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Summary 

Electron beam lithography and electron cyclotron resonance (ECR) plasma etching have 

been used to fabricate uniform arrays of free-standing quanturn dots with dimensions in the 

range 25-60 nm from GaAs/AIGaAs 5 nm single quanturn well materiaL The 25 nm dots are 

believed to be the smallest ever produced in this way. 

The single quanturn well material has been characterized using low temperature (5 K) 

photoluminescence (PL) and photoluminescence excitation spectroscopy before and after 

processing into quanturn dots. Although the etched surfaces of the dots are not intentionally 

passivated and remain exposed to air, strong PL is measured from the features. The PL 

linewidth from the dots remains in the range 8 to 4 me V (FWHM) compared with the 3 me V 

linewidth from the unprocessed SQW material, indicating high uniformity. The measured PL 

intensity, when corrected for the area of the quanturn well remaining in the dots, increases 

rapidly as the dot diameter is reduced: The integrated PL intensity of the 25 nm dots is more 

than 150 times greater than the reference unprocessed SQW excited under the same 

conditions, which is a remarkable increase. 

PLE shows clear free heavy and light hole excitonic features in the quanturn dots. They are 

increasingly blue-shifted with decreasing dot diameter, due to the additional lateral 

confinement of the carriers. The measured positions of the heavy and light hole excitons shift 

by less than 1 meV in 60 nm dots, but are shifted by 8 and 20 meV respectively in 25 nm 

diameter dots. PLE is preferabie to PL when determining blue-shifts because, representing 

predominantly the absorption spectrum, it is less sensitive to local fluctuations in the quanturn 

well width. This study is the clearest observation yet of light and heavy hole excitons in a 

range of quanturn dots of these sizes. 
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Introduetion 

The refined growth technique of molecular beam epitaxy (MBE) has allowed the realization 

of ultrathin, 2-D, semiconductor heterostructures such as quanturn wells. Their applications 

as quanturn welliasers and high electron mobility transistors (HEMTs) are a huge success. 

Since it has been anticipated that further improvements in devices would be gained, it was 

a natura! trend to continue to diminish systems' dimensionality to 1-D ( quanturn well wire, 

QWW) and 0-D (quanturn dot, QD). Though spectacular effects have already been 

demonstrated in transport properties, the progress in the field of 1-D and 0-D structures for 

optica! applications is much slower. The necessity of confining both electrons and holes, 

together with that of large confinement energies for room temperature devices lead to 

stringent requirements on fabrication processes. No i deal technique has been found so far, and 

numerous approaches are used to produce the wires and dots. These techniques can be 

classified in two main groups: the techniques starting with a quanturn well, providing 

confinement in one direction, and adding confinement in one or the two remaining directions, 

and those where a single growth step produces the wires or dots. Most of them are potentially 

able to yield structures with lateral dimensions of the order of 10 nm (25 nm MOCVD-grown 

pyramids [Nagamune94], 30 nm discs through electron beam lithography, reactive ion etching 

and anodic meidation [Marzin94 ]), so that the key issues now concern the mastering of size 

fluctuations and reducing the surface damage introduced in the fabrication process. These 

effects tend to mask intrinsic phenomena through severe linewidth broadening and orders of 

magnitude reduction in luminescence efficiency, making systematic studies difficult. The aim 

ofthis project was to fabricate uniform and efficient arrays of quanturn dots by a combination 

of electron beam lithography and low-damage electron cyclotron resonance (ECR) plasma 

etching. The fabricated dots were assessed by low temperature photoluminescence (PL) and 

photoluminescence excitation (PLE) spectroscopy. 
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1. Lower dimensional systems 

1.1. Introduetion 

In order to investigate the fundamentals in fabricating and characterizing these structures, 

the well-known GaAs/AIGaAs semiconductor system is used. 

GaAs, AlxGa1.xAs and AIAs are so-called m-V compound materials: their primitive unit cell 

consists of one atom from the third column of the Periodic Table (Ga or Al) and one from 

the fifth (As). AlxGa1.xAs is a random alloy (unit cells consist o~ either AIAs or GaAs), with 

x the aluminium concentration. 

E 

Heavy holes 

Split·oH holes 

Fig. l.I. Simpli.fied view of the band edge structure of a direct gap semiconductor. {Kitte/76] 

For GaAs both the conduction and the valenee band extrema occur at k=O, and is therefore 

called a direct gap material: it can emit light through the recombination of an electron and 

a hole, whereas indirect materials such as Si can not (without violaring k-conservation). As 

is shown in Fig. 1.1, the valenee bands are threefold. The upper band is called the heavy hole 

band, because the corresponding effective mass, which is inversely proportional to the second 

derivative of E with respect to k, is large. The other band, whose curvature is larger, is 
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therefore referred to as the light hole band. At k=O these bands are degenerate. The third band 

is split off by the spin-orbit splitring. [Kittel76] 

GaAs has a relatively large energy gap (1.52 eV at 4 K). The addition of aluminium widens 

the gap (AlAs: 2.36 eV), but causes little disturbance otherwise: GaAs and AlAs have airoost 

the same lattice constants (a=5.65Ä and a=5.66Ä respectively). Although AlAs is indirect, it 

is possible to grow lattice-matched, direct-gap heterostructures using the pair of GaAs and 

AlxGa1_xAs, which is why it is so widely used. The aluminium concentratien x is usually 

chosen to be around 0.3 to ensure that the potenrial harrier in the conduction band is large but 

that the alloy is still a direct gap material. 

1.2. GaAs/ AI0.Ji&.7As quanturn wells 

The simplest quanturn situation to be dealt with consists of a single layer of material 

(GaAs) embedded between two thick layers of another material (Al0_3Gao.7As), which has a 

larger bandgap and with the band discontinuities such that both band edges of the smaller gap 

material are below those of the wide-gap material. See Fig. 1.2. 

e2 

el 

hhl 
hh2 I 

-L/2 

GaAs 

I 
0 

Fig. 1.2. Electron ie bandstructure of a quanturn well. 
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In this way both electrens and holes are confined in the GaAs, hence the name' quanturn well'. 

The GaAs layer must be thick enough (L>20 Á) so that the layer has the properties of 

macroscopie GaAs and thin enough to ensure that L is smaller than the de Broglie 

wavelength. Both matenals are assumed to be intrinsic, so that no band bending occurs. 

1.2.1. Energy levels 

The calculation of the energy levels in the conduction band is rather straightforward, very 

similar to the simple partiele in a box problem. The Schrödinger equation is 

(1.1) 

where m • (z) is the electron effective mass of the material, VJz) represents the energy level 

of the bottorn of the conduction bands, and En is the so-called confinement energy of the 

carners. 

The continuity conditions at the interfaces are that 'X"(z) and [llm ·(z)][àxlz)taz] should be 

continuous. Using these conditions, equation (1.1) can be solved exactly to yield the wave 

functions and energies [Weisbuch91]. See also Fig. 1.3. Theeven solutions are 

lz I < L/2 : Xn(z) = A cos(kwZ) (1.2) 

and 

(1.3) 

lz I > L/2 Xn(z) = B exp( -K~) (1.4) 

and 
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Va 

€ = n 

-L/2 0 + L/2 

Fig. 1.3. First two bound energy levels and wavefunctions in afinite quanturn wel/. [Weisbuch91] 

(1.5) 

z 

The continuity conditions yield equations for kw and Kb, which can be solved numerically or 

graphically [Schiff68, Weisbuch91]. The effect of (2-D) confinement is that the energy 

spectrum in the direction perpendicular to the interface is tumed into a series of discrete 

levels. 

In the direction parallel to the interface, no influence from the quanturn well is expected. 

Hence, the total energy of an electron in the lowest confined level (/=1) at the conduction 

band measured from the bottorn of the bulk band is given by equation (1.3). In Fig. 1.4 this 

energy is plotted as a function of k: the subbands replace the continuous bulk band, and in 

the direction z perpendicular to the interface the confined states behave as bound states. In 

the right-hand si de of the bottorn half of the figure, the density of electron states, p, is shown, 

which is associated with the sub-band structure on the left as a function of energy E. In a bulk 

(3-D) parabalie band, the density of states goes as E 112
, as indicated by the broken line. The 

2-D density of states is given by 
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lm* 
1tÎ'l2 

with /=1,2,3, ... , again in the parabolic approximation. 

jE 

(c) 

I 

I 
I 

I 

(1.6) 

Fig. 1.4. The construction of the total energy of an electron in the conduction band of a quantum well structure; 

z is the direction perpendicular to the inteiface; pis the density of stafes (the broken fine indicates the fonn fora 

bulk crystal). {Jaros90] 

This means that the density of states at the bottorn of the conduction band of the quanturn 

well is finite, whereas that for the bulk GaAs is zero: all dynamic phenomena remain finite 

at low kinetic energies and low temperatures, such as scattering, optical absorption, and gain. 

The procedure used above to describe confinement of electroos at the conduction band edge 

can also be applied to the valenee band. In fact, the situation is more complex, see e.g. 

[Weisbuch91] chapter II. Of course, the harrier height and the effective mass are different. It 

is customary to measure the energy of the confined levels at the valenee band from the top 

of the valenee band. Then the picture of the total energy of the valenee subbands is formally 

the same as that shown in Fig. 1.4. Ho wever, as shown in Fig. 1.1, there are two different 

bands at the top of the valenee band, the heavy hole and the light hole band, with different 

effective masses. Hence, two sets of confined levels derived from the valenee band edge are 

expected, one associated with mnn. and one with mu/· See Fig. 1.5. The conduction band 
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states appear twice simply for convenience. It can also be seen that the degeneracy between 

the HH and LH bands, present in bulk for kx, ky = 0 (see section 1.1) is lifted in the quanturn 

well situation. 

l:21:----; 

t = 11------i l 

Heavy hole light hole 

Fig. 1.5. The band diagramfora quanturn we/I, indicating allowed optica/ transitions between the confined levels 

in the conduction band and the confined levels associated with the heavy (left-hand side) and light (right-hand side) 

hole valenee bands; /labels the confined levels in each we/I as in Fig. 1.4. Only transitions between levels with the 

same I are possible. 

1.2.2. Optical properties 

Light of frequency ro applied to a bulk crystal of GaAs can be absorbed by valenee 

electrans when the photon energy 'hro is larger than or equal to the magnitude ofthe forbidden 

gap. As is shown above, the effect of confinement changes the energy of conduction and 

valenee states in such a way that the energy needed in order to take an electron from the 

valenee band into the conduction band is larger than the bulk gap of GaAs. In other words, 

the principal transition across the gap (between the lowest lying states with 1= 1 ), which 

determines the threshold for absorption and emission, will show a blue-shift that depends on 

the confinement effect. 

However, the absorption spectrum is not simply determined by the creation of a free 

electron and a free hole. The electron and the hole are correlated intheir motion (this special 

'particle' is called the exciton) in a way that can be described as the simpte Coulomb 

attraction of the electron and the hole. As in the case of the hydragen atom, this attraction 

leads to bound states, the lowest of which is one effective Rydberg (Ry *) below the 
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continuurn level and in which the electron and hole are bound to each other within an 

effective Bohr radius aB •. The effective Rydberg and Bohr radii are given by 

Ry* = (1.7) 

(1.8) 

where mred is the reduced mass of electron and hole (llmred=llm,+llmh); Er is the relative 

permittivity ofthe semiconductor; Ry=l3.6 eV; and aB=0.529 À. From aB·~IOo À, one infers 

that the wave function and energy levels of excitons are quite modified in a quanturn well 

where the thickness is usually of the order of or smaller than the Bohr diameter 2aB. 

In the limiting exact 2-D case, one should obtain the usual2-D Rydberg value Ry2_0 =4Ry3_0 

for the infinitely deep well. The energy levels are then given by 

(1.9) 

For finite well thickness, exciton binding energies have been calculated using a variational 

method. See [Weisbuch91] for an overview and references, and [Haug90] chapters 4 and 10 

for details. The exciton binding energies as a function of well thickness increase with 

decreasing well thickness from 4.2 me V in bulk GaAs to 9 me V in 5 nm wells with 

Al0.3~.7As harriers. Further reduction of the well thickness results in a strong decrease in 

binding energy: theexciton can no longer be confined in the well, i.e. the wavefunctions leak 

into the harrier and the bulk case is found again. Fig. 1.6 shows a comparison of the 

absorption coefficients due to (a) 3-D or (b) 2-D excitons. The broken lines indicate the 

density of states. 

1.3. GaAs/AI0.Ji!o.7As quanturn dots 

The quanturn dots discussed here are fabricated by etching cylindrical piUars from 

(nominally) 5 nm single quanturn well material, see Fig. 1.7. In the p (p2 = r + y) direction 

the confinement is complete due to the GaAs/air interface, so there the model of infinite 

confinement fora cylinder can be used to calculate the energy levels. In the z direction there 
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Fig. 1.6. Comparison ofthe absorption coefficients due to (a) 3-D or (b) 2-D excitons. [Weisbuch91] 

is wavefunction leakage from the GaAs into the AlGaAs, necessitating usmg a fmite 

confinement of a quanturn well, as discussed in section 1.2. 

The total confinement energy is given by 

total z p 
Econj = Econf + Econj 

(1.10) 

with EconÎ and Econf discussed insection 1.2 and below, respectively. The differences between 

the quanturn well and the quanturn dot will be due purely to the change in confinement in the 

p direction. Therefore, only econ! will be considered here. 

The electrons and holes are confined in a cylindrical potential, and the wavefunctions have 

to vanish at the boundaries (p=R). Changing to cylindrical coordinates and assuming infinite 

harriers, the problem can be solved analytically [Banyai87]: from the boundary conditions it 

follows that the wavefunctions must be Bessel functions (order zero). The first zero of J0(x) 

= 0 is CXo = 2.405, so that J0(CXopiR) has its first zero at p=R. Normalizing the wavefunction 

yields 
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azr 

Fig. 1.7. Schematic diagram of a quanturn dot. 

X(P) = 

The corresponding confinement energy is 

E = 

z 

Jo( U.opfR) 

{i.RJl (u. a) 

2~2 U. on 

2m*R 2 

5 nm GaAs 

R 

(1.11) 

(1.12) 

where m • is the effective mass of the electron, light hole or heavy hole. As can be seen from 

(1.12) the confinement energy increases quadratically with decreasing wire (or dot) radius. 
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In fact, the properties of excitons confined in isolated quanturn dots are determined by the 

competing effects of the electron-hole attraction and the three-dimensional size quantization. 

[Bryant91] calculated the ground state energy of a confined heavy-hole ex ei ton in a square 

GaAs dot ( width = 0) by use of a variational approach. The results are qualitatively the same 

for dots with a small finite thickness and for light-hole excitons. In large dots (R > 50 nm) 

the Coulomb interaction, which scales as 1/R, dominates and the excitons are bulk-like: the 

exciton binding energy is enhanced, thereby acting against the blue-shift due to the additional 

confinement See also chapter 5 and [Xia89]. For decreasing dot diameters, the confinement 

effects (1.12) become important, and are dominant for dot sizes comparable to the free-exciton 

radius, which is 10.9 nm. In much smaller dots, which cannot confine the exciton, the l/R2 

sealing will break down. 

The density of states fora quanturn wire goes as E 1
1'2, whereas that for bulk is E1

1'2 and for 

2-D is constant for each sub-band (see section 1.2 and broken lines in Fig. 1.8). In the case 

of quanturn dots the density of states is a delta-function at the discrete energy of each dot. 

This enormously sharpens resonant behaviour and therefore energy selectivity. Another 

important property is the lower dispersion of optica! properties over k-states. Taking the 

injection laser as an example (Fig. 1.8), the occupancy of the same number of electrons of 

2-D, 1-D and 0-D states above inversion will of course lead to higher gains due to the 

concentration of electrons and holes over fewer k-states, as long as only one or very few 

quantized states are within the relevant energy range from the ground state, usually -kT. 

Another way of seeing this is to remark that the saturated gain per carrier for fully inverted 

conduction and valenee bands is independent of dimensionality. Therefore, concentrating 

carriers in a phase-space that is less extended in energy will lead to a larger maximum in the 

speetral gain curve, although the integrated gain is of course constant. 

In conclusion, two effects are expected when the diménsionality is reduced from 2-D to 0-D: 

I. a blue-shift in the optica! transitions, 

2. an increase in luminescence intensity, 

both increasing with decreasing dot diameter. 
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Fig. 1.8. Schematics ofgain curves in 2-D. 1-D. and 0-D structures. Simi/ar numbers of electrans and holes are 

being injected above transparency, yielding equal integrated gain. [Weisbuch91} 
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2. Fabrication of nanostructures 

2.1. Introduetion 

As 2-D systems are so easily obtained in the growth direction by Molecular Beam Epitaxy 

(MBE) or Metal-Organic Chemical Vapour Deposition (MOCVD) techniques, an obvious way 

to attempt to obtain 1-D (quanturn wires) or 0-D (quanturn dots) systems is to pattem usual 

2-D heterostructures using nanoscale lithograpbic techniques (section 2.2). However, great 

care must be taken to minimize the damage introduced by the etch procedure used in the 

pattem transfer onto the semi conductor. One effect of the etch damage is carrier depletion, 

which, befare 1991 [Weisbuch91], caused quanturn wires or dots below •100 nm geometrie 

lateral size to be empty. Another probe of the damage is the aften reported decrease in 

luminescence efficiency due to the numerous non-radiative states introduced during the 

fabrication process. 

To obtain less-damaged structures, 'softer' fabrication techniques have been searched for 

(e.g. strain-induced potenrial wells, split-gate electrades for voltage-controlled potenrial wells, 

etc. [references in Weisbuch91]). The geometrie resolution of these techniques is lower than 

for direct etching and they allow only smooth potenrial variations, which are usually sufficient 

for low-temperature operatien of electronic devices. Optica! devices require substantially 

larger quantizing energies, since band filling or hearing effects are important, owing to 

effective carrier temperatures quite higher than the lattice temperature, the more so at low 

temperatures. Therefore, abrupt variations of composition or potenrial energy with dimensions 

in the I 0 nm range are necessary, and the present 'soft' techniques can not be used. Finally, 

a number of direct-fabrication methods are being investigated. In particular, the direct 

semiconductor growth methods seem to be very promising, see e.g. [Nagamune94]. In this 

chapter the fabrication of uniform arrays of high quality quanturn dots from GaAs-Al0_3Gao.7As 

single quanturn well material is described. A combination of electron-beam lithography and 

low-damage electron cyclotron resonance plasma etching is used. 

2.2. Lithographv 

For the fabrication of micro- or nanostructures, first of all a mask or a writing beam that 

defines the pattem is needed. For example, visible to deep UV light is used for projection or 

contact printing. The minimum structure dimensions in this case are limited by the wavelength 

of the light. Direct writing of the pattem with a focussed electron beam requires no mask and 
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can result in very high resolution structures, of the order of or smaller than 10 nm. Of course, 

a suitable recording medium, the resist, onto which the desired pattem is written, must be 

found. It must be sensitive to or altered by the writing beam in such a way that, after 

development, the portion exposed to the beam is removed (positive resist) or remains on the 

workpiece after the unexposed portion is removed (negative resist). Finally, a process is 

required to transfer the pattem into the semiconductor. The resist pattem is used as a mask 

through which material can be added (e.g. metallization or ion implantation) or removed (e.g. 

etching). 

The combination of writing tooi and resist, with the associated processes, is referred to as 

'lithography', a term derived from Greek, meaning 'writing on stone', i.e. engraving, printing, 

etc. 

2.2.1. SEM lithography 

As pointed out before, electron beam lithography is a very high resolution method for direct 

pattem generation. The pattem is written with a highly focussed electron beam, which is 

controlled ( deflected and tumed on and off) by a computer. In our case, a modified scanning 

electron microscope (SEM) is used. Although the mechanica! and electrical stahilities are not 

i deal, it is well suited for this type of work from the point of view of beam size. 

2.2.2. Principle of the SEM 

Electrons from a cathode gun souree are accelerated by a voltage ( -10 kV) between 

cathode and anode. In genera!, two or more electromagnetic lenses focus the resulting beam 

onto the surface of the substrate by demagnifying the electron gun source. High flexibility can 

be achieved, since the size and energy of the final beam can be readily varied by changing 

the focal length of the electron lenses and the accelerating potenrial of the electron gun. A 

deflection coil system in front of the last, probe-forming, lens scans the electron probe across 

the specimen. See Fig. 2.1. 

The electrons hitring the sample generate secondary and other electrons. These can be 

collected easily by means of a positively biased collector grid thanks to their low exit energy 

( -few e V). Behind the collector grid, the secondary electrons are accelerated and focussed 

onto a scintillator and the light quanta generated are recorded by a photomultiplier. An image 

is formed by scanning the electron probe in a raster in synchronism with the electron beam 

of a separate VDU and modulating the VDU intensity by the photomultiplier signa!. 
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Fig. 2.1. Schematics of the electron opties in a scanning electron microscope. 

The magnification can be increased simply by decreasing the scan-coil current and keeping 

the image size constant. The optical properties, e.g. the probe diameter of the Gaussian beam 

system in the nanometre regime are determined by a combination of lens and deflection 

aberrations, diffraction, and souree brightness. Two different types of electron sourees are 

often used: thennionic and field-emission guns. See Fig. 2.2. 

19 



'crossover 

-r-T-r-7"'"'1"'7"1 :!.~..,...,.....,.....,. 
z zzzzö,:rzzzz(z Anode 

,::r: l 
I 

a) Thermionic gun b) Field-emission gun 

Fig. 2.2. (a) Thennionic electron gun consisting of cathode, Wehnelt cup and anode. (b) Field-emission gun, U1 

is the extracting voltage. [Reimer85] 

Thermionic electron gun 

Electrens can be ejected from the cathode into the vacuum by thermionic emtsston. 

Electroos from the Fermi-level of the cathode material then overcome the work function <I> 

by thermionic excitation. 

Here, a lanthanum hexaboride (LaB6) rod with a polished tip is used to write the quanturn 

dot pattems in the resist. LaB6 (<P=2.7 eV) is a good cathode material that can operate at 

1400-2000 K ( cathode tip temperature) with an emission current density je of the order of 20-

50 Acm·2 (for comparison: tungsten has a higher work function, <I>=4.5 eV, resulting in 

working temperatures of 2500-3000 K, je of the order of 3 Acm·2 and a life-time of 2-40 

hours). LaB6 cathocles attain life-times of 200 hours or more, but need a vacuum better than 

10"4 Pa (tungsten 1-5 -10-3 Pa) to prevent the formation of volatile oxidation products. This 

can be achieved by evacuating the space in front of the cathode of the gun with an additional 

ton pump. 

The rod is heated indirectly, by supporting it between wires of carbon fibres and applying 

a hearing power Pc· The relation between the resulting beam current Ie and Pc is plotted in 

Fig. 2.3. Optimum operation, i.e. the smallest beam crossover and (therefore) probe diameter, 

occurs at the knee of the Ie versus Pc diagram, just before saturation sets in. 

The emission current of a thermionic cathode depends very sensitively on the temperature 

of the cathode tip, and therefore on the supplied hearing power. Long-term drift of the cathode 

occurs due to differences in the thermal expansion, resulting in a shortening of the distance 
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Fig. 2.3. Cathode emission current I, versus cathode heating power P,for a self-biased thennionic electron gun 

and typical profiles ofthe crossover (see Fig. 2.2 (a)) at three working points. {Reimer85] 

between cathode tip and Wehnelt cup (Fig. 2.2 (a)), or due to changes in the work function. 

Even for a constant emission current Ie, the probe current 11 can be changed by deterioration 

of the gun alignment caused by smal! shifts of the tip position. 

Field emission gun 

Field emission from a tungsten tip of radius r-:::0.1 J.Lm starts when the extracting voltage U1 

increases to values larger than -2 kV (IE I ~U/r > 107 Vcm-1
): electrens from the Fermi level 

EF can penetrate the potenrial harrier by the quantum-mechanical tunnelling effect. Field-effect 

cathodes need an ultra-high vacuum better than 1 o-6 Pa otherwise the tip radius is destroyed 

by ion bombardment from the residual gas. A field-emission gun needs two anodes (see Fig. 

2.2 (b)). The first regulates the field strength at the tip and hence theemission current. The 

second anode accelerates the electrens to their final kinetic energy. 

Field-emission cathodes can function at room temperature but often workat Tc~1000 K to 

avoid gas adsorption at the tip. This intermediate cathode temperature results in a lower 

energy spread of the order of 0.2-0.4 eV. 

The main advantages of field-emission guns are the very substantially higher gun 

brightness, and the small diameter of the crossover (see Fig. 2.2 (a)) of the order of 10 nm, 
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so that only one demagnifying lens is needed to get electroo-probe diameters below 1 nm. The 

disadvantages of these guns are the short-term fluctuations (noise), of the order of 2-5%, and 

a long-term drift of the emission current, both due to desorption and adsorption of gas 

molecules (see Fig. 2.4). When the vacuum is sufficient, the life-time of a field-emission gun 

is limited only by damage to the tip caused by an electric discharge. 
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Fig. 2.4. Emission current as a function of time, after 'flashing'. 

c 
Unstable 

The noise and instability are the reason why this souree is rarely used for lithography. For 

imaging purposes, however, these disadvantages are easily overcome and the higher brightness 

and smaller electroo-probe diameter lead to a resolution that is much better than for a 

thermionic souree (as small as 15 Á compared to -80 Á). 

2.2.3. Electron beam resist exposure 

In the electron beam writing, highly focussed electroos hit the surface of the sample and 

make elastic and inelastic collisions with atoms. This is used to expose the resist, i.e. change 

the molecular sizes in the exposed areas, which can be translated into differences in solubility 

in an appropriate developer. In exposed areas, a positive resist becomes soluble because the 

principal effect of irradiation is breaking of the macromolecular chains whereas a negative 

resist becomes insoluble because of the dominanee of cross-linking processes. The necessary 

exposures are in the range 1 o-s_ 10-4 Ccm·2. The resist used here for the fabrication of quanturn 

dots is a chemically amplified negative resist, with a sensitivity of <2 J.LCcm·2 (Appendix A 

for details). 
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Several factors ether than the size of the electron beam determine the extent of the exposed 

volume (and thereby the minimum linewidth) in a layer ofresist. There are several scattering 

processes in the material that lead to the deposition of energy at distances remote from the 

initia! impact point of the electron. The most important interaction processes and their 

information volumes are shown in Fig. 2.5. 
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Fig. 2.5. Origin and information depth ofsecondary electrans (SE), backscattered electrans (BSE), Augerelectrons 

(AE) and x-ray quanta (X) in the dijJusion cloud of electron range R for normal incidence of the primary electrans 

(PE). {Reimer85] 

For integrated-circuit lithography, where at present relatively low accelerating voltages and 

thick resists are used, electron scattering is the most important factor. For nanolithography, 

where higher accelerating voltages and thinner resists are used, secondary electron generation 

is the dominaring factor, and the effects of scattering are less important. According to 

[Broers88] it is the delocalization of secondary-electron generation, together with the 

subsequent straggling of the secondary electrens in the resist, that sets the resolution limit for 

nanolithography. For pattems such as arrays of dots, however, the smallest feature size can 

be reduced below this limit (see chapter 4). 
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Electron scattering 

Fig. 2.6 shows qualitatively the mechanisms of electron scattering. The resist is exposed 

by both the incident electrons and the electrons that are scattered back, e.g. from the substrate. 

Lateral scattering of the primary electrons as they penetrate the resist gives rise to the 

narrower of the distributions, the 'forward-scattering'. Backward scattering of electrans gives 

rise to the broader, 'backscattering' distribution. 
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Fig. 2.6. Electron scattering in electron resist exposure. The curves at the top of the figure show the exposure 

distributions due to the incident and backscattered electrons. [Broers88] 

Fig. 2. 7 shows approximate distributions for the electron-beam exposure of a 1-J.Lm thick 

resist layer on a silicon substrate at incident electron energies of 10, 25, and 50 kV. It 

indicates that the width of the forward-scattering distri bution is reduced as the electron energy 

increases. Obviously, it is also reduced for thinner resist layers. The rates of reduction in each 

24 



case are such that forward scattering becomes negligible for the combination of 50 kV and 

resist thicknesses below about 0.1 Jlm [Broers88]. 
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Fig. 2.7. Exposure distributtons fora 1-J.lm thick resist layer on a silicon substrate for 10, 25, and 50 kV. 

[Broers88] 

The width and intensity of the backscattered distribution also depend upon the incident 

electron energy. The greater the incident energy, the larger the disc from which electrens are 

generated. 

At an electron energy of 40 keV the backscattering diameter is so large(> 3 Jlm, see Fig. 

2.8) that the backscattered electroos only produce a background 'fog'. For small isolated 

features (and low exposure doses, see chapter 4), backscattering has a negligible effect on 

contrastor resolution. For nanolithography, the only significant effects of backscattering are 

that it reduces contrast for very dense pattems, and that it causes exposure variations over 

larger field areas (see Fig. 4.4). 
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Fig. 2.8. SEJ.\1 photograph ofsome over-erposed lOpm-fields, each consisting of a 5lx51 array of 150 nm spaeed 

dot:;. The range ofthe backscattered electrans is about 3pm (at 40 kV). 

Secondarv electroos 

Electrens with energies above about 5 e V can break or make chemica! bonds and thereby 

expose resist. This means that the free, low-energy, secondary electrens produced by inelastic 

interactions between high-energy electrens (either scatteredor primary) and the resist atoms 

are important in resist exposure. These low-energy secondaries, which typically have energies 

up to about 20 eV, can be excited remotely from the high-energy incident electron beam and 

may struggle further into the resist befere their energy is dissipated. As already mentioned, 

it is thought that these secondary electrens set the resist resolution limit. This is a fundamental 

problem with electron-beam exposure that can be reduced only by using resists with shorter 

ranges for these low energy (up to 50 eV) electrons, or which are exposed only by higher 

energy primary electrons. Note that a similar process aiso limits the resolution of the best 

secondary electron SEMs! 
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2.2.4. (Quantum dot) pattem generation 

Unlike light and x-ray exposure, electron-beam lithography does not need a rigid mask, 

because the pattem can be digitally stored: for writing a pattem, the beam deflection coils are, 

instead ofbeing raster-scanned to form an image (section 2.2.2), controlled by a computer that 

has been programmed to produce the desired pattem. Each time the beam has been moved 

(deflected), the exposure is delayed by a few milliseconds (so-called 'settling' time) to get rid 

of oscillations. The computer also controls a beam blanker (see Fig. 2.9) that switches the 

beam on and off. Instead of turning the gun on and off, the beam is deflected across a 

diaphragm by applying a transverse electrastatic field of e.g. a parallel plate capacitor. A 

magnetic field beam blanker is also possible and simpler to design, but has much slower 

response times [Reimer85]. 

L 

Fig. 2.9. Schematics of a parallel plate electrostalie 

beam blanker. 

In this way, one field can be exposed 

with the pattem. The size of the field is 

determined by the magnification set on the 

SEM. For high resolution pattems relatively 

small writing fields are necessary: in the 

SEM used here the field size is 20 Jlm. In 

purpose-built lithography systems possible 

field sizes are much larger. Therefore, when 

larger total areas are required, the stage 

(with sampleholder) itself must be moved 

mechanically. For chip-production or other 

high-precision applications, where the tielels 

must be positioned with the same accuracy 

as the pattem resolution, this requires a 

complex (and therefore expensive) stage 

controL A simple, stepper motor driven 

stage, however, IS sufficient for 

experimental purposes. In the case of quanturn dot pattems, a total area of approximately 300 

x 300 Jlm is exposed. It consistsof an array (15xl5) of 20 Jlm (identical) fields, produced by 

'stepping' (moving the stage) and 'repeating' the exposure. Each field consistsof an array of 

5lx51 single pixels (total: 2601), with a spacing of -300 nm (fora 20 Jlm field). A pulse 

generator, triggered by the computer's beam blanking signa!, is used to control the exposure 

(or 'dweil') time for each pixel (dot). See Fig. 2.10. 
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Fig. 2.1 0. Il/ustration ofthe beam blanking and deflection signals. 

2.3. ECR plasma etching 

To transfer the resist pattem, obtained by lithography (section 2.2), into the sample, a 

special etch technique, electron cyclotron resonance (ECR) plasma etching, is used. To 

illustrate its advantages over other etch techniques, an overview of (the principles of) plasma 

etching is given below. 

2.3.1. Plasma etching 

The plasma state encompasses a wide range of electron energies and densities and includes 

such phenomena as flarnes, low-pressure arcs, solar coronas, and thermonuclear reactions. The 

regime of interest to semiconductor processing is the low-pressure plasma or glow discharge. 

These plasmas are characterized by gas pressures on the order of 0.1 to several torr, free­

electron densities of 109 to 1012 cm·3
, and electron energies of 1 to 10 eV. The light glow 

emitted from the plasma is characteristic of the electronic transitions taking place. 

The plasma is able to generate chemically reactive species at relatively low temperature 

because of the nonequilibrium nature of the plasma state. The temperature of the chemica! 

species (atorns, molecules, or radicals), is generally near arnbient. The electrons, however, 
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can exhibit temperatures of tens of thousands of Kelvin. Their energy is sufficient to break 

molecular honds and create chemically active species in the plasma Any of these species can 

be excited to higher electronic energy states by further interaction with the electrons. Hence, 

chemica! reacrions that usually occur only at high temperature can be made to occur at low 

or even ambient temperature in the presence of an activaring plasma state. Although the 

ionizarion rate is small (typically less than 10-s, but about 10"2 in an ECR plasma source), it 

is adequate to provide sufficient numbers of reactive species. It also allows most of the 

plasma to remain near ambient temperature. 

The plasma state can create highly reacrive species of oxygen, fluorine, or chlorine that will 

readily attack many materials: after absorprion on the material surface and (kinetical1y 

assisted) chemica! reactions, the volarile reacri on products are pumped away. This is the 

process of plasma etching, which exists today in a variety of forms. 

There are several reasons for the impetus it has achieved as a semiconductor manufacturing 

technique: apart from greater (and.safer) control at reduced cost, compared with the more 

conventional wet chemica! processes, it offers the possibility to produce fine resolution, 

achieved by 'anisotropic' etching. Wet chemica! etching proceeds at the same rate in all 

direcrions (=isotropic), resulting in the characteristic linear-circular profile (see f.ig. 2.11 (a)). 

Plasma etching may be completely chemical, and therefore tends to be isotropic. Or the 

chemica! reacrions on the substrate may be driven or enhanced by the kineric energy of the 

incoming ions. This situation is referred to as 'kinetically assisted chemica! reaction'. This type 

of plasma etching can be highly directional. Note that by definirion, anything that is not 

isotropie is anisotropic. However, in the plasma etching literature, 'anisotropic' is generally 

used to refer to the very directional process that can result in vertical wall profiles (Fig. 2.11 

(b)). But, etch conditions can also be adjusted to yield smooth sloped edge profiles (e.g. 

needed for metal crossovers). Gas usage in plasma etching is generally less than fluid use in 

wet etching, purity can be higher, and contamination less .. 

A disadvantage is the complex and sensitive dependenee of process results on process 

parameters, which means that plasma processes are developed more by empirica! means than 

by theoretica! analysis. Another is the possible damage to surface layers of the semiconductor 

by ionic bombardment 

2.3.2. Plasma reactors 

Plasma processing occurs in equipment called a plasma reactor. These reactors exist in three 

major configurations illustrated in Fig. 2.12: barrel (or tube) reactors, planar reactors, and 
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Fig. 2.11 . Plasma etching proflles: (a) isotropie and (b) directional (anisotropic). 

downstream reactors. The first two represent the traditional approach to plasma processing. 

The downstream reactor is a more recent innovation and has significant advantages, as will 

be described below. 

In barrel systems (a), the plasma is excited by a high frequency rf source, usually 13.56 

MHz, using inductive coils or capacitive electrodes outside of the quartz or glass tube. There 

is nothing special about this number as far as the discharge is concemed. It just happens to 

be a frequency allotted by international communications authorities at which one can radiate 

a certain amount of energy without interfering with communications. The substrates are 

generally held in the vertical position by a wafer holder, are immersed in the plasma, and no 

electrical bias is applied between the wafer and the plasma. The wafer surfaces are subjected 

to only low-energy ion bombardment, probably less than about 30 eV. High uniformity of 

growth or etch rate across a waf er is difficult, if not impossible, to obtain using tube reactors. 

This follows from the nonuniformity in the plasma, the gas flow pattem, and the wafer 

temperature. 

Unlike the barrel reactor, the planar reactor configuration (b) is capable of high uniformity. 

Waf ers are generally placed flat on the lower electrode, which often is also used to heat the 

wafers. The rf signa! which excites the plasma is applied across the two electrodes. The 

particular planar configuration shown in Fig. 2.12 (b) is a 'radial flow' reactor. The reactant 

gases are introduced either at the outer radius or on-axis, and flow radially between the 

electrodes. 
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Fig. 2.12. Three types of plasma reactors: (a) barrel; (b) planar or parallel plate; (c) downstream. [Williams90] 
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In the traditional barrel and planar reactors discussed above, the wafer is situated in the 

plasma generation chamber and is therefore immersed within the plasma In downstream 

reactors (c), the wafer is separated from the plasma chamber, soit is 'downstream' from the 

region of plasma generation. 

There are several advantages. First, species with high kinetic energy (intrinsic to the plasma 

region) remain largely within the plasmachamber and do not impinge upon the wafer. This 

prevents (or greatly reduces) the electronic damage common to traditional planar reactors. 

Also, many of the active species in the discharge region decay sufficiently fast that only a few 

primary active species reach the wafer surface. This conside~ably simplifies the plasma 

chemistry. 

Another major advantage is that secondary reactant gases can be introduced into the wafer 

chamber, separate from the plasma chamber, as indicated in Fig. 2.12 (c). The resulting 

'downstream' chemical reacrions can produce highly active free radical species not easily 

produced by using traditional methods. 

Although downstream reactors can be constructed using traditional rf discharge plasma 

sources, most use microwave plasma sourees operaring at 2.45 GHz. Microwave discharges 

are electrodeless: a strong electromagnetic field is established within a resonant cavity and 

results in gas breakdown. Matching of the high power microwave signal to the gas load is 

typically accomplished by one of two methods. The first method is rather direct: both the gas 

and the microwave signal are simply introduced into a mechanically tuned microwave 

resonant cavity. Resonant-cavity-excited microwave discharges (electrodeless) couple energy 

directly to the gas without the high plasma sheath poten ti als typ i cal of traditional rf discharge 

reactors using electrodes. The 13.56 MHzdischarges have potentials on the order of several 

hundred volts, while microwave discharges have potentials on the order of ten volts, resulting 

in higher concentrations of atomie and radical species. This is the principal advantage of the 

microwave plasma source. The direct, resonant cavity sourees work best at gas pressures 

between approximately 0.1 and 1 torr. 

The second method of coupling the microwave signal to the gas in the plasma chamber 

uses the principle of 'electron cyclotron resonance' (ECR). The ECR concept uses a 

microwave energy souree in a strong magnetic field to ionize gas molecules by cyclotron 

resonance of the outer shell electrons. The magnetic field (0.875 Tesla for 2.45 GHz) is 

usually applied by solenoirlal coils placed around the (microwave) souree cavity, as illustrated 

in Fig. 2.12 ( c ). A magnet below the process chamber is used to shape the plasma distribution 

in the chamber and thereby ensure that the ions arrive perpendicular to the sample. 
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The electron resonance and resulting secondary collisions are very efficient at producing 

ionization. Ionization densities are usually several orders of magnitude greater than these 

achieved in conventional rf discharges (ionization ratios in the range of I o-2 instead of I o-5
). 

This is a major advantage of the ECR downstream reactor. The greater ionization density 

results in very high reaction rates at lower temperature, even ambient temperature. For etch 

applications an rf signal (I3.56 :MH.z) can also be applied to accelerate the ions towards the 

sample by coupling the de self-bias (see [Chapman80] for an excellent discussion) to the 

sample holder ('chuck'). 

Electrical damage to the wafer can be minimized or eliminated by keeping the ion energies 

low. The ECR effect works best at gas pressures below 0. 0 I torr. The operaring conditions 

of ECR reactors also allow (very) low pressure eperation in the wafer chamber, even below 

I o-4 torr, which is below the pressure regime used in most ether plasma reactors. This low 

pressure has several potenrial advantages. In etch systems, it can result in more accurate 

etching ( replicaring the mask pattem) of small (submicron) pattems and in reduced etch rate 

differences between large and small pattems on the same wafer ('loading effect'). 

From the significant advantages over traditional plasma reactors mentioned above, it is 

obvious that a high vacuum ECR system, such as used here, is the best choice for uniform 

and low-damage etching . 
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3. Characterization 

3.1. Introduetion 

Fabricating nanostructures is a delicate process. To be able to optimize the different 

conditions, it is necessary to physically assess the processed materiaL The quanturn well 

material must also be optically characterized before and after processing into quanturn dots 

(or wires) to make comparisons of the obtained data valid. 

3.2. Physieal assessment 

After electron beam exposure and development of the resist the sample is etched in an ECR 

system. The combination of the conditions used in these steps determines the size, height, and 

uniformity of the structures, as well as the etch-profile (also surface damage and 

contamination). These parameters provide important feedback information for the fabrication 

process. A high resolution (up to 15 A under optimum conditions) SEM with a field-emission 

electron gun is used to image the structures. 

The images can be recorded with a photographic unit on either polaroid or roll film. The 

standard photo conditions that are used for the dot-samples are an accelerating voltage of 30 

kV, 45° sample tilt, and a film speed of 400 ASA. The magnification scale is indicated on 

each photo. See for instanee Fig. 4.8 - 4.1 0. The test-samples (bulk GaAs) are usually sputter 

coated with a thin layer of gold-palladium, to prevent charging-up effects and to improve 

contrast. 

3.3. Optieal speetroseopy 

As discussed above, it IS common practice to examme the physical appearance of 

nanostructures using a scanning electron microscope (SEM). However, such a technique is not 

suitable for studying electrical or optica! characteristics. 

3.3.1. Introduetion 

Optica! spectroscopy of semiconductors has been a lively subject for many decades. It has 

helped to shape the concepts of energy gaps, impurity states and resonant states among others. 

Of course spectroscopie techniques had been in use for some considerable time before 
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semiconductors were developed, in the study of atomie spectra for example. 

For the optica! characterization of the quanturn well material and the quanturn dots 

produced from it, two spectroscopie techniques are used here: low-temperature (5 K) 

photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy. Both are 

described below. 

The etched structures (quanturn dots, QD) are compared to the unprocessed reference 

material (QW) in PL efficiency, linewidth and energy, but factors such as wafer nonuniformity 

can make evaluation of apparent energy shifts difficult. Therefore, the QW material is 

extensively mapped (3x3 array on lx2 cm wafer) by both PL and PLE before processing, so 

that the characterization afterwards can be compared to the reference spectra taken within 2 

mm of the area processed into dots. 

3.3.2. Experimental set-up 

For both PL and PLE a focussed laserbeam of certain wavelength (A.exc) hits the sample. 

Light from the sample is collected and imaged on the entrance slit of a spectrometer, which 

detects the intensity as a function of wavelength (Ac~eJ· By scanning either Acxc or Adct a 

spectrum is obtained, PLE and PL, respectively. In Fig. 3.1 the schematic experimental set-up 

is shown, which is discussed below. 
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Fig. 3 .1. Schematic experimentalset-up for PL and PLE spectroscopy. 
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An argon ion laser with 8-9 Woutput power is used to pump a titanium:sapphire laser. This 

laser is tunable in the range from 740 to 790 nm, i.e. directly into the quanturn well (see 

below). A laser power controller stahilizes the output power, which is typically in the range 

20-150 mW, and two neutral density filters attenuate the excitation power to 150 J.LW. 

The laser beam then is focussed onto the sample in a spot of -50 J.Lm FWHM hy lens 1 1• 

The sample is mounted in a helium-flow cryostat (temperature set to 5.0 K to avoid noise due 

to helium boiling) under nearly 45°: the specularly reflected laserlight is moved off the 

spectrometer entrance slit by slightly rotating the sampleholder. The luminescence light from 

the sample is collected by lens 1 2 and imaged on the slit by 1 3. A computer controls the two 

adjustable gratings (1800 grooves/mm) that select the detection wavelength; calibration is 

performed using the 546.073 nm line from a mercury lamp. The spectrometer resolution near 

this line is 0.005 nm, and the accuracy (over 500 nm) is 0.1 nm. Then the titanium:sapphire 

laser is calibrated at 740 nm using the spectrometer. All PLE spectra are corrected for the 

slight, about 0.5 nm, nonlineacity in the scanning of the laser (see Appendix B). Light of the 

selected detection wavelength is collected by a caoled GaAs photomultiplier (PMT) and the 

intensity measured by photon-counting electronics. 

Alignment of the laserbeam on the dot area is accomplished by a combination of coarse 

positioning (i.e. rnaving the cryostat on a micrometer stage) optically under white-light 

illumination, foliowed by fine positioning until diffraction of the laser light by the dot array 

can be seen. Then the sampleholder is slightly and carefully rotated to move the diffraction 

pattem off the slit, while maintaining the alignment. Once a PL peak is observed, the 

alignment can be optimized: maximize the PL peak intensity by adjusting the lens positions, 

and possibly hy slightly rnaving the cryostat. 

3.3.3. Photoluminescence (PL) 

Here, a PL spectrum is taken by scanning À.det from typically 755 to 785 nm using standard 

conditions: À.exc is fixed at 740 nm (in the quanturn well, see helow) and 150 J.LW and the 

spectrometer slitwidths are set to 0.4 mm, at a sample temperature of 5.0 K. 

As shown in [Bestwick95] there is a decrease m the relative efficiency of in-harrier 

compared to in-well excitation for dots compared to the unpattemed reference. This is 

explicable in terms of the high density of AlGaAs surface states created in the dots, which 

offer a competitive recomhination pathway for carriers photogenerated in the harrier. The 

implication of this is that PL efficiency measurements seeking to identify and elucidate 
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intrinsic 0-D effects, i.e. those due to quanturn confinement in the active region, should be 

performed with photoexcitation directly into active region energy states. 

The PL spectrum of undoped GaAs/AlGaAs quanturn wells (and dots, see Fig. 3.3) at low 

temperatures (5 K) consistsof a single narrow line, which is brighter than in thick 3-D layers. 

A nurnber of factors, occurring simultaneously or not, tend to this single recombination 

process and large quanturn efficiency [Weisbuch91]: 

- Carrier colleerion in QW at low temperatures is extremely efficient: carriers created 

in the overlayer harrier material are largely captured by the quanturn wells. 

- The 2-D exciton enhancement leads to efficient exciton formation due to an increased 

overlap of the electron and hole wavefunctions. 

- Exciton lurninescence is, to first order, a forbidden process, as the k selection rule 

only allows excitons with exactly the photon k vector to radiate. In quanturn wells, excitons 

cannot propagate along the z axis as they are localized in the well. However, lurninescence 

should be very efficient as the k conservation rule should be lifted thanks to the scattering by 

confining energy fluctuations. The same is true for quanturn dots that provide a 3-D 

confinement for the excitons. 

As opposed to PLE, the PL line shape does not represent directly the density of states 

(DOS) of the exciton band (see for example the discussion on the Stokes shift in section 5.3). 

The linewidth, however, can be used as an indication of the quality of the QW interface: 

sparial fluctuations of the quantized energy levels lead to broadening of the linewidth, 

particularly when the well width is reduced. See Fig. 3.2. 

' . 
: Eaci1on 1 GlAs 

(a) •, ' -
~ , . 

' . 
I ~ 

(b)". ' -

<tltt«(««(<< ((((<((( ( fftttt ((/((((( 
,, ... ~ ~....... ,,"" ·--... 

: '. .' G.IAs ·~ 
\ ' ' . ' . . 

(cl'·. ,' •, -·· 
»m/mm>n777W////////////m 

M>aAs 

AI~As 
<(<U<(~'!u«c<f< .. ' .. UU(/f/////1(/1/@ 

' ! WAs . . 
(dl ••• •••• 

~ 

' ·. ; ~ 
(~) · .. - ---·' 
/H/47~))/;>;; »»>h»>J7»»TI/ 

Al~ 

Fig. 3 .2. Atomie models of interfaces of various quanturn well structures. When the lateral size of roughness is 

close to the exciton diameter, the PL luminescence broadens most severely. [H. Sakaki in Davies91} 
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The strengthof optica! transitionsis usually described by the 'oscillator strength', which in 

a bulk direct gap material is dimensionless and of the order unity. The concept of oscillator 

strength conveys the probability that the transition can occur, and is proportional to the 

number of k-states coupled to a given energy range. As discussed in [Weisbuch91], the 

oscillator strength per atom in 2-D does not increase but the new form of the DOS arising 

from the 2-D confinement results in a shared kz for electrens and holes in the same subband. 

Having the same wave-vector kz helps to concentrate the oscillator strength, when compared 

to 3-D. Going to 0-D, for the case where dimensions of the dot are somewhat larger than the 

Bohr radius of the exciton, a giant oscillator strength develops [C.M. Sotomayor-Torrès in 

Davies91]. However, [Weisbuch91] caution to consider the available data on weakly emitting 

dots and wires. They suggest that emission becomes weaker by orders of magnitude as the 

dimensions are reduced below 100-200 nm, based on a treatment of 'bottleneck' effects in 

energy and momenturn relaxation [Benisty91]. Recent results in MOCVD grown dots and 

wires, see e.g. [Nagamune94], and also etched dots [Bestwick95], show no evidence of this 

effect. The results presented in chapter 5 support this: a significant increase in luminescence 

strength with decreasing dimensions, diameters from 60 to 25 nm, is observed. 

Energy blue-shifts due to additional quanturn confinement in the dots are also observed. 

PLE, however, is more convincing than PL, because it represents the dominant intrinsic 

absorption of the structures, and is not subject to factors associated with lateral carrier 

migration (see [Gustaffson93] and sectien 5.3 on Stokes shift). 

3.3.4. Photoluminescence excitation (PLE) 

A very convenient way to deduce absorption spectra without any sample preparation, in 

particular thinning and substrate removal, and good signa! to noise ratio, is photoluminescence 

excitation spectroscopy: observing the photoluminescence at a given wavelength A.dct> usually 

in the low-energy tail of the PL peak, the excitation light wavelength A.cxc is scanned, with a 

tunable dye laser or a Ti:Sapphire laser, for instance. Peaks will appear in the spectrum as a 

result of increased absorption coefficient (see Fig. 1.6). In very narrow quanturn wells (< 50 

Á) only the n=l heavy and light hole exciton peaks are observed, superirnposed on the DOS. 

The fit of the early absorption measurernents led to the determination of the bandgap 

discontinuity M between the conduction bands Me and valenee bands Mv. Calling 

Q=M)Mv, Dingle found that Q=0.85±0.03, assuming standard values for the <100> electron 

and hole masses, i.e. mJ=0.067 m0, mHH=0.45 m0, mLH=O.OS m0• In recent sirnilar experirnents 

on square and parabolic quanturn wells, Milier was led to a reexamination of this partitioning 
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Fig. 3.3. PL and PLE spectra for both pre-processed QW materialand 25 nm diameter quanturn dots. The arrows 

indicate the detection wavelength for the PLE spectra. 

and evaluated Q=0.57, using a heavy hole mass mnn=0.34 m0 and mLH=0.094 m0• Including 

the exciton binding energy as a data fitting parameter, a value of 9 me V was extracted for 

thin wells, i.e. 50 to 100 A. which is to be compared to the 4.2 meV value in the bulk 

[W eisbuch91]. 

The sharpness and intensity ofthe exciton luminescence is a measure ofthe sample quality: 

if the material is contaminated by defects, electrans and holes can be trapped in the potenrial 

wells associated with the presence of these defects. Broadening of the line width may also be 

a measure of the lack of uniformity of the interfaces: if the interface contains steps, the well 

width 'seen' by an exciton whose orbit radius exceeds the well boundary appears to be smaller 

for some excitons and larger for others. 
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The standard conditions used here for recording the PLE spectra are: Ti:Sapphire laser at 

150 JJ.W power, scanned from Acxc=740 nm to about 0.5 nm below the detection wavelength 

Ac~et> with spectrometer slitwidths of 0.4 mm and Adet in the low-energy tail of the PL peak, 

at about a third of the peak intensity (see Fig. 3.3). All excitation spectra are corrected for 

small deviations from linearity in the scanning of the Ti:Sapphire laser (see Appendix B). 
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4. Reducing dot diameter 

As already discussed in chapter 2, the process for the fabrication of quanturn dots consists 

of three main steps: writing the dot array pattem in a suitable resist, developing it, and finally 

transferring the pattem into the semiconductor material. This is illustrated in Fig. 4.1 . When 

trying to optimize the process, all of these steps have to be considered. 

l.SQW 

4. Resist development 

Fig. 4.1. Simplified fabrication process. 

4.1. Resist exposure 

~Resist 

2. Resist application 

1 1 1 1 

5. ECR etching 

11 

3. Electron beam 
resist exposure 

First of all, a high resolution, electron beam sensitive resist had to be found. Shipley's SAL 

605, a novolak-based negative tone resist, proved to be a good choice. A thin layer of this 

material is applied to the GaAs/AlGaAs reference QW (Appendix A) after extensive PL and 

PLE mapping of the QW (section 3.3). 
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4.1.2. Beam conditions 

The properties of the writing electron beam, i.e. beam probe diameter, intensity, energy, 

depend on several parameters. As shown insection 2.2, a high energy, low intensity, highly 

focussed electron beam is required for the smallest exposed volumes. Therefore, the highest 

accelerating potenrial and lowest probe current that are possible in the SEM, are used. 

Focussing is performed at the highest magnification, within a elistance of 0.5 mm of the 

area to be exposed (without exposing this area in doing so). This is made possible by making 

a thin scratch ( -20 J.lm) on the sample from the middle to the ~dge. By tracing the edge of 

the sample (see Fig. 4.2) at a magnification of about 1000 times, the scratch can be found 

easily, and 'followed' down to the middle of the sample. Near the end of the scratch tiny 

particles ( -200 nm) can be found, that serve as excellent objects for accurate focussing. The 

scratch also is a convenient pointer to find the dot array on the sample after processing. 

__ __,...,. __. 
I 

'Y 

I 
'Y 

Fig. 4.2. Sample ofQW maten"al, typically 7x4 mm in size, with scratch and dot area (not on same scale). Arrows 

indicate edge-tracing and following the scratch to the middle of the sample, where focussing is perfonned. 

The parameters that control the intensity of the electron probe are more difficult to control, 

as they slowly change in time (section 2.2). For example, the filament hearing power slowly 

increases, typically in 1 hour, when the set filament current is not changed. This can 

drastically change the gun emission from under-saturation to over-saturation. Because the 

power increases quite slowly, this would not be a problem in itself. The filament hol der, 

however, heats up much more slowly than the filament tip, which causes it to drift away from 
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the optical axis in 5-10 minutes, and thereby significantly changes the electron probe current. 

Two gun alignment coils can correct for this drift, but not dynamically and not while in 

imaging, i.e. exposing, mode. Fortunately, the drifting stopsaftera certain period of warm-up 

time. Depending on the filament holder type, its age, etcetera, this time ranges from about 30 

to 90 minutes. As mentioned above, the heating power will increase in this time, so the 

filament current must deliberately be settoa lower value, about 0.01 A below optimum value, 

to correct for this. In this way, optimum gun emission is reached after the stahilizing period, 

and exposure can start. Note that changing the filament current will restart the drifting. Since 

the focussing conditions do not change, focussing can be perfo~ed before or even during the 

stahilizing period. 

When the sample is changed and the main chamber of the SEM pumped down again, to 

below 2 -10-6 torr, the above procedure has to be repeated. This means that only a few 

samples can be exposed in one day. It is therefore worthwhile fortest purposes to expose 

several, up to about eight areas on the same sample, e.g. an exposure series. The total 

exposure time for a field varles from about 1 minute for a 3x3 test-array to about 18 minutes 

for a 15x15 QD-array, i.e. 300 J..l.m on a side, and refocussing is not necessary within a 

distance of 0.5 to 1 mm. In this way, a lot of time and material can be saved. Making a 

scratch on either si de of the sample, exposing around both scratches and cleaving the sample 

afterwards, even gives two nearly identical samples, e.g. for post-exposure testing such as 

PEB time and etch conditions, in almost the same time as neerled for one sample. 

4.1.3. Exposure dose 

Having achieved a stable, high-energy electron probe of minimum diameter, the parameter 

determining the actual exposed volume, given the substrate and resist system, is the exposure 

time for each dot, i.e. the 'dweil time' of the electron probe: a larger exposure time 

corresponds to a larger dose, and therefore to larger dots (see below). 

Because the intensity of the probe can not directly be set to a certain value, and depends 

sensitively on the changing beam conditions, the exposure time .is only a qualitative measure 

of the dose arriving at the sample. The average probe current induced by the electrons hitring 

the sample, however, is a direct measure of this dose and is therefore used here. It can be 

easily monitored by a picoampère meter, which will average the signa! as the dot-pattem is 

written (2601 dot-exposuresin about 3 seconds for each field). This measured value is found 

to be roughly proportional to the exposure time, as expected. See Fig. 4.3. Of course, this 

43 



value depends on the density of the pattem, and will therefore be different for different 

pattems. In this case, the exposure times can be used as a guide to find the right point 

exposure dose. 
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Fig. 4.3. Average probe current versus exposure time for different samples. All points are taken at (or very close 

to) optimum filament current, which changes typically from 2.06 A fora new filament to 2.02 after several weeles 

ofuse. 

Fig. 4.3 illustrates that the probe intensity is indeed very sensitive to the conditions, all 

points being taken at or very close to optimum gun emission. The different filament currents 

in the graph arise from the observation that the value for optimum operatien gradually 

decreases during the lifetime of the filament. 

When a high-energy electron beam hits the resist, the resist will be exposed over an area 

wider than that of the incoming electron beam. This lateral exposure gives rise to what is 

called the proximity effect: if two pattems are exposed very close to each other, there will be 

some exposure of the resist between them, as illustrated in Fig. 2.8 and Fig. 4.4. 
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Fig. 4.4. SEM photograph of some 10 pm fields, showing the 'proximity' effect. 

As Fig. 2.8 shows, this undesired, lateral exposure, extends as far as -3 ~m from the 

pattem edge, even in the thin resist layers used here. In thick resists, high exposure doses and 

dense pattems, the effect is more pronounced. Fig. 4.4 illustrates what can happen to dense 

(150 nm spacing) dot pattems: in the middle of the exposed fields dots are visible, whereas 

near the edge most of the dots are braken or gone, because they received a lower dose (less 

backscattering from nearby exposures) and, as a result, were practically etched away. The 

same thing happens in less dense patterns (spacing 300 nm in 20 ~m fields), but can be 

alleviated by reducing the exposure dose, resulting in uniform arrays of dots. Further 

reduction of the dose will yield smaller dots, until some or all resist-dots are dissolved during 

resist-development, or cannot withstand the lowest-damage etch process to produce 

sufficiently tall pillars, i.e. through the quanturn well. 

Todetermine the range of exposure doses that will result in small (<100 nm) to uitrasmail 

(1 0-20 nm?) and uniformly sized dots, not only are several exposure series needed, but also 

an appropriate etch process for the GaAs/AlGaAs system, e.g. low-damage, selective, 

directional, etc. 
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4.2. Etching 

4.2.1. Introduetion 

Given that the chlorides of arsenic, gallium and aluminium (AsCl3, GaC13, A1Cl3) are very 

volatile, and chlorine-based plasmas hardly attack organic materials such as resist, Cl2 is a 

widely used gas for etching GaAs/ Al GaAs. Because of its high selectivity, it is very sensitive 

to especially organic contaminations. Therefore, a brief asher step, an oxygen plasma, is used 

to remove any residual resist that may remain in the unexposed portions of the resist pattem. 

In numerous papers on etched quanturn dots [Davis93, Sotomayor91, Sotomayor92, 

W ang92] the reported PL efficiency is much lower than expected: the PL intensity for dots 

smaller than 200 nm in diameter, corrected for the geometrie fill factor, is at best the same 

as for the 2-D quanturn well. Although surface damage is expected, this is usually ascribed 

to intrinsic phenomena, limiting energy and momenturn relaxation, such as the 'phonon 

bottleneck' effect [Benisty91]. However, MOCVD-grown dotsof -35 nm diameter do exhibit 

a high luminescence efficiency due to a virtually damage-free fabrication method 

[Nagamune94]. Also, [Bestwick95] report on -55 nm diameter ECR-etched dots with a 

corrected luminescence enhancement of about 10, which shows that it is possible to fabricate 

efficient ( etched) quanturn dots when care is taken to minimize surface damage. As discussed 

in sectien 2.3, ECR-etching in an ultrahigh vacuum system is a way of strongly reducing the 

ion energy in the plasma and thus associated surface contamination and damage. Of course, 

low (RF) powers, resulting in low ion energies, and low pressures must be used. 

4.2.2. Etch conditions 

The following method is investigated here: a combination of a short, low-power, Ar/02 

asher step, and a Cl2 ECR etch step, both at minimum pressures (about 5 and 1 mtorr 

respectively). Samples are introduced into the process chamber using a nitrogen purged 

vacuum load loek. Etching is started when the chamber (base) pressure is below 1 -10-7 torr. 

The etch depth, or pillar height, is expected to be proportional, with a possible off-set, to 

the Cl2 etch time, and independent of the exposure dose. The SEM measurements on a series 

of samples, each with about four different exposures, shown in Fig. 4.5, confirm this. In the 

etch process, only the Cl2 etch time was varied. 
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Fig. 4.5. Measured pillar height versus Cl1 etch time. Every point represents a different sample, each with about 

Jour different exposure doses (resulting in same height). 

At 200 seconds Cl2 etching only a few pillars are left at the highest exposure dose, the rest 

are completely gone. This indicates that the resist is slowly etched away, possibly by physical 

sputtering, and that there probably is a slight undercut etch-profile. Obviously, shorter etch 

times are necessary. 

The diameters of the different dots, on the same samples as above, as a function of the 

average probe current are plotted in Fig. 4.6, and increase with increasing dose, as expected. 

For a fixed dose, the diameter increases with shorter etch times, supporting the above 

remark that the resist is slowly etched away. This is illustrated in Fig. 4.7. The differences 

in exposure between the top and bottorn portions of a resist are a distinguishing characteristic 

of electron beam lithography: the backscattering of electrans from the substrate dominates 

over forward scattering in the resist, and will result in greater exposure at the bottorn of the 

resist film than at the top. As in the proximity effect, the differences will be larger for higher 

exposure doses (see Fig. 4.6). 
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Fig. 4.6. Dot diameter versus average probe currentfor different C/1 etch times. 
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Fig. 4.7. Schematic i//ustration ofthe injluence of Jonger etch times on the resist profile and resulting structure 

diameters. 
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The results of the two samples etched for 140 seconds will now be discussed as a summary 

and an illustration of the above. Both samples were exposed and etched on the same day, 

under identical conditions. The only difference is that the resist on one sample was applied 

two weeks before processing into dots, whereas that of the other sample was only a few hours 

old. Since the results are the same for both, the condusion is that the properties of the resist 

do not deteriorate in a period of at least two weeks. This was confinned in all following 

experiments. 

At the highest exposure dose, i.e. 5.8 and 6.0 pA, there is still a sign of the proximity 

effect: the pillars near the edge are narrower (55 nm) than in the middle (60 nm) ofthe fields. 

Some resist is lefton top of the pillars, see Fig. 4.8. 

Fig. 4.8. SEM photograph of 55 nm GaAs pillars. 

Reducing the dose to 3.3 & 3.5 pA yields uniform pillars, with a diameter of -30 nm. Fig. 

4.9 shows that the piUars have a slight undercut profile: they are larger near the top of the 

pillar. No resist is left in this case. 

Further reduction to 2.6 pA causes about half of the piUars to break: their diameter near 

the surface is 20-25 nm (Fig. 4.1 0), corresponding to an aspect ratio of about 12! 
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Fig. 4.9. SB'vf photograph of 30 nm GaAs pil/ars. 

Fig. 4.1 0. SE.'vf photograph of 10-25 nm GM.s pillars, 50% broken. 
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From this example it is clear that for narrower pillars both height and amount of undercut 

must be reduced. Simply reducing the Cl2 etch time is not the solution, as the dot diameter 

will increase. The same effect as the one illustrated in Fig. 4. 7 can be achieved by increasing 

the oxygen cleaning step, without affecting the pillar height. So, decreasing the Cl2 etch time 

to get shorter pillars, but still etching through the quanturn well, and increasing the 0 2 etch 

time will result in smaller dots: see Fig. 4.11 and Table 4.1 for details. 
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Fig. 4.11. Dot diameter versus average probe current for different Cl/01 combinations. 

Table 4 .1. Pillar details for different Cl/0 1 combinations. 

Cl/02 profile tapering? height (nm) min. diam. comments 

60/20 yes 250 25 nm 50 nm at top 

50/20 some 200 65 nm 

50/30 slight 170 30 nm 20% broken 

40/30 almost none 140 40 nm good 
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For a given etch process the dot diameter can also be reduced by using shorter post­

exposure bake (PEB) times for the resist. The crosslinking chemistry requires both acid 

(catalyst locally generated by exposure) and heat to produce insolubility. A shorter PEB will 

therefore cause areas with less acid to remain soluble. This results in smaller dots of resist 

for intermediate PEB times. During PEB the acid will also diffuse somewhat, but according 

to [Perkins93] this will only be a minor effect. It was found that after etching, for average 

probe currents below about 4 pA, no resist was left for PEBs of 2 minutes or less. See Fig. 

4.12. Here, the Cli02 = 40"/30" process was used. Note that the samples used above had 

PEBs of 5 minutes. 
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Fig. 4.12. Dot diameter versus average probe currentfor different PEB times. 

4.3. Discussion 

The resist application gives no problems, and the resist film remains stabie for at least two 

weeks when the samples are stored in a cool place. Although the electron beam exposure is 

not straightforward, it yields reproducible results when care is taken to optimize the beam 

52 



conditions. An exposure dose range is determined, giving uniform dot arrays, with controllable 

diameters. 

The etch process, however, proves to be very sensitive toparameters that can not always 

be controlled, such as residual gas in the chamber, and contaminations. For example, it was 

found that running an ECR process using other gases than Cl2 and 0 2 caused dramatic changes 

in the etch characteristics of identically processed samples that were etched before and after 

this process. Apparently, pumping the process chamber downtoa vacuum better than 1 -10·' 

torr, and even running the Clzf02 process a few times before introducing the sample, is not 

sufficient to 'clean' the system to fixed initia! conditions. It may therefore be necessary to 

recalibrate the process from time to time in order to get satisfactory results, especially when 

other processes are run: only the Cl2 time, to determine the desired etch depth, and possibly 

the 0 2 time need to be adjusted. The other process parameters, such as gas flow, RF power, 

pressure, magnet supply, etcetera need not be changed. Etching test-samples with exposure 

series under varying conditions, makes it possible to (re)optimize the process in about five 

attempts. Examining the structures in the SEM before etching the next sample, is a great help 

in determining whether to increase or decrease the time and by what amount. 
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5. Luminescence from GaAs/(AI,Ga)As quanturn dots 

5.1. Introduetion 

A number of factors have complicated investigations of the intrinsic electronic and optica! 

properties of 1-dimensional and zero-dimensional semiconductor nanostructures. These 

structures, invalving carrier confinement on a length scale of about 10 nm, are difficult to 

produce, and imperfections in the fabrication process can mask intrinsic effects. Lateral size 

fluctuations, for example, are a potenrial problem in any process producing the arrays or grids 

of quanturn dots or wires required for practical applications. A high density of surface states, 

impurities, and damage, with a consequent reduction in radiative efficiency, can be introduced 

by the commonly applied fabrication techniques, especially those in volving plasma-based dry 

etching [Clausen89, Maile89]. Assuming these effects can be minimized, care must still be 

taken in the interpretation of optica! data used to characterize the structures. One example is 

that a blue-shift in the PL in pattemed quanturn well structures, compared to the unprocessed 

quanturn well material, can result not from a shift in energy levels caused by additional 

confinement, but by inhibition of lateral transport to potenrial minima associated with well 

width fluctuations [Gustaffson93]. Another is the conflicting evidence, both for decreased 

[Wang92, Sotomayor92] and for increased [Marzin94, Davis93, Nagamune94, Galeuchet91], 

PL efficiency with decreasing dot diameter in studies seeking to investigate the proposed 

'phonon bottleneck' inhibited relaxation mechanism [Benisty91]. 

5.2. Samples 

Highly uniform and efficient arrays of free-standing quanturn dots with diameters in the 

range 25-60 nm have been made from GaAs/ AlGaAs 5 nm single quanturn well (SQW) 

materiaL Electron beam lithography and low-damage electron cyclotron resonance (ECR) 

etching were used to fabricate the dots, which are believed to be the smallest ever produced 

in this way. The SQW material has been characterized using low temperature (5 K) PL and 

PLE befare and after processing into quanturn dots. 

Befare presenting the optica! data obtained from the quanturn dot samples, the different 

samples and the SQW material from which they were fabricated, will be discussed. 
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5.2.1. SQW material 

The single quanturn well structures used here, S97 and S53, were grown by gas-souree 

molecular beam epitaxy on a 50 mm diameter semi-insulating <1 00> GaAs substrate. The 5 

(5.5) nm SQW (S97, S53) was sandwiched between a 50 (100) nm Al0.3<Jao.7As top harrier 

layer and a 20 (40) nm Al0.3Gao.7As lower harrier, all grown on a 0.5 J.lffi GaAs buffer layer 

and with a 5 nm GaAs top protective cap. None of the layers were intentionally doped. After 

growth, and before any processing, nine PL and PLE mapping points were taken across each 

ofthe lx2 cm samples. The measured energies ofthe PL maximaand the clear el-hhl (HH) 

and el-lhl (LH) exciton transitionsin PLE (see below) were found to deviate by within 0.3 

me V for all, indicating high uniformity of both samples. The PL linewidth was 3.0 and 2.3 

meV FWHM: and the measured Stokes shift (section 5.3) was 7.4 and 2.2 meV for S97 and 

S53 respectively, as indicated in Fig. 5.1. Also note the clearly resolved continuurn edges for 

both free exciton peaks in S53. Using an envelope function model of proven applicability 

([Bastard82] and [Dawson85]) to fit the measured PLE energies yields a well width of 4.47 

nm for S97 and 5.74 nm for S53. The input parameters are: me·= 0.0665 m0; mHH• = 0.3400 

m0; mUI·= 0.0940 m0 (see sectien 3.3.4); T = 5.0 K; x (Al-fraction) = 0.28; exciton binding 

energy = 9 me V and a conduction-valenee band offset ratio of 67 : 33. 

5.2.2. Quanturn dot samples 

From the spectra shown in Fig. 5.1 it can be seen that S53 was a higher quality sample 

than the still very good S97: very small linewidth and Stokes shift, and clearly resolved 

continuurn edges for both free exciton peaks all attest to the high quality. lts top harrier, 

however, is much thicker (I 00 nm instead of 50 nm), making it extra difficult to produce 

smal! dots, since larger etch depths are required. 

Aiming for the very smallest dots, one dot sample was fabricated from S53 with 33.5 nm 

dot diameter; the rest of the available material was used up on tests. Further work was done 

on bulk GaAs until dot diameters from 20 to >60 nm could be reproduced in S97, the secend­

best SQW material in store at the time: samples with uniform arrays of dots with diameters 

of 60, 45, and 25 nm were fabricated. Appendix C contains SEM photographs and spectra of 

all four quanturn dot samples. SEM examinatien showed that no unetched SQW material 

remained on the sample, and that the uniformity in diameter of the dots was typically ±2.5 

nm. The etched surfaces of the dots were not intentionally passivated, and remained exposed 

to air. 
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Fig. 5 .1. PL and PLE spectra for (a) S97 and (b) S53, indicating PL linewidth and Stokes shift. 
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An array of quanturn dotsof 18-20 nm in diameter was also produced, but about 80% of 

the dots were gone or broken, making it very difficult to find any luminescence: no diffraction 

pattem was visible, so only coarse positioning could be performed, and the expected 

luminescence signa! would be weak, even if the alignment of the collecting opties was 

optima!. A few attempts were made, but, unfortunately, without success. 

5.3. Optical data 

The PL and PLE spectra for both the 25 nm dots and the r~ference SQW material, taken 

within 2 mm of the area subsequently processed into quanturn dots, are shown in Fig. 5.2. 

They are normalized to their own PL maxima In fact, the integrated dot PL intensity is less 

than 2 times smaller in the 25 nm dots, and about 4 times smaller in the 60 nm dots than that 

of the reference material (see below). The spectra of all the quanturn dot samples and their 

reference spectra can be found in Appendix C, together with the SEM photographs. No 

luminescence was found when the excitation spot was moved off the dot array. 

Standard excitation and detection conditions were used, with the excitation power fixed at 

150 ~Wand the PL excited at 740 nm, i.e. directly into the quanturn well. 'In-well' excitation 

is used so that the effect of non-radiative recombination at the free surfaces of the AlGaAs 

harrier layers is minimized. Therefore, PL peak intensities can be compared directly. The 

focussed laser spot size ( -50 ~m FWHM) was intentionally smaller than the total dot array 

area (300x300 ~m), so that the correction factor for the integrated intensity is simply the 

geometrie fill factor ofthe dots. It still covers an estimated 20,000 dots (dot spacing 300 nm). 

BI oe-shifts 

Clear free exciton features have been observed in the excitation spectra from the dots. Fig. 

5.2 shows clearly that both the e1-hh1 (heavy hole, lffi) and el-lh1 (light hole, LH) free 

exciton peaks, together with the PL emission, are blue-shifted with respect to the reference 

material. This is due to the additional confinement of the carriers, as described in section 1.3. 

The increase in HH-LH splitting, as expected from the much smaller light hole effective mass 

and therefore larger energy shift, is also observed. Both energy shifts and splitting increase 

with decreasing dot diameter: Fig. 5.3 shows the different blue-shifts (PL, HH, and LH) as 

a function of dot diameter. The measured positions of the heavy and light hole excitons shift 

by less than 1 meV in 60 nm dots, but are shifted by 8 and 20 meV respectively in 25 nm 

diameter dots. Because PLE directly probes the density of allowed states, the HH and LH 
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Fig. 5.2. PL and PLE spectrafor both the 25 nm dots and the reference SQW material. 

shifts should be equal to the sum of the additional electron and hole (heavy and light, 

respectively) lateral confinement energies (equation (1.12)), and are plotted in Fig. 5.3. 

The calculated values for both HH and LH shifts are much larger: about 4 me V for 60 nm 

toabout 17 meV for 25 nm dots. According to [Bryant91] (see also section 1.3) the Coulomb 

interaction between the electrons and holes significantly enhances the exciton binding energies 

in this size range. In order to estimate the order of magnitude of these excitonic effects, the 

exciton binding energies by (Xia89] in spherical GaAs dots in air are plotted in Fig. 5.4, 

together with the calculated electron and hole eigenstates minus the observed energy shifts. 

Note that the bulk values for the effective masses are used in the calculations. 

Because the experiments were done on quanturn discs rather than spheres, there are a few 

differences to be considered: 

- In our case, polarization effects due to the dielectric mismatch at the air/GaAs 

interface will be much smaller, because only the sidewalls of the disc are in contact with air. 

- The thickness of the discis small compared to the diameter D, so that the effective 

diameter will be smaller, and changes like D213
, resulting in a shift and a change in slope. 
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- Wavefunction leakage into the harrier will result in a larger effective diameter for 

the discs. 

The excellent agreement for both HH and LH, when negleering polarization, is probably 

due to cancellation of errors in the effective diameters. It is, however, a good first order 

approximation, descrihing both trend and order of magnitude. Therefore, we believe that 

excitonic effects play an important role in the explanation of the significant discrepancy 

between the electron and hole eigenstates and the observed energy shifts, but further 

theoretical work would be needed to confirm this. 

Fig. 5.2 shows that there is a difference between the PL and the HH peak position of the 

reference SQW, which is called the Stokes shift. This shift is observed, because PL also has 

a contribution from lateral carrier migration: upon laser excitation carriers are generated in 

the quanturn well, that will rapidly relax to the lowest energy state, which is the el-hhl (.HH) 
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exciton, before they undergo radiative recombination. In PLE, the spectrum is determined by 

changes in the absorption coefficient as a function of the excitation wavelength, resulting in 

changes in the observed luminescence intensity. lt therefore directly probes the density of 

states. In PL, however, the formed HH excitons can laterally migrate to larger well widths 

(even in very high quality SQW there are fluctuations in well width of the order of a 

monolayer) before they recombine, thereby giving a luminescence peak at a lower energy. The 

energy difference between PL and HH, the Stokes shift, therefore is a measure of the well­

width uniformity of the SQW. 

This process of carrier migration can also explain why the PL peak shifts more than the HH 

peak in the dot samples, and increasingly so forsmaller dot diameters (Fig. 5.3): the more the 

excitons are laterally confined in the dots, the more the transfer of excitons to larger widths 

is reduced. The higher energy contribution, corresponding to smaller well widths, will 

therefore increase, while the lower energy contribution decreases. Forspeetrally unresolved 

monolayer splittings this change in ratio will be observed as an additional PL blue-shift and 

a broadening of the peak. In other words, the Stokes shift will decrease by patterning the 

SQW into dots (or wires), and will become smaller for smaller dot diameters. This is 

illustrated in Table 5.2, lisring the Stokes shifts for both reference and dot samples. 

Table. ~.2. Observed Stokes shifts in reference and dot samples. 

Dot diameter (nm) Ref. shift (meV) Dot shift (me V) SQW material 

60 7.4 6.3 S97 

45 7.4 5.9 S97 

33 2.2 1.2 S53 

25 7.4 1.9 S97 

PL intensity 

As mentioned before, it is possible to cernpare the PL intensities of the reference material 

and the dot samples directly (same excitation and detection conditions), and the geometrie fill 

factor of the dots can be used to calculate the integrated dot PL intensity. 

The measured PL peak intensities of the dots, with respect to their reference material, drop 

by a factor of 6 for the 60 nm dots, to 4.8 for the 25 nm dots. The integrated intensity, 

however, only drops by a factor of 4 and 1.8 for 60 and 25 nm dots respectively. When the 
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geometrie fill factor of the dots is taken into account {2.1 % for 60 nm, to 0.36 % for 25 nm), 

the intensity is enhanced by a factor of 12 for the 60 nm dots, which increases to 150 for the 

25 nm dots, as is shown in Fig. 5. 5. 
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Fig. 5.5. Intensity enhancement factor with respect to reforence SQW versus dot diameter. 

The efficient luminescence of these quanturn dots suggests that the surface damage layer, 

due to the ECR etch process is thin compared to the dot diameter. This is plausible since, in 

the absence of channelling, normal incidence 145 e V ions from the plasma would be expected 

to penetrate only a few monolayers into the surface [Burenkov86]. 

The increase in intensity with smaller dot diameter is expected from the increased sparial 

overlap between the electron and hole wavefunctions, which concentrates the oscillator 

strength as the 0-D situation is approached. Additional contributions invoke electrodynamic 

effects [Marzin94] (better coupling with incoming laser light) or the suppression of in-plane 

diffusion in the pattemed samples. Diffusion lengtbs at 5 K for free excitons in GaAs 

quanturn wells are on the order of microns [Takahashi94]. This could allow them to find 

nonradiative defects in the quanturn wells in a manner not possible for quanturn dots; the 
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same mechanism can allow significant carrier migration out of the optica! excitation/collection 

spot in the quanturn wells. The effect in both cases is to lead to an apparent decrease in the 

luminescence efficiency of the unpattemed reference. 

The PL data show no evidence of the orders of magnitude reduction in quanturn efficiency 

for dots below 100-200 nm predicted by the 'phonon bottleneck' mechanism [Benisty91]. It 

is expected that the increase in intensity will break down as the dot size approaches the 

exciton diameter (I 00-200 À): in that case correlation of electrens and holes is no longer 

possible, because carrier motion is 'frozen out' by the confinement, so excitons can no longer 

exist. 

Linewidth 

In the ideal situation, i.e. no fluctuations in size (well width, dot diameter), no defects, 

damage or contamination, the linewidth is determined only by the carrier lifetimes (uncertainty 

principle). In real material, however, defects, size fluctuations, etcetera are present, that will 

broaden the peak. 

The PL linewidths ofthe 8QW reference samples are 3.0 and 2.3 me V FWHM for 897 and 

853, respectively. In the dot samples, the linewidths increase somewhat with decreasing 

diameter (see Fig. 5.6) but remain in the range 9 to 4 meV: [Nagamune94, Arakawa93] 

(MOCVD) find 20-25 meV and [Davis93, Marzin94] (etched) about 40 meV FWHM: for 

comparable diameters! 

The significant broadening of these linewidths is usually attributed to extrinsic effects, such 

as size distributions in the structures: dots of different diameter result in different energy shifts 

of the centre of gravity of the '2-D' peak (PL, but also HH and LH), resulting in a broadening. 

Another contri bution co mes from the fact that the dot pillars arenotperfect cylinders, causing 

extra scattering and therefore additional broadening. The lateral carrier confinement, and the 

resulting reduction in 8tokes shift discussed above, will also broaden the peak. 

The size fluctuation of the dot samples is estimated from 8EM measurements (absolute 

accuracy within ±2 nm), and is found to be less than ±2 nm for the 60 nm dots, gradually 

increasing to ±3 nm for the 25 nm dots. These estimates are used to calculate the contribution 

to the broadening from fits through the different measured blue-shifts (Fig. 5.3). In other 

words, the measured size fluctuation is 'translated' into a fluctuation in energy blue-shift, i.e. 

an increase in linewidth. The results are summarized in Table 5.3. The error in the calculated 

values ('fit') is about 0.5 meV for the largest dots, and about ±2 meV for the 25 nm dots. 
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Table. 5.3. Measured FWHM linewidths (mefi? for PL. HH. and LH in reference SQW ('ref.? and dot samples 

('dot?. and the observed and calculated increase in linewidth ('obs.' and 'fit'). 

PL width 
. . 

HH width 
. . 

LH width 
. . 

st ze mcrease m mcrease m mcrease m 

m (me V) linewidth (me V) linewidth (me V) linewidth 

nm ref. dot obs. fit ref. dot obs. fit ref. dot obs. fit 

±1 ±1 ±2 ±2 ±2 ±2 

60 3.0 4 1 1 6.3 6 0 0.3 8.5 8 0 1 

45 3.0 5 2 1.5 5.7 9 3 1.5 8.3 12 4 2.5 

33 2.3 7 5 2.5 3.0 7 4 1.5 4.5 - - 4 

25 3.0 9 6 -6 5.4 9 4 -3 7.8 11 3 -6 
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Although this method is simple and somewhat crude, it does show that the broadening is 

due mainly to (small) size fluctuations introduced in the fabrication process. The relatively 

large broadening in the 33 nm dotsis probably due to additional scattering effects: comparing 

the SEM photographs in Appendix C shows that these dots have a more irregular profile. 
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6. Conclusions 

The results presented in this report show that it is possible to fabricate very small, uniform 

and efficient quanturn dots, using electron beam lithography and low-damage electron 

cyclotron resonance (ECR) plasma etching. Uniform arrays of free-standing quanturn dots with 

dimensions in the range 25-60 nm have been made from GaAs/AIGaAs 5 nm single quanturn 

well materiaL The 25 nm dots are believed to be the smallest ever produced in this way. 

For the optica! characterization of the quanturn well material and the quanturn dots 

produced from it, two spectroscopie techniques are used here: low-temperature (5 K) 

photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy. The quanturn 

dots are compared to the unprocessed reference material (QW) in PL efficiency, linewidth and 

energy, but factors such as waf er nonuniformity can make evaluation of apparent energy shifts 

difficult. Therefore, the QW material is extensively mapped (3x3 array on 1x2 cm wafer) by 

both PL and PLE before processing, so that the characterization afterwards can be compared 

to the reference spectra taken within 2 mm of the area processed into dots. 

Standard excitation and detection conditions were used, with the excitation power fixed at 

150 JJ.W and the PL excited at 740 nm, i.e. directly into the quanturn well. 'In-weil' excitation 

is used so that the effect of non-radiative recombination at the free surfaces of the AlGaAs 

harrier layers is minimized. Therefore, PL peak intensities can be compared directly. Although 

the etched surfaces of the dots are not intentionally passivated and remain exposed to air, 

strong photoluminescence is measured from the features. When corrected for the area of the 

quanturn well remaining in the dots, the intensity increases rapidly as the dot diameter is 

reduced. After correcting for this 'fill-factor', the integrated PL intensity of the 25 nm dotsis 

more than 150 times greater than the reference unprocessed SQW, which is a remarkable 

increase. This suggests that the surface damage layer, due to the ECR etch process, is thin 

compared to the dot diameter, and shows the advantages of ECR etching over traditional etch 

techniques. 

The PL linewidth from the dots, and the heavy (HH) and light (LH) hole exciton 

linewidths, as observed in PLE, increase somewhat with decreasing dot diameter. However, 

they remain in the range 9 to 4 meV (FWHM) for PL and HH, and 12 to 8 meV for LH, 

compared with the 3 meV PL, 6 meV HH and 8 meV LH linewidths form the unprocessed 

single quanturn well material, indicating high uniformity. The fluctuations in dot diameter 

estimated from SEM measurements are ± 2 nm, and this size distribution is thought to be the 

main contri bution to the broadening of the linewidth in both PL and PLE. 
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PLE shows clear free heavy and light hole excitonic features in the quanturn dots. They are 

increasingly blue-shifted with decreasing dot diameter, due to the additional lateral 

confinement of the carriers. The measured positions of the heavy and light hole excitons shift 

by less than I meV in 60 nm dots, but are shifted by 8 and 20 meV respectively in 25 nm 

diameter dots. PLE is preferabie to PL when determining blue-shifts because, representing 

predominantly the absorption spectrum, it is less sensitive to local fluctuations in the quanturn 

well width. This study is the clearest observation yet of light and heavy hole excitons in a 

range of quanturn dot sizes. 

The measured blue-shifts are 4 toabout 16 me V smaller for. LH, and 4 to 18 mev for HH 

than the values calculated by consiclering electron and hole eigenstates only. We believe that 

this difference is due to an enhanced exciton binding energy: comparison with theoretica! 

studies [Xia89] yields a very good, although first order, agreement in both trend and order of 

magnitude for both heavy and light hole excitons. 

The quanturn dots discussed in this report are free-standing and remain exposed to air. In 

order to make a device with an active region containing these quanturn dots, the etched piUars 

must be 'buried', e.g. by :MBE overgrowth. This might necessitate applying a passivaring layer 

on the dots while in the vacuum etch chamber, to proteet the surface from oxidation. Studies 

of such passivatien and regrowth over quanturn dots are probably the next step in 

inves~gating the properties and potenrial applications of quanturn dots formed by lithography 

and etching. 
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Appendix A. Quanturn dot fabrication 

l.SQW 2.Resistappücaûon 

1 1 1 1 

4. Resist development 5. ECR etching 

Fig. A.l-5. Sideviews of samples, resist application, exposure, etching. 

11 

3. Electron beam 
resist exposure 

The resist used here for the quanturn dot pattem generation is a high-resolution, negative­

tone novolak-based resist, Shipley's Microposit SAL 605. It uses an energy sensitive, acid 

catalyzed crosslinking system: 

-Exposure: 

generation of acid upon exposure to an electron beam. 

- PEB (post exposure bake ): 

thermally-activated crosslinking in those areas where the catalyst has been generated. 

- Development: 

dissalution of the un-crosslinked film. 
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Appendix B. Laser correction 

The spectrograph software package that is used, assumes that the excitation souree is scanned 

linearly. In fact, the titanium:sapphire laser exhibits a slight, almost parabolic deviation for 

which the PLE spectra must be corrected. 

To determine the correction, the laser was scanned through the entire wavelength range 

used in the optical measurements and the peak position measured by the calibrated 

spectrometer (the resolution of the spectrometer is 0.005 nm (at 546.1 nm Hg-line), and the 

long-term accuracy (over 500 nm) is ±0.1 nm). The correction in wavelength, i.e. the 

difference between the real (measured) and the set wavelength, is plotted in Fig. B.1, 

1 
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Fig. B .1. Laser co"ection (nm) versus set laser wavelength. 

as well as the curve 

a polynomial of order four, fitted through the measured peak positions. This polynomial is 

used to correct all PLE spectra. 
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Appendix C. Quanturn dot SEM photographs and spectra 
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