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Intraband absorption in Ge/Si self-assembled quantum dots
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We have observed intraband absorption in Ge/Si self-assembled quantum dots. The self-assembled
quantum dots are grown at 550 °C by chemical vapor deposition. Atomic force microscopy shows
that the quantum dots have a square-based pyramidal srap@0 nm base lengithand a

density ~2x10°cm 2. Intraband absorption in the valence band is observed around 30042V

pm wavelengthusing a photoinduced spectroscopy technique. The intraband absorption is in-plane
polarized. It is attributed to bound-to-continuum transitions since the intraband energy corresponds
to the energy difference between the Si band gap and the photoluminescence energy of the quantum
dots. The magnitude of the intraband absorption saturates when the ground level of the quantum
dots is filled. This feature allows the measurement of the in-plane absorption cross section of the
intraband transition which is found as large ax 0" Bcn?. © 1999 American Institute of
Physics[S0003-695099)01403-3

The existence of intersubband transitions in semiconducef intraband absorption associated with Ge dots opens the
tor quantum wells has led to the development of a new classoute to the realization of Si-based quantum dot infrared pho-
of infrared photodetectors, the quantum well infrared phototodetectors.
detectord QWIPS. Most of the developments in QWIPs in- The investigated samples were grown by ultrahigh-
cluding the realization of mid-infrared focal plane arraysvacuum chemical vapor depositi@dHV-CVD) using silane
have been realized using the intersubband transitions in thend germane as gas precursors. The deposition of Ge was
conduction band of GaAs quantum well&sew attempts accurately monitoredh situ by reflection high-energy elec-
have been made to realize QWIPs using the intersubbangon diffraction (RHEED).}* Structural characterizations of
transitions in the valence band of ;SjGe,/Si quantum the Ge dots were performed by atomic force microscopy
wells 23 The use of Si/SiGe heterostructures presents the adAFM Scientific Park Instrumen}s The samples were also
vantage to be compatible with silicon-based complementargharacterized by standard low-temperature photolumines-
metal—oxide—semiconducté€MOS) signal processing. cence. For mid-infrared absorption measurements, ten layers

Recently, it has been shown that self-assembledf Ge separated by 22 nm thick Si barriers were grown at
InAs/GaAs quantum dots can exhibit intraband absorptiors50 °C. The last Ge layer was not covered with Si for AFM
in the mid-infrared spectral randé. The use of self- measurements. The sample was thereafter polished with 45°
assembled semiconductor quantum dots instead of quantuficets in a multipass waveguide geométihe infrared ab-
wells for infrared photodetection has been consequently prosorption was measured using a photoinduced spectroscopy
posed. First, demonstrations of quantum dot infrared phototechnique'? Carriers are generated in the quantum dots using
detectors have been reported in the literature using Ill-\g mechanically chopped interband optical pumping*(Am
In(Ga)As/GaAs quantum doty’ lased. The absorption is measured as the normalized varia-

Self-assembled quantum dots can also be grown on siliion of transmission of an infrared beam delivered by a Fou-
con due to the 4% lattice mismatch between Ge and Si. Nurier transform infrared spectrometer.

merous studies have reported on the formation of nanometer |n Ref. 11, the formation of precursor clusters by UHV-

size Ge quantum dots deposited on Si using different growtitvD has been evidenced for the deposition of a single Ge
techniqued~** The Ge/Si quantum dots which exhibit a |ayer. These precursor clusters appear before the onset of the
large band discontinuity in the valence band could also b@yo-dimensional2D) to 3D growth mode transition, as ob-
appropriate for infrared photodetection like the InAs/GaAsserved by RHEED. They consist of truncated square-base
quantum dots. It appears that Ge/Si quantum dots could comyyramids with{105} facets. The typical sizes of the precur-
bine the advantages of quantum dots as compared to quagors are 50 nm base width and 2 nm height. Their density is
tum wells while keeping the compatibility with Si-based sig- gmall, around & 10" cm=2 The quantum dotmultilayer
nal processing. ] samples investigated in this work were grown in similar con-
In this letter, we show that Ge/Si self-assembled quangitions than for the formation of the precursor clustérs.
tum dots exhibit intraband absorption in the mid-infraredowever, the multilayer stacking modifies the size, the shape
spectral range. The intraband absorption is in-plane polarizegnq the density of the precursors. Figure 1 shows an AFM
and corresponds to transitions from the ground state of th?mage of the surface of the ten layers Ge/Si quantum dot
dots to the continuum states. To our knowledge, such a transampje. The surface exhibits square-based pyramidal Ge dots

sition has not yet been reported in Ge dots. The observatioynich are oriented alonBL00] and[010] directions like for

the precursors. However, the dot density<i€ x 10° cm™2,

3Electronic mail: phill@ief.u-psud.fr The average size of the dot base length is around 100 nm, the
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1 FIG. 3. Normalized variation of transmissiahT/T for the Ge/Si self-
0 0.2 0.4 0.6 0.8 um assembled quantum dots under optical pumping. The interband pump inten-
sity is 10 W cmi 2. The measurement is performed at 77 K. The inset shows
A schematically the experimental setup.

160 |- . -
60 the quantum dots and the silicon barrier is around 300 meV.

80 5 The photoinduced infrared absorption spectrum of the
------ : L ‘ Ge/Si self-assembled quantum dots is reported in Fig. 3. The
0 = Laterl?(;?ze A L 2000 measurement is performed at 77 K with unpolarized infrared

light. The photoinduced absorption is dominated by an asym-
FIG. 1. AFM topographical image of the Ge/Si self-assembled quantundMetric absorption line with a maximum around 300 meV.
dots. The image shows the shape and size of the quantum dots at the top Phis absorption is attributed to the intraband absorption in
a ten multilayer sampldtop). The quantum dots are pyramidal with a the yalence band of the Ge/Si quantum dots. The free-carrier
square-base oriented alof00] and [010] directions. The AFM cross- b . iated with th . hich d
sectional height profile of one dot is showlmottorn). absorption associated with the carriers which are not trappe

in the dots can also be observed as a monotonously increas-
ing absorption towards low enerdy The polarization selec-

height is~16—17 nm, and the dot uniformity is better than ', ) )
+10%, as estimated by the histogram of island size distribut!o" rule of the intraband absorption has been checked. The

tions given by AFM. The four sidewall facets are formed bylntraband absorption amplitude mpolarization(half of the

{103 and {104 planes, but dominated b§103 planes(the glectric field along th'e'growth axis, half of the electric field
measured mean inclination angles ar&8° and 14y. in the layer _plan)3|s d_lVlded_ by a fa}cto_r of 2 as c_om_pare_d to
Figure 2 shows the photoluminescence at 77 K of the tefine absorption ampllt_ude in polar|zat|0n(ele_ctr|c field in

layer sample. At this temperature, the photoluminescence df€ 1@yer plang The intraband absorption is therefore in-
the wetting layer is not observed and the photoluminescendd@ne polarized. The energy at maximum of the absorption
spectrum is dominated by the radiative recombination assd29° MeV maiches very nicely the experimental energy dif-
ciated with the Ge dots. The photoluminescence is maximurfErence between the silicon band gap and the photolumines-
at 845 meV with a full width at half maximum of 70 mey. C€Nce energy of the quantum dots. We attribute therefore the
The photoluminescence of the ten layer sample is redshifteﬁ'frared absorption to an iptraband transition between the d_ot
as compared to the photoluminescence of the preCurs(g{round states .to 'the continuum states. The Igrge broadening
clusterst! It is important to note that the radiative recombi- and asymmetric line shape are also characteristic of a bound-

nation in Ge/Si quantum dots is of type II. The recombina-to-continuum transition. Note that a similar bound-to-

tion occurs between the electrons in the Si layers and thgontinuum transition has also been observed in the valence

holes confined in the Ge dots. This situation is depicted if?2nd Of INAs/GaAs self-assembled quantum ddtbe intra-
the inset of Fig. 2. Note that the energy diagram in Fig. 2band absorption was also in-plane polarized like for Ge dots.

shows that the energy difference between the ground state §f€ Underline that the bound-to-continuum nature of the in-
traband absorption reported here for Ge/Si self-assembled

quantum dots is particularly appropriate for normal incidence

infrared photodetection.

845 meV The absorption amplitude of the intraband absorption as

a function of the pump excitation density is reported in Fig.
310 4. At low intensity, the absorption increases as the number of
meV photocreated carriers increases. Above 10 WZ%nthe

Si Ge photoinduced absorption saturates. This saturation is due to

the filling of the dot ground states. As the dot density is 2

X 10° cm™?, the complete filling of the dot ground state cor-

N A responds to a % 10° cm™2 carrier density(2 holes per dot

0.7 0.8 0.9 1 1.1 1.2 This injected carrier density at saturation can also be esti-

Energy (V) mated from rate equations. The carrier density is given by

FIG. 2. 77 K photoluminescence of the Ge/Si self-assembled quantum dot§! = G_Tv WhereG__: al/hv is the_ gene_ration ratey the ab-
The inset shows a schematic energy band diagreohto scalg sorption probability] the pump intensityhv the photon en-

Photoluminescence
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AR l average Si_,Geg, composition in the quantum dots. Strain
0.003 - + 1 variation and relaxation inside the dot can also occur, leading
L 4 to a reduced confinement potential volume as compared to

0.002 | the physical size observed by AFM. All these features indi-

cate that the confinement energy is not necessarily negligible
7 in the Ge/Si clusters, and at least much larger than the con-
0.001 . finement energy of a pyramid with a 100 nm thick base
length and a 17 nm height. The infrared measurements pre-
sented in this work reinforce this hypothesis. The saturation
O s T 0 50 100 120 of the absorption due to the filling of the ground states is
Pump intensity (W cm™?) clearly observed like in the case of InAs/GaAs quantum
FG. 4. Amplitude of the infrared photoinduced absorption in the G /S_dots? thus indicating that there is not a quasicontinuum den-
self:aséembFeldquaﬁtumedlotsaaz aauzcﬁ;onugfeth: ir?tcér'z);a?]d Ipumg deensiltﬁIty ,Of State_s available. The r(_esor_]am shape ,Of the bound-to-
The measurement is performed at 77 K. The full line is a guide to the eyeCONtinuum intraband absorption is very similar to the one
observed in quantum wells or quantum dots. This feature
also indicates that the Ge/Si self-assembled clusters are not
equivalent to heterojunctions like those used for internal
photoemission sensot3.

AT/T

ergy, andr the interband recombination lifetime. Assuming
a=2.5x10"%11=10Wcm?at 514 nm, and—~1 us, the
. . . . . . _2 .
estlmated_ injected carrier den5|tyn$v_6>< 16° cm™* which In conclusion, we have shown that Ge/Si self-assembled
agrees with the assumption of the filling of the quantum dot S ; . .
. .. _quantum dots exhibit intraband absorption in the mid-
ground states. The discrepancy between the two estimation

stems from the uncertainty on the interband recombinatior'1nfrared spectral rangé4 um wavelength The intraband

. : . . . absorption is in-plane polarized with a very large absorption
time. The in-plane absorption cross sectiorof the intra- . N
cross section. These results open the route to the realization

gg:llq absorption can be deduced from the following equaE)f Ge/Si quantum dot infrared photodetectors.
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