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Light emission from Er at the As-terminated Si (111) surface

P. G. Evans and J. A. Golovchenko®
Division of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

(Received 3 July 2000; accepted for publication 8 August 2000

Erbium atoms at an arsenic-terminated1%i) surface can be made to emit light at the 1/a%
wavelength associated with an internal transition in thé"Hon. The As-terminated surface
prepared under ultrahigh vacuum conditions has a surface recombination velocity of 56 amals
partially suppresses competing nonradiative recombination mechanisms. Following the deposition
of Er, its characteristic light emission is observed only after oxygen reacts with the surface. The
intensity of the light emitted by Er increases significantly upon cooling from 310 to 215 K. No light
emission was observed from Er atoms deposited &7 7or H-terminated surfaces. @000
American Institute of Physic§S0003-695(100)04140-]

The use of Er as a light emitting impurity in Si has beendispersed by a monochromator, and sent to a liquid nitrogen
motivated by potential device applications which take advancooled Ge detectdr.
tage of the fact that the energy of an internal transition inthe  The 1 cnmx2 cm samples were cleaved from 5@0n
Er*" ion corresponds with the wavelength of minimum ab-thick, (111) oriented,>1000) cm resistivity,p-type wafers.
sorption of silica optical fiber§.In bulk Si the excitation of Measurements performed with the sample immersed in con-
Er occurs by the transfer of energy from excess electrons ancentrated HF indicated a lower limit of 7Q@s for the bulk
holes to the Er ion. Certain aspects of the atomic scale envininority carrier lifetime® Following chemical oxidation by
ronment of optically active Er atoms have been determinedhe Shiraki procesdthe samples were loaded into UHV.
by extended x-ray absorption fine structure measureniénts, Resistive heating to 875 °C to evaporate the oxide layer pro-
the study of the crystal-field splitting on photoluminescenceduced the X7 LEED pattern on both sides of the sample.
spectrd, and by modifying the chemical environment of the Bulk defects generated during heating resulted in a decrease
Er with ion implantation of impurities. The conclusion of in the bulk lifetime to 40Qus, as observed by measurements
these studies is that Er atoms must be coordinated with imin HF after removing the sample from UHV.
purities, such as oxygen, to participate efficiently in the light  The arsenic terminating layer was deposited by cooling
emission process. the sample from 875 to 350 °C in a flux of As vapor from an

A more comprehensive understanding of the localeffusion cell that was set to fill the chamber to a pressure of
atomic and electronic structure of the optically active Er and10~° Torr. Both sides of the sample then exhibited a sharp
its environment will contribute to a deeper understanding ofix1 LEED pattern that has been previously associated with
light emission processes for silicon based devices. Towardss atoms residing near substitutional siteghe As cover-
this end, we have discovered that Er ions at the Asage was 0.960.05ML (1 ML=7.83x 10**atoms cm?).
terminated Sil11) surface emit 1.55m light in ways that  Surface coverages of As and Er were measured using Ruth-
are related to the behavior of Er in the bulk: optical activity erford backscattering spectrometry after removing the
is induced by oxidation of the Er doped surface. This obsersample from UHV. Before termination with As, the minority
vation makes Er and other optically active dopants suscep:arrier lifetime with the % 7 surface was less than }s,
tible to study by photoemission and scanning probe tools. the minimum decay time measurable with our apparatus. A

These experiments were carried out in an ultrahighshort lifetime is consistent with the high surface recombina-
vacuum(UHV) chamber equipped with sources of As andtion velocity for the 7x7 surface reported in previous
Er. The sample was held so that both faces could be studiggeasurements. With As-terminated surfaces, the minority
by low energy electron diffractiofLEED) and Auger elec-  carrier lifetime reached 25&s. The corresponding surface
tron spectroscopy. Minority carrier lifetime measurementsecombination velocity was 50 cm’ which is similar to
were performed in UHV using an eddy-current based conprevious resultd? With the more intense pump beam used
tactless photoconductivity decay mettfodExcess carriers for fight emission measurements, the surface recombination
were excited for the lifetime measurement using up to 1Q,g|ocity was 500 cm'sl. An Auger peak due to C was ob-
mW of 905 nm light. For optical spectroscopy, two laserseryed following As termination, with a Si LVV to CKLL
diodes, with wavelengths centered near 800 and 900 NMgtio of 50:1.
respectively, could be interchanged as sources of the 0.4 W Submonolayer amounts of Er were deposited on the sur-
pump beam. A spot 0:20.4 cnf was illuminated. The cUr-  face from an Er foil spot welded to a Ta foil which was
rent to the laser diode was modulated to produce 50% dutysgistively heated to 900 °C. During Er deposition, the pres-
cycle square pulses at 100 Hz for use in synchronous detegyre rose briefly to & 107 1° Torr. The addition of Er atoms
tion. Light emitted by the sample was collected by a lensy, the As-terminated §111) surface produced an immediate
drop in the intensity of band-gap light emission observed
¥Electronic mail: golovchenko@physics.harvard.edu during luminescence measurements, due to a drop in the mi-
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FIG. 1. (a) Photoluminescence spectra I(dashed and 15 h(solid) after @) ()
depositing 0.2 ML Er. The increase in intensity at short wavelengths indi-r;s 2. Fluorescence of KD,
cates the onset of band-gap luminesceribg.Auger electron spectra ac-
quired in thedN/dE mode 0.4 h(top) and 26.5 h(bottom) after the Er
deposition. Peaks due to As, Si, Er, C, and O are labeled.

(squares and Er on As-terminated @i1l)
(circles vs pump laser wavelengtifa) Near 800 nmb) near 900 nm. In
each plot, the signal from KD; has been attenuated by the indicated factor.

nority c_arrier !ifetime. Following the depositic_Jn of 0.2 ML ierminated surface was nearly independent of pump wave-
Er, the intensity fell by a factor of 5. In the first few hours |ength indicating that band-gap absorption by the Si substrate
after depositing Er, there was no peak in the photoluminesg s responsible for the ultimate excitation of the Er atoms at
cence spectrum corresponding to light emitted by Er. the surface.

Within 15 h following the deposition of Er, a peak at  The syrface recombination of electrons and holes result-
1.55 um appeared in the photoluminescence spectrum. Figyg in |ight emission from Er competes with nonradiative
ure 1@ shows photoluminescence spectra taken 1 and 15 facompination at surface defects. In analogy to the situation
after depositing 0.2 ML Er. Auger spectra in Figb}, taken i which competing bulk processes are each characterized by
0.4 and 26.2 h after the deposition, show an increase OVe{ jifetime, the radiative and nonradiative surface recombina-
time in the oxygen KLL Auger peak at 505 eV. Following tion can each be assigned a surface recombination velocity.
the initial increase of the oxygen peak, there was no add'Using the absolute calibration of the detector systérmV
tional oxidation of the surface in subsequent days. The AMeak signak5x10° photons cm2s ™! from the samplg an

pearance of oxygen was accompanied by a retumn of thgstimate of the relative magnitudes of the surface recombi-
band-gap light intensity to approximately half its value be-5tion velocities can be made.

fore the Er deposition. The limited oxidation of the surface  pp, upper limit on the flux of excess carriers to the sur-
following the deposition of Er suggests that the deposited Efzce can be obtained by assuming that all of the electron-hole

atoms are oxidized by the residual gas. The base pressure MAirs created by absorption of the pump laser recombine at

710 . . .
the chamber was 110" ™ Torr. The emission of light at  he syrface. Assuming that each photon absorbed from the
1.55 um only after the oxidation of Er at the surface is con- ,,mn heam creates one pair of excess carriers, the flux of
sistent with bulk studies in which efficient light emission oycess electrons to the surfacedig=2x 10°cm 2572, In

requires the coordination of Er with impgritiésA similar - terms of the total surface recombination veloaity the con-
oxidation of submonolayer Er flln_"ns deposited on th(;lS]) centration of electrons at the surfacgis
7X7 surface has been previously observed in x-ray
studies® O

By varying the wavelength of the pump beam while nS:y_s' (1)
measuring the intensity of the luminescence at 1.5, a o ) o
distinction was made between direct absorption of the pumg € total surface recombination velocity, which is due al-
beam by Er compounds and absorption by the Si substraf@0St entirely to nonradiative processes,vis=500 cms*
followed by transfer of energy to Er at the surface. The in-When the sample is illuminated by the pump laser beam. The
tensity of the 1.55:m fluorescence of Er on As-terminated rate of radiative surface recombination is
Si and of EpO3 powder are plotted in Fig. 2 as function of
pump wavelength, which was tuned by varying the tempera-
ture of the laser diode in the range 0—30 °C. At each pointFrom Eqgs.(1) and(2) we find that the ratio of the radiative
the intensity is normalized using the incident optical power.surface recombination velocity to the total surface recombi-
The fluorescence of ED; powder shows a strong depen- nation velocity for our best sample, with 0.1 ML Er, is %0
dence on pump wavelength due to direct resonance excitat room temperature. Because the surface recombination ve-
tion of Er. The intensity of the fluorescence from,85 locity depends both on cross sections for electron and hole
pumped near 800 nm is a factor of 400 greater than whenapture by defects and on the potential difference between
pumped near 900 nm. Comparing the pump wavelengththe surface and the bulk of the sampiét is not meaningful
with the level structure of Er in EO; suggests that for the to use the present value fof, to determine a cross section
Er,O5 sample the excitation of the Er was strongest with thefor the light emission process. Room temperature quantum
pump laser wavelength tuned to thes,—*lo, transition  efficiencies of 10 for photoluminescence of Er in Si have
near 800 nnt* A similar variation of the absorption cross been reported’ It will be an interesting challenge to identify
section with wavelength is found for Er doped silica fibkrs. and optimize the surface conditions necessary to obtain simi-

In contrast, the fluorescence of the Er atoms on the Aslar or superior results from Er at solid surfaces.
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215 K terminated Sil11) surface also ceased upon removing the

sample from UHV.

Future experiments taking advantage of the tools of sur-
face science will further the study of the mechanisms by
which energy is transferred from excited carriers in Si to Er
atoms at the surface. The issues to be resolved for a complete
understanding of surface light emission include the effects of
surface potential, the origins of nonradiative surface recom-
105 115 125 1.351.45 1.55 1.65 bination, and the deFai!epI environme.n't of the Er gtoms. I.t is
wavelength(um) wavelength (um) our hope that by 0pt|m|2|ng the COI‘IdIt!OﬂS for Er I_|ght emis-

@) (b) sion at surf_aces t_hese_ regions can ultlmat_ely be incorporated
: in bulk devices via epitaxial growth techniqu@s.
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FIG. 3. (a) Band-gap light emission with and without coolifgplid lines. o

Fits to the spectrédashed linesgive sample temperatures of 310 K without The authors acknowledge the contributions of S. A. Mc-
cooling and 215 K with cooling(b) Increase in light emission from Er Donald and support from the Rowland Institute for Science
atoms at As-terminated Si surface upon cooling from 31@&shed lingto and the Harvard UnlverS|ty Materials Research Science and

215 K (solid line). Engineering Center.
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