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Electroluminescence in silicon oxynitride films
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We report electroluminescend&L) from 50 nm silicon oxynitride films orp-type crystalline

silicon substrates in a Au/silicon oxynitride/Si structure. The EL intensity has a peak below 2.45 eV,
and is consistent with radiative recombination of injected carriers. The EL is present only in
annealed samples, and the emission is similar to the photoluminescence from the same samples. The
current—voltage behavior is indicative of space charge-limited current. No polarity or field
dependence of the EL peak energy is observed. This phenomenon is attributed to the relaxation
of carriers down the band tails before recombination. 1899 American Institute of Physics.
[S0021-897€09)09417-1

INTRODUCTION were grown withn=1.66+0.01 because we have previously

Recently, many attempts to obtain efficient electrolumi-ShOWn that such samples exhibit strong L Additional
Y, y P fabrication and composition details are published

nescencéEL) from a silicon-based device have been madeelsewheré.o'” For the top contact a gold film less than 15

as the applications of such a device in optoelectronics are . . .
. : ) “"Hm thick and with an area of approximately 0.5 cmas
numerous. Such attempts include devices incorporatin

. . . o . %vaporated onto the silicon oxynitride at a base pressure of
nanoclusters of silicon in a silicon dioxide matfizand po- _g . .
o3 - 5X 10 °Torr. Back contacts were made with Ga/ln eutectic.
rous silicon? Recently, EL has been reported for silicon

Y e S . . The device structure is shown in Fig. 1.
4—-6 7,8 m -
oxide,” " nitride, anq _oxymtndé thin fil SN \.Nh'Ch elec , Measurements of the PL and EL spectra were made with
trons and holes are injected from opposite sides of the film

and radiatively recombine. We have previously reported in-a single-grating spectrometer and a GaAs photomultiplier
yr to P >l Tep . tube (PMT). The PL excitation source was a 325 nm HeCd
tense photoluminescend®L) in amorphous silicon oxyni-

. i _ . ' : laser. EL and current-versus-voltage—{/) measurements
10-12
tride f|Ims,__ and now report EL. n th_ese films in a Au were made using a 60 V/250 mA dc power supply. The
electrode/silicon oxynitride/crystalline silicon structure. absolute sensitivity of the PMT was calibrated igsinl mw
HeNe laser. EL efficiency was measured by placing the
EXPERIMENT sample directly in front of the PMT and acquiring intensity
. _ o versus voltage data. The spectral response for both the
Samples were fabricated using 1.25 in. diameter, 0.009grating/PMT system and the PMT alone were measured.
0.011 in. thick,(100 p-type Si wafers with 2) cm resistiv-  while EL efficiency measurements are corrected for the
ity which were RCA cleaned and quartered. A thermal SiO gpectral response of the PMT, a straightforward correction of
film was grown on the entire substrate and then etched awafie PL and EL spectra results in misleading artifacts. Thus

in the center of the quarter wafers with concentrated HF. Th@pectra will be shown as-measured and the effect of spectral
remaining oxide prevents leakage current around the edgegsponse will be indicated.

of devices that are subsequently fabricated on the substrate.

Immediately after the etch procedure the substrates were
placed under vacuum in the deposition chamber. Silicon OXRESULTS AND DISCUSSION
ynitride films were grown for 9 min by radio frequency . . )
plasma-enhanced chemical vapor deposition using 20 sccm 1he PL from a device without a top electrode, shown in
5% SiH, in He and 13 sccm 10% 4O in He as the reagent Fig. 2, consists of a single peak at 2.85 eV, similar to the 325
gases. The deposition conditions were: power, 35 W; pres?m excited PL we reported previousfy Both the dip in
sure, 0.1 Torr; and substrate temperature, 300°C. Afteintensity around 2.8 eV and the sharp dropoff in intensity at
deposition, some films were annealed at 950 °C in a quartghergies below 2.4 eV in the Pland EL) spectra are arti-
tube furnace for 30 min in 100 sccm flowing 10% i N.. facts of the spectral response of the system. Note that the
The thickness and index of refractién) of the films were ~ division of the 325 nm excited PL intensity into a double
measured using single-wavelength ellipsometry at 633 nnPeak reported in Ref. 10, although measured with a different

The thickness of the samples was#53nm, and samples OPtical system, is also due to the spectral response of the
system. After deposition of a 10 nm gold film for the top
contact, the PL intensity is reduced by approximately an or-
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. FIG. 3. EL emission intensity vs energy for EL device under both forward
Upon application of a voltage above threshold, theang reverse current of 145 mA.

samples exhibited electroluminescence that appears blue to
the eye. The turn-on voltage for forward bigsu electrode
negative and the Si substrate in accumulativas from 2to  carrier injection at the insulator interfaces. If one or the other
4V depending on the sample, and for reverse bias was 4—6f these effects is dominant, then theV curve will be
V. EL spectra for a constant current of 145 mA are shown incharacteristic of that conduction or injection mechanism.
Fig. 3 for 8 V forward bias and 30 V reverse bias on theThus, the space charge-limited current characteristic under
same sample. The EL under both polarities appears to havefgrward bias indicates that current in this case is limited
single peak below 2.45 eV, but because of the relative insemmainly by bulk conduction. Under reverse bias, theV
sitivity of the optical system at low energies the precise pealcharacteristic is also indicative of bulk-limited conduction,
position cannot be determined. Samples that received no aput the lower magnitude of the reverse current suggests in-
neal did not exhibit EL. jection of carriers at the interfacérobably by Fowler—
|-V curves for a typical sample under forward and re-Nordheim tunnelinf) is also limiting the current. No com-
verse bias conditions are shown in Fig. 4. In all of themon trends in the variation of EL intensity with current were
samples measured, the relationship between the forward cugtiscernable from sample to sample, but under both forward
rentl and the bias voltag¥ can be described ds-V° where  and reverse bias the EL intensity increased supralinearly
b is between 1 and 2.3 and varies from sample to sampléwith current. The magnitude of the maximum power effi-
Such a relationship is indicative of space charge-limited curciency (defined as optical power out/electrical powey fior
rent, with larger exponenb indicating an increase in the the brightest sample has a lower limit 0k4.0 ¢ in forward
number of trap states in the film bulk and/or more balancetias and %10 7 in reverse bias. The actual values are
electron and hole currentd.The reverse current exhibits a higher than this since the absorption of the top gold film was
power-law dependence on applied voltage, but with a magnot taken into account. The EL efficiency increases mono-
nitude lower than the forward bias current. tonically with increased voltage until device burnout. A simi-
We have showt? the absorption edge of our silicon ox- |ar effect is observed in sonaSi p-i-n diodes and attributed
ynitride films to be greater than 5 eV, so we may approxi-to the increased carrier concentration at higher injection
mate the device as a metal-insulator-semicondu@iS)  |evels’® The radiative recombination probability of an
structure with the forward-bias band structure shown in Figelectron-holge-h) pair decreases exponentially with increas-
5. At high enough voltages, electrons and holes can tunnéhg spatial separation of the pair levéfsBecause a higher
through the barriers at the silicon oxynitride interfaces intocurrent density leads to a decreased average carrier separa-
the bulk of the film. In a MIS diode, two factors determine tion, the average recombination probability of each e-h pair
the -V characteristic: bulk conduction in the insulator, and
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FIG. 2. PL emission intensity vs energy for EL device. FIG. 4. Current vs applied voltage for EL device.
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Au sificon p-type this increase lowers the recombination lifetime below 10 ns.
Electrode oxynitride SN Since we in fact observe no dependence of EL peak
energy on polarity or applied field, we suggest that the re-
combination lifetime is indeed longer than 10 ns. In order to
- | examine whether this is a reasonable number in silicon ox-
s | ynitride, we calculated that, assuming the entire applied volt-
hv I age is across the silicon oxynitride layer, the average effec-
tive carrier mobility must be less thanxgL0~*cn?/V's. By
I—:____Qf-z—'-k——_ comparison, the electron mobility ia-SiO, is 20 cnf/Vs
| - and the hole mobility is %10 °cm?/Vs at room
temperaturé/ The authors were not able to obtain a pub-
lished value for mobility ina-SizN,. However, in SiNy,
FIG. 5. Energy band diagram for electroluminescent MIS device under forhole conduction dominaté€.in addition, the carrier trapping
d bias voltageV. i ili itri ilitg e fi ; ; ; il ;
Yggr from the El?/elgcl’;fos;e;trzgrfe.c)omginnﬂz wltt% tt?li. ?(Ig;o\r/]vf?iézntlltjrﬁe pI.’Obablllty. IS .fI.Ve order; of magnitude hlgher. in silicon n.l_
neled from the silicon substrate. tride than in silicon dioxide, and the average distance carriers
travel in SgN, before being trapped or scattered is only
about 35 A!® and the space-charge limited current in our

can increase with increased current density. This simple picdlims indicates a significant amount of t["j}p‘:::;g- Thus an av-
ture should be applied with caution, however, as it ignore€'age carrier mobility of less than>al0™" cm/V's is rea-
contributions from nonradiative recombination. and we havesonable for our silicon oxynitride films and carrier relaxation
no direct evidencésuch as shorter recombination lifetimes €XPlains the redshifted, field-independent EL peak.

. _12 . . .
that the increased carrier concentration is the reason for in- N OUr previous report%‘f_ “we discussed in detail the
creasing EL efficiency at higher currents. PL behavior of silicon oxynitride films having similar com-

We believe the EL results from recombination of elec- Position to those in this work. We showed that annealing the

trons and holes, but are not able to determine whether botiiMs at 950 °C increases the PL intensity by two orders of

carrier types are injected or whether the recombination taked'dnitude, and characterized both the as-deposited and an-

place between injected majority carriers and trapped minorfealed films. We proposed that the PL results from geminate

ity carriers. Theoretically that information is contained in the "€combination of electron-hole pairs at localized, nonpara-
exponentb of the |-V curve, and/or the variation of EL Magnetic recombination centers. We have suggested the cen-

intensity with current®1® A detailed study of identical ters are related to Si—Si or Si—H bonds and that the effect of
samples of varying thicknesses would be helpful in extractih® 950 °C anneal is to increase the number of these centers,
ing this information, but at present we have too muchand that EL is qbsgrved only in annealed samples suggests
sample-to-sample variation in the precise electronic properhat the recombination centers for EL and PL are the same.
ties of the devices to attempt such a study. Another report of EL in MIS diodes incorporating sili-
Similar to what was reported by Boonkosienal,® we ~ €ON oxynitride is the study by Lét al® on ultrathin(~8 nm)

observe a redshift in the EL peak energy compared to the PEIliCON oxynitride layers. They report no PL, and EL only
peak energy. We have shown that the PL in these materials ider forward bias. In addition, the samples in the Li study
geminate recombination and that the PL peak energy is g&chieved maximum intensity after a 600 °C anneal, with high
much as 1 eV lower than the excitation enetgithe latter ~ (€MPperature anneals being less effective. Our attempts to ob-
effect is because the excited carriers very quickly relax irS€MVe EL in devices with oxynitride Iayers.3|gn|f|cantly less
energy down the band tails before recombination. In contradf'an 50 nm were not successful, but we did not study layers
to PL, EL arising from carrier injection is necessarily a non-2S thin as those in the Li study. Thus it appears that the
geminate process. As the carriers travel through the materidliction mechanisms and/or the recombination centers are
before recombination, they will energetically relax down thedifferent for our films. Finally, while the efficiency of our

band tails. The EL peak energy is thus dependent on thfiims is currently quite low, considerable improvement can

amount of relaxation by the carriers before recombinationP® €xpected through optimization of the device fabrication

We have shown that the recombination lifetime in the case oProcedure.

PL is less than 10 ns, and that significant carrier relaxation

occurs on this time scale. In the case of EL, if an injectedy cxNOWLEDGMENTS
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