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ABSTRACT

Welkresolved band-edge exciton photoluminescence (PL) has been observed i
n
strained Siy_,Ge, beterostruciures grown om Si{100) by rapid thermsl chemical
____i,__l.!. deposition. The luminescence ls due to shallow-impurity bound excitons st
temperatures (under 20I) and st bigher temperatures s due Lo free excitons
or electron-hole plasmas, depeoding on the pump power. The luminescence can
also be elecirically pumped, with both the eleciroluminescence and PL. persisting
above room Lemperature in samples with s sufficient bandgap offset. Loms of car-
rier confinement and subsequent nos-radistive recombination outside the Si, GCe,
i found to be the resson for reduced PL and EL st bigh temperature. tis

L INTRODUCTION

Strained Siy_,Ge, layers commensurate on 5i(100) substrates hav
intense investigation for pearly s decsde for _.P nw..i.ua!..ﬁﬂ "sﬁ"ﬁ
.tmr_rltﬁ_.:aufn elecironie deviess, and more specultively, light emitting devices,
-ra..".m vr.ikaﬂ.wluﬂ_ﬂ specirs from such 51, Ge /51 structures and 5 Ge,
pericd superlattices have been reporied for some time [1-3], the interprets-
tion of these initial resulis has been controversial [4] because of the broad festures
emimion esergies well below expecied bandgaps, and correlation of the ﬂ:fﬁn,
peaks o some work with those of ksown dislocstion luminescence in Si. Well
rescived |uminescence festures of band-edge exciloa recombinstion has been
on_“.ﬂ..l Mauﬂ_.ﬂu_.”h-ﬂrﬂ.&«-i-;qﬂu_n !E“Hn..w.nr strained layers with only 4%

- 0 n n

tices with higher amounts of Ge 8], T R T
The samples in this last work (Refl. 8) were grown by Rapld Thermal Chemi-
M_q._.__i Deposition (RTCVD), not molecular beam epitaxy (MBE) as in all of
previcus work. This paper frst reviews the basic RTCVD wechaique, and then
Hl.l o8 three separate saues: the basic features and mechanismas of the lumines-
e in such straiped 5i,_,Ge /50 hetercatructures grown by RTCVD, eleciro

_.
_“H_il#un.” and Boally tbe tempersiure dependence of the photo- and eleciro-

0. RAPID THERMAL CHEMICAL VAPOR DEFOSITION

A schematic disgram of the resctor used for RTCVD Is shown |
- n in Fig. 1. A
Sm-_..r four-inch Si waler bs suspended on quarts pins without & susceptor inside u
rﬂaﬂﬁ dismeter quartz tube, outside of which s & bank of tungsten halogen
o which beat the wafer. Proces gases (typleally dichlorcailane, germane,
Borane and phosphine In & hydrogen carrier] are introduced Into one end of Lhe
_______n_.nﬂa and removed from the other end by & simple mechanienl rolary vane
P. The chamber I not ulira-high vacuum (UHV), and oo pump dows with a
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AT high vacuum pump b done alter loading samples. However, due Lo the us of &
sy

lond lock Lo prevent simospheric contamination when loading samples, 5i,_,Ge,
layers with low cuygen concentrations < 10" em =) and high lifetime (21 us) can
be rotinely achieved at s growih temperature of 825°C [7]. Alhough |nyers
have been grown from 500°C to 1200° C, uypical growth conditions (used for all
work in this paper unless otherwise specified) are 825" C for Si,_,Ge, growih and
700°C for Si. Typical growih rates under these conditions are ~ 100 A Jmin.
The lack of & susceptor allows fast changes (> 100 K/s) in sample temperature 5o
that the growth tempersiure of sach layer or interface can be optimized. The lack
of & susceplor or any otber hardware {except for the quarts support pina) alsa
removes possible sources of contamination (eg. metallic impurities, non-radistive
centers, ete.) from the chamber to the maximum degres pensible.  This is impor-
tant since the luminmeence can easily be quenched by exoessive noo-radistive
recombination. The waler temperature s moailored n-nis during growth with
sn securscy of a few K by the messurement of the infrared abscrption in the
wafer (st 1.3 pm and 1.5 gm), without sny sdjustable parameters puch a8 emis
slvity [8]. Further growth details can be found in Ref. 9.

ol. PHOTOLUMINESCENCE SPECTRA

Figure 2 shows the typical PL spectrs of & single strained 334 Sl Geys
quantum well and of & single 500A Siy Gegy well (both with ~ 1504 silicon
caps) st 2 and TTHL The 20 spectrs are qualitatively similar to esch other
exeept for & blue shift due Lo quantum confinement in the narrow QW [10]. They
sre also similar to those cbserved by Weber and Alomso in their study of bulk
{unstrained) 51,_,Ge, alioys [11], which allows stralghtforward interpretation of
the festures. The highest tnergy festure results from mo-phosce (NF) recombine-
tion mediated by the slloy randomness, That the featurs exists similarly in bath
the narrow and wide wells and st 2K and 77K supports the hypothesis that this

. festurs is oot due to spalisl confinement or low Lempersture localization eflects

but is indeed an intrinsic festure of the alloy, The lower energy festures nre pho-
E%;Hiﬂifilri._ﬁ.vnqagﬂgﬂpﬁ-
monserving transverse acoustic ([TA) and transverse optical (TQ) phonons. In the

Fig. 1: Schematic crom-section of the RTCVD resctor with tempers-
ture messurement by iafrared transmission.
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qun well, the narow fnesbdth allows one to observe the splitting of the TO
peplica into vurious local vibrational modes (551, 5i-Ge, Ge-Ge) representing the
Jilferent mearest neighbar imteractions. From the relative sirengih of the local
modes one can infer the sample composition as shown in bulk material [11].

Jithough this ratio is modified in thin QWs and superlattices [o].

7 On the basis of its temperature dependence, excitation spectroscopy, and life-
....F....... tiae, luminescence st 2K is attributed Lo excitons bound to & shallow impurity.

background doping of these samples is typieally ~10"cm=2 and may include
ey “—.ﬂ1i‘i&§§. AL higher Lemperatures (> 20K), the

PL is due to free excitons at low pump powern (as seen in Fig. 2a) and to an

dectroeehole plasma st higher pump powers [12]. The characteristic feasture of

thiis ebectron-hobe plasma is o broadening of the lneshape (specially on Lhe low
energy Side) as the quasi-fesmi levels move into the conduction and valence bands.
ggmples with similar PL at 77K have also been grown sl & temperature of 530° C,
This indicates that growth temperatures over 800" C are mol required for observ-

ing strong band-edge luminescence fentures.

o ELECTROLUMINESCENCE

LS
e

e saruetures, light emission in one case was reported at 4K in samples grown by

L= AfBE, but the emimsion was well below the bandgap and of uncertain origin [13].
In CVD samples with x == 0.2 QW clear band-edge EL waas seen, but it decressed
sharply above 1501 and was virtually extinet by 200K [14]. In this work we have
grown & B%-kp* structure with ten SiggyGeg gy QW™ of width ~50A in the -
region. 80 pm x 80 pm dicdes were labricated by simple mesa etching with
aluminum comntacts, Light was observed through a window in the top aluminum

P T
-

In this section electroluminescence (EL) is demonstrated by incorporating
O SigegGey QWs In u lightly doped region between n* and p* 51 layers, which inject
L2 dectrons and holes respectively in forward bins. In previcus EL work in 5i;_ Ge,

rontaet.

Figure 3 shows the 4K and 77K PL on this sample (from a piece not pro-
ressed into diodes) as well a8 the EL spectrum (| == 10 pA) with & hest sink tem-

perature of S80K. At 4K, the resolved NP and TO peaks show clear evidence of
the band-edge exciton recombinstion described earfler. The peak NP energy of

B00 meV s somewhat higher than that expected for & bound exciton in strained x

= 0,35 (870 meV ) |15], but this difference s within the range of expected quan-
tum confinement effects snd uncertaloty in ssmple parameters. Although ther-
mally broadened at 77IC the spectrs are qualitatively similar, indicating & band-
edge recombination mechanism [(alibough no longer bound exciton). The magai-
- o tude of the blue shift (~30 meV) is not well understood: ~ 15 meV can be under-
Sy stood as due to the BE o FE transition aod the band-filling efects described ear-
Tier: the remainder of the shift may be due to unintentional differences in the Len
QW's and different wells dominating st different temperstures.

AL u hest sink tempersture of 80K, the 10 mA (400 H: modubation, 507
duty eyele) EL (Fig. 3) is qualitatively similar to the 771 PL, slthough brosder,
presumably due to poor thermal contaet between the sample and hest sink snd
consequently higher sample temperature. Therelore we infer that the EL mechan-
ism also results from band-edge carrier recombination. AL a heat sink tempers-
ture of 300, the EL was still elearly observable with a peak al ~ 930 meV (1.3
mm), corresponding o the NP recombination in the 5iGe (Fig. 4. Some emission
from the TO replica of the cladding 5 Inyers was also evident (which was much
weaker ut lower temperntures). but this was estimated to make up b than 109
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Fig. 2: PL specira of Sifstrained 5i,_,Ge /5i potentisl wells of
width (a] 33A and [b) 500A st both 2K and TTH.

ore processing al 4K and TTK,
and the EL spectrum wath 10 mA
drive current and heat mink

temperatsre of BOK

EL Wnlensity (orb. wnils)
T —rTT

U Y Ty Laisal .l
BO0 900 1000 100 1200
Praton Energy (maev)




R

ke

of the total amount of emitted light. The peak EL intensity increased linearly
with drive current up 1o 00 mA (= 1500 Afem® sssuming & uniform current dis-

. wribution] above sn extrapalated theeshold of —~ 10 mA (2530 Afem®), and was

sublinear st lower currents (Fig. 3). The weaker emimion eficiency at lower drive
currents is thought 1o be due to parasitic space-charge region recombination st
defects (such a3 the mesa sidewalls). At 80 mA. the estimated internal quantum
eficiency (after cormecting the external signal for window wres, solid angle, ete.)
had s lower lmit of 2 x 107" [16]. This number & considered & lower limit
because of the considerable lateral resivtance of the top p* layer, so that the
current density was probably much higher under the contact wres than under the
window sres.

PL and EL were also studied from  single 104 pure Ge layer (grown at
625" C) sandwiched between silicon dadding. microstrecture of the Ge layer
was not explicitly observed by TEM, #te. The L thicknems was estimated from
the measured growih rate of Ge from the growtih of thick (eg. > 1000A ) Ge
layers in other samples, and the Ge layer may be Talunded™ and not wniform in
thickness, Figure 0 shows the PL (4K and 77K) snd EL (00 mA, 80K and 300K
heat sink] of such structures. Wheress the room tempersture EL peak of the
FlgasGeg s QW structure was st 1.3 pm, the room temperature EL peak of the
pure Ge structure was st 1.5 pm. The peak intensity st J00IK increased Nnearly
above & threshold current density of 25 Afem?, but the eficiency at higher drive

Lo cureents was only = 109 that of the 1.3 um emitter. The physical origin of the

e

e

. EL and PL is not clear, however, due Lo Lhe very broad spectrum (~ 100 meV
- peak) st 4K. It s possible that the origin of the luminsscence in Lhis sample is

dislocations or other defects and not band-edge carriers.

V. TEMPERATURE DEPENDENCE

Except for the BE to FE transition deseribed in Ref. 8, there is little change
in the photoluminescence of most of our 51, Ge, samples from 4K o 77K, Most
of the decay in intensity occurs well above TTI. m.__m. 7 shows the evolution of the
photoluminscence Ar®-ioa excitation [~ 10 W /em™), with increasing temperaturs
sbove 771K of & single quantum well for both ¥ = 0.2 and x = 035, Figare &
shows the peak intensity of the NP-line in each sample va temperatare. While Lhe
& = 0.2 PL decays sharply sbove 120K and s barely observable at 174K, the 1 =
0.35 does not decay wntil Lemperatures over 2000 and is still observable st room
temperature. To the best knowledge of Lhe auihors, these are the highest tem-
peratures for which PL has been obaerved in such structures grown by any tech-
migue,

A simple quantitative model is now developed to explain what physical

. mechanism s coutrolling the decay of PL of higher temperatures. The PL

efficiency depends on 3 factors:

R 1)
i

where n is the internal PL efliciency, r._ .4 i the non-radistive fifetime

L wntensdly (orb wnsli)

PL (ort. wnils)

L b 5
Wi Lype e 3w Fig. 5: Peak EL intensity vi.
current densuty unaficrm
L - ] gmnﬂnigfﬁ-ﬂﬂi
[ i {a)
L o ] %o () S e | Ge

{1.5 wm) structures.

sﬁ.ﬂa!r-inﬂ_.mmﬁx
4 1 1 LED i3 expanded by =

10 = - 1 relative to that for the 1.3 um
g ] ] LED).

Sl aa
500 10001500 50 100 150200
Current Density(4/em®)

PL (arb. units)

Fig. 7: PL ospectrs for various temperstures for & single
%151, _,Ge, /5i quantum well with (a) @ = 0.2 and (b) & = O35
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jassumed much lower than the radiative lifetime). 1., b the radiative lifetine,
sl Tgc, B the fraction of carriers in Uhe 51, Ge, well. The radistive lifetime &
dug 1o the NP proces (due to alloy scattering) and phonon-assisted 1ransitions
|predominately TO). For temperstures of 300K or less, these rates are both
expected 1o depend little on tempernture bersuse the phonon energies are rels-
vively large {e.g. ~ 670K for the 51 TO) Ar temperntures above 2005, st which
carriers are miobile snd not bocalited s bound excitons or olherwise, 1he dominant
nonradistive recombination mechanism & recombination at deep bevels, so that
the non-radiative lifetinie can be described s

Tacarsd = [(Npava)™' 2]
where Ny is the density of levels within the bandgap, @ is their cross-section, and
vy the carrier thermal velocity. This lifetime is therefore expected 1o have only &
weak [~ T™%) temperature dependence. This apparently leaves foc, as the only
term which might depend sxponentially on the tempersture and explain our high
tem perature luminescence decay.

The fraction of carriers in the SiGe (fyc,) firs depends on the transport of
the photc-genersied carriers from the 51 substrate Lo the QW. The QW's are
within the top 005 um of the sample, while the sbsorption depth of the pump
laser & ~ lpm. We have typically observed st 205 that the TO-PL from the Si-
substrate is comparable to or stronger than that of the 5i,_,Ge,, Indiesting that
oaly = 50% of the generated carriers wre collected into the QW before luminese-
ing. By TTK bowever, the TO-PL from the 51 is bess than 5% that of the
Si,,Ge,. Indicating that nearly ull of the earriers are collected by the Si,_,Ge,
[17]. Therefore we can assume that st temperatures over 77K, the redistribution
af carriers occurs faster than the luminescence, mnd that an spproximate quasi-
equilibriam distribution of carriers is establisbed.

Assuming an equilibrium distribution of carriers (mot limited by the tram-
sport of carriers Lo the well} one can describe the carrier populations over the
regions of interest by flat quasl-fermi levels and » thermal distribution. Since the
valence basd olfset s much larger than that for hole for strained Si,_,Ge, on $i.
the bandgap offset is most efective on holes, which in Lern will stiract elertrons
to the 8i;_,Ge;. As u first approximation, the fraction of carriers in the Si,_, Ge,
can then be expressed aa

W
Weg, + Wy, ¢ 3BAT

where Wy, is the widih of the 5iGe, Wy, is the width of the 5i region over which
the curriers are distributed, and AE, s the valence band offset. The above
neglects mny eflects of band-beading and also amumes all carrier demsitie are
son-degenerste. For the samples of Fig. 7, Wee, = 1004 , and Wy, can be
spproximated by s minority carrier diffusion lengih (estimated at VDr =
10cm? /5 10™% = 3310 %m). For x = 0.2, the valence band offset b ~ 180 meV.
At 100K and 200 one would then predict fge, = 1.00 snd 0.00, respectively.
Clearly, this does not explain the large drop in the Siy 4Geg; PL (down by a factor
of 100 st 200K). A similar result is found for the x = 0,335 smple.
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This inconsistency of Lhe simple model with the data ean be resolved by mare
closely examining the soo-radistive liletime, specifically if ooe sssumes & substan-
tially lower ellective lifetime o Lhe 5i regioas compared to the 5i;_,Ge, layers.
This might not result from bulk effects, bul could more Hkely result from s high
rate of recombisation st the top Siaurface or st the original substrate interface
=1 pm besesth the GW). ln his case the overall nom-radistive recombinstion
rate for the eotire sample can be modelled by am average weighted [ifetime,

Taon=rad avg’

]

Wes, Fasamrud 5 WEiGe
Taon i SeZe _. Wy, +Wg e
where the [ nnd r i are the fraction of carriers and effective lifetime in layer

I Combising this with equations (1) sed (3) gives s dominany temperature
depeadence for the PL aa

W,
14 Tao=rud Sela ' fn qq.nH.__.-.;

R o .|_.Ihgi| -...G-
I +Ce

where
Taca—rd G0 Vi ®
Taca—rad 8 W
This expression was Bt Lo the dats of the x = 0.2 sample in Fig. 8 using AEv =
180meV and C = 5210, with & reasonsbly good sgresment as shown. That C i
much larger than the expected W /We o = 30pm/0.01um = 3000 implies that
the eBective noo-radistive [ifetime in the Si i indeed much lower than that in the
5iGe. Using the same C, the 1 == 035 dats was fit wsing AE = 310 meV and
sgain ressonable agreement waa schieved [Fig. 7). That the Atted AE are indeed
close Lo the koown AE, values (~180 meV, 270 meV respectively [18]) indicate
ihat tbe valence band offset Is the crucial parameter for the temperature depen-
dence of luminescence. The conclusion of this modeling of the temperature depen-
denee of the PL b that the luminescence decreases ab high tempersiure beesuse of
the low efective [ifetime for carriers outside the quastum well. Oualy & relatively
few pumber of earriers are required W be cuubde of the quastum well W couse &
substantisl reduction in the luminescence efficiency.

The temperature depandence of tbe prak SiGe NP electroluminescence signal
of our Sig 4 Gey 5y QW LED and that of the Sig yGey o LED of Rel. 14 are shown in
Fig. @ along with the ¥ == 0.2 and x = 0.35 modelling resulis of Fig. 8. The tem-
perature dependence of the EL is qualitatively similer to that of the PL: sharp
decay st bigh temperature and bigher x (more Ge) resulting in & stroager signal
st bigh temperstures. (The significance of the procounced feature in the x = 0.35
EL at 190K is not knows.) It is clear, however, that the EL does not decay as
fast st bigh tempersture as the PL for the same x. This may be due 1o aa exira
confining efect of the p-n Junction on ibe injecied carriers. Extra coofopment
could suppress the size of the Wy, region or could prevent carriers from reaching
the top 5i surfece. Quantitstive modelling to support these effects bas oot been
done bowever,
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the Lext.
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Fig. @ Prak slectroluminescence intensity wva. Lempersture for the
Sig uGegyy QW' and the Sig,Gayy QW's [of Ref. 14), slong with
the model results for PL va. temperature of Fig. 8.

VI SUMMARY

Well resolved exciton luminescense has been cbserved o Sifstrained
Sij_yGey/Si quantum well structures grewn by Rapid Thermal Chemieal Vapor
Deposition. ey festures are & no-phonos line due o alloy randompess and o
threefold splining of the TO replics. The luminescente process can be pumped
electrically as wall s optically, with room temperniure 1.3um electroluminescence
from the so-phboton proces in SlyasGegyy quuntum wells, AL high tempersture
the luminescence decrense exponentially with an sctivation eoergy closs 1o that of
the valtoce band clset. This decay i thought to be dur to cxcemsive recombing.
ton ln tbe silicon cladding layers. For x = 0.35, both PL and EL wre visible at
room Lemperature, but not st ¥ = 0.2,
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