be seen that the PL contains both a bidefect- @ very short spike at the beginning, the PL decay can again
related band at~440 nm and a re@Si-nc-relategl emission by approximated by an exponential decay with = 2.5 us.
band at~750 nm. The EL intensity as a function of the This good agreement between PL and EL dynamics, along
injection current is depicted in the right inset in Fig. 1. Therewith the identical spectral position of the red bartggy. 1),
are two quite remarkable features: First, the blue part of théndicate clearly that this red light emission has the same ori-
spectrum is completely cut in EL and only the red band isgin.
present. Second, the EL is emitted in one polarity of the ~ We note that the above spectroscopic data imply that this
applied voltage onlypositive on thec-Si substrate We call ~ origin must reside in Si-nc because both the spectral position
this polarity “forward bias,” even if the sample has in fact and the decay timéon a microsecond scalare characteris-
no electric rectifying propertiegsee the left inset in Fig.)1L  tic of exciton radiative recombination in Si-fic¢® The blue

We interpret these observations as a manifestation dPL emission band appearing frequently in sol—gel-implanted
Si-nc in the implanted SiQfilm. These nanocrystals create derived SiQ films is much faster(on the time scale on
percolation conductive channels through the Sitn which ~ nanoseconds In fact, we could have introduced a model
are statistically distributed over the ITO contact. The electricgiving rise to a stretched exponential decay as one usually
current flowing through these transport channels injects elecdoes for Si-nc and porous 3iAs Fig. 2c) indicates, this
trons and holes into the Si-nc and subsequent radiative rdsecomes relevant at longer time delays but for the purposes
combination gives rise to EL emission. It is interesting toof this letter we did not attempt to do this.
note that in formerly studied samptéswith a thicker (540 Spatially resolved EL studies are demonstrated in Fig. 3.
nm) oxide layer implanted with only one acceleration volt- An optical microscope image of the ITO contact of the
age for the Si ions, the Si-ion distribution has a Gaussiasample is shown in Fig.(d) (taken in reflection of an exter-
profile and is well separated from the surface and the subnal illumination, without applied biasThe same contact as
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W“? g : ductor of n type containing virtually no free holes. Under
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“forward” bias (positive potential on the substratboth
electrons from ITO and holes from the substrate are injected
into the film and tunnel through Sdnto Si-nc quantized
levels. Their radiative recombination gives rise to EL. This
EL is relatively weak(the external quantum efficiency aver-
aged over the contact is abottl0 °%), because the holes
are minority carriers in the substrate. Under “reverse” bias
only electrons from the substrate can be injected into the
Si-nc, noe—h recombination is possible and no EL is ob-
served, even if the current of the same order of magnitude as
in “forward” still flows. This model also explains the obser-
vation of a voltage(curreny threshold for EL, as shown in
the right inset in Fig. 1: Increasing “forward” bias lowers
Al bandbending at the Si-nc/SjOnterface. Narrowing of the

600 700 800 900 . o . . .
Wavelength [nm] barriers facilitates carrier tunneling through $iOThus, a

FIG. 3. (a) Microscope view of the illuminated ITO contact without applied definite minimum bgndben(:i_ln(q/oltage is needed for h0|es
bias. The dark line at the bottom is a contact pad. The diameter of thdO tunnel through Si@into Si-nc and to assure a continuous
contact is 2 mm(b) EL emitted from the same contact under forward bias of hole injection. An obvious hint how to increase the EL effi-
10 V/60 mA. The EL radiation occurs in discrete bright spatsEL spectra ciency of our device is then to use a Si substratg tfpe
of several single bright spotéd) Schematic drawing of the device. instead ofn type. This should lead to a substantial increase in
the efficiency of electron—hole pair injection.
observed in darkness via the microscope under applied “for- | conclusion, we have implanted Si ions into a sol—gel-
ward” bias of 10 V is displayed in Fig.(8). EL radiation  gerived SiQ film in such a way that we obtained a flat
can be clearly seen, which occurs in bright spots dispersegycess Si-ion profilé5 at. % of Sj across the film thickness.
over the surface of the contact. Figure)3shows examples \yhile PL contains both a defect-related blue emission band
of individual emission EL spectra of several of such singlegnd a Si-nc-related red one, in EL only the red band survives.
spots(for the experimental setup see Ref) 1Rl these spec- e have observed that EL occurs in discrete spots only and
tra are situated at the red end of the visible region. we succeeded in measuring emission spectra of single spots.
The data in Fig. 3 again strongly support the interpretayye have several strong experimental indications that this EL
tion outlined above. The bright spots represent points whergygiation originates in Si-nc that create percolation conduct-
the percolation thresholdow-resistance pajhfor the elec- ing paths through the SiOnatrix, even if we cannot provide

tric current has been reached to flow across the implantegny direct evidence for it. The flat profile enables us to ob-
SiQ, film. This part of the current flowing through intercon- ain EL at low voltages.

nected Si-nc “chains” is due to injection of carriers into the

Si-nc. The blue emissiofsee PL, Fig. 1 cannot be excited Part of this work has been done within the Project Nos.
electrically because defects responsible for this radiativéd1010809 and B1112901 of GAAVCR and Project No. 202/
channel obviously do not represent a good transport patB8/0669 of GACR. Financial support from NATO HTECH
either for electrons or for holes. There is still a possibility to Grant No. LG972051 and the Programme “Materiaux” of
excite the centers responsible for the blue emission by imthe CNRS is gratefully acknowledged.
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