PHYSICAL REVIEW B 67, 115106 (2003

Modified spontaneous emission from erbium-doped photonic layer-by-layer crystals
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The spontaneous emission from luminescent Si photonic layer-by-layer crystals is studied. Luminescence
from both implanted Er ions and the polycrystalline Si host is observed in the 1.} .Wavelength range
and serves as a probe of the photonic band structure. The spontaneous emission is strongly suppressed for
wavelengths between 1.4 and Juf. The spectral changes are described by a model that takes into account
changes in the local density of states, internal Bragg scattering in the crystal, and the internal quantum
efficiency of the optical transition involved. A spectral attenuation-& dB per unit cell is derived from the
spontaneous emission data, consistent with theory and transmission data.

DOI: 10.1103/PhysRevB.67.115106 PACS nuni®er42.70.Qs, 42.56-p

A photonic crystal is a three-dimension@D) arrange- three-dimensional spontaneous emission can be observed
ment of dielectric material that is periodic on a length scaleand can thus provide important information on the band
comparable to the wavelength of light and that interactsstructure as well as on the local optical density of states
strongly with light. Photonic crystals can be used to control(DOS).
spontaneous emission and manipulate optical modes in ways In this article we present data on modified spontaneous
that were impossible so far. A major challenge in photonicemission from finite-thicknesive-layep Si photonic layer-
crystal design and fabrication is to realize a photonic crystaby-layer crystals. Due to its finite thickness, optical emission
with a full photonic band gap, i.e., a structure in which thefrom both well-defined atomic-scale defects that are intrinsic
propagation of light within a well-defined frequency range isto the polycrystalline Si base material and of optically active
forbidden in any direction in the crystal. This requires, on thegr jons that are implanted into the photonic crystal can be
one hand, the use of materials with sufficient refractive indexpserved. A detailed analysis reveals that both ordinary
contrast and, on the other hand, a well-chosen crystal symsraqq reflections and the quantum efficiency of the emitting
metry. In the past few years, intense research has focused @Recies play an essential role in understanding the lumines-
the fabrication of photonic crystals for optical wavelengths o ce spectra from photonic crystals. Even though it is ex-

either by using self-assembly and infiltratidnor high- tremely important, the effect of quantum efficiency is often
resolution lithography > Crystals made by self-assembly, if eglected, most likely because it is unknowrpriori in an
infiltrated with Si, show a presumed complete photonic band;xperimer;t

gap at near-infrared wavelengthSLithographic techniques The photonic crystals are made by lithography following

can be applied directly to high-index materials such as Si or. ) . . :
GaAs tharipare needegto ob?ain a full photonic band gap ang‘|e layer-by-layer desigh.”A polycrystalline p-Si) layer is

structures with a band gap around LBn were demon- gposited by low-pressure chemical vapor deposition from
strated in both SiRefs. 3 and #and GaAsRef. 5. The use silane at 570°C. §ubsequept anneall_ng at _1040°C converts
of lithographic tools leads to large crystals in two dimensions2y @morphous silicon tp-Si. A one-dimensional array of
while the third dimension is limited to several crystal lattice 180-nm-wide and 200-nm-high polycrystalline $-&i) bars
units. at a repeat distance of 650 nm is etched in ph8i layer
Although both routes to photonic crystal fabrication areusing a fillet proces$ After completion of the first layer of
now well developed, the challenge is to demonstrate the exdars, the structure is filled with SiOand planarized by
istence of a full photonic band gap. So far, optical characterchemical mechanical polishing. Next, a second layer of Si
ization of photonic crystals with a presumed full photonic bars is defined on top, rotated by 90°. This process is re-
band gap mostly involved optical reflectivity and transmis-peated until a structure with 5 laye2.5 primitive unit cellg
sion measurements as a function of the external angle o6 formed, as indicated in Fig. 1. After completion of the
incidence®®’ The full photonic band structure cannot be ob- structure the SiQis removed by wet chemical etching.
tained from these measurements, since not all propagation Band structure calculations for an infinite Si layer-by-
directions inside the crystal are accessible by an externdhyer crystal show a large band gdpelative bandwidth
probe. However, spontaneous emission from optical probe&A\N/\~20%)° Optical transmission measurements on
inside the crystal can probe all possible directions and can beomparable crystals show that the transmission attenuates by
used to explore the properties of crystals that do not have & dB per unit cell at 1.5.m.* These results were confirmed
complete band gap® In a true three dimensional photonic by calculations that also reveal that emission from the struc-
crystal, no emission should be detected in any direction. Irure is strongly modified compared to free sp&cd&his
crystals with a partial gap or in thin crystals that are not trulymakes the present five-layer crystals ideal to study photonic
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FIG. 1. Schematic 3D drawing of the layer-by-layer lattice < -
showing the stacking of the 5 laye(&.5 primitive unit cell$ of . [
p-Si bars. Top and side views of the structure are shown as well. Q- 0.2 |-
The depth of the EfO) implantation is indicated by the Gaussian- [ Py i
shaped curves in the side view. 0.0 L L e
~ | ! | ! I ! i
crystal properties, as a strong interaction with light is I“ | 1
achieved, while some light can still escape from the crystal. 2.0 | b) ]
Here 915 keV Er ions were implanted into the layer-by- 2 } ]
layer crystal at normal incidence to a dose of 1.5 o ]
X108 Er cm 2. To activate the Er, oxygen was coim- & 1-5 ]
planted to overlap the Er distributidier:O ratio 1:10. The £ ]
projected range and straggle)( of the Er ions are 300 nm ®,0H l __ W A ]
and 80 nm, respectively. The Er is thus implanted in the 3 r ‘ \
second layer it encounters looking from the top. As a conse- o i
quence all Er ions are implanted through the top layer and o5 H
end up in the second, third, and fourth layers. The Er distri- [
bution is sketched in Fig. side view. Part of the erbium [
(45%) is implanted directly in the crystalline St{Si) sub- 0.0 H— b ———
strate. However, given the large attenuation) at1.5 um, Wavelength (um)

Er luminescence from this depth will not be detected in our

optical measurements. A plangsSi sample was implanted

together with the layer-by-layer crystal and serves as a ref- FIG. 2. (a) PL spectra measured &t= 10 K of an Er-implanted

erence. The sample consists of aw.@-thick p-Si layer on  photonic crystal(——) and the p-Si reference sample—&—).

top of a 1um-thick SgN, layer on ac-Si substrate. (b) Relative intensity from the photonic crystal compared to the
After implantation all samples were annealed at 600 °Geference sample. A clear dip in the relative intensity is observed in

for 3 h under vacuum<5x10 ' mbar), followed by a the spectral range 1.4-1m showing that the emission is sup-

rapid thermal anneal at 1000 °C for 60 s in a &mbient.  pressed due to the presence of a stop band.

PhotoluminescencéPL) measurements were taken from

samples cooled to 12 K in a closed-cycle He cryostat. As Posed on the defect band, a sharp peakatl.539 um is
pump source, 10 mW of 488 nm radiation from an Ar ion gpserved due to thél 5,15, intra-4f transitions of im-
laser was focusedbta 1 mmspot. The angle of incidence planted Er ions. The broad luminescence band is observed in
was 20° off the surface normal, and the beam was modulateghimplanted samples and in samples implanted to different
on-off at a frequency of 20 Hz using an acousto-optic modu£r and O concentrations and is therefore not related to ion
lator. The luminescence was collected in a cone with a fulhmp|antati0n or to erbium or oxygen. Experiments on the
angle of~20° (solid angle 10 m3rby a lens, focused on the same structure performed at temperatures up to 125 K show
entrance slits of a 48 cm grating monochromator and dean overall decrease in PL intensity, which is attributed to
tected by a liquid-nitrogen-cooled Ge detedfiime response  thermalization of trapped carriers responsible for the lumi-

30 us). nescence of th@-Si. However, the ratio in PL intensity as
Figure Z2a) shows measured PL spectra at 12 K from bothshown in Fig. 2b) was found to be unaltered.
the implanted layer-by-layer lattice—(—) and the p-Si The two spectra shown in Fig(& are taken at the same

reference sample—<—). Measurements using either the pump power and were not normalized. As can be seen, the
457 or the 514.5 nm line of the Ar ion laser resulted inPL intensity collected from the two samples is comparable
identical PL spectra. A sharp peaklat1.1 um is visible  for wavelengths shorter than 14m, while for longer wave-
and corresponds to optical transitions from the indirect eleclengths much less intensity is collected from the layer-by-
tronic band gap of silicon. The broad luminescence bandayer structure than from the-Si reference. Figure (B)
extending from 1.1um to well beyond 1.7um is attributed shows the intensity ratio of the layer-by-layer and th8i

to defect-related optical transitions in tpeSi host material reference emission and shows a broad dip in the range from
mediated by recombination of electron-hole pairs. Superimi.4 to 1.7um. This broad depression is clearly indicative of
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) time, followed by a slow component. Lifetime measurements
at different wavelengths indicate that the fast component is
related to the defect luminescence, while the slow compo-
nent is related to the Er emission. Moreover, the ratio be-
] tween fast and slow components matches the ratio between
] defect and Er luminescence at 1.5a6n observed in the
Woodpile | spectra in Fig. @). The slow component can be described by
1.26 ms a single-exponential decay with lifetimes of 1.09 ms and
1.26 ms (W=920+50 s ! and 796:50 s 1) for the refer-
ence and photonic crystal samples, respectively.

The data clearly demonstrate that spontaneous emission is
affected by the photonic band gap of the layer-by-layer lat-
tice. The effect is twofold. First, radiation emitted from
oy within a crystal can Bragg reflect which leads to a dip in the
0 1 2 3 4 spectra over the stop band region. This effect is present in

Time (ms) any photonic crystal and does not require a complete photo-
, nic band gap. The second effect is a modification of the
FIG. 3. Photoluminescence decay traces of the Iayer-by-layeg ontaneous emission rate and becomes important if a sig-

sample and the reference sample. Decay traces were measured atmﬁcant amount of the entire # solid angle is blocked by
K at the peak wavelength of the Er luminescenca (

=1.536 um). The luminescence shows an initial fast decay relateiragg reflection. In fact, even if the band gap is incomplete,

e
o
o

Normalized PL Intensity
g

[ Reference
- 1.08 ms

to the defect emission and a slow component related to lumine he DOS can be strongly reduced and spontaneous emission
cence from erbium ions embedded in {&i. e partly inhibited. To evaluate the exact effect of the pho-

tonic crystal on the spontaneous emission rate both the posi-
a photonic stop band. The spectral range of the dip is similafion of the optical probe and the local DOS must be
to that found in optical transmission and reflection evaluated
measurements*213 on the same crystal. It is in perfect For any luminescent species, the total PL emitted over all
agreement with calculations of the emissivity spectrum of arflirections depends on the radiative rélig,q and the steady-
electrical dipole in a finite-thickness layer-by-layer lattiée. State population of luminescing species. The steady-state
As can be seen, spectral features at wavelengths ofidn27 ~ Population depends on the pump rate and total decay rate
1.35um, and 1.38.m are observed in the ratio. These may Wiot- FOr a two-level system in the low-pump-power limit
possibly be related to variations in tilecal) DOS at these ~the total PL intensity is given by
wavelengths.

The intensity ratio in Fig. @) is determined by the pho- W, ag

tonic band gap as well as by the distribution of the 488 nm lpLRoumpiy— N (1)
Ar pump laser light in the structure. The pump power distri- ot
bution in the reference sample decays exponentially in th?vhereR

p-Si because of the large absorption of Si at 488(absorp- ber of excitable species, anll,,4/W,,, equals the internal

tion length ~1 pum). At the pump wavelength light can o ,an1m efficiency(QE) of the optical transition. Both the
propagate in the photonic crystal since no band gap ig, and defect luminescence in Fig. 2 can be described using

present at that wavelength. As the Si is strongly absorbingy,iq y0-level model. Next, the effect ¢Bragg diffraction,
most of the light is directly absorbed in the photonic crystaI.WhiCh lowers the collected intensity, must be included. De-

This pumping mechanism explains the intensity ratio close iy the fraction of light collected from the structure as
unity outside the band gap region, since the areal density %he ratio in PL intensity Kpc/1o1) [See Fig. )] from the

e-h pairs generatedby optipal absorption of laser lights photonic crystal(PC) and the reference sample can be ex-
comparable for the photonic crystal and reference Samplespressed as

The sharp luminescence peak dt1.536 um in both
spectra in Fig. @) is related to intra-# transitions of Ef*.
The Er emission collected from the photonic crystal is kLC:WradPC Wiot ret Mpc )
strongly suppressed compared to that of the reference lvet  Wradret Wiot.pc Zref’
sample. Interestingly, the ratio between the spectra in Fig.

2(b) shows a small Er related peak. This indicates that thavhereW,,q pc (Wrag rer) andWioi pc (Wrag rer) denote the
effect of the photonic crystal on the Er ions is different thanradiative and total decay rates of the emitting species in the
the effect on the defect luminescence. In the remainder dPC (referencg¢ sample andyppc and 7, are the collection
this paper this will be discussed in more detail by combiningefficiencies of the luminescence from the PC and reference
the data in Fig. 2 with luminescence lifetime measurementssample, respectively. Note that E(®) holds for both the

PL decay traces taken at the peak of the erbium emissiodefect luminescence and the Er luminescence separately.
(A=1.536,m) are plotted in Fig. 3. The decay traces for This equation includes three important parameters that deter-
both the reference sample and the layer-by-layer structurmine changes in the spontaneous emission collected from a
show an initial fast decay limited by the detector responsghotonic crystal(1l) changes inW,,4 due to changes in the

pump denotes the excitation rathy,is the total num-
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(local) DOS, (2) the quantum efficiency of the optical tran- from an infinite layer-by-layer crystal of the dimensions used
sition involved, and(3) a collection efficiency and Bragg in our experiment should be fully suppressed at
reflection effect. =1.536 um (DOS = 0). The fact that this is not the case is
The importance of the quantum efficiency in Eg) is  attributed to the finite size of the crystal. To compare this
obvious; in practical studies, however, it is often neglectednumber to theoretical results requires knowledge of the Er
most often because it is unknown. Two extreme cases may kﬂ_ﬁpth (_jistribution and the local DOS in the finite-thickness
considered: For unit QEW,.q=W,o,), the observed ratio in Photonic crys_taf.6'17
PL intensity is 7pc/ 7,6 and is thus determined by Bragg _ Finally, using the value found forW,aqpc/Wrag,ref)
reflection only. On the other hand, if the QE is very small(370/500, we evaluate that for the Er emissiofbc/7rer
(Wiorrer~Wiopc), the ratio in PL intensity equals =0.3 (5 dB). This number represents the reduced emission
(Wyad pc/Wiad rer) (7pc/ mrer) and does contain the effect from the cr_yst_al due to Bragg reflection and can be compared
of the DOS on the radiative lifetime as well. This counterin- ©© transmlllssmn measurements as a function .Of .crystal
tuitive result is due to the fact that for transitions with high thicknes&™ that report a reduction in the transmission of
QE a reducedW,,, will cause a higher steady-state excited ~ & dB per primitive unit cell= 2 layers. The erbium ions

population in the crystal, whereas for transitions with lowaré |mpla_nted in the third Iaye(lmplantatlon depth= 3.00
QE it will not nm), leaving two layers on top, in good agreement with the

With this model the data in Fig.(B) can be analyzed foulnd valuel of 5 dB. ssion f £
quantitatively. First the intrinsip-Si defect luminescence is T cocrjwc U_S'OE’ sponfaneogs | emission lro_m an Ir-
analyzed. Defect-related transitions in Si are generally non!"P anted Sl photonic layer-by-layer crystal s strongly
radiative in nature, and therefore the QE for radiative er.ms_modlfled relative to emission from a planar reference sample.
sion is very small. From the data we can thus estimat&oth the EP" emission at 1.53%m and the intrinsic defect
(Wiag pe/Weag rer) (7pc! 701)=0.13, the measured defect €Mission from the polycrystalline Si are strong!y rgduced in
PL intensity ratio ah =1.536 um. The relative contribution ;[jhe stop ba;}ndl.4—_1.7/¢m). The spect_ral'modglcanorr:share
of defect and Er luminescence at this wavelength was dedue to(l)q anges in spontaneous emission .( eoug t'e
rived from the fast and slow components observed in thdoc@l density of statesand(2) changes in the light collection
decay traces in Fig. 3. By using the measured total decague to Bra_gg scattering in the cryst_al. Using a rate equation
rates from Fig. 3, the Er luminescence can be treated simf'9ument it is shown that, depending on the quantum effi-

larly. Using Eq.(2) and the measured data 6, we obtain ciency of the optical transition, only the latter or both of

a value of Wiag pe/Wiag re) (7pc! 7re1) =0 2"3 The fact these effects must be taken into account. The spontaneous
rad, rad,re re . . H H

that this number differs from that found for the defect lumi- enllsimnorate of Er at 1'5?”] was fpund o be reducgd. by

nescence may be related to a difference in the depth distr?75 %x10% and a spectral attenuation 5 dB per primi-

bution of luminescing species, which affects bathand tive cell is fotunglr,hconsstent with thteory amd ;c_ra?zmlssmnt
W,.4 (through the local DOS measurements. These measurements are the first demonstra-

This analysis does not determine the factortion of modifiet_j spontaneous emissic_)n from a Si photonic
(Wyaq.pc/Wiag rer), Which would directly give the modifi- crystal at the important telecommunication wavelength of
cation of the spontaneous emission rate of Er by the photonia:'5 pm.
crystal. Assuming a radiative rate of Er in Si of 500  The silicon photonic lattices were fabricated at Sandia
+100 st (7=2 ms) (Ref. 19 (being, to our knowledge, National Laboratories’ Microelectronics Development Labo-
the longest lifetime of Er in $j we deduce a nonradiative ratory (MDL). The process and design was guided by Dr.
rate of ~420=110 s'! in the reference sampleWor re Shawn-Yu Lin, also of Sandia National Laboratories. Sandia
=920 s'1). This nonradiative decay is likely related to di- is a multiprogram laboratory operated by Sandia Corpora-
rect energy transfer from erbium to electronic states in theion, a Lockheed Martin Company, for the United States De-
p-Si host and is thus equal in the reference and PC sampl@artment of Energy under Contract No. DE-ACO04-
Subtracting the nonradiative rate from the measured totsd4AL85000. This work is part of the research program of the
decay rate, a radiative rate of370+110 s ! (790—420 for Foundation for Fundamental Research on Maf&M) and
the PC is found. This value is suppressed by 25%9%  was made possible by financial support from the Dutch Or-
compared to the reference sample. The spontaneous emissiganization for Scientific Resear¢NWO).
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