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Strong quantum-confined Stark effect in germanium
quantum-well structures on silicon

Yu-Hsuan Kua', Yong Kyu Lee 7 Yangsi Ge', Shen Ren', Janathan E. Roth', Theadore I Kamins'™

David A. B. Miller' & James S, Harrs'

Silicon is the dominant semdconductor for dectronics, but there
15 now a growing need o integrate such components with
optaelectrondcs for tebecommundcations and computer inter-
connections'. Silicon-based optical modulators have recently
heen succesdully demonstrated™ but because the light modu-
lation mechanisns in slicon® are relatively weak, long (for
i several millimetres) devices® or isticated hi
qlﬂni"ﬁmr resonators’ have heen l!l:m’:lc*"l'hin quln':Js'n:
well structures made from 1T1-V semiconductors such as GaAs, InP
aml their alloys exhibit the much stro quantum-confimes)
Sturk effect iQﬂVC:SEI mechanizm’, which m minclulator stric-
tures with enly micrometres of optical path length®”, Such TI1-V
materials are unfortunately difficolt to integrate with silicon
electranic devices, Germanium is reutinely integrated with silicon
in edectronics”, bt previous silicon—gemmnium structires have
also not shawwn strong medubation effeces™ ', Here we report the
aliscovery of the CCSE, at room temperature, in thin germandum
aquantum-well structores grown on silicon. The COSE here bas
strengtls comparable to that in -V materials. s clarty and
strength are particolady surprising becase germunium is an
imdlirect gap semicondiedon; such emiconducors often display
muich weaker optical effects than direct gap naterials {such as the
[I1-V materials typically used for optoelectronics). This discovery
is very promising for snall, high-speed", love-power™7 i
output devices fully compatible with silicon electronics
manufucture.

Cuaritum wells ave thin {for example, 10nm) lavers of semicon
ductors swrroumded by harrier materials, Usually the hamiers are
chiosen to confine chctrons in the conduction band and holes (or
aheenoes of eectroms) in the valence band inside the quartum well;
this is called type-1hand alignment, The CCSE gives strong spectral
aluifts of tle optical absorption edge witl applied electric field e
the direct bandgap (thar &, o band stractuse in whicls the energy
minima fior ddectrons and hobes lie ot the same mermertum) insuch
type-T queanturm wells'™, Usially these sdevant Fand minima ane 2t
aer preerwentun (the T point, or “sone centre’).

The QUAE i routimely used in ligh-performance quantem-well
modulatars for telecommunications, [ possestes a number of
altractive propertics that allow for modulators with only miao-

metres of path length that can be incorporated into large armays {for
examiple, 3800 devices) attached to complementary metal -ovide.
semicomductor (CMOS) silicon circuits’, as well as devices at tele
enmmunications wavelengths of - 1.5 pm {ref, 7). Waveguide (0CSE
devices typically have lengths of only —~10-400pm (see, for
exarmple, ref. 14). Recent work™ has demonstrated devices in
InGaAaTnF quantum wells without wavegnides that exhibit wseful
miedulation at telecommunicatioms wavelengthes for <21V drive, and
with the relased alignment required for practical packaging. COSE
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devices div ot reguire carrier inpection, and are typically operated a
reverse-biided diode, The resulting low power dissipation—of the
et of 10mW per chianmed —allows large arcs of optical inter-
connecs operating at high data rates from siloon dhips™ ", Theo-
retically, the QUSE i thought o operate at subpicosscond times™,
and devices with =50 GH: modulation bandwidth have been
demonstrated ™,

Unlike the IT-V componnds typically used for QCSE modulators,
beth silicon and germanium have indirect lowest-energy bandgaps
(meaning that the dectrom and hole energy minima have different
b, Previously, type-T 5iGe/S quantum vells have shown no
or inefficient QCSE, wheras SiGe/Si quantum wells'? and GelSi
aquantum dots" (hoth of which heve type-11 hand alignment inwdicl
the dectrors and holes have minimum energy in different material
lapers) can exbibin Large shifis of optical trarsitions with dectric fekd,
bt fave bowr abeorption efficiency. Here we dermonstrate clear
auantum confinerment effects in the optical absorption spectra of
G qquantum wells, sssociated with sone centre transitions, and in
additien & chear and strong COSE devtrabsorption. Though ger-
roaniurn's st barsdgap is indirect, we exploit its divect handgap at

~0.8 &% al roam lemperature; the band sructure assciated with this
direct handgap 15 qualitativdy wdentical 1o that m -V O0SE
materals. There 15 alsn mdirect absorptiom present 21 the same and
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Figure 1| The bandgap structare of 2 Ge/SiGe quantum well (not te
sealel. Erand Ey are the encrgics of the hutlos of the conducti
an mme centre (1 poin) and at the T valleys, respeciively. £, and E
the energies of the tops of the light-hole and heav-hole valenes hands,

respastively, The GrSig sl toe quantums well o rebuod Sig g Gegebas fype-
I alignmaent ai the zone conire and quantum-confines carriers inside the Ge

well.
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Figura 2 | Schamatic diagram of & pi-n dioda, The crnas-sectinnal view
shows the stracture of strained GedSice multipls quantu; s (MW g
greven an sibicon an relaxed S#Ge direci bulfers to scalel In the
megsurensents, light from a monochromater is incident an the 1o surface
Lihar bs, I 2 “surface-nosmal’ configuration) on the open arza insids the
rectangilir (rame ) dectrode (thit i, berwesn the partions af the AT
n-comiaces shown |n this cross-sectlon),

loveer photon energies, but it s much weaker, allowing the direct
apdical absorption to dominate.

W nse strain-halanced GeSite moltiple quantum wells | MOAvE)
provm on & relaved Ge-rich §iGe buffer on silicon, giving type-T
alignmenit at the T point. In strain-halaced stroctures, the average
aalicemn concentration n the GelSiGe MOW layers equals that of the
Piuffer layer, allenving the geowtl af thick structures. Figuee 1 shos
tlee resulting bandgap alignment. Tl band discontin of the
Dy e, Light lsesle, and electron at the T' point hmnxu our wedla

harriers are caleulated to be 101 meV, 47 meV, and 4imeV
respectively, based on refi 22-24 with linear ||1Lc'1T(||=|l|n|1 of the
direct bandgap of S0 betwien S ito the T-2' band | and Ge. Mote
that this 4 meV T-point band dascor ity provades stromg
electron quantum conlmerment in the aonduction band. There are,
of eomrse, lmyer energy conduction hard minima (1L valleys) in the
SiGe harmiers. For quantum confinament, however, we .-squ'rt the
relevant hands in the harriers e be those with similar unit odl
spmmetries, as we expect that it is only 0 such bands that strong
el fing can exist, Hence, we comsider here the hands at the T point
i the harriers for the caleulation of quantam confinement effects,
Beevause the T point in Ge wells is higher than the Lvalleys in the 5iGe
barriers, wedo however expect that, even though the I point clectron
squanturn will is relatively deep, electrons generated in the Ge wells
will b vapidly scantered ot into those Lovalleys whiere they can be
st out by dectric fehds (theugh oot s fast as bo prevent the
l'||.|.'.|.llll.llT|.CI'|I1Ell:n.T|'.l.T|l exploited in optical absorption).

Fagure 2 shows the Go'SiGe MOW pin diode structure, The
layers are grenm sequentially m 2 commercially available, smgle-
wafer, cold-wall, reduced-presure, chemical sapour deposition
(RPCVD) reactor, wsing hydrogen carmer gas and silane and germane
precursor gases. We use fouranch, boron-doped, (001 )-onented
silicom water substrates with resistivity 1020 {0cm, After an i st
|1ig|| termperature deaning, the lowers are grown at 400°C, with
annealing at |||3Im temperatures. Two 250-nm Sig , Gey. fAlms
doped with 5 % 10" e boron atoms are Brown sexquentialty and
anresled @t 850 °C for Hemin and 700 °C for Smin, rspectively, o
reduce dislocations caused by the lattice mismatch and o form
relawed p-type buffer laypers, A L0 nm undoped Si, Gey . spacer laer
i growm, follosed by ten pairs of MOWs (10nm Ge wellf 146 rom
Sy 500 a0 harrier) and anether 1000m undoped S, G..., SPRIET
layer. Finally, the structure i capped by an asenic-doped 54, Gy
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Layer with a doping bevel of 10 em™. Each wafer is then patterned
by standard lithny 1p||v and dry-etchied to form square mesa
structures with widths ranging from X0 to L& gm. AT metal
i evaporated, lifted off, and rapid-thermal-armealed oo form rec
tangular frame alimic contacts. Beczuse the top As-doped (n-type)
Fite layer is expocted to be srongly conducting, the dectric field
should be essentially perpendicular ko the quantum wells throughour
e struscture, All materials, processing equipment and temperatures.
used are compatible with the processes wsed in fabricating CMO05
allicon electronics.

W e platocirrent spectia 2 foom temperatune for differ-
ent divdie reverse bias valtages using 2 choppad quarte-tungsten-
halogen light balb sowsce with a 0.25m monodvomatior with o
e linesmem " grating and a 400 pm slit, and @ lock-in amplifier,
The light is mesdent normal 1o the surface, with random polamaton
n the surface plane. As in odber quantum-sell strsctures, e expect
Light- and heasne-hole transitions both to be allowed i thes configur-
ation, The responsivity (curment per unit optical power) inside the
device is deduced from the light mtensity mcident upon the open
area of the mesa surface, correcting for sarface retlection. The
comresponding, effective shsorptinn coefficient spectra (Fi 1- are
calculated assuming one dectron of current zm cvery a
plhwiton, as is common in fully depleted pei-n diodes, LPrc:u'mln,g
that there is no avalanche gain, this asswmption st worst under-
estimites the absorption. The independence of the photocwment on
bias at high pleotom energies | for example, 0943 suppests no bias.
dependence of the nomber of electrons per photon, and bence mo
avalanching. ) Clear quantum confinement is seen, with strong
exciton pesks that we ssign to dectron-to-heay-lole (el
~ALE eV at 0] and electron-to-light-Twole fe-lh; ~0.91 &V at 0V)
tranaisone. Tl effedive absorption coefficient at the e—hh exaton
puak, caboulated on the hass of the total thickness of the wells and the
barriers {~026pum}, & 6320 em " The halisadih at half-mas-
o o the heavy-hole exciton peak = only ~8meV, and llwlmm-_v-
I1nl-'e'|rlmn |“|L is still clearly resalved evenat 8 3 10 Ven ™' (3%
1|r1h|\g that the dectric field is uniform irside the strscture,
which in turn implics very oy hackground deping in the intrinsic
Te?irm. The ahaorptiom cdpe at zev bias is 80 meV kigher than thar
of bulk unstrained Ge; this shift is near the calculzted sum
from quanturn-well confinement (56 meVy and strain-induced
shifs (3ameV )™, As the quantum confinement cncrgy ariginates.
primarity from the electren, the dariny of this quantum shift shons.
that thie Cquariturm-rmechanical } confinemmerit at the T point is strong,
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Figure 3 | Effective absorption coefficient spectra. Sarong QORE {5
olscived al reai lemperalure with Feverie hias Tram Sero bo 4V The
chickness Fur effective absanplisn corificicnl caleulations is bused on the
cambimation of Ge well and Selie harrier thickn s
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Figiara 4 | Shifts of axeites paaks. Comparisen of heap-hole cuciton peak

it fram maeasurrmen s (illed squares) and tunneling resonancr
cabculations (sumy of elecirem and hole bevel shifish (Fmei.

espite the possibility of scattering o the lower indivect valleys,

Wikl & veverse bias froem 0o 4%, both peaks ave ved shifted by te
CSE The e—lah exciton is aliifted from 1ADE mm (0% 1o 1,456 mm
(4] The maximum effective absorprion coefficient change is
et at L4 nm under 3V bias, This i, to our kaowledge,
the first efficient dectro-absorption modulation cheerved in group-
IV materials, and s performance s comparable 1o high-guality
{direct gapd IT1-V materials at similar wz\ﬂmg]ll: {5, for r\mrnph-:
ref. 19%. The clarity of the exciton peaks in the presence of 2 fidd is
actually better than that of typical IV structures at such wave-
lengths™, and the electroahsorption shows much clearer shifts than
previnus electroabsorption. measurements in indirect TV
materials®, With a 4% hias, the shsorption coefficint contrast is
greater than 3 over a handwidth ranging frem 1443 1o 1,471 nm,
with a peak value of 465 at 1461 nim,

Thee: prosssibiility oof oo prerating different quamtarm-wel] designs an, say,
1,550 mm, which @ compatible with lorg-distance tdocommunica-
tions, will be the sobject of future worde We also anticipate that
waveguiede rrsedulator stroctures will be realizable using appropriate
muterials for waveguide cladding Laers,

T miesasuried shift agrees with simulated results [Fg, 4) ohtained
via the tunnaling resomanece method™ '™ Inaddition, weevalmted the
exetiom hindimg energy shafl o in rell 18, wang numerally evaluated
eectron and hole wavefunctions, thewgl this correction 5 =1 meV
and i neglected here. We used 2 P-valley dectrom effective mass of
O0dlm, + 01151 — K, and a heawp-hole effective mass of
028w, + 0201 — xim, where m,, is the free electron mass and x
is the Ge comcentration™* (the relevant silicon (0011 hole mass is
based on Luttinger parameters™).

W have demonstrated efficient QCSE in slicon-hased structures,
using strained Ge MOW The behaviour of the exciton pezks, the
T edge shift and the shift in absorption coefficient ane comparable
tor those observed in IV materials ar similar wavelengths, Our
materials and fabrication provesses are completdy CMOS commipa-
tible and suitable for mess production. This approach is therefore
very promising for silicon-based electro-absorption modulators
operating at high speed, low penver, low operating veltage and with
small device areas,
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Unidirectional molecular motor on a gold surface

Richard A. van Deldenl, Matthijs K. 1. ter Wiell, Michael M. Pallardl, lavier Vl'carit}', Magatoshi Koumura

& Ben L. Feringa'

Molecules capable of mimicking the fanction of a wide range of
miechanical devices have been fabricated, with motors that can
twdice mechanical moverment attracting partioular attention',
Such modecular mators convert light or chemical energy into
directional rotary or liner motion™, amd are waally
and operated in solution. But il they are o be wed as nano-
rachines that can do useful wark, it seenm essential 1o construct
systems thal can function on a sarface, like a recently reported
linear artificial musde’. Surfuce-mounted rotors have heen
realized and limited directionality in their motion predicted'*".
Here we demansirate that a light-driven molecular motos capable
of repetitive unidirectional rotatien™ can he mounted on the
surface of gold nanopartides. The motor design® wses a chiral
helical alkene with an upper half that serves as a propeller and is
conmected through a carbon—carhon doubde bond (the rotation
axis) to a lower half that serves as a stator, The stakor carries two
thiol-functiomalized “legs, which then bind the entire motor
rwdecube 1o a gold surface, MM spectroscopy reveals that pwo
photo-induced cfs-rrans isomerzations of the central double
bond, each followed by a thermal helix imversdon to prevent
reverse rotation, induce a full and unidirectional 3607 rtation
ol the propeller with respect 1o the surface-mounted bvwer half of
the system.

Irspired by the ATP-ate spstemn', we constructed an artificial
surface-miounted mator schematically shivwm in Fig. 1a, The design
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af the motor molecule 1 B Based on o second-generation'
light-driven rotary motor 2 with 2 spmmetric bover half bearing
tw praethony substituents (Fig. 1h), Replacing these groups by
tan C-spacers termainated with thiols (@ shown m dructure 1)
allowied self-assembly onto 2 gold surdace, providing 1-Au. Gold
:II.'.\.II!:IF‘:II.'[IL'G‘ are T.\uJI!lcuL;n{\- appropraate for aur purposs, as
chrmmophore functonalieed  nenopartichs are well studied™ and
photochromism of wscheranes’” and elecrochamical switching of
rotaxanes'" attached 0 such nanoparticles has been demonstrated,
Tun points of attachment are essential &0 prevent uncontrolled
thermal mtation of the systern with mespect to the surface,
The Co-spacer should diminish direct | elecironic) interaction
between the chromophores and the Au surface (which might
influence the excited state processes) and give the separate ploto-
active icties sufficient free volume to perform the anticipated
rotary mitkon. On the hasis of the dynamic processes in structuralhy
related molecular motors™, 1-An was expecied o exhibit plasion-
Tration prooesss, o o in Fig, 1o

Ton energetically aphill phetechemical isomerization steps
dateps | and 3 in Fig. 1) ech followed by an energetically desnshill
arreversible therrmal lelis mversgon step | steps 2 and 4 i Fig, |} resalt
2 Full 360" rotation of ooe hal§ of the molecue with respect o the
other. The direction of mtation 1% eontrolled by the configuraton a
il stevengenic centre. Crscial i% 2 strong energetic preference for the
miethnd substituent to adopt a preodo-axial onertation. Frradiation

Figure 1 | Molecular motor
anchered th 3 surtaee. 3, Deiigs of
& surface-baund retary motor. The
sysiem cansists af a ménr
mmmreted

ralatinn| in
hound 1o o gebd surface via two legs.
by feructure of motor 1 for surface
studies and 2, 3 far solwiben soudies;
1A demntes motor molscubs |
wsembled onte Au. ¥ denates
abralur: conliguratien at the
slereugenic centre; M and Pdesale
hediciey af the moloculs, &, The
fomr-siaie uni
of functinnalized nanoparticle 1-Aun
is shanen (f2, phoiochemical siep;
&, thermal stepy. The
phetslemerizations were induced
by Irradiation &1 & = 280 mm ar
A= M5 nm. Me,, indicates the
pecudo-ixial seicntation of the
iyl substitsent, Mey, indicaes
Ihe umstable porado-rquaorial
nrientatian af the methyl
subsdiiueni.
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