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Band alignments and photon-induced carrier transfer from wetting
layers to Ge islands grown on Si  (001)
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Temperature- and excitation-power-dependent photoluminescence measurements were carried out
for the multilayer structure of Ge islands grown on a(08l) substrate by gas-source
molecular-beam epitaxy. When the excitation power increases from 10 to 400 mW, the
photoluminescence peak from the Ge islands showed a large linear blueshift of 34 meV while that
of the wetting layers did not change much. These two different power dependences are explained in
terms of type-1l and type-l band alignments for the islands and the wetting layers, respectively.
When the sample temperature increased from 8 to 20 K, an anomalous increase of
photoluminescence intensity for islands was accompanied by a rapid decrease of that from the
wetting layers, implying that a large portion of photon-induced carriers in the wetting layer was
transfered to the neighboring islands and the Si layer, respectively, thus resulting in an increase of
photoluminescence intensity of the islands. 2001 American Institute of Physics.
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Recently, many studies have been done on the growtlvhile the two peaks denoted by WP, and TQy, 4 lines can
mechanism, electrical and optical properties of Ge island®e assigned to the NP transition and its TO replica in the first
(ID) embedded in Si. The growth behavior and resultinggrown Ge wetting layer, as observed and correctly inter-
structure of the islands influenced by the wetting Iayerspreted in Ref. 3. The energy difference between thgyNP
(WLs) has been investigatéd.Although photoluminescence ang TQu and between the NR; and TQy,; lines is 58
(PL) from Ge islands has also been widely studiedllittle ey, which corresponds to the Si—Si optical phonon energy
has been done on the correlation between PL from the ISh Si%9 The broad PL peak located around 0.83 eV was

lands and the wetting layef$.In this letter, both excitation

. ssigned to the PL from the island and it could be deconvo-
power and temperature-dependent PL spectra of Ge |slan$s : . .
. . Uted into two Gaussian line-shaped peaks at 824 and 866
and of wetting layers were measured with a power level from

10 to 400 mW and a temperature range from 8 to 300 K._T; Vs re.speﬁlr\]/ely, twhen thke .ex?hatlo: lpowe_;hls 409 E:Y)V
Different power-dependent behaviors of the PL peak position Pf ongin o _ese wo_ peaks '_S st ”9 ¢ egr. . e_y might be
ttributed to either a bimodal island size distributian the

were observed for the wetting layers and islands. Beside&
the PL intensity from the islands increased significantly as

the temperature increased from 8 to 20 K, the transfer pro- 40 i i . ;
cess of photon-induced carriers in the wetting layers to the ——400mw Si
islands was evidenced at this temperature range. :fggzw

The sample was grown on a(801) substrate by gas- — 70mW
source molecular-beam epitaxBE) with a SiHg gas — — 35mwW

— 10mwW

source and a Ge effusion cell. Ten layers of Ge islands sepa-
rated by Si spacer layers were grown at the temperature of
575°C. The thicknesses of the Ge island layer and the Si
spacer layer were 1.6 and 50 nm, respectively. The PL mea-
surements were performed by excitation of ari Aaser and
with a liquid-nitrogen-cooled Ge detector. The spot size of
the laser on the sample was about 1 mm

Figure 1 shows the PL spectra measured at 4.5 K with
different excitation power levels. Apart from the peaks of the 07 08 0.9 1.0 1.1 1.2
Si, the spectrum consists of two separate components which Energy (eV)
are characteristic of Ge wetting layer and Ge islands, respec-

. . IG. 1. PL spectra of Ge/3D01) islands under different excitation power
tlvely' The two main peaks located at 1007 and 949 meV ar evels measured at 4.5 K. In addition to the PL peaks from Si, there are two

attributed to the Ny transition and its TG phonon-  separate components, which come from the islands and the wetting layer,
assisted transitions of upper pseudomorphic wetting layersespectively. The TO and NP PL lines originating from the first wetting
layer and the upper wetting layer are indicated byw[Q NPy 1, TOw,

and NRy,, respectively. The PL band from the islands could be deconvo-
dAuthor to whom correspondence should be addressed; electronic mailuted into two Gaussian line-shaped peaks which are indicated hy ai@
jwan@ee.ucla.edu NP, respectively.
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For this case, a type-I band alignment at the wetting layer/Si

. :gw . Igw interface is more reasonable. Schméttal.” observed PL
s 10} = . . — - peak blueshifts for both Ge islands and wetting layers with
% ) the increase of excitation power and pointed out that both
2 band alignments are type-Il structures. In our results, the
g 09 band alignments for Ge islands and wetting layers are type-ll
§ /M and type-l, respectively, and the power dependence of its PL
o 5 intensity, as showed in Fig.(), further supports the type-I
08 . (@) band alignment at the wetting layer/Si interface. Different
10' 10? alignment types between our results and Ref. 7 may be at-
Excitation power (mW) tributed to the different Ge concentrations in Ge islands and

wetting layers.

Figure 2b) shows the power dependence of the inte-
grated PL intensity from the Ge islands and the wetting lay-
ers. According to the formulaec P™, wherel represents the
PL intensity andP the excitation powe? the coefficientam
are found to be 0.96 and 0.78 for the PL from the islands and
the wetting layer, respectively. The sublinear power depen-
dence of the PL intensity of the islands is due to typical
. . saturation effects for the type-Il alignment. In a type-Il align-
10! 107 ment, the indirect excitons are first localized at the interfaces,

Excitation power (mW) and then they recombine. As the interface state density is

FIG. 2. Power dependence of PL peak ener¢@sind integrated PL inten- limited, the PL quickly saturatéSFor the wetting layer,

sity (b) from the islands and the wetting layer. The peak energies from théhere i§ no saturation as it is a type.-l structure. .
islands show a blueshift with increasing excitation power while the peak It is known that the band alignment of a strained
energy from the Wetting layer almost rema_ins unchanged. This means thgi17XGe></Si heterostructure with higher Ge composition is
band aI_|gnment of t_he islands apc_l the wetting layer are type-Il and type'ltype-ll.l?’ If there is no atomic intermixing at the Ge/Si inter-
respectively. The different coefficients of the power dependence of PL .
intensity ( <P™, i.e.,m<1 for the islands anech~ 1 for the wetting layer, ac€, the wetting layer should be pure Ge, and then type-Ii
are found. band alignment is expected. However, first, atomic intermix-
ing occurs during MBE growth even at low temperatures.
NP transition and TO replica of the Ge islarfd€ The TO  High-resolution Rutherford backscattering spectroscopy
mode may be T@._co(Ref. 4 or TOg;_ge **° studies showed that when 1.5 ML Ge was deposited on Si at

Figure Za) shows the excitation power dependence of200 °C, the obtained Ge concentrations in the first four layers

PL peak energies of the Wett”’]g |a>(é'rowl_ and NWVL) and were 64.5%, 38%, 22.5%, and 11]%ndlcatlng a Significant
the Ge island$TO, and NR,). The TQp and NPy, peaks of ~ G€/Si intermixing during growth. Second, the formation of
the islands show a large linear blueshift of 34 meV with islands will introduce a strain into the Si substrate, and thus
increasing excitation power from 10 to 400 mW. The energythe alloying effect may be enhancttDue to atomic inter-
difference between them remains at 42 meV. The shift ignixing, the Ge islands were found to be; $G&, s alloy
comparable to a previous work reporting a blueshift value ofslands by using synchrotron radiation x-ray diffraction mea-
20 meV when the excitation power increased from 0.6 to 2(surements in a previous wotk Likewise, theoretical calcu-
Wi/cn? for Ge nanostructures on a §i18) substraté. The  lations showed that the composition of the islands was not, in
blueshift of the PL band with the increase of excitationgeneral, the same as the wetting layes lower Ge content
power suggests a type-ll band. As the electrons and hold8 the wetting layer than that in the islands was possible. In
occupy two separate regions, a dipole layer is then forme@ur case, the lower Ge content in the wetting layer might
due to the fact that the holes are confined in the Ge islandgappen in our sample, thus resulting in a type-l band align-
while electrons are confined outside. Then, a band bendingient at the wetting layer/Si interface.
will occur at the interfaces due to the Hartree potential. At ~ Figure 3a) shows the integrated intensities of PL from
high-excitation-power densities, more photon-induced electhe islands and the wetting layer as a function of tempera-
trons and holes will result in a higher Hartree potential,ture. Interestingly, as the temperature increases, the PL in-
which will cause the electrons and holes to be in highettensity from the islands increases first in the temperature
energies states, resulting in the blueshift of the PL Band.  range of 8—20 K, and then decreases. At the same time, the
It is known that the band-filling effect could cause the PLPL from the wetting layer drops quickly and disappears at 40
blueshift with the increase of excitation power. However, itK. Figure 3b) shows the PL spectra measured at 8, 12, and
was calculated that in a type-Il structure the line shift due ta20 K, respectively. It is clearly seen that the anomalous in-
band filling is only several meV for general PL measure-crease of PL intensity from the islands is accompanied by a
ments and this effect is almost an order of magnitude smallerapid decrease of PL intensity from the wetting layers, im-
than the shifts induced by band bendig. plying that a large portion of photon-induced electrons and
In contrast to the PL from Ge islands, the JjOand holes in the wetting layers could be transferred to the islands
NPy, peak positions of the wetting layers remain almostrather than forming excitons in the wetting layers, then to

unchanged~2 meV) when the excitation power increased. radiatively recombine. Fukatset al® observed a similar ex-
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Temperature (K) islands sandwiched by Si layers and shows the photon-
20 10 induced carrier transfer process. Dashed arrows show the PL
transition process in the wetting layer and the islands, re-
spectively. For the wetting layer, when the temperature in-
creases, holes and electrons which are previously trapped in
the wetting layers at low temperatures could thermally be

80 40
T ' @

10°

E)
&
.é-
g 10" : .
= % 16 activated to move to the islands and the region near the is-
T 5 lands, respectively, as shown in Fig.(#p). Thus, more
3 107 " holes will be trapped in the islands and attract more electrons
g % 00f s Ter—e, to near the islands, resulting in an increase of PL intensity of
g . . g 0. $2mp;r§?uref§‘,l’ 820 the islands at higher temperatures. This photon-induced car-
= 10 20 40 60 80 100 120 140 rier transfer process is further supported by a slight PL blue-
1000/T(1000/K) shlft from 8 tc_) 20 K, as seen in Fig(l®. The reason for the
slight blueshift at low temperaturé8—40 K) is that more
20 holes and electrons are transferred from the wetting layers to
16 the islands and the regions near the islands. The resultant
- Hartree potential will become slightly higher, thus resulting
;; 12 in a blueshift of the corresponding PL peak for the islands,
> which is similar to the case of increasing excitation power as
% 8 discussed before.
E In summary, temperature- and power-dependent PL
T 4 measurements were carried out on the multilayer structure of
; i Ge islands grown on a ®01) substrate by gas-source MBE.
Ot e 35 5 : Different power-dependent behaviors of the PL peak position
‘ ' ' were observed for the wetting layer and the islands. Accord-
Energy (eV) ingly, type-Il and type-l band alignments are proposed for

FIG. 3. (a) Temperature dependences of integrated PL intensities from théhe ISIar,]dS an.d the We“'”g Iayers,. reSpeCtlvel,)/' In addition,
islands and the wetting layer&) PL spectra taken at 8, 12, and 20 K. Itis the PL intensity from the islands increased significantly as
clearly shown that the anomalous increase of the island PL intensity at ththe temperature increased from 8 to 20 K, while the PL in-
temperature of 8—20 K is accompanied by a rapid decrease of the Wem”%nsity of the wetting Iayer decreased rapidly. The transfer of
layer PL intensity. . . . .
photon-induced carriers from wetting layers to the islands

. L and the region near to the islands is evidenced.
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