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The quantum cascade laser, which uses electronic transitions within a single 
band of a semiconductor, constitutes a possible way to integrate active optical 
components into silicon-based technology. This concept necessitates a tran- 
sition with a narrow linewidth and an upper state with a sufficiently long 
lifetime. We report the observation of intersubband electroluminescence from 
a p-type silicon/silicon-germaniumquantum cascade structure, centered at 130 
millielectron volts with a width of 22 millielectron volts, with the expected 
polarization, and discernible up to 180 kelvin. The nonradiative lifetime is found 
to depend strongly on the design of the quantum well structure, and is shown 
to reach values comparable to that of an equivalent GalnAs/AllnAs laser 

active quantum well and injector and collec- 
tor wells. A Si,,,,Ge,,,, quantum well 40 A 
wide (wl, Fig. 1) is situated next to four 
coupled SiGe quantum wells (w2 to w5), 
Forming a "mini"-superlattice. The main well 
wl contains two quasi-bound heavy hole 
states (HH1 and HH2) separated by -130 
meV, as well as a light hole state at -60 meV 
below HH1. The width and Ge content of the 
four adjacent wells (Fig. 1) are designed such 
that, for an electric field of -50 kVIcm, a 
series of states in the mini-superlattice have a 
near-overlapping energy with the HH1 state. 
This allows for an easy tunneling out from 
this state and into the injector states in the 
following period. In contrast, there is a mini- 
gap for both heavy hole and light hole states 
around the energy of the HH2 state, which is 
constructed so that the transport out from this 
state is quenched, increasing the probability 
for a radiative transition between the HH1 
and HH2 states. In the usual pattern for a 
cascade structure, this block is repeated 12 
times, although a Si layer (1000 A wide) is 
inserted after each fourth repeat to limit the 
total strain. 

The growth was realized on high-resistiv- 
ity Si(100) substrates by means of molecular 
beam epitaxy, with a relatively low growth 
temperature (350°C) to avoid strain relax- 
ation and Ge segregation. A buried Si back 
contact (1 pm thick), the Si insertion layers, 
and a Si top contact layer (2000 A) were all 
doped p-type (acceptor concentration N, = 
4 X 1018, 2 X 1018, and 4 X loL8 cm-,, 
respectively), whereas the rest of the structure 
only contained the background doping (esti- 
mated to b e p  5 5 X lo', cm-,). Despite the 
lattice mismatch between Si and Ge leading 
to a considerable strain in the structure, x-ray 
diffraction (8)  and transmission electron mi- 
croscopy (TEM) indicate a coherent strain in 
the layers, with no apparent threading dislo- 
cations or buckling of the interfaces even in 
the last period (Fig. 1B). Square mesas (420 
pm by 420 pm), with A1 top and back con- 
tacts annealed at 380°C, were fabricated for 
both samples QC-I and QC-I1 (see below) 
using conventional lithographic processes. 
Outcoupling of the light was achieved through 
a facet close (150  pm) to the mesa, polished 
at a 45" angle with respect to the plane of the 
layers. Because of the setback from the sur- 
face and the distribution of the cascaded 
quantum wells over almost 0.5 Lm, the cou- . . 
piing is sensitive to both in-plane transverse 
electrical (TE) and perpendicular-directed 
transverse magnetic (TM) polarization (9). 

EL measurements were performed with 
the sample mounted in a He flow control 
cryostat, using a Nicolet Fourier transforma- 
tion infrared spectrometer in step-scan mode 
(current pulse length 55 .2  ps, repetition rate 
94.8 kHz) and a nitrogen-cooled HgCdTe 
detector. A typical spectrum, taken at temper- 

structure. 

A semiconductor laser typically relies on 
conduction band electrons and valence band 
holes being injected through a forward-biased 
p-n junction into a common region in space, 
where the probability for a radiative recom- 
bination across the band gap is high. The 
active layer usually consists of a quantum 
well that is realized using heteroepitaxy of 
111-V material systems such as InGaAsiInP. 
A long-standing wish for microelectronics 
technology has been the integration of semi- 
conductor lasers onto a silicon chip. Silicon- 
germanium alloys have brought many of the 
advantages of heterostructures into the do- 
main of the dominating Si technology, but the 
indirect band gap of the group IV materials is 
a hindrance to Si-based active optical com- 
ponents. This implies that radiative transi- 
tions across the band gap must be accompa- 
nied by a large momentum transfer, and are 
therefore unlikely. Moreover, Si and S i , rGe ,  
alloys usually form heterostructures k i th  
staggered band offsets, in such a way that the 
electrons and holes are spatially separated. 
These problems are circumvented in the 
unipolar quantum cascade laser (QC laser) 
(I), where transitions between quantum well 
levels within a band (so-called intersubband 
transitions) are used to obtain laser light in 
the mid- to far-infrared wavelength region. 
Camers stream down a potential staircase of 
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coupled quantum wells, passing a sequence 
of active layers, where the lifetimes of two 
levels are carefblly tuned through control of 
the tunneling probability and phonon interac- 
tion strength in order to obtain population 
inversion (I). The transitions occur without 
momentum transfer (2). Because a single 
band is used, the nature of the band gap is 
irrelevant for this type of device. 

The QC concept thus may offer a path 
toward the realization of a Si-based laser 
device. Furthermore, in comparison to the 
existing QC systems realized with polar 111-V 
materials (3-5), it has been suggested that 
this system, with a weaker carrier-phonon 
coupling, may prove advantageous in the 
long-wavelength region, 218 pm (6). How-
ever, there are important obstacles to over- 
come, such as (i) the need to accommodate 
the large built-in strain (there is a 4% mis- 
match between the Si and Ge lattices), (ii) the 
need to work in the physically more complex 
valence band (coupled heavy and light hole 
bands, larger effective masses), (iii) generally 
smaller band offsets, and (iv) interfaces nor- 
mally less perfect than in heterostructures 
such as InGaAsiInAlAs. Here, we present the 
first quantum cascade structures in the SiGe 
material system that give rise to well-re-
solved electroluminescence (EL) in the 10- 
p m  range with a narrow linewidth, -20 
meV. Two sample designs are discussed, one 
optimized for injection of camers and the 
other for an efficient radiative recombination 
process. We show that proper design of the 
wells can give a quantum efficiency compa- 
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The valence band diagram of the cascade 
structure of sample QC-I is shown in Fig. 1A. 
A so-called "vertical" transition has been 
chosen [rather than a "diagonal" transition 
(7)], with a principal block consisting of an 
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ature T = 50 K for a current I = 250 mA 
(corresponding to a bias V = 3.65 V), is 
shown in Fig. 2. The emission energy of 
-125 meV is in good agreement with the 
value of 130 meV expected for the HH2 + 
HH1 transition. The full width at half maxi- 
mum (FWHM) of the EL peak, 22 meV, is 
comparable to the narrowest absorption line- 
width reported for SiISiGe heterostructures 
(lo), indicating sharp interfaces and excellent 
sample quality. The inset in Fig. 2 shows the 
V-I curve and the integrated EL signal L 
versus I c w e  for T around 80 K. (Experi- 
mentally, L is measured as the total detector 
response, letting the signal bypass the Fou- 
rier spectrometer.) A current onset is seen 
at -1 V. This is even more pronounced at 
lower temperatures, and can be well ex- 
plained by the onset of the hole tunneling 
when the injector states start to align. The 
L-I relation is reasonably linear, but as the 
current increases, there is some heating 
accompanied by a spectral broadening of 
the luminescence toward higher energies. 
For these currents, the observed L increases 
superlinearly with I. 

Strong evidence that the luminescence is 
originating from the intended quantum well 
transition is given from the polarization of the 
emitted light (Fig. 2). Because of the weak 
signal (losses of the polarizer .J 2/3), these 
spectra were measured at higher voltages, 6.0 
V (and higher T, 85 K), which is also appar- 
ent in the broadening of the peak. As is 
expected from a HH2 + HH1 transition (9, 
lo), the light is highly TM polarized. 

However, the signal response to the cur- 
rent from sample QC-I is quite weak, indi- 
cating a low quantum efficiency, possibly 
attributable to an insufficient blocking of the 
tunneling out of holes from the HH2 level. At 
flat band conditions, this state lies only -80 
meV above the valence band edge, and at 

are shown by -solid 
lines; other wavefunctions and levels are shown by dotted lines andlor shaded 
areas. The Ge contents and widths of the five SiGe wells, labeled w l  to w5 (wl  
is the active well), obtained from x-ray diffraction measurements, are as follows: 
wl, 32%, 40 k. w2,32%, 29 A; w3,32%, 24 A; w4,21%, 57 A; and w5,21%, 
35 A. The error is estimated to be 22% and 2 2  A, respectively. All Si barriers 
are 21 A wide except the barrier between w5 and wl, which is 26 A wide. (B) 
A TEM micrograph of the last period in the growth sequence of sample QC-ll. 
The darker contrast of wl, w2, and w3 indicates the higher Ce content in these 
wells relative to w4 and w5. Sample QC-ll is shown because it is the highest 
strained structure investigated. We found no defects over the whole area 
investigated, no visible strain fields, and a roughness 52 monolayen for the 
lower interface and 5 3  to 4 monolayers for the upper interface of the wells. 

150 200 

Energy (meV) 

high electric fields it is therefore plausible 
that the holes will be able to tunnel out 
through the electric field-reduced barrier to 
continuum states. This effect has been shown 
to limit the high-T operation of GaAsIAl- 
GaAs QC lasers (11). 

We used sample QC-I1 to test the role of 
escape tunneling. The growth sequence of 
this sample is similar to that of sample QC-I, 
but here the levels are better confined as a 
result of the larger Ge content and width of 
the active well (41% and 45 A, respectively). 
Consequently, the HH2 state lies -150 meV 
above the valence band edge at flat band 
conditions. The Ge contents and widths of the 
other wells are as follows: w2, 41%, 30 A; 
w3, 41%, 27 A; w4, 21%, 53 A; and w5, 
21%, 31 A. All Si barriers are 23 A wide 

Fig. 2. Electroluminescence 
spectra of sample QC-l at 
T = 50 K for I = 250 mA, 
with 50% duty cycle. The red 
and dashed blue curves are 
the TM- and TE-polarized 
eledroluminescence, respec- 
tively, at T = 85 K for I = 760 
mA, with 50% duty cycle. In- 
set: Integrated intensity L 
versus I at T = 85 K (points); 
and V-I curve at T = 75 K 
(solid line). 

except between the injector and active well 
(w5 and wl), where it is 26 A wide. Note that 
this structure has not been optimized for 
proper injection into successive active wells, 
and therefore the current density at moderate 
bias is rather low. 

In the EL spectrum of sample QC-I1 at 10 
K, 9 V bias, and 4 mA (Fig. 3A), the peak 
energy, 132 meV, is within the errors of the 
calculated HH2 + HH1 transition at 123 
meV. The low current relative to sample 
QC-I (a 1/60 for similar signals), the excel- 
lent Lorentzian fit, and the low FWHM of 
-20 meV are all noteworthy. The signal 
shows the same TM polarization as sample 
QC-I. The emission spectrum taken at 40 mA 
(Fig. 3A) is stronger by a factor of 2, but the 
line is also broadened by a factor of -2, and 
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Fig. 3. Eledroluminescence and 
nGrnalized differential absorp- 
tion of sample QC-ll with higher 
Ce content. (A) EL spectra at 10 
K for currents of 4 mA (red line) 
and 40 mA (dashed blue line), 5 
using a 50% duty cycle. The dot- 
ted line is a Lorentrian fit to the s '.lo 
4-mA curve. Inset: Background 

2. corrected integrated intensity of .s 
the H H 2  -, HHI  EL peak, L,, at 3 
40 mA, as a function of T. The .E 
values may be overestimated be- 
cause of the contribution of hot- 0.05 
hole luminescence that cannot 
be fully separated from the peak. .g 
(B) Differential absorption (ATIT) B 
spectrum between V = 0 V and 8 
+1.5 V, measured with TM- 3 
polarized light and at 7 K. Dia- ' 
gram indicates direction of TM 0.00 
polarization. 

'2 
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there is an emergence of a high-energy tail. meV is not observed for TE-polarized light. 
This contribution probably stems from hot The absolute value of the absorption signal 
holes being injected into the continuum at (normalized with respect to the transmission) 
high biases, although blackbody radiation as- indicates a voltage modulation of the carrier 
sociated with carrier or sample heating may density on the order of 3.5 X 101° cm-2 per 
also play a role. As expected, this tail has a active well. 
polarization that is less pronounced than for The low current needed to obtain a dis- 
the main EL peak. Measurements of L (not cernible signal from sample QC-I1 is an in- 
shown) demonstrate a linear dependence on dication of its higher quantum efficiency, due 
the current below the onset of the tail, where- to better confinement, relative to sample QC- 
as the dependence of the integrated intensity I. The L-I curves for both samples are quasi- 
of the main peak around 132 meV is sublin- linear at low currents, which allows us to 
ear after the onset. This may be taken as a compare their efficiencies quantitatively. The 
further indication that, at higher biases, holes power is given by 
tunnel into continuum states rather than into 
the HH2 state, thus reducing the injection 
efficiency. The EL decreases at higher tem- 
peratures (Fig. 3A, inset) but is still discern- 
i b l e ' ~ ~  to 180 K. 

The transition energy was also verified by 
differential absorption spectroscopy (12) by 
modulating the bias voltage between flat 
band [where most of the carriers are localized 
in the active well w l  (highest hole energy)] 
and a small injection bias voltage (where 
some of the carriers are driven into the adja- 
cent emitter and injector wells w2 to w5). The 

where e is the electron charge, N is the num- 
ber of quantum cascade periods, qcol is the 
collection efficiency, hv is the photon energy, 
and qqc = T,,J? is the quantum efficiency 
per cascade (T,, and T, are the nonradiative 
and radiative lifetimes, respectively). qcol 
was calibrated using an InGaAsIAlInAs 
quantum cascade light-emitting diode (LED) 
for which the radiative and nonradiative life- 
times are well established (13, 14). A total 
quantum efficiency Nqn, = is obtained 

sharp absorption signal taken at low bias for sample QC-11; an <ficiency almost two 
modulation of +1.5 V (Fig. 3B) occurs orders of magnitude smaller is obtained for 
around 130 meV (M,,,,, = 22 meV), in QC-I. The spontaneous radiation lifetime is 
excellent agreement with the expected HH2 determined from the dipole moment between 
+ HH1 absorption energy and the observed the HH1 and HH2 wavefunctions, giving 
emission energy. The absorption line at 130 T, = 0.53 ps. With this value in Eq. 1, a 

nonradiative lifetime on the order of 0.5 ps at 
T 5 50 K is obtained for sample QC-11. As 
expected from the imperfect cascade align- 
ment, the voltages demanded by QC-I1 are 
high (e.g., 13.6 V at 40 mA and 10 K), 
indicating an inhomogeneous electric field 
distribution and space-charge buildup. The 
estimated T,, should therefore be seen as a 
lower limit-its value may be as much as 
four times this estimate for the case of proper 
injection only into the first block after each Si 
insertion layer-and thus is comparable to 
the nonradiative lifetime of 111-V vertical 
transition cascade LEDs (7). However, the 
value is less than theoretical predictions for 
nonpolar scattering (6), although it is similar 
to that obtained in time-resolved pump-probe 
experiments for a valence band SiGe quan- 
tum well (15). 

At present, the importance of the light 
hole state LH1 is unclear. Because of the 
different pseudo-spin of the light and heavy 
hole states, optical transitions involving 
LH1 should in general be weaker than the 
HH2 + HH1 transition (lo), but band mix- 
ing as well as phonon resonances may in- 
crease the light to heavy hole transition 
rate. Because the detector used here has a 
cutoff at 80  me^, it has not been possible to 
study the HH2 + LH1 and LH1 + HH1 
transitions. 

We have observed well-resolved inter- 
subband EL around 10 pm in SiISiGe quan- 
tum cascade structures. Polarization and 
absorption measurements clearly show that 
the signal emanates from the transition be- 
tween the heavy hole states of the active 
well (16). The radically improved quantum 
efficiency with improved confinement of 
the HH2 level gives an indication that a 
blocking of the tunneling escape in a Si/ 
SiGe cascade structure is possible despite 
the comparably low band offsets and the 
presence of both heavy and light hole states 
in the valence band. Indeed, the lifetimes 
are comparable to those obtained in 111-V 
cascade LEDs with vertical transitions. 
This work constitutes a step toward estab- 
lishing the feasibility of SiISiGe-based QC 
lasers. A future challenge is to combine the 
need for good confinement with good 
alignment of the cascade levels. A possible 
path forward is the use of relaxed SiGe 
buffer layers, which would allow for strain 
compensation and therefore would yield 
greater design freedom. 
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Element-Selective 

Single Atom Imaging 


Electron energy-loss spectroscopy (EELS) is widely used t o  identify elemental 
compositions of materials studied by microscopy. We demonstrate that the 
sensitivity and spatial resolution of EELS can be extended t o  the single-atom 
limit. A chemical map for gadolinium (Gd) clearly reveals the distribution of Gd 
atoms inside a single chain of metallofullerene molecules (Gd@C,,) generated 
within a single-wall carbon nanotube. This characterization technique thus 
provides the "eyes" t o  see and identify individual atoms in  nanostructures. It 
is likely t o  find broad application i n  nanoscale science and technology research. 

Advances in nanotechnology increasingly 
rely on characterization tools with atomic 
resolution. Chemical information on hetero- 
geneous nanostructures in particular is more 
and more crucial for diagnosing and predict- 
ing properties of nanodevices. Electron mi- 
croscopies have long been able to image in- 
dividual atoms (I, 2) but cannot be used to 
identify elements, because all scattered elec- 
trons are collected for imaging. For elemental 
identification of individual atoms in an elec- 
tron microscope, only the inelastically scat- 
tered electrons that suffer element-specific 
energy loss must be counted. It has been 
predicted that the detection limit of EELS 
should be a single atom (3). However, con- 
vincing experimental evidence has been lack- 
ing because of the absence of fully adapted 
test objects (4). 

Here, we demonstrate single-atom spec- 
troscopy by means of EELS. For this pur- 
pose, a perfectly suited specimen exhibiting a 
sequence of individual atoms positioned at 
regular intervals has been selected. It is found 
in a recently synthesized hybrid nanomate- 
rial, a single-walled carbon nanotube 
(SWNT) encapsulating a chain of metal- 
lofullerenes (5). A scanning transmission 
clcctron rnicr&cope ( VG ~ ~1) that pro- 5 0 
vides a tiny clcctron bcam with o high current 
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flux (-650 pA in a probe 0.5 to 0.6 nm in 
diameter) and a high-efficiency charge-cou- 
pled device-based detector after an electron 
spectrometer (modified Gatan PEELS 666) 
were used for the experiment. The focused 
incident probe can scan the object under in- 
vestigation with accurate step increments on 
the order of angstroms, allowing a whole 
EELS spectrum to be recorded within a few 
milliseconds at each probe position. Hence, 
the intensity of characteristic energy-loss 
edges can be derived with highly accurate 
spatial information, and consequently the 
mapping of the searched element is feasible 
(6 ) .  

A chain of endohedral Gd-metallofullerenes 
was recently generated inside a SWNT by 
this research group (5). Such a material is 
ideal for demonstrating single-atom spectros- 
copy, because this structure involves isolated 
Gd atoms separated by 1 to 2 nm (Fig. 1). The 
metallofullerene molecules (Gd@C,,) are 
aligned within a SWNT. The dark spots seen 
on each fullerene structure in the high-reso- 
lution image are suspected to be the encap- 
sulated Gd atoms (7). The interval between 
the adjacent Gd atoms is large enough with 

strate a confinement shift (observed EL energy, 154 
meV; calculated HHZ +HH1 transition. 149 rneV). 
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respect to the smallest probe size (-0.5 nm) 
accessible with our current electron optics. 
Element-selective imaging has been per-
formed on a structure similar to that in Fig. 1. 
A set of 128 X 32 spectra was recorded with 
a 3 A step (consequently, the scanned area 
corresponds to -40 X 10 nm). Each spec- 
trum was acquired in as little as 35 ms with 
enough counting statistics. Intensities of the 
Gd N,, edge and carbon K edge were extract- 
ed pixel per pixel from all the individual 
spectra (8),and chemical maps for both ele- 
ments were constructed (Fig. 2). 

The bright spots in Fig. 2A are aligned 
along the nanotube direction, which indicates 
that they correspond to the Gd atoms. Com- 
parison with the simultaneously obtained car- 
bon map (Fig. 2B) shows that the Gd atoms 
are located inside the carbon nanotube. This 
is further confirmed in Fig. 2C, which dis- 
plays the Gd map (smoothed by convolution 
with a 3 X 3 pixel matrix) superposed on the 
carbon map. Therefore, we can confirm that 
doping the carbon nanotubes with metal-
lofullerenes has been successful and that the 
dark spots seen in the high-resolution image 
(Fig. 1) explicitly correspond to the Gd atoms. 

The arrows in Fig. 2B indicate the approx- 
imate positions of the individual Gd atoms. 
The interval between them is about 1 to 3 nm, 
and some of the Gd atoms are missing. This 
is probably because the Gd atoms tend to 
move around from the original positions and, 
under the intense electron beam, make an 
aggregate of one to three (or four) atoms 
associated with a fusion of the adjacent met- 
allofullerenes. Such coalescence processes 
between the metallofullerenes under the elec- 
tron beam have also been observed in situ 
during high-resolution electron microscopy 
observations. Note that our present spatial 
resolution (-0.5 nm) is not sufficient to re- 
solve the carbon layer spacing (-0.34 nm) 
between the adjacent fullerenes and nano-

Fig. 1. A conventional 
high-resolution image 
(A) and a schematic 
presentation (B) of a 
similar structure. A 
chain of endohedral 
Cd-metallofullerenes 
(Cd@C,,) i s  encapsu-
lated in a SWNT. The 
Cd atoms are shown 
in yellow in (B). Scale 
bars, 3 nm. 
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