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Photoluminescence of strained InGaAs/InAlAs single quantum wells
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Abstract

Photoluminescence measurements have been performed on IngGagsAs
/Mng 50Alpa3As and Ino.46Ga0.54As/Ino,52Alo_4gAs strained single quantum
wells with well widths each of 16 monolayers and 3monolayers. The
strained single quantum wells were grown side-by-side with corresponding
lattice matehed-Ino_.53Ga0_47As/Ino_52Alo_4gAs single quantum wells on a InP
substrate by melecular beam epitaxy. Conspicuous photoluminescence peak
shifts due to strain are observed for 16monolayers single quantum wells, and
the‘ emission energies are in agreement with the theoretical expected
excitonic peak energies. To our surprise, luminescence from 3 monolayers
triplet single quantum wells shows only a single peak. This nhenomenon
appears to arise from the energy gap increment of IngsGag 4As well due to
the enhanced random alloy disorder and possibly the formation of v quanfum
plates on the one hand, and the energy gap shrinkage of Inq_46Gao, s4As due to

the presence of CuPt-type ordering on the other hand.

PACS: 78.66Fd, 78.55.Cr, 68.65.+¢
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L. INTRODUCTION R

Recently, InGaAs/InAlAs quantum wells have received considerable attention for the
potential applications in the field of long wavelength optoelectronic devices, ultrahigh-speed
microelectronic devices and infrared detectors[1-3], thanks to the large conduction band
discontinuity at the interfaces and the significant band nonparabolicity in the InGaAs
quantum wells. A typical provoking breakthrough of the applications. started with the
successful growth of InGaAs/InAlAs quantum cascade lasers which based on one type of
carrier (elecrons) between energy levels created by quantum confinement[4,5]. A crucial
aspect for the device application of these quantum wells is the layer quality and the
abruptness of interfaces. Consequently, the unavoidable problems are alloy disorder and
strain due to the lattice mismatch. However, strained-layer structures of high crystalline
quality can be fabricated on condition that the layer thicknesses do not exceed certain critical
values[6].An introduction of strain in the InGaAs well from the lattice-matched composition
can dramatically alter the energy band structure and thereby the optical properties. Strained
quantum wells have opened rich perspectives for the low threshould current diode lasers[7]
and high-electron-mobility transistor devices with high cut-off frequency[8]. These brilliant

" achievements have been inspiring us to explore the possible applications of strained quantum
wells in other advanced optoelectronic devices such as quantum cascade lasers. However,
there have been relatively few reports of the optical studies of strained InGaAs/InAlAs
quantum wells narrower than 5nm. ' »

This paper presents photoluminescence (PL) studies of narrow InGaAs/InAlAs strained
single quantum wells (SQWs) grown side-by-side with the corresponding lattice matched
SQW by solid-source molecular beam epitaxy (MBE). Good crystal quality in the strained
SQWs has been confirmed by the sharp PL spectra. In addition, conspicuous PL energy shifts
due to strain were observed for 16 monolayers (MLs) SQWs. However, contrary to our
expections, still pronounced but a single PL spectrum emerged for the compressive-strained,
lattice-matched, and tensile-strained narrow 3MLs SQW. This PL mergence feature can be
attributed to the surfaced-induced CuPt-type ordering of tensile strained SQW and the
enhanced alloy disorder at the interfaces of the compressive strained SQW.

II. EXPERIMENT |

16 and 3MLs of Ino.sGa().a,AS /1110‘52A10443AS and In(),45Gao_54AS/III0_52A10.43AS SQWS were
grown side-by-side with corresponding lattice matched- Ing 53Gag 47As/Ing spAlp 43As SQW
sequentially according to the indiction of Fig. 1 on a (100) semi-insulating Fe-doped InP
susbtrate in a Riber 32p MBE system. This geometric structure ensures us a direct
comparison of the optical properties between latice-matched and strained SQWs. The growth
temperature was measured by a thermocouple and referenced to the (2x4) to (4x2) suface
reconstruction transition of the InP substrate. This transition was assumed to occur at 520°C
under an As4 beam equivalent pressure of 1x10” Torr. The V/II beam equivalent pressure
ratio amounted to 14. The sample was grown at a substrate temperature of 500°C with growth
rates of 0.62 and 0.644pm/h for InGaAs and InAlAs, respectively. The lattice mismatch, with
respect to an InP substrate, was determined by double-crystal x-ray diffraction measurements.
PL measurements were performed on a IFS120 HR fourier transform infrared spectrameter at
various temperatures with the sample cooled in a closed-cycle He cryostat. The 514.5 nm line
of an Ar-ion laser was used as the excitation source and photomultiplier and InGaAs detector

were employed to-record the spectra. The output power of the laser was about 50mW wiuch i
corresponds to approximately 0.5W/cm’. The optical measurements were made at the =

resolution of 5cm’’. :
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111. RESULTS AND DISCUSSION L

Fig. 2 shows the infrared PL spectra from -lattice-matched and strained InGaAs/InAlAs
narrow  SQWs. Two  characteristic - fféatures can be derived. (i) 16MLs
Tno 6Gao.4As/ g s2Alg agAs, Ing ¢Gao4As/Ing s2Alo 43As, and Ino4cGaosaAs/Ings2Alo 48As SQW
exhibits distinctively a triplicate strong PL, and these PL energies coincide with the heavy
hole excitonic peak energies calculated by a finite square-well model including the effect due
to the band nonparabolicity and the effects due to the revisions of composition and strain. In
addition, the energy shifts of strained SQWs relative to the lattice-matched SQW are larger
than expected for a variation of the well thickness by 1 ML at low temperature. The PL line
width (FWHM, full width at half maximum) at 15K of Ing ¢Gag4As/Ing s5Alp43As (13meV)
and Ing 46Gag s4As/Ing 57Alg 43As (10meV) are narrower than that of
Ing 53Ga047As/Ing 57Alp 43As  (14meV). The emission from the lattice-matched
Ing 53Gag47A8/Ing 57Alg43As SQW  is -somewhat broader, possibly stems from substrate
misorientation[9]. (ii) Instead of a triplicate PL peak, compressive-strained, lattice-matched,
and tensile-strained narrow 3MLs SQWs only exhibit a single PL peak. The FWHM of this

merged-peak at 15K is 24meV. Figure 3 presents how the PL peak energies and the

corresponding FWHM vary with temperature. Within the temperature range from 15 to 100K,
the PL peak energies correspond to 16MLs SQWs almost unchanged, while the
corresponding FWHM linearly increase by 0.82meV/K (a rate of approximately kT). This is a
proof of good crystal quality of 16MLs SQWs. In the same temperature range, the PL
merged-peak energy of 3MLs SQWs linearly decreases by 0.47meV/K (a rate slightly greater
than the bulk band-gap shrinkage rate), while the corresponding FWHM linearly increases by
0.6meV/K. The emission broadening originates from two possible aspects, i.e, the variations
in the well thickness and random alloy disorder. The expected broadening of the quantum
well resulting from islands with a height of one monolayer and a lateral radius comparable to
the exciton radius are 15 and 55meV at 15K for 16 and 3MLs SQW, respectively, which are
larger than the experimental values at 15K. This leads to the conclusion that the hetero-
interfaces must be of high quality and the lateral dimensions of the islands (if exist) must be
smaller than the exciton radius. The effect of random alloy variation in InGaAs on the
luminescence broadening can be rougtly estimated by[10]

dE _
AE =236—5( ’; (=) 2 )
D (T —ap)L,
o m Imy |
k= a6'3 | - | | o ,

where €, is the dielectric constant, my, is the reduced effective mass, ap is the Bohr radius, L,
is the quantum well thickness, x is the composition, and ao is. the lattice constant, the peak
brodenings due to random alloy variation in InGaAs are about 7 and 15meV for 16 and 3MLs
SQWs, respectively. . ~

In order to elucidate the experimental results, the theoretical depiction is necessary. The
two-dimensional heavy hole excitonic transition energy is given by
ho=E,+E,+E,-E, ' 2)
Where E, and Ej are the confinement energies of the electrons and holes, respectively, By is.
the two-dimensional exciton binding energy, and, Eg is the three dimensional effect baﬂd gap e
of InGaAs at the temperature T, which is given by ' EeE A
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Where E is the compos1t10n-dependent band gap of unstrained In «Gay. As at 2K, and can be
deduced from[l 1] _ ;

Eg (x) =15192 —1.5837x + 0.475x* : 4
consequently, we obtain 0.813, 0.736, and 0.892eV at 2K for Ing 53Gag 47As, Ing sGag 4As, and
Ing 46Gag s4As, respectively. AE is the energy shift due to strain. It is assumed to depend
linearly on the biaxial strain, €, according to[12]

AE =[-2a(cr1 —c12) /ey +b(eyy +2¢12) /ey le (%)
a and b being the hydrostatic and shear stress deformation potentials, respectively, and cij the
elastic stiffness coefficients. The third term in Eq.(3) accounts for the band-gap dependence
on the temperature. In our calculation, the parameters are gathered in Table 1. The alloy

parameters are interpolated from the values corresponding to the binaries. The confinement
energy levels within the wells for electrons and heavy holes can be calculated using the finite

E, =E° AE — 3)

~ square potential well model[14]. Nonporabolicity is included in both well and barrier layers

through the expression m(E)=m’(1+2aE). The effective masses of electrons and heavy holes
used for InGaAs are me(E)=0.043mo(1+2x1.13E) and mu(E)=0.38my(1+2x0.387E),
respectively; = while for  InAlAs are me(E)=0.078mo(1+2x0.582F) and
my(E)=0.57my(1+2x0.027E), respectively[15]. The 2K low-temperature band gap energy of
Ing spAlg4sAs barrier is taken to be 1.511eV[16]. AE; at 2k is 0.52eV for lattice-matched
heterostructures corresponding to the conduction band offset ratio 74.5%, and assuming this
ratio is endorsed by strained SQWs. The theoretical predictions and the experimental results
at 15K are summarized in Table II. The 15K PL peak energies of 16MLs SQWs of
Ing ¢Gag4As/Ing spAlg4sAs, Ings53Gaga7As/Ings;Alp4gAs and Ing4Gag ssAs/Ing s7Alg 4sAs are
0.943, 0.968, and 1.000eV, respectively, which are higher than the corresponding calculated
values. This discrepancy is, however, understandable taking into account the uncertainty of
the valance-band offset, deformation potentials, and valance-band masses used in the
calculation.

The experimental results for the 3MLs SQWs are exceed our expectations. The PL peaks
of 3MLs Ing ¢Gag 4As/Ing 5oAlp 43As, Ing 53Gag 47As/Ing 5,Alp 43AS and
Ing 46Gag saAs/Ing soAlp4sAs SQWs contract into a single, indicting that a change  in
composition of a few percent has no significant effect on the emission energy of 3MLs SQW.
But the theoretical estimation of PL peak energy difference between 3MLs
Ing ¢Gag 4As/Ing spAlg 4gAs and Ing 46Gag s4As/Ing 52Alg 43As SQWs at low temperature is about.
39meV. What is the origin of the PL peak contraction of 3MLs SQWs ? The PL peak
mergence indicates that the luminescence energies of compressive-strained, lattice-matched
and tensile-strained 3MLs SQW are nearly equal. We can rationally assumed that the
emission energy of the compressive-strained 3MLs SQW presents a blue shift, and
simultaneously the emission energy of tensile-strained 3MLs SQW give a red shift. Two
aspects account for this feature, the energy gap increment of Ing¢GagaAs well due to the
enhanced random alloy disorder and possible the formation of quantum plates at the
interfaces on the one hand; and the energy gap shrinkage of Ing4sGaossAs well due to the
presence of CuPt-type ordering on the other hand. This picture can be explained as follows. (1)

The undulated growth front and fuzzy boundary of barriers enhance the surface roughning of

compressive-strained Ing¢GapsAs layer, and thus provides possible nucieatmn 51tes for
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«jslanding”[17]. This contributes to the formation of disk-like morphology, and maybe the
quantum plates are formed. In addition, - strain-assisted interface segregations of the
compositions can increase the degree of disorder to-some extent. Just like the energy band of
amorphous silicon is larger than the band gap of crystalline silicon, this enhanced disorder of
the interfaces will increase the energy gap more or less. Consequently, quantum plates coexist
with the enhanced disorder cause the PL line blue shift of compressive strained- 3MLs SQW.
(ii) The PL line red shift of the 3MLs Ing 46Gao s4As/Ing s2Alg 43As SQW possibly correlates
with the presence of strong CuPt-type ordering. The CuPt-type ordering is a surface related
phonomenon occuring during the layer growth, and is energetically more stable at the layer
interfaces than any other kind of ordering or the disordered state[18]. Calculations have
predicted that CuPt-type ordering can produce significant decreases in the band-gap
energy[19] and experimenial measurements have proved this to be the case for In,GajxAs
layers[20,21] grown on (100) InP substrate. This ordering is preferable to occuring at the
tensile-strained and lattice-matched layer interfaces[22]. The amount of ordering present in
the layer was controled by the two competing processes, namely, ordering occuring initially at
the growing interfaces and disorder occuring subsequently in a transition region. The surface
undulations of the barrier layers and the InGaAs well layer will provide a wide range of
surface configurations, and the segregation of InAs at the steps will play an auxiliary role of
the formation of ordering. This sublattice ordering is also suggested by noting the broader
FWHM of PL[23], which is one characteristic feature of ordered material. The broader PL
line width arises from the presence of potential fluctuations due to sublattice ordering. Thus
the red shift of PL line can be explained if one assumes that the Ing46Gao s4As layer is a
mixture of ordered and random (disordered) alloy domains. According the Wei ef al.[24], the
ordernig induced band-gap change is given by = '

1 o 2
B(n) =[AE, (1,0) + g'A 111 (107
where AE,(1,0) is the band gap reduction of the strain-free and fully order alloy relative to the

perfectly random alloy, n is the CuPt-type order parameter, and A(f 111s the valance band lift

due to ordering-induced crystal field splitting. We can roughly estimate the band gap
shrinkage based on the band structure values calculated for IngsGagsAs by Wei et al.,[25] i.e.,

A({ 11=0.1eV and AE,(1,0)=-0.3eV. According to Table II, B(n) is taken to be 0.029¢V, and

we obtain 1=0.33. It is necessary to point out that the above mentioned interface-related
feature have no valid effect on 16MLs strained SQWs because of the small interfacial ratio.
The temperature dependence of the PL intensities indicating the presence of nonradiative
recombination mechanisms. This thermal quenching mechanism of luminescence in SQW
structure can be attributed to thermal activated detraping of carriers from the wells into
barriers, followed by nonradiative recombination in the barriers[26,27]. To quantitative
analyze the experimental data is laborious due to so many arbitrary adjustable parameters.
The red shift due to the temperature increases from 15 to 100K for 3MLs SQWs is larger than
the corresponding band-gap decrease of InGaAs bulk material. At present, we have no sound
explanation for the additional temperature-related red shift of PL peaks. - ‘
IV. SUMMARY ‘ K :
In conclusion, PL measurements have been performed on Tng ¢Gag 4As /Ing s;Alp 48As and
Ing 46Gag saAs/Ing 57Alp 4sAs strained single quantum wells with well widths each of 16 and
3MLs grown side-by-side with the corresponding lattice matched In,e.536:’30(4‘7As/1n0552Alo_4gAs

30



" single quantum wells on a InP substrate by MBE. Apparent PL peak shifts due to strain are
observed for 16MLs strained SQWs, and the émijsSion energies can be attributed to excitonic
peak energies. Out of our expections, luminescence. from 3MLs triplet SQWs shows only a
single peak. Two aspects account for this ‘phenomenon, one aspect is the energy gap
increment of Ing¢GagsAs well due to the enhanced random alloy disorder and possibly the
formation of quantum plates, the other aspect is the energy gap shrinkage of Ing4sGag s4As
due to the presence of CuPt-type ordering. This little dependence of energy band on the strain
in very thin quantum wells will find important implications for device applications, giving a
new opportunity for quantum cascade lasers.
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TABLE 1. InGaAs parameters used in the caléqlatibn of energy shift due to strain. o and P are

obtained from Ref[13].
Materials a(eV) b(eV) c,,(lo“dyn/gm") ci2(10"'dyn/em™)  a (107%eV/K) B (K)
Ing46GagseAs -7.41 -1.75 10.25 4.99 4.07 227
Ing¢GagsAs  -7.01 -1.76 9.74 4.87 3.65 235

Ing s3Gag 47As 3.86 - 231

TABLE II. Comparison of the experimental PL energies (in eV unit) at 15K and the theoretical

results.
well width Ing ¢GagsAs Ing 53Gag 47As Ing 46Gag s4As
eXp. theory. exp.  theory exp. theory
16MLs 0943 0914 0.968 0.954 1.000 0.990
SMLs 1341 1351 1347 1380

Figure captions

Figure 1. Schematic cross section of the complete InGaAs/InAlAs single gwantum wells structure.
Figure 2. Photoluminescence spectra of 16 and 3MLs SQWs at different temperature.

Figure 3. (a) PL peak energy versus the s'ample‘ temperature. Crosses, dots, and triangles are
measured data of compressive-strained, lattice-matched, and tensile-strained 16MLs SQW,

respectively; circles are measured data of 3MLs SQWs. (b) PL peak FWHM versus the sample:

temperature.
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Structure and ph’otolumines#_énce of InGaAs self-assembled
quantum dots grownon InP(001)
Feng-Qi Liu® , Zhan-Guo Wang', Ju Wu,.Bo Xu, Qian Gong; and Ji-Ben Liang
Laboratory of semiconductor materials scjence, fnstitute of semiconductors,

Chinese Academy of Sciences, P. O. Box 912, Beijing 100083, China

Abstract

Molecular beam epitaxy has been used for groWing InGaAs self-assembled
quantum dots (QDs) in InAlAs on an InP(001) substrate. Nominal
déposition of 9.6 monolayers (ML) of Ing9Gag 1As resluts in QDs of rf6.5nm
high with areal density of 3.3x10"cm>. Conspicuous bimodal size
distribution is identified, and is responsible for the obs¢ryed QDs
bhotoluminescence (PL) emission with two peéks ét 0.627 and 0.657eV.
Good agreement is achieved between the observed PL peak energies and

calculated resuits.

PACS: 78.55.Cr, 78.66.Fd, 68.65.+g

% To whom correspondence should be addressed. E-mail: fqliu_@red.scmi.ac.cn



Self-assembled quantum dots (QDs) have been generated a great deal of scientific and
technological interest, promising new apphcatlons like single electron transistors' and lasers’
with improved performance. Various QD structures with an excellent radlatlve quantum yield
have been produced on GaAs>* and InP>® substrates. The study of these new QD structures
has permitted the identification of unique and interesting physical phenomeﬁa. Althbugh
there are many publications about dot formation and results of their spectroscopy’°,
careful study of lateral size effect on the optical properties is still lacking. In this letter, we
present the pronounced lateral confinement influence on the PL energy of InGaAs QDs in
InAlAs grown on InP(001). PL emission with two peaks at 0.627 and 0.657eV is observed,
and is correlated to the distinct bimodal size distribution of QDs. v

The sample was grown by molecular beam epitaxy (MBE) on a semi-insulating Fe-doped
InP(001) substrate in a Riber 32p MBE system under an As, partial pressure of 1x1077 Torr.
A 300nm lattice-matched Ing s:Alg4sAs was grown on the InP substrate at a growth rate of
0.6pm/h at 500°C. After cooling the substrate to 470°C, the nominal Ing 9GagAs of 9.6ML
was deposited at a reduce.d growth rate of ~0.08ML/s. Subsequent 80nm Ing s,Alg 43As layer
was then grown in order to freeze the evolution of the InGaAs layer morphology, while the
temperature was ramped back to 500°C. A 5nm Ing 53Gag47As cap layer Was grown as the last
layer to protect the Ing 5pAlg 43As from oxidation. The QDs formation was observed by the
reflection high energy electron diffraction spectrum from a streaked to a spotty pattern. A
transmission electron microscopy (TEM) study was performed at 200kV using plan-view and
[110] cross sectional specimens thinned by mechanical polishing and argon ion milling. The
- PL measurementé were performed on an IFS120 HR fourier transform infrared spectrameter
with an Ar" laser (514.5nm) source. The sample was cooled in a closed-cycle He cryostat. An
InSb detector and a CaF, beam splitter were employed to record the spectra.

Plan-view micrograph of sample is shown in Fig.1(a). The coherent dot formation is
clearly evident through the strain contrast. The diameter of the dots was determined by
measuring the the length of the white/black boundary. The dark area originates from the
nonuniformity introduced in TEM specimens fabrication process (polishing and milling). The
areal density of QDs is 3.3x10ecm™ A ‘high-magnification cross section micrograph of
sample is displayed in Fig.1(b). The QDs is about 6.5nm in height with very small fluctuation,
indicating most of QDs reach their height limit at high InGaAs coverage. Moreover, the
InGaAs wetting layer is generally very thin and some of breaking. Using the plan—vww TEM
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result, statics on the QD size is summarized in Fig.2. Obvious bimodal size distribution is
~observed. The mean diameters and the corfeepondmg standard deviations were obtained

according to the method used in Ref.11: 30 é'nd"Snm, 70 and 6nm for two branches,

- respectively. Each branch of QDs is fairly uniform in size. For the coherent Stranski-

Krastanow growth mode, the best dot uniformity has been found to be for thicknesses just
slightly larger than the critical thickness necessary to induce the dot formation (~8ML)>!%.
The 2D nominal coverage of 9.6ML Ing¢GagAs happens to satisfy this condition. These
unexpected TEM results are different from the results of strained InGaAs/InAlAs system on
InP(311) substrates13 and InAs QDs in InAlAs on InP(001) substrate®.

The sample gave relatively strong PL emission. Fig.3 displays PL spectra measured at
15K with various excitation poWer densities. The lineshapes show well-resolved doublet
peaks at the energies of 0.627 and 0.657eV with full width at half maximum (FWHM) of 29
and 71meV, respectiveiy. The PL can unambiguously be attributed to the InGaAs QDs, since
the buffer layers have been found to héve PL emission only near the InAlAs band gap. We
attribute the discrete emission energies of the PL spectrum to radiative recombination from
dots grouped in distinct branches, each one with almost the same dot height but with
remarkably well defined lateral sizes as indicated by the TEM results. fﬁdeea, we exclude
~ that the higher energy component of spectra may stem from excited states of QDs, since the
integrated PL intensities depend linearly on the excitation density. On the other hand, the
intensity ratio of two peaks keeps constant, proving no efficient carrier transfer between two
families of QDs. In addition, emission éigna_l from InGaAs wetting layer is not observed,
~indicating efficient carrier transfer from 2D wetting layer te QDs due to the high areal density
of QDs. Fig.4 shows two spectra obtained at temperatures of 15 and 80K. Each FWHIVI of
resolved doublet peaks is temperature- independent up to 80K, but both PL peaks redshifted
by 6meV. This temperature-independent FWHM is one of the predommant characteristics of
QD structures'.

To corroborate the interpretation on the correlation of bimodal size distribution and PL
spectrum of QDs, theoretical depiction is necessary. Vertical and lateral cohﬁnements are
handled separately. Due to the strong confinement in the growth direetion, the energetic
position of the QDs PL is mainly determined by the height of the QDs'®. If we do not take -
into account lateral confinement, we can calculate the electron to heavy ﬁole(e—hh) t’rar’xsitio’n‘ |

energy by modeling the QDs as a quantum well, in which the width is the height of the QDs
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determined with TEM. In calculation, the. strain-induced band shift is neglected, since the
dots allow the system to lower its energy through relaxatlon of strain at the free surface. The
conduction band offset is taken to be 70% of the band gap difference. The ‘QDs of 6.5nm in
height gives the e-hh transition energy of 0.61eV.

Coming now to the influence of lateral confinement of QDs. As a first apprdximation, we
use a simple 2D infinite harmonic potential model and neglect the Coulomb interaction
between the electrons and holes'®. The infinite rotational-symmetric parabolic potential is
givén by V, =Lim w?r?, where i=e or h, o is the characteristic frequency, m; is the effective
mass, and r is the radius of the potential. The lateral confinement energy is given by

AE=1ho,+3ho,. For IngyGagiAs, m, =0.028m,, my, =0.333m,. Consequently, we

obtain AE=39 and 17meV for r=30 and 70nm, respectively. Lateral confinement induced PL
peak separation is 22meV. Considering the dot diameter determined by TEM is an
overestimation of actual dot diameter, this calculated peak separation should be even larger.
Pronounced influence of the lateral confinement of QDs accounts sucessfully for the
experimental PL peak separation. Furthermore, different FWHMs of well-resolved doublet
peaks correlate to the different lateral Size distribution range of two QD branches.

In cbnclusion, we have presented the results of MBE grown InGaAs self-assembled QDs in
InAlAs on an InP substrate.-The islands formation is confirmed from the TEM measurements
which showed an areal density of 3.3x10""em™?, 6.5nm in height, and a bimodal size
distribution with average diameters of 30 and 70nm, respectively. The PL emission with two
peaks centered at 0.627 and 0.657eV strongly correlates to the bimodal size distribution of
QDs. | |

This work was supported by the National Natural Science F oundatioﬂ, and National

Postdoctoral Science Foundation of China.
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- Figure captions

Figure 1. TEM micrograph of QDs developed after the growth of nominal 9.6ML
Ino,gGgoJAs in InAlAs lattice-matcned to InP. The plan view is shown in (a), and the cross-

section view is in (b).

Figure 2. Statics of the size of the InGaAs QDs grown on InAlAs lattice-matched to InP, from
TEM plan view. The measured dot number is 155. The average diameters and standard

deviations of two branches are 30 and 5nm, 70 and 6nm, respectively.

Figure 3. PL spectré at 15K with different excitation intensities. I= 0.2W/cm® .

Figure 4. PL spectra obtained at different temperature.
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Size quantization effects in InAs sélf—assembled islands on InP(001)
at the onset of Zﬁ;%;';SD-transitionv »
Feng-Qi Liu®, Zhan-Guo Wang,‘ Ju Wu, Bo Xu,J ia-jun Qian, a\;ﬁd Ji-Ben Liang :
Laborafory of semiconductor materials science, Instityte »Qf semiconductors,

Chinese Academy of Sciences, P. O. Box 912, Beijing 100083, China

"~ Abstract

Photoluminescence spectrdscopy has been ﬁsed to ix_lvestigate self-
assembled InAs islands in InAlAs grown on InP(001) by molecular beam
epitaxy, in correlation with transmission electron microscopy. The nominal
deposition o.f‘ 3.6 monolayers of InAs at 470°C achieves the onset stage of
coherent island formation. In addition to one strong emission around 0.74eV,
thé sample displaces several emission peaks at770.787, 0.92, 0.98, and
1.046eV. Fully developed islands coexist with semi-finished disk islands
account for the multipeak emission. These results provide strong evidence

of size quantization effects in InAs islands.

PACS: 78.55.Cr, 78.66.Fd, 68.65.+g
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1. Introduction

The formation of coherent three- d1mens1ona1 (3D) islands in lattice mismatched systems
by the Stranski-Krastanov growth mode has attracted ‘much attention since these defect-free
.islands are expected to lead to major developments for future nanoscale optoelectronic
devices[1]. The island formation process is driven by the reduction of the total strain and
surface energy of the layer-substrate system and is limited by kinetic factors such as adotom
diffusion[2,3]. To capture the evolution of island formation and growth, several groups have
investigated the initial morphological instability of a strained layer and the kinetic pathways
to 3D islands[4,5]. Although there are many publications about islands growth and results of
their spectroscopy in the InAs/GaAs system[6,7], a careful study of InAs islands on InP at the
onset of 2D-to-3D transition is still lacking. In this letter, we report the photoluminescence |
(PL) and transmission electron microscopy (TEM) results obtained for the molecular beam
epitaxy (MBE) grown InAs islands embedded in InAlAs lattice-matched to an InP substrate,
at the very onset of 2D-to-3D transition.

2. Experiments
The sample was grown by molecular beam epitaxy (MBE) on a semi-insulating Fe-doped
| IP(001) substrate in a Riber 32p MBE system. Substrate rotation and an As, partial pressure
of 1x107 Torr were used during the growth. A 300nm lattice-matched Ing s;Alp4sAs was
grown on the InP substrate at a growth rate of 0.6pm/h at 500°C. After cooling the substrate
to 470°C, the thin InAs layer was deposited at a reduced growth rate of ~0.2um/h, and this
‘was done until the transition from 2D growth to 3D growth was observed by the reflection
high-energy electron diffraction (RHEED) spectrum from a streaked to a spotty pattem;{ This
transition corresponds to 2D nominal deposition of 3.6 monolayers (ML) which is in
excellent quantitative agreement with the predicted critical thickness[8]. After a 2s growth
interruption, subsequent 80nm Tng 5pAlg4sAs layer was then grown in order to freeze the
evolution of the InAs layer rhorpholog‘y, while the temperature was ramped back to 500°C. A
5nm Ings3Gag47As cap layer was groWn as the ‘last layer to protect the Ing 52Alp48As from
oxidation. Specimens for TEM were prepared in plan-view and in cross section manners. The
PL measurements were performed on an IFS120 HR fourier transform infrared spectrometer
with an Ar" laser (5 14.5nm) source. The sample was cooled in a closed-cycle He cryostat. An

Ith'detector and a CaF, beam splitter were employed to record the spectra.
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3.Results and discussion S

TEM mlcrographs of the sample are shown in Flgure 1. The coherent 1sland formation is
- clearly evident through the strain contrasts as previously observed for the case of
InGaAs/GaAs and InAlAs/AlGaAs self-assembled islands. The areal density of islands is
4x1090m and the size distribution of islands is relatively wide. In Fig.1(a), besides the
apparent 3D islands, some of threadlike microstructures are observed. We observe islands
coexist with wires clearly, but we have no sound explanation about these wire structures at
present. The high-magnification cross section micrograph in Fig.1(b) also reveals the island
formation. Unfortunately, it is difficult to obtain a clear contrast in cross-section TEM for this
material system. Although we can not exactly determine the island height, we can see the
large fluctuations in height and in width clearly. Also apparent here is the semi-finished disk
islands coexist with fully developed islands. What is more, the separation between semi-
finished island and fully developed island is large. Using the plan-view TEM result, statics on.
the island size is extracted and is indicated in Fig.2. The 3D islands show large dispersion is
size, seemingly muitirﬁodal size distribution with most frequent diameters of 40, 70, and
- 100nm, -respectively, is observed. These TEM results are quite different foom those reported

results about InAs islands on InP substrate[9-12].

According to Mérard et al.[6], island nucleation is goverhed by random surface process,
step, defects, or local thickness fluctuations[6]. All islands rapidly reach a certain size, below
which they are unstable and which more or less corresponds to an optimum of the elastic
relaxation. The fast initial stage of the evolution of the InAs islands corresponds to the
growth at the éxpense of the surrounding 2D InAs layer, after which the film undergoes a
much slower evolution by 'intér-island matter transfer. The size fluctuation is more striking -
‘when the InAs deposition rate reduced. This picture concering. the nucleation and growth »
kinetics of InAs islands is partlcularly useful to understand the origin of their size fluctuation.
At the very onset of 2D-to-3D transition, the growth of islands is initiated via the formation
of 2D platelets which act as precursors[3]. It has been proposed that 2D platelets may have an
energetic minimum at a certain size, leading to equal size islands assummg that the islands d@
not change their volume during nucleatlon[3] However, the growth of 2D piatelets isa

kinetically controlled process; the size dev1at10n for 2D platelets is usually much’ 1arge{13]
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For lower growth temperature and thinner InAs _ylayer thickness, lateral mass transport is
hindered to some extent. The surface diﬁ’usion}-;ii"s_;no’t fast enough for these platelets to reach
an equilibrium distribution, and consequentl;lf-,:‘f"t:hé }esulting islands havé relative large
fluctuations in height and in width. The very small growth interrption time and the
subsequent InAlAs cap layer provide a prerequisite for freezing the evolution of the InAs

layer morphology.

The sample gave distinctive strong PL emission. Fig.3(a) presénts PL emission obtained
at different temperatures with excitation power of 0.5W/cm?. In addition to an intense PL
peak around 0.74eV, several peaks at 0.87, 0.92, 0.98, and 1.04eV are seen. Each peak energy
and the corresponding full width at half maximum (FWHM) almost unchanged up to 118K.
Since the possible PL emission from buffers is only near the InAlAs band gap (~1.5¢V at low
temperature), the observed multipeak emission can unambiguously attributed to InAs layer.
The 2D emission from the wetting layer is obsent in the spectra ( 2D emission energy of
3.6ML InAs is no less thaﬁ 1.2eV[14], wetting layer emission energy is still more higher).
This behavior is due to the absence of bound states in the well. As a result, a “quantum
depletion” takes place that drives the charges toward the islands. Fig.3'(b)r shows spectra
obtained at various excitation power densities. The integrated PL intensity of each peak
depends linearly on the excitation density, and the relative amplitude keeps constant. From
the intensity-independent feature and relative lower excitation in our experiment, the

possibility of state filling can be ruled orut[IS].r

We attribute the observed peaks to the ground state emission of island families with
different heights. The main PL peak at 0.74€V is cdrrelated with the fully developed island
family, while the other peaks are related to families of semi-finished islands with different
heights. To elucidate this phophesy, theoretical evaluation is necessary. Due to the strong
confinement in the growth direction, the energetic position of the PL is mainly determined by
the height of the islands. Since the island height is much smaller than its diarﬁeter, a change
in the overal thickness of the island has a big”inﬂurence on the absolute energetic position of
the PL. If we do not take into account lateral confinement, we can rqughly calculate the -
electron to heavy hole (e-hh) transition energy by modeling the island as a quantﬁm well, in

which the width is the height of island. The observed PL peak energies at 0.74, 0.87, 0.92,
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0.98, and 1.04eV give the calculated island heights of 13, 9, 8, 7, and 6ML, respectively. As
expected, a change in lateral size, mainly inﬂﬁéhée the FWHM to some extent. By modeling
the lateral quantum confinement potential for both an electron and a hole as harmonic-
. oscillator-type potentials, we get lateral confinement energies 30, 17, and 13meV for lateral
sizes of 40, 70, and 100nm, respectively. Thus the lateral confinement mﬂuence on the PL
energy is trivial, and will not affect the above qualitative results. We can conclude that the
obvious steplike behavior of PL peak'energies stems from island familigs with distinctive
heights. These results clearly indicate that the size quantization effect is pronounced at the

onset of 2D-to-3D transition[7,16,17].

4. Conclusions

We have presented a correlated PL and TEM study of MBE grown InAs islands in
InAlAs on an InP substrate at the onset of 2D-to-3D transition. The island formation is
confirmed from the TEM measurements which showed large fluctuation in height and in
width. Fully developed islénds coexist with semi-finished disk islands are identified. Strong
radiative recombination is observed, with steplike PL energies at 0.74, 0.87, 0.92, 0.98, and

1.04eV. Our results provide strong evidence of the size quantization effects in InAs islands.
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Figure captions
Figure 1. TEM micrographs of InAs islands developed after a 2D nominal deposition of
3.6ML in InAlAs lattice-matcned to InP. The plan view and cross-section view are shown in

(a) and (b), respectively.

Figure 2. Statics of the size of the InAs islands grown on InAlAs lattice-matched to InP, from

TEM plan view.
Figure 3. PL spectra obtained at different temperature with excitation density of 0.5 W/em?.

F igure 4. PL spectra at 15K with different excitation intensities. I= 0.25W/cm? .
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Metamorphosis of Self{()rganized Quantum Dots
into Quantum Wires

Feng-Qi Liu®, Zhan-Guo Wang, Bo Xu, Ju Wu, and Jia-Jun Qian

Laboratory of semiconductor materials science, Institute of semiconductors, Chinese

Academy of Sciences, P. O. Box 912, Beijing 100083, China

Abstract

Spontaneous formation of InAs quantum wires in InAlAs on InP(001) via
sequential chain-like coalescence of quantum dots along [110] are realized.
Theoretical calculation based on the energetics of interacting steps provides
é qualitative explanation for the experimental results. Sequential coalescence
of initial isolate dots reduces the total free energy strikingly. Thus the wire-
like structure is energetically favorable.

Keywords: Quantum dot; Sequential coalescence; Quantum wire. -

PACS: 68.65+g, 81.10.Aj, 81.15.Hi, 61.16.Bg
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Recently, much effort has been de'\@ted to study quasi-one-dimensional structures,
which act as "quantum wires” with fascinatlng electronic and optical properties[1,2].
Quantum wire structures grdwn by conveﬁtiohal methods of bp_atte_fning, etching or com-
positional modulation typically suffer from insufficient confinement, large wire-width,
increased surface defects etc[1-4]. Although formation methods of strain induced lat-
eral ordering[5] and one-dimensional (1D) faceting|[6] éffer attractive routes to overcome
these difficulties, the strigent requirements for device purposes remain challenging issues.
Therefore it is necessary to explore some new methods for fabricating true quantum wires
in the sense of significant lateral and longitudinal confinement, which promise practical

applications.

It is well known that highly mismatched heteroexpitaxy can lead to the formation
of self-assembled quantum dots, and well-ordered and high-density arrays of dots with
clear faceting have been achieved[7]. On the other hand, surprising alignment and pro-
nounced preferential elongation of dots under specific condition have been reported|8,9].
These brilliant achievements and interesting phenomena, have, in turn, sparked our pre-
vision that spontaneous formation of quantum wires may be occur if elongated dots are
sequéntially arranged.

| In this Letter we report a surprising route to spontaneous formation of InAs quan-
tum wires on InP (001); by sequential chain-like coalescence of dots along [110]. This is
very different from the 1D faceting by step bunching epitaxial growth. The distinct elon-
gated dots and their sequential coalescence traces ate directly revealed by transmission
elctron microscopy (TEM) measurements. The change of the strain and sufface energy |
has been calculated; which has shown that the decrease of surface energy can outweigh
the increase 6f the strain energy when isolate dots coalesce .sequentia_lly. This faécinating
self-assembling feature of quantum wires may point the way toward a new approach td

the fabrication of such st‘ruvctures.

The samples were grown by miolecular beam epitaxy (MBE) on semi-insulating Fe-
doped InP(001) substrates in a Riber 32p MBE system. Substrate rotation and an As,

partial pressure of 1 x 10~"Torr were used during the growth. The growth temperature
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was monitored using the substrate therfﬁdéduple. A 0.3pm lattice-matched InAlAs buffer
layer was grown on the InP substrate'ésiéff‘é :growth rate of 0.6pm/h at 500°C. For more
accurate Control, after cooling the sﬁbstrr‘é.te ‘to 470°C, the thln InAs layef(s) and InGaAs
marker layer(s) were depésited at reduced growth rates. Sample 1 contains-3.6 monolayers
(ML) InAs layer (~ 0.18u/h) and 2ML [nO_GGa0,4As marker layer(~ 0.3u/h), which were
capped with 35nm InAlAs. For sample 2, the combination of 4AML InAs layer, 2ML
Ing53GagarAs marker layer(~ 0.34y/h), and 5nm InAlAs spacer layer(~ 0.3464/h) was
repeated 5 times, and capped with 35nm InAlAs. After each InAs layer, a 30s growth
interruption was introduced. The transition from 2D growth to 3D growth was observed
by the reflection high-energy electron diffraction spectrum from a streaked to a spotty

pattern.

TEM micrographs of the samples 1 and 2 are shown in Figs. 1(a) and 1(b), re-
spectively. The coherent formation of elongated dots and wire-like structures are clearly
evident. Slightly diﬂ"_efent features between 1(a) and 1(b) arise from different sample
growth conditions. These TEM results are quite different from those reported results
about InAs and IﬁGaAs heteroepitaxial layers on InP substrate[8-11].- The pronounced
feature is the sequential ordering and coalescence along [110] direction. Although platelets
elongated along the [ITO] and a height undulation in the [110] direction both in com-
pressive and tensile strained In;_,Ga,As/InP(001) epilayers heﬂve been reported[9], the
detailed mechanisms governing the formation of elongated 3D dots or chain-like surface

structures have not been well characterized.

We now consider the physical origin of this crbssover from dots to wire. As we
know, under conditions of relatively high misfit coherency strain, heteroepitaxial fhin
film exhibits a morphological i‘nstab'ility, characterized by spontaneous .I’nghening[liZ—
14]. The stress-induced roughening of an initially flat surface requirés nucleation of
steps or facets. The prépérties of atomic steps play an important role in deterfning the
 equalibrium morphologies of surfaces and dynamics of 3D dot formation process and
surface faceting[15,16]. This behavior is governed by the energetics of the strain field

and the surface, subject to the kinetics of adatom transport that regulate nucleation
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and evolution of dots, in competition'i_}{zith' dislocation introduction. Here we consider
the growth of quantum wires is initiate'dzévi’;ij ﬁhe formation of quantum dots which act as
presursors. We suppose that the surface &ifftision is fast en_qﬁgh for these initial quantum
dots to reach an equilibriﬁm redistribution and ordering(8], and we show from total energy
calculations that the quantum dots sequential coalescence driven by anisotropic stress is
energetically favored. For simplicity, we take the initial isolate dots to be square-based
pyramidal in shape, with stepped surfaces just as illustrated by Chen et al.[17], and the
dots geometry are given in F‘ig.Z(a). The average spacing between neighboring step edges
is determined by the mean inclination angle § of the surface and the dot base size 2s. We
use the kinetic model based on interacting surface steps to evaluate the surface energy of
quantum dot. In this case, the energetics of the interacting steps, rather than the surface
energy of a particular stable facet, will dominate the kinetic pathway of dot nucleation.
The elastic relaxation energy drives the 3D dot formation but is opposed by the cost in
surface energy _associated‘ with the creation of steps. Since the dot preferentially elongated
along [110] direction, we label two distinct steps running [110] and [110] directions as S,
and Sp, respectively[9]. -We simply adopt the corresponding step creation energies per
unit-length, A4 and Ag, by the rforms[17] |

a a

2. Ag = A 2 '
hcotﬂ) ’ B BO+/\Bd(hcot0) ()

Aa = Ao+ Aaa

where h and a are the step héight and surface lattice constant, respectively, each second
term represents contributions from repulsive interactions between steps or force dipoles”.
In order to simplify calculation, we assume Apg = ;1)\,40 and Aggy = alyg. Due to dots
elongated along [110] direction as illustrated in Figs.1(a) and 1(b), the strain is relaxed
mainly along [110] direction. therefore o > 1. The total free energy of a pyramidal
stepped dot is [13,17]

s*(1 + o) tan#
h

a

2
hcotﬁ) ]

2
Ei(s,0) = —6cs® tan? 0 + [Aao0 + Aaal (2)

The first term is the energy change due to elastic relaxation, and second term is the
additional cost in surface free energy. Here ¢ = o?(1 — v)/2np, where i and v are the

shear modulus and Poisson ratio of the‘substrate and o is the bulk stress of the uniform
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epilayer. Clearly a minimum energy barmer E*(sc, ) must be overcome to form a dot..

This barrier height is

. 64 3a/\AO\/~)\A_.0/\A-_
) El‘(‘sc’ec) =

1 —_—— 3
which occurs at a saddle point (sc, 6.) with
Mo
= (4
tand, = (B[ (4)

4(1 + O() av/ A 40 ag
Se = X : (5)
7 3v/5 h2c
Now we consider the sequential coalescence of N isolate dots. When the stress is

anisotropic, the dot should align perpendlcular to the direction of maximum stress[18].
Therefore the quantum-dot-assembled wires should along [110] direction just as the ob-
served results. We assume that the final wire keéps hut shape (triangular cross section
in the width), and shape changes only in [110] direction, while the base width 2s and
inclination angle 6 fixed as indicated in Fig.2(b). The total free energy of the final wire
is

4N — 1 4o 2s2tan

En(s,0) = —2[2N+1+In Jes® tan? 9+[(l+a)+§-(N—1)] -

)\ 2
[Aao+ Ad( tﬁ) ]
‘ '(6)

The energy change AE due to coalescence is AE = En(s,0) — NE, (s,0). If we assume

the saddle point of isolate dot remain, we get

’ AN — 1. 64(1+ ) ariyv/Aaodag
AFE =[-7(N -1 +5a(N—-1)-2(1 J)In —— ) x — 222 T =/ ©74a0V A40N4d
[—7( — 1)+ 5e( )—2(14+a)ln 3 ] x 6T5VE X hig (7)

We obtain AE < 0 on condition that

| 6
S5 (N-1) &=

-1
Thus, if above coudition is satisfied, the quantum wire can be spontaueously formed.

If we do not fix the Wldth of wire, the saddle point (sw"e 0"’"5) of quantum wire

can be deduced from Eq. (6),

A
tanew"e—u g (9)

6l



A1+ ) + 207 ay/AoN

¢ T VBN + 14+ By T R
The corresponding minimum energy barrier is o
E(Swzre szre) - 64 % [(1 + O{) + éﬂ];_r__l_)_P % a)‘fqo V /\AO)\Ad (11)
¢« e 25,/5 (2N 41 + In #8=2)2 hic?
The criterion for s¥¥® = s, is
. 1 4N—-1
2N —2+1In 35 (12)

TN —2—In BT

What is the essence of critical value of « to form quantum wire? Large a increases the
minimum energy barrier £f(s.,.), as a result, significantly reduces the maximum rate of
initial dot nucleation. On the other ha,nd,‘ large « indicates large anisotropic stress. Since
the spatial variation of stress associated with the step instability can dramatically affect
the activation barrier for 3D dot nucleation[ig], the anisotropy in step creation energies
governs the equilibrium shape of dots[16]. Smaller S step creation energy indicate that
preferential nucleation and coalescence along [110] direction are permissive. Additionally,
during dots growth and coalescence adatoms tendv to diffuse on a surface away from sites
with higher strain to sites with a lower strain[20]. This process still more facilitates the

formation of quantum-dot-assembled wire.

The relationship between the ratio of step creation energies o and maximum co-
alescent dot number is displayed in Fig.3. Large. difference of corresponding N indi-
cates that prerequisite condition of AE > 0 takes priority of s¥¢ = s,. Invariably,
E(s¥ire gvre) > E¥(s,,0,), consequently the quantum wire can not be spontaneously
formed at the initial stage. Clearly the merely evolutionary pathway of wire is the se-
quential coalescence of initial dots, which are constrained to passover the saddle point
of dots where the activation barrier is a minimum. The quantum dots can thus be re- -
viewed as precursors for the formation of quantum wires. Based on our observatlons and

calculations, we clearly demonstrate the route of metamorphosis of quantum dots into

. quantum wires.
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In summary, we have demonstraféd a kinetic pathway of quantum dot assembled
wires. our simple model, based on theenelgetlcs of interacting steps, provides a useful
qualitative description of observed ‘resulﬁ“sﬂ.’ The rather fas_c_iri_a,ting result of this study is
that anisotropic stress in combination with interacing steps govern the metamorphosis of
quantum dots into quantum wires.

This work was supported by the National Natural Science Foundation, National

Advanced Materials Commitee, and National Postdoctoral Science Foundation of China.
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Figure ééiﬁtidns

Figure 1. TEM micrographs of InAs quantum dot assembed wires in InAlAs lattice-matcned
to InP: (a) sample 1, 3.6ML InAs marked by 2ML Ing¢Gag4As; (b) sample 2, 4ML InAs
marked by 2ML Ing 53Gag 47As, repeated 5 times and separated by Snm InAlAs spacer layers.

Figure 2. Schematic illustration of shape assumed for: (a) a square-based pyramidal dot
geometry with base width 2s and surface inclination angle @ ; (b) quantum-dot-assembled
wire geometry, triangular cross section in the width, base width and inclination angle are

identical with the component dots.

Figure 3. Relation between the ratio of step creation energies o and maximum coalescent

. : - -1
dot number N: (a) a = 6(2.5— (N-D"In ﬂgi) —~1;

-1
(b) a:(2N—-2+ln4N3_1)(2N—2—1n4N3_1) .
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Visible photoluminescence (PL) and Raman spectra of Ge clusters embedded in porous silicon (PS)
have been studied. The as-prepared sample shows redshifted and enhanced room temperature PL
relative to reference PS. This result can be explained by the quantum confinement effect on excitons
in Ge clusters and tunnel of excitons from Si units of the PS skeleton to Ge clusters. One year
storage in dry air results in a pronounced decrease in PL intensity but blue-shifted in contrast to
reference PS. This phenomenon correlates to the size decrease of macerated Ge clusters and
occurrence of ‘“‘quantum depletion”” in Ge clusters. Consequently, only excitons in Si units

contribute to PL.

Clusters and cluster-assembled semiconductor materials

. are currently stimulating much interest, because they show

optical and electronic. properties which are quite different
from those of bulk crystals.!> The visible luminescence in
cluster-assembled materials of an indirect gap semiconductor
may open up new possibilities for fabricating visible light
emitting devices based on group IV semiconductors. Quan-
tum confinement effects play an essential role in the lumi-
nescence process. To obtain three-dimensionally confined Ge
systems, different groups have exploited a variety of
techniques.5® The synthesis of semiconductor clusters inside
the cavities of certain zeolites or some of the microporous
materials is one promising technique.'%!! Recently, Ozin and
co-workers have prepared Si clusters inside Y-zeolite using
the chemical vapor deposition method and observed orange
luminescence from them.!! Filling of the pores network of
porous material with semiconductor clusters provides a

-—-simple route for the investigation of the quantum confine-

ment effect in clusters.

It is well known that the pore diameter of porous silicon
(PS) layers can be varied over a wide range (from 2 to 100
nm)."? This provides a feasibility of pore filling with Ge
clusters. Halimaoui er al.'? have filled PS pores with Ge and
Si using a chemical vapor deposition method at low tempera-
ture. However, to our knowledge, no systematic investiga-
tion of Ge clusters embedded in PS has been made so far. In
this article, we present a comparative study of visible photo-
luminescence (PL) and Raman spectra of Ge clusters embed-
ded in PS and corresponding reference PS.

A p-type (100)-oriented silicon wafer with a resistivity
of 1-3 £ cm was used to fabricate PS substrate. The sample
was anodized at a current density of 30 mA/cm? in an HE-
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ethanol solution (HF:C;HsOH=2:1) for 15 min. The anod-
ization was carried out under illumination with a 150 W
halogen lamp from a distance of 25 cm. The pores of PS are
no less than 13 nm in diameter. Ge clusters were produced
by evaporation and inert gas condensation.!? Ge powder was
evaporated in a tungsten boat in Ar gas_atmosphere. The
clusters were deposited on one-half of a PS substrate; the
other half was used as a reference PS. Due to the spongelike
structure of PS, the pores are a labyrinth. Therefore, small
Ge clusters can softly drop into the pores and weakly touch
one another. All optical measurements were made at room
temperature, using an Ar* laser as an excitation with a wave-

_length at 488 nm. The power was about 50 mW to prevent

heating of the absorptive sample. Both Raman and PL spec-
tra were taken at the same sport and during the same run.
To estimate the size of Ge clusters, we use Raman scat-
tering for the structure analysis. Raman spectra of the as-
prepared Ge cluster-embedded in PS (Ge—PS) and reference
PS are shown in Fig. 1. Reference PS shows only a peak at
516 cm™!. For Ge-PS, besides a peak at 516 cm™! a small
peak at 298.5 cm™' emerges. The small peak at 298.5 cm-!
reflects the Raman active transverse optical (TO) mode of
the introduced- Ge clusters, There .is no evidence of the
Si~Ge alloy mode between 300 and 520cm”™, indicating
that the intermixing at the Ge/Si interfaces is small. The
deviation of the TO peak position from that of corresponding
bulk Ge correlates with the average cluster size, and the for-

mula proposed by Cardona!® is:

dp=2m(C/Aw)"?,

where dp is the average cluster size, Aw is the deviation of
the TO peak, and C=0.96 nm? cm™"! for Ge. According ‘to

" this formula, we obtained the average size of the clusters,

which is 5 nm. Figure 2 shows the PL spectra of Ge—PS and

© 1998 American Institute of Physics
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FIG. 1. Raman spectra of as-prepared (a) Ge cluster-embedded in PS and
(b) reference PS.

reference PS. The PL peak energies of Ge~PS and reference
PS are 1.8 and 1.87 eV, respectively. Compared with the
reference PS, Ge-PS appears narrow and enhanced PL.
What is more, this feature can be repeated. Even though the
presence of some unavoidable nonuniformity of PS substrate
may lead to a slight shift of the PL peak, the PL width and

PL intensity (a.u.f:)

] i [} 1
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FIG. 2. Room temperature photoluminescence spectra of as-prepared (a) Ge .

cluster-embedded in PS and (b) reference PS.
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FIG. 3. Raman spectra of prolonged air-stored (a) Ge cluster-embedded in
PS and (b) reference PS.

intensity scarcely change. Consequently, the obvious. differ-
ence in PL of Ge—PS and reference PS correlates to the Ge
clusters.

We now come to the PL mechanism in Ge-PS. Since Ge
has smaller electron and hole effective masses and a larger
dielectric constant than Si, the effective Bohr radius of the
excitons in Ge is larger than that in Si, and the quantum
confinement effect appears more pronounced in Ge than in
Si. A theoretical calculation'® shows that the indirect band
gap energy of Ge clusters is very sensitive to the size of
clusters. Therefore, the introduced Ge clusters are expected
to display room temperature PL, and a shoulderlike or
double-peak structure of PL from Ge-PS is presumed. No
shoulderlike structure in the overall PL spectrum indicates
that the original luminescence stéems from only one- consti-
tute of the materials. To explain our result, we propose a
model for the PL mechanism of Ge-PS as follows: (1) Due
to quantum confinement effect, photoexcita'tion creates exci-
tons in the nanoscale Si and Ge units (2) In Ge-PS, the
diagram of the band gap of the Si unit/interfacial/Ge cluster
core acquires a asymmetric shape. (3) .The thin interfacial
region is a mixture of SiO, and possible GeO, . The band
gap of the nonstoichometric SiO, is in the range of 1.8—4 eV
depending strongly on the composition,'® and the band gap

of GeO, is even larger.” Because the band gap of 5 nm Ge -

clusters is smaller than that of Si units (1.87 eV), the carriers
in Si units rapidly tunnel into the Ge cluster cores, and ra-
diatively recombine there. This physical picture of PL indi-
cates that the original luminescence of Ge—PS stems from
excitons confined in Ge clusters. From the PL peak energy of
Ge-PS, the calculated average size of the Ge cluster is 4.8
nm. This value is approximately consistent with the average
size estimated by means of Raman spectroscopy. Therefore,
our experimental results favor the quantum confinement ef-
fect and support the above model. Due to fabrication in the
vacuum condition, the Ge cluster is free of adsorbed species.
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FIG. 4. Room temperature photoluminescence spectra of prolonged air-
stored (a) Ge cluster-embedded in PS and (b) reference PS.

. Consequently, in Ge—PS, the surface of the Ge cluster is
“clearer’’ than the Si unit of PS. Then a decrease of the
nonradiative channels, which can be related to a decreased
density of trap states, leads to an increase in the PL intensity.
The relative narrow size distribution of Ge clusters results in
narrowing of the PL width.

When the same sample is subjected to 1 year storage in
dry air, the optical properties change drastically. Two char-
acteristic points should be noted. One point is that the Ge

- cluster-related Raman peak shifts to 300.5 cm™! as shown in
Fig. 3. This peak is broad and weak compared with that of
the fresh sample. Due to a long time storage in ambient air,
the embedded Ge clusters eventually were macerated by the
PS skeleton. The interfacial regions between Ge clusters and
Si units may contain SiGe intermixture. The compressive
strain at the interfaces, results in Ge—Ge vibration appears at
higher energy.!” The other characteristic point is the striking

"decrease in PL intensity and slightly blueshift in PL energy

--of Ge-PS relative to reference PS as. shown in Fig. 4. In
contrast to the as-prepared sample, both luminescence from
Ge-PS and from reference PS originate from excitons con-
fined in Si units of the PS skeleton. This scenario can. be
explained as follows. Since the Ge clusters were macerated
by the PS skeleton, Ge clusters decreased in-size, and the
remanent Ge clusters or ‘‘superatoms’”. were coated in the
inner walls of the PS pores. The band gap increment of Ge
clusters is pronounced. The asymmetric band gap of the Si
unit/interfacial/Ge cluster core and the very small size of Ge
clusters lead to the absence of bound states in Ge clusters. As
a result, a “‘quantum depletion” takes place in Ge clusters
that drives the charges toward the Si units.'® On the other
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hand, interfacial disorder and large interface-to-volume ratio
increase the density of nonradiative recombination centers
and degrade PL intensity to a large extent, and for this reason

the smearing surface between the Si unit and Ge cluster bring

about a reduction in luminescence. In addition, surface ten-
sions of Si units due to intermixing possibly yield cracking
and partial disintegration of the PS skeleton, probably caus-
ing surface trap states, further reducing PL intensity. The PL
width of Ge-PS changes a little in comparison with that of
reference PS, indicating that the size distribution of Si units
in the Ge cluster-embedded region scarcely change. The
slightly inconsistent PL peak position of reference PS in
Figs. 2 and 4 relates to the unavoidable nonuniform etching,

In summary, we have preformed PL and Raman spectra
investigation of Ge cluster-embedded in PS. As-prepared
sample exhibits enhanced PL but blueshifted relative to ref-
erence PS. This result can be attributed to the photoexcited
excitons in Si units which tunnel into the Ge cluster cores. A
long time ambient air storage of the sample results in the
maceration of Ge clusters by the PS skeleton. A striking
increase of band gap of Ge cluster due to the size decrease
leads to “‘quantum depletion” in Ge clusters. The lumines-
cence originates from the quantum confinement effect on
excitons in Si units of the PS skeleton.

This work was supported by the National Natural Sci-
ence Foundation and Postdoctoral Science Foundation of
China. The authors thank Dr. L.-S. Liao for providing the PS
substrate,
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Abstract

‘Photoluminescence from gas-evaporated Ge nanoclusters consisting of a crystalline core encased in an oxide shell
are presented. An as-grown sample shows room temperature luminescence with separate peaks around 357 and 580 nm.
Prolonged air exposure of the clusters reduces the Ge core dimensions, and the emission initially at 580 nm shifts to 420 nm;
however, the violet lumingsce;nce at 357 nm displays no difference. These results indicate that there are two mechanisms
involved with light emission from Ge nanoclusters, visible light emission associated with the quantum confinement effect,
and violet light emission correlated to luminescent centers. © 1998 Elsevier Science B.V.

PACS: 61.46.4+w; 78.55.Ap; 78.66.Jg; 78.30.Am
Keywords: Nanocluster; Photoluminescenceé

Recently, a great deal of research effort has been
devoted to visible light emission from Si nanostruc-
tures [1,2]. The discovery of luminescence in Si nan-

-oclusters is an extremely important scientific break-
through with enormous technological implications. In-
spired by the previous work on Si nanoclusters, investi-
gation of Ge nanoclusters has also attracted significant
attention [ 3,4]. Many different methods for synthesiz-
ing luminescent Ge nanoclusters have been reported,
and similar visible photoluminescence (PL) spectra
have been observed [3]. Despite many suggestions,
the origin of visible PL has not yet been made clear.
The principal debate regarding the origin of lumines-
cence seems to be whether or not the luminescence
mechanism can be attributed to the radiative recom-

VE-mail: fqliu@red.semi.ac.cn.

bination of quantum confined electron-hole pairs (or
excitons) in Ge nanoclusters (quantum dots) [5-9].
In this Letter, we report the observation of visible
PL of Ge nanoclusters prepared by the gas evaporation
method. The PL spectrum of an as-deposited Ge nan-
oclusters film displays a two-peak structure with peak
wavelengths around 357 and 580 nm. Prolonged ex-
posure of the sample to ambient air, however, resulted
in the PL peak at 580 nm shifting to 420 nm.
Light-emitting Ge nanoclusters were deposited on
a single-crystalline Si wafer following the procedure
described in Ref. [ 10]. The base pressure of the vac-
uum chamber was 6x10~6 Torr. The Ge powder with
a high purity of 99.999% was evaporated from a W

- boat in an Ar gas atmosphere. The cluster size was

controlled by adjusting the evaporation temperature,

- the Ar gas pressure, and the distance between the

substrate and the W boat. The PL spectra were mea-

0375-9601/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.
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sured by using a HITACHI 850 fluorescence spec—;;;
trophotometer and 250 nm excitation from a Xe lamp.

The spectra have been corrected for the spectral re-
sponse of the instrument. Raman measurements were
carried out in a conventional 90° scattering configu-
ration. The spectra were recorded by a double-grating
monochromator and a standard photo-counting sys-
tem. We used the 488 nm line of an argon ion laser as
the excitation source whose power at the sample was
less than 5 mW to avoid local heating. Since ambient
air oxidation is inevitable, each cluster is composed
of a crystalline core and an amorphous oxide shell
~ 1.2 nm thick under room temperature ambient con-
dition [11]. Further, oxidation modifies the shape of
small cluster [ 12]. A prolonged (~ 4 months) oxida-
tion reduces the mean cluster core size and modifies
the shape still more. Thus, the optical properties of
an as-prepared sample will be different from that of a
prolonged air-exposed sample. :

Fig. 1 shows the PL spectra of (a) an as-deposited
Ge nanoclusters sample and of (b) a prolonged air-
oxidized sample. The PL spectra were measured un-
der 250 nm photoexcitation and a 350 nm shortcut fil-
ter was put behind the sample. The spectrum (a) in-
cludes two peaks at wavelengths of 357 (violet light
emission) and 580 nm (red light emission). The red
emission is broad and weak. In spectrum (b) the PL
peaks are displaced to around 359 and 420 nm . The
intensity of the 357 nm peak in spectrum (a) is nearly
the same as that of 359 nm in spectrum (b), but the
blue light emission around 420 nm in spectrum (b) is
stronger than that of the red light emission near 580 nm
_in spectrum (a). These observations strongly suggest
that there are two kinds of PL. mechanisms. The core
size of as-deposited nanoclusters is larger than that of
prolonged air-oxidized nanoclusters. The red emission

in an as-deposited sample shifts to the blue region.in a

prolonged air-oxidized sample correlates with the de-
crease of nanocluster size. We assign this feature to the
quantum confinement effect on electrons and holes in
nanoclusters. The violet light emission shows no size
dependence, indicating that the violet light emission
arises from luminescent centers.

To verify the size change of a nanocluster when

F Liy et al./Physics Letters A 242 (1998) 169—172‘
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Fig. 1. Room temperature photoluminescence spectra under 250 nm
excitation of (a) an as-deposited and (b) a prolonged air-oxidized
Ge nanocluster samples. '
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Fig. 2. Raman spectra of (a) an as-deposited and (b) a prolonged
air-oxidized Ge nanocluster samples.

weak band centered near 280 cm™! (spectrum a). The
Raman spectrum of a prolonged air-oxidized sample
(spectrum b), peaking at 296 and 280 cm™!, is very
similar to that of the as-deposited sample. The peaks
near 300 cm™! originate from an optical phonon (TO-
like mode: I')) scattering of Ge nanoclusters, and
the deviation of this TO peak position from that of
single-crystal Ge at 300 cm~! relates to the finite size
effect of a nanocluster. This Raman spectrum feature
bears resemblance to that reported by Heath et al. on

~ Ge nanoclusters synthesized via the ultrasonic medi-

subjected to oxidation in ambient air, we have per-

formed Raman measurements for both samples. The
results are shown in Fig. 2. The as-deposited sample
shows a Raman peak at 297 cm™!

and a broad and
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ated reduction method [13]. The broad component

centered near 280 cm™! is-an amorphous-like Raman

signal. This feature comes from the surface layers of

nanoclusters, whose atomic arrangement isrmoré or
less in disorder [14]. Finite size effects relax the k
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vector selection rule and this relaxation of the mo-
ment conservation leads to a down shift and broader

ing of the Raman spectrum. An accurate phonon con-"

finement model proposed by Sasaki and Horie [15]
can be used for the calculation of the cluster size.
However, because of optical phonon softening, lattice
expansion [15], and the oxidation induced variation
in shape due to changes of the surface tension [12],
the real phonon dispersions of Ge cluster is unknown.
Thus, we cannot evaluate the cluster size by the above
model. As a rough estimation, we use the formula pro-
posed by Cardona [16] to calculate the cluster size.
The formula is

dg =27 (C/Aw)'?,

where dp is the average nanocluster size, Aw is the
deviation of the TO peak, and C = 0.96 nm?>cm™". In
calculation, the lattice-expansion induced frequency
shift of 0.5 cm~! in the Ge nanocluster [ 15] should be
subtracted from the observed overall frequency shift.
According to this formula, we obtained the average
sizes of the nanoclusters, which are 3.9 and 3.4 nm in
(a) and (b), respectively. This indicates that a pro-
longed oxidation reduces the cluster size by 0.5 nm.
An interesting aspect is that the TO peak of the smaller
clusters (b) has a smaller width as compared to the
larger clusters. We think this unexpected feature re-
lates to surface modification and self-limiting oxida-
tion of Ge clusters. The surface modification due to
changes of surface tension and bond-angle disorder
strongly influences the phonon density of states and
dispersion relation [12,17]. The self-limiting oxida-
“tion of the Ge clusters results in uniformity in core
size, leading to the smaller width of the TO peak. This
oxidation retardation is larger for smaller radii and at
lower temperatures, where the viscosity of the newly
formed oxide is higher. What is more, to have such
a self-limiting oxidation effect, the nanocluster shell
should be first oxidized [7].

We discuss the mechanism of room temperature PL
from surface-oxidized Ge nanoclusters. The above re-
sults clearly demonstrate the distinct size shrinkage
due to a prolonged air oxidation. Knowing that both
GeO, and Ge exhibit no visible PL, we suggest that
the visible PL (420 and 580 nm) as observed in Fig. 1
arises from the quantum size effects of the Ge nan-
oclusters. In Ge nanoclusters the effective masses for
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- electrons and holes are very small. Since the exciton

- Bohr radius in the bulk material is generally larger for
* the case of smaller carrier masses, the quantum con-

finement effect appears more pronounced in Ge than
in Si. A theoretical calculation [18] shows that the
indirect band gap energy of the Ge nanoclusters is
very sensitive to the size of nanoclusters. Maeda [9]
has confirmed that there is a critical size showing the
quantum size effect and this critical size is smaller
than roughly 5 nm. From the peak energies of the red
light emission band of an as-deposited sample and the
blue light emission band of a prolonged air-oxidized
sample, the calculated average nanocluster sizes are
4.2 and 3.4 nm, respectively. These values are con-
sistent with the average size estimated by means of
Raman spectroscopy. Therefore, our result, a correla-
tion of Raman and PL spectra, provides strong evi-
dence of the quantum size effect in Ge nanoclusters.
The presence of dangling bonds at the Ge nanocluster
surface affects the radiative efficiency [9], and deter-
mines whether we can observe the luminescence or
not. From this viewpoint, the surface oxides of nan-
oclusters are important for the enhancement of radia-
tive efficiency. The Ge-O bonding at the nanocluster
surface gives a barrier potential larger than 4 eV [9].
In this case, nonradiative channels can be inhibited, so
that we can get enough radiative efficiency to observe
the visible luminescence.

The ultraviolet emission reported here is the short-
est wavelength reported to date. At present, we have
no sound explanation of this result. On the basis of the
quantum confinement-luminescent center (QCLC)
model-proposed by Qin et al. [19], which is used
to explain the ultraviolet emission from porous sil-
icon, we might explain our experiment results. For
the oxidized Ge nanoclusters, according to the QCLC
model, the electron-hole pairs. that are photoexcited
in Ge nanoclusters transfer outward and recombine
at the luminescent centers located at the interfaces of
Ge cluster cores/GeO, or tunnel into the luminescent
centers located in GeO, shells encasing the Ge cluster
cores and recombine there. If the luminescent centers
have light-emitting energies in the ultraviolet region,
then the ultraviolet light emission could be observed.

- Further work is needed to elucidate the origin of the
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ultraviolet emission.
In summary, we have demonstrated ultraviolet and
visible PL at room temperature in Ge nanoclusters
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consisting of a crystalline core encased in an oxide - =
shell fabricated by the gas-evaporation method. Two '

mechanisms involved with light emission from Ge
nanoclusters are found, the pronounced change from
red to blue light emission is associated with the quan-
tum size effect, and the size-independence of ultravio-
let light emission is correlated to luminescent centers
located on the interfaces between the cluster core and
Ge oxide or in Ge oxide shells.

This work was supported by the National Natural
Science Foundation and Postdoctoral Science Foun-
dation of China.
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