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LETTERS

Probing carrier dynamics in nanostructures by
picosecond cathodoluminescence

M. Merann S S.ndereg,ger.ﬁ Crnttlm S.Cnllln F. Renur_cl E. Pelucchi ,H Malh. M. H. Baler,E. Kapnn,

B. Deveaud' & 1.-D. Ganigre'

Proosecond and femtosevomnd spectroscopy allow the detailed
study of carrier dymanscs in nanostroctured asterials’. In such
experiments, a lsser pulse normslly exctes several manostructores
al once. However, spectroscopic information meay alu be acquired
using pulses from an electron beam in a modern electron micro-
wnpe, iting a ph called cuthodoluminescence.
This approach odfers several advantages. The multimode i
apﬂhilili:r. of the electron microscope enable the correlation of
propertics (via cathodoluminescence) with sarface mor.
;::;y[mnﬂ:welnﬂnmmld:]nlhemmmsmk The
broad encrgy range of the electrons can excite wide-handgap
materials, such as diamond- or gallionenitride-hased structres
that are not easily excited by conventional optical means, But
perhaps modt intriguingly, the small beam can probe a sdngle
sedected nanostructure, Here we apply an original time-resolved
cathodalwmi set-up o describe carvier d lcs within
single gallium-arsendde-hased pyhnichl matstruciies’ with a
time resolution of 10 picoseconds and a spatial resolution of
50 manometres. The Hlawmn'ufmdl d:uae carriers could be
usefuil for evahsati oom-

puters"’, optical III.I.I.I.I||III|'.| gjlu:“ ar single plmbm aﬂuma:"'" for

CTYpiogra
It is of primary |rn]x1|t.1nc\- in understand as precisely as possible
heowe the charge carriers behave in a single neno-object' ", Standard
optical techmiques, such as Ausrescence microscopy:, provide o spatizl
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resefution that rernains limited te 2 fraction of a micrometre. Meore
sophisticated tedhnigues, like near-fiekd optical microsaopy, can be
s o gain spectroscopic information at the 100-nanometre scale,
but div not moutindy provide adequate time resolution™ whien fant
secnndary signals, such as luminescence, have 1o be measured.
Marerwer, the performmances of ultrmviolet optics lrmit the wse aff
thise techinigues: to materials with a gap lower than 4240

Modern dectron microscopes represent a direct approachs for
d.-minirgmlﬁmmﬂmmnfmhwmirg TETETChUTeS
withi 2 spatial resolution of a fow nanometres. Using the cathodo
luminescence imaging mode, that i an excitation af the lumines-
cene vin the electron beam of the microscope, we gain acces to
spectrescopic information within a single nano-object and comre-
Latiom witl the surface morphology s straiglitfirward" . bMire than
vvers ago, Steckenboirn ef al " propesed a new set-up allowing the
addition of terporal resolution - cathodoluminescence. Beun
bilanking was achioved by deflecting the dlectron beam vy from
the ks of the dectron aptical column, wang 2 set of deflecton plates
Fren ol this expermental technique made 11 possible to obtain
mteresting resulis™ ), ab suffers from some disadvantages: the
bheam alvays sweeps the sample and the minimum puls: length is a
fevr tens of nannseconds. The semiconductor is then excited in steady
state and the temporal information is obéained during the decay of
the lwminescence only, with a temporal resolution not better than 2
few hurdred picoseconds

Figuee 1| Set-up, and spatial Indl.unpu:l
1 a, Schematic i

wmr fime-resnlved cathodalumyines: mece

systemn. b, Sevandary dluctran insages af poli

mausopariicles deposited on an amorphous

carbesn flm. The spatial resslution an such a

specimen is eelimaied (o be beiter than $6mm

The spatial resolution n secomdiry dectran

wnmle is maialy determsined by the siee of the

clatroa probe antn the spedimes. & Time-

I resalved specin ol @ GalN spednies at rones
mae of the signal,

i : temparal widlth of the shectron pulse i

| 1 estimaied b be ahowl 1 ps,

10
Scanning slaciton MCrscons
priragak il L]
Ima deay ipet
It iule al Searlum Hectionce and Fhalanice, Dools Pelplectriges Faceisls de Lavwinne, CH-BO1S Laseanna-EFFL Swilzsdend
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T overenme thee drawhades, we developed 2 new catlodolumi-
nescence set-up, allowing us to keep the main advantages of the
scanming, electrom micreseope, that is, the malti-imaging mode
capabilities, and 0 improve I:|w pulsed dectrom gun. We use an
optically driven dectron gun®™* similar to the one usad to probe
chemical changes by ulirafast electron diffraction™,

To implerment our idea we have weplaced the dassical hairpin
tungsten electron gan of a [FOL a3 scanning dectron microscops:
[Fig. 1a) with a 20-mm-thick gold photocatlode deposited on a
quartz plate. By llumimting the photocathoede (in tramsmission
muode} by 2 ultraviodet mode-locked laser {266 mm, X, 807 MH:
of repelition mbe, spod sige mdins af 3pm), we geneate a puled
ebectrom bearm, bright encugh {average brightnes of 2 x 100 am ™
steradians ™", I-100 pA at the gpeamen surface) bo allow seenndary
dhectrom images to be recorded, thus allowing us w0 identify the
ranastructures under study, A streak camern | Hamamatsu 5680),
miumted hehind a monochrmomator ispectral resalution better than
2000V s used as & time-resolved detector (i photon-counting
o). A liquid-nitrogen avostat is used tocool the sample dovm e
SR Observations on g specimen made of pold partides deposited
o an arorphons carbon film confiemed that this rodified mioro-
soope las 2 sgpatial resolution of the scondary dectron images of
better than S0nm (Fig k), Careful messurements on a reference
Gal specirmen dermonsteate an dectrom puls: width of abour 10 ps
[ Fig- 1e ). The average number of electrons per pulse is generally lower
than ten {a beam current of 13 pd correspands (o cne electron per
pulse) still allowing us 1o realin: secondary electron rmages of the
specimen. We nate here that a single eleciron per pulse still allows 2
large signal because, depending on the accderation woltage, each
ehectron may generate & few thousand dectrom-hole pairs into the
sample. To estimate the potentiality of this new set-up, we chisose o
irmestipate Gads-hasod pyramidal ramscstrectures,

O cheoice is dictated by the interest of sucl structares bathin the
field of hasic research and for & number of possible applications.
Pyvarmidal quantarn dots {06} marurally proside sate contreld, a wide
chioice in the prasible densities, excellent optical properties, high
wniformities and Aesible energy mning®#. The simultareous pre-
sence of several nasostructres in one single pramid has attracted
the interest of innevative theoretical proposals for quantum infor-
mation protocods™. The ample: were fabricated with the following

Figaris 2 | InGada/ AlGaAs pyramidal quantum struetiras. & Schematic
representation of the five heternstructures present inoan [nGads'AlGass
pyramid (the AlGads cap layer is not represenied on ihe schemeh, An
InGads quantwmn det (D typically % nm in bateral size) conmected 1o
several types of kowedimensbonal harrbers: three Iniads guantum wires
{W S on the alges of the pyrassid, thees TnGaAs quantuss wells [(Wa)
an the pyrassid faces, snd thres vertical quaniuss wels (YOWs) and &
wertical guintant wire {VIPWIR) located a1 the intesedtion af the vertical
guantum wlls, b Scanning clectrnn microseape picture of the pyramid (the
Anp of the prramids ane separated by 5 gml. The final sep of the process is 3
Fack etching to remove the substrate.
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procedure: before growtly 2 Gads substrate is patterned with 2 5-pm

itch hexapomal matrix of tetrabedral recesses, using standard
Fthn!l.:]!lw and wat etching”, Growth of InGaAs/AlGaAs b
structures h:[ |nw PI’I"&IIH’.‘ ﬂ'!_ﬂ“ﬂ IllK‘I‘l."IC chemical |'.1|1n|:|r
deposition is then performed on the patterned substrate, The growth
process results in the formation of different nanostrectures, as
sheetched and defined in Fig. 2.

All vnessarernerits lave been performaed at 90 Kand an scoderation
valtage of 10KV, The cathodoluminescence spectrum from a single
provarmid (obtained with & pulsed excitation and with a time-
mtegrated detection) and spectrally resolved images taken at wave-
lengthe corresponding to the different recombimation chanmels are
presented in Fig. 3 Some of the peake in the spectnom were identified
on the hasis of previows optical studies, through their energy position
and the cathindoluminescence image™.

Tmpartanthy, the cathodoluminescence i relative tn s,
quartum wires {((WHs), and vertical quantum wires (VW)
(Fig. 2} cannot be divectly relared to the nanostructure location at
the cirigin of the Tuminescence signal, This is typical for cathodo-
luminescence experiments because the emission pattern does not
depend enly an the prirmery deceron diffision range, but also on the
carvier transpirt process in these comple ramnstructures. If we
comgider, for example, the cathodoluminesence image at the QD
wavelength, we obdgerve that the emission pattem spang the entise
prvarmicl. This means that carmers created 2t any poant of the pyramid
find 2 path to.diffuse towards the dot. One of the main advantages of
time-resolved athodolummescence i that it allows uws o unval the
specificitics of this carmier transport. We can excte at amy paint of
imterest and gain information in the spectral, spatial and temparal
domains. As an example, results oheained when we excited at the
centre of one of the pyramid faces are presentad in Fig 4.

T give more quantitative estimates on the carrier diffusion
propertics within the structure, we have excited the peramid at
carefully chsen points {three along, an edpe and three points onto
th face of the pyrarsd) and we have detected in paralle the signals
coresponding to the different recombination clammels (see Fig, 20
0, VOIWE, CWE, quantarn well (OW) and vertical quaritum well
(VOPWL Tipical resales for the VW and the OWER are depicted in
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Figure 3 | Cathodolumisaseanes spacbram and images. Cathodn-
luminescence characerization of our sample, The spectrum dhows five main
peaks correspanding to thee five main stractures in the pyramid. These are,
Fram bow in high energy, the quantum dot atihe tpafihe pyramid (1), the
verthonl quantivm wire (VOWR], the lateral quantum wires (QWR] the
wertical quantuss wells [WOW) and the quantwe well aloag the sides of the
Py Fmied (WL
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Intensiy farbiory unis)

Figure & | Strsak image. Typicil e trces cormcspoiding s the different
nannstructures of the pyramid, when excited in the middle of sme of the
faces af this pyramad. The different curves are hibelled accardimgly to the
related stracture. Thee five different nansstruciures display very differemt
time behaviowns thai are signaiwres of the comples. iransporni mechanisms
within the pyramid.
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Figura 5 | Luminastancs tamporal profilis verwes axcltation peints. Time
Irmus cnrresponding 1o the VOW (@l and the OWR (B} for the different
excitation poinis depicied in the insel. From such iraces we can direcily
deduce that: (11 the carrier injection in the WW and the JWER is more
effickent when we exclic en the pyramid edge; 12) the rise dme for the OWH
hasically conrespamds to the decwy time of the VW) and {1) long delays are
ahserved when exited an the side of the pyramiad resulting (nem e lomger
diffusian patk.
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Fig. 5 for sax different excitation points within the pyramid. The
sensitivity of the method is divectly demonstrated by the large
differences cheerved betwaen the different traces, both in terms of
intensities and in terms of dynamics.

Full anehysis of the data allows us to obdain a very detailed
understanding of the cartier dynamics inside these pyramids. The
electrom—hwole pairs are-created within a volurme of 300 rm arouand the
irnpact poarit of the electrores, that s, mesthy in the AlGaAs harriers of
the structure. From there, they diffuse to the desest nanostrocture,
which s aften one of the VOAWS ar the QW This process occars
through diffusion, with a diffusiviey of shout 10em® s~ anrregpond-
ing to an ambipolar mabdlity of the order of 1000em V= 's7",
and tn a trappang time shorter than ourexperimental resolution. This
explams in partcular the 150-ps mse tme observed for the OWE
luminescence. The carriers in the VW trapped it the (AR
within 2 typical time of less than 100 s, 1r§"|wdiﬁuvrmﬂr\dxtlw
cenitral strsctures (the VOWT and the Q5 in the OWER We show in
Fig, & the results of our diffusion model for three different excitation
points along the edge of the pyramid, gllowing us to limit the
nurrhmfpalm‘hrsft-r Ii‘u. fit, The rwdel allenvs us to deduce a
mohility of 1,400 ci’ W .ﬂmg the wire, and 2 negligible
quantuim mechanical nr;p-;\ing riare: bt the VOWEL Tn the case of
Figa 5 and &, owing to the lugh robilie in the sdected pyramid,
saturation effects are observed both in the VOWR and i the COIL
Indeed, even i we ecite 21 the levd of one dectron per pulse, this
clectrom creates enough pars in the sture b allow thas becaise
the QI can only accrmmendate twn pairs, and the VOWR about ten

airs.

Thus we hawe developed 2 new spectmscopic tool, a picnseanmsd
timme-resnhved cathodoluminescence systerniwith a time resolation of

It ity fatsitrary unis)

ity Iartitrany winits|

o 00 1,000 1500 00
Tima clakay i)
Figure 6 | GWR and VOWR fits, Fics 1o the time traces af the OWHE (8 and
the YIWE (b, with basically ene zingle fiting parameier: the ambipolar
diifushom cocfliclent of the carvlers withln the OB, Saturatben of the
VW s well s the very lag radistive and son-radiarive Bictisses is deardy
sham an the upper oirve of Fi
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the order of 1ps, together with a spatial resolution of 50nm. This
system allows us to study the camier dynamics insde Gads back

eiched pyramids, and obtain a precise knowledge of the photpeited
carrier path towards the lower-energy state: the dot at the tip of the

pyrammid,
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LETTERS

Impacts of orbital forcing and atmospheric carbon
dioxide on Miocene ice-sheet expansion

Ann Halbaourn ', Woaolfgang I(uhnt'J Michael Schulz® & Helmut Edenkeuser?

The processes cunsing the middle Mincene global conling, which
mearked the Earth's final transition inte an “icchouse’ climate about
13,9 million vears ago (Myr agol*™, remain enigmatic. Tectonically
driven circubation il variations in atmospheric carhon
dieecide bevels™ have been suggested as deiving mechandsms, bur
the lack of adequately preserved sedimentary sucoesssons has
mandle Fgorows testing of these hypotheses difficult. Here we
present high-resolution climate proxy records, covering the
period from 147 1o 12.7 million years ago, from two complete
wediment cores fram the northwed and southeaat subtropical
Pacific Ocean. Using new chronologies through the correlation
to the latest orhital model®, we find relutively constant, low
summer inselation over Antarctica coincident with declining
atmaspheric carbon dioxide levels i the time of Aniarctic ice-
sheet expansion and glohal cooling, suggesting o casal link. We
surmise that the thermal isolation of Antarctica played a role in
providing sustained long-term clinatic boundary conditions pro-
pitios for ice-sheet Formuation, Our data document that Antarctic
ghaciation was rapid, taking place within two obliquity cpcles, and
odnclded with a striking transition from obliquity to eccentricity
a5 the drivers of climatic change.

Abeut 139 Myr apo, the Farth's dimate conled dramatically after
an extended perind of relative warmth, This key tranation in the
Eartls climatic and biotic evolutiom marked the final stage of
stepwise Cenozoac cooling, and coincided swith major wee-sheet
expansion over Antarctica' . However, the timing, duration and
driving, mechanizms of this critical episade still remain largehy
unsobved, hecause sedimentary suceessions spanming this intarval
have boen stromgly affected by carbonate dissolution or hurial
diagenesis or proved incomplete owing to radical changes in ocean
circulatiomn, Thus, developing uninterrupted, high-resolution middle
Mincene dirmate vocords that can be tied to zn orbital timescale
represen e rraor challenge for understarding the pacing and tigger
af Ceneanic global aooling, 3

Here we present benthic forarminiferal envgen (5°°0) and carbon
(6" C) isntope 45 beyr resnlution) and X-riy flusreacende scanming
[XRE) records | 1-kyr resolution) in complete middle Maiocene
sedimentary sequences recovered at Ovean Dalling Program
[(ODP) Site 1146 {19° 27.40° N, 116" 16.37'F, L082m) and Site
1257 (16704217 5, 767 22,685 W, 3.212m} lSlL]!pIu'lm'nrzry'lnfm
mation . Thess continuoes successions allow unprecedented nesols
tiom of climate evolution on orbital timescales and permit detailed
correlation of palaenceanngraphic events in spatially separated
regions in the nortieest and southesst subtropical Pacific,

Wi developed orbitalty tuned age models (Supplementary Infor-
mation] by correlating the 8'*0 records at each site to comparted
variations of the Farilts orbit and solar insolation (o V¥
eccentricity in vef. ). The mest salient features of the 'O time sevies
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are the major inerease in values at 15.91-15.84 Myr ago (0.8%. 2t
Site 1237 and 1.2%e an Site 1140}, and the mansition from high-
amplitude obliquity-paced variations dominant betweoen 14,7 and
1559 Myr ago to eccentriciny-paced fluctuations betwesn 158 and
13,0 Myr age (Figs 1 and 20, Higher-amplitade oscillations at
Site 1146 (0U56%a = 0.12%0 versus 031 % = 0.15%e metn .ur||3|.|-
tuche a1 Site 12370 bdicate a stronger terperature componnt in the
1146 500 record between 14.7 and 139 Myr ago, Nevertheless, the
ghobal corredation of setopee events and evidence for substantial
Antarchic we growth between FLE and 1206 My ago'” support that
heth 50 reconds dosely track ice-valume fluctuations. Further-
maore, henthic Mg Ca temperature estimates indicate that most of the
deep-sea 50 increase at 13.91-13.84 Myt ago can be atinbuated to
an imcrease in continendal ice wolume'’, The 100-kyr and 41-kyr
signal companents in 50 show amplitude modulation similar to
that of the accentricity and obliquity, with a striking transition from
Iigh amnplitude in the 41-kyr band to high amplitude in the 100-kyy
bard at —14.1-158 Myr ago (Fig, 23 The M0-kyr beat is also
provmirent inthe 1237 Fe record after 14,1 Myr ago

first saght, the middle Miocene trarsition from a 41-kyr to
100-byr verarld ahews sivmilavity to the “Widdle Pleistocene revnlution’
fellonwing an increas: thern Hemisplwre glaciati £ Haowe-
ever, the middle Miocene transition differs in several aspects: (1) the
middle Miocene 100-kyr cydes do not exhibit higher-amplitude
wariatiors than the 41 kurcw.h.s: {2} the tansition from 41-kyr to
1-kyr pl-mrllfln'rt-'um\{dunng ar every hefore ice-sheet expan
sien withaut suhstantial time lag; (3} the middle Mincene 100-kyr
cyeles shenwa clear phase relatiomship and similar amplinsde modu
lztiom to cocentricity, 25 well 2s hath | 25-kyr and §5-kyr components
(Fig. 1 Supplementary Fig. 541 In comtrast, the origin of the middle
Pleistrcene 100-kyr cpcles remaine pusling, bocadse their onset
coincided with a period of weak eccentricity forcing”,

Teetven 14,7 and 139 My ago, ligh amplivucde i the 41-kyr hard
afthe "0 sgnal {Fig, 2 mggusuan.dmducxmnhihu:mticin.\
sheet Auctuating in respensa: to ebliguity forcing. The Luﬁunngﬁ' o
s an 13811384 My ago, which rarked the main inoeease in
middle Miocene Antarchic glaciation, was also clearly modulated by
abliquity {Fags 1and 3} Obliquity controls the gradient i summer
insolation hetween high and low latitudes, which drves the poloard
atmosphenic heat and moisture transfer'. Ephanced meridional
maisture transport during perinds of high differential heating
hetween high and low latides at ohliquity minima would promate
ice-sheet groavth, whereas a low swmmer insolation gradient at
obliguity maxima would decrease poleward maoisture transport,
inhihiting ice-sheet build-up'™'", Similar obliquity-paced variations
in moisture supply for the Holocene and late Pleistocene Fast
Antarctic ie-sheet are evident from the deuterium excess record in
e Vimtak boe core'™, High deuterium excess values during obliquity
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