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Introduction

Emphasizing the importance of this material, the IlI-V compound semiconductor Gallium Arsenide
(GaAs) and related compounds revolutionized in the mid-1980s the commercial mass-market industry
by being the key component for integrated laser circuits, which paved the way for high-dense digital
information carriers, such as compact discs. This period in time revealed one of the most impressive
technology revolutions initiated by the control of material properties on an atomic level, enabling the
formation of quantum wells and superlattices, i.e., the superposition of quantizing periodic potentials
with widths typically in the ~10 nm ranges superimposed to the natural potential pattern of the solid
host. Most of the groundbreaking work was done by molecular beam epitaxy (MBE) [1,2], which allows
the epitaxial growth of abrupt two-dimensional selectively doped layer sequences [3,4]. The built-in
potential shapes, which confine the electron and hole wave functions, may vary being for example
rectangular or triangular. Due to the high-precision periodicity of the potentials, the sub-band energy
transitions of these superlattices can be precisely described with the Kronig-Penney model [5].

Almost coincidental with the emerging maturity of MBE produced devices, in particular the optical
properties of semiconducting “quantum crystals” or “quantum dots” (hereafter QDs) in the 2 to 50 nm
size regime moved to the center of increasing research interests [6]. In a way, QDs can be understood
as free standing energy confinement potentials for charge carriers (not necessarily electronically linked
to the host) and, therefore, as discussed below, fairly regularly arranged QD ensembles are expected to
reveal properties similar to superlattices, although the synthetic methods are entirely different andin
many cases more cost effective. Among several preparation routes, which are summarized in ref. [7],
the employment of colloidal wet solutions containing stabilizing agents in order to prevent the cluster-
up of the QDs are attractive precursors for the self-assembled formation of colloidal QD arrays, which
are investigated here.

While the aforementioned efforts focus on “single” materials (or combinations of closely related
materials), the investigation of hetero-paired hybrids - for example the merger of organic with
inorganic materials [8] - became a growing research topic during the last two decades because of the
tremendous application potential in optoelectronics, photovoltaics, and bio-physics, to mention a few.
In the current work, by presenting rarely or none studied phenomena such as photo-doping in QDs,
absorbance of strongly confined QDs, and Debye temperature decrease due to matter size shrinking,
we emphasize the optical properties of a “size-hybrid” by investigating colloidal Lead Sulfide (PbS) QDs
deposited on the surface of industrially provided GaAs wafers, whereas the affect of the QDs on the
GaAs absorption features, in particular the influence on the Urbach tail, is the new and so far not
studied subject here-in.

Sample preparation and photoluminescence of the colloidal PbS QDs

Oleic acid capped PbS QDs with sizes of between 2.0 nm and 4.7 nm have been investigated. The QDs
are dispersed either with a supercritical fluid CO, method [9], a straightforward solvent deposition [10],
and spin-coating (3000 rpm for 40 seconds) on semi-insulating GaAs (SI-GaAs) and for comparative
purposes on glass. Table 5.1 displays the samples investigated.
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TABLE 5.1
Parameters of the samples investigated

Sample Substrate | Preparation QD size
method

A GaAs Solvent deposition | 4.7+0.5
nm

B GaAs Critical CO, 2.0+£0.4
nm

C Glass Critical CO, 2.7+0.4
nm

D GaAs Spin-coating 3.0+0.5
nm

Figure 5.1 shows the scanning electron microscopy (SEM) image of sample B revealing homogeneous
surface coverage with a gap of 0.2-0.5 nm between the individual particles. For the ongoing discussion,
itisimportant to point out that in a closed packed quantized array, as the one displayed in fig. 5.1, the
sub-bands of the individual QDs show coupling because the charge carrier tunneling range (Ax), which
is expressed by,

AX = h

4 fomE, W

overcomes or matches the separation of the QDs, where h is Planck’s constant, m*e,h is the effective
electron (or hole) mass, and Eg is the QD ground state energy,

2 (2)

where Eg is the band gap energy of the QDs and E i« is the band gap energy of bulk PbS, whereas the
symmetry of eq. (2) is caused by m.~m;=0.08xmq [10] with mq being the free electron mass. Figure 5.2
shows the determination of E; of sample B at 5 K employing transmittance (TR) spectroscopy. By
plotting dTR/dE we locate Egat 1.321 eV, resulting with £ ,,,=0.29 eV in Ax=0.5 nm indeed matching or
exceeding the inter QD spacing in fig. 5.1.

In order to measure the TR spectrum shown in fig. 5.2, the emission of the internal quartz lamp of a
BOMEM Fourier transform infrared (FTIR) spectrometer was guided to the sample, which was mounted
in an optical cryostat. The TR signal was detected with a nitrogen cooled Indium Gallium Arsenide
(InGaAs) detector attached to the BOMEM. The principle of FTIR and its advantages with respect to
dispersive techniques have been discussed elsewhere [11,12].
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FIGURE 5.1
SEM image (taken with an acceleration voltage of 10 kV and a working distance of about 4.5 mm) of a typical PbS
QD self-assembled dispersion (sample B). The size of the QDs is 2.0+0.4 nm
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FIGURE 5.2

TR spectrum and dTR/dE of sample B at 5 K. The sample starts to transmit at the band gap of GaAs (~1.5 eV). The
band gap value E; of the QDs is found to be at 1.321 eV
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The perhaps most important property, specifically with regard to technological applications, is the
photoluminescence (PL) of the QDs. The PL was measured in the same way as the TR spectra with the
difference being the optical excitation was provided by the 532 nm continuous wave (cw) emission of a
solid state laser. Figure 5.3 reveals the PL spectra of sample B for various impinging laser intensities (/)
at 5 K. A blue shift of the spectra takes place. It is clearly of importance to check whether the shift is
caused by dynamic band filling (Burstein-Moss shift) [13]. The latter phenomenon has been
investigated in CdS QDs in the pioneering days of QD research [14], but was never clarified beyond
doubt. For bulk semiconductors, the theoretically expected trend of the PL peak as a function of the
photo-generated electron-hole pairs (n), which are excited with the laser irradiation, is expressed by,

Ep(n)=Epo+AE(n) (3)
and [7],
AE(n)=0.97xn"*{h*/(8)}, (4)

where Ep_ and Epg is the PL peak energy under laser irradiation and without influence of band filling,
respectively, AE is the photo-induced energy shift, and 1=0.04xm; is the reduced effective mass at 5K
[10], favoring band filling due to its small value. The link between n and the impinging laser beam is
given by [15], n=ap e/ h Vey, Where z;is the radiative lifetime, ap, is the absorption coefficient probed
during the PL experiments, and hv,,=2.33 eV is the energy of the impinging exciting laser beam. Hence,
the equation for the dynamic Burstein-Moss shift becomes,

Epi(lex)=Epio+0.97x[ 0 Tlex/ h Ve {17/ (814)). (5)
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FIGURE 5.3
PL spectra of sample B measured at various /.. The symbols are the measured data and the solid lines Gaussian
fits. With increasing I the PL spectra shift towards higher energies
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FIGURE 5.4
The symbols represent the Ep, position in fig. 5.3 vs. /. The solid line shows the fit with eq. (5)

The linein fig. 5.4, which displays Ep, vs. I, represent the fit using eq. (5) showing excellent agreement
with the measurements (x2=0.99), while Ep o and ap, 7 are found tobe 1.157 eV and 3.5x10™ s/cm. We
should stress that the data trend in fig. 5.4 validates our qualitative interpretations in previous papers
[15,16]. Nevertheless, we check whether the experimental conditions permit the generation of at least
one electron-hole pair per QDs (nqp) in order to make band filling realistic. Defining the QD absorption
cross section with o=a;Vqp [17], where «;is the intrinsic absorption coefficient of an individual QD (not
necessarily matching ap ) and Vp is the QD’s spherical volume (4><10'21 cm3), we write for nqp,

nQD=lex7.'rO'/h Vex- (6)

With 7~10 ps [18] and 05i=1><105 cm' [17], we calculate ngp=1.3 at /,,=120 W/cmz. Consequently, the
result confirms the realization of the Burstein-Moss shift in the QD ensemble.

Inref. 16, by investigating the PL of colloidal 4.7 nm QDs on glass, it was observed that the blue shift of
the PLis considerably temperature dependent and almost vanishing at room temperature. The reason
for this behaviour is that band filling scales with the inverse of the effective mass. The latter grows with
temperature, and, as a consequence, many body effects start to compensate or probably even
capsizing the Burstein-Moss shift at higher temperatures [16]. Work on the temperature dependence
of the effective mass in QDs is scarce - smaller QDs are expected to show a more pronounced
temperature dependence of the effective mass [19]. While all of our results at cryogenic temperatures
reveal a blue shift, the PL spectra in fig. 5.5 of sample C (QD size 2.7 nm) measured at room
temperature (RT) with the identical experimental setup used in ref. 16 show a red shift, pointing to
band gap shrinkage due to many body effects [2,16], and therefore, to a stronger growth of the
effective mass in extremely confined QDs. To the best of our knowledge, the result in fig. 5.5
represents the first manifestation of many body effects in colloidal QDs.
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FIGURE 5.5

PL spectra of sample C for selected /., values at RT. The spectra display a red shift due to many body effects. The
solid lines are Gaussian fits

Finally, it is worthwhile to stress why eq. (4), which is derived for three-dimensional semiconductors
with parabolic bands, describes the events in fig. 5.4. The cause is the tunneling range of the excited
carriers pointed out by eq. (1), allowing the formation of an electronically coupled QD array —in a
manner similar to the potential coupling in superlattices - ruled by theories based on three-dimensions.

Optical absorbance of strongly confined PbS quantum dots

The energy of the lowest optical absorbance (OA) transition of QDs has been intensively studied in a
wide variety of QDs under myriad experimental conditionsin the last 25 years [20]. Colloids of PbS QDs
attracted particular attention [21] due to the beneficial intrinsic material properties, the relative ease
and flexibility of sample fabrication [9], and the potential for integration in optoelectronic GaAs based
device structures [22]. Specifically, with regard to the latter application, investigations of thermo-
optical properties of PbS QDs with diameters below 3 nm is crucial for the development of effective
light emitters because the recombination coefficient of semiconductors scales with Eg2 [23]. However,
apart from our work [24], we did not find literature showing the variations of the OA spectra with
temperature of lead-salt QDs with a diameter below 3 nm. Two reasons can be attributed for the data
vacancy. First, it is difficult to get reliable data for such small, strongly confined QDs owing to their
weak OA features, and second, the difficulty in pinpointing the fundamental transition because of the
intrinsic broadening of the OA peak with shrinking QD diameters [25]. Notwithstanding, here we report
the OA temperature dependence of colloidal PbS QDs with size smaller than 3 nm. The results reveal
(a) vibronic mode damping as a consequence of increasing quantum confinement and (b) the
compatibility of Fan’s classical theory with strongly size-quantized matter.

Figure 5.6 shows the OA spectra of sample C at various temperatures. The symbols represent the
measurements and the dotted lines Gaussian fits (X220.988) incorporating a linear offset, which is
caused by the light scatter at the ligands. The peak of the OA spectra defines E,, which, towards
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cryogenic temperatures, reveals a subtle red shift. The energy of ~1.28 eV agrees very well with the
expected E, at RT of colloidal 3 nm PbS QDs [21]. The symbols along the broken line (a) in fig. 5.7 shows
E, vs. temperature [Eg(T)] localized with Gaussian fits as the ones presented in fig. 5.6, while the line
itself is a linear fit (X2=0-774) with a temperature coefficient of d£,/d7=40 peV/K. The trend differs
considerably from the nonlinear Eg(T) behavior for colloidal 4.7 nm QDs. The experimental data, which
are taken from ref. [10], are represented by the symbols along the solid curve (b). The latter represents
a fit (x2=0.998) with Fan’s equation [26],

E4(T)=E¢(0)+A/{exp(<E,>/kT)-1}, (7)

where, E4(0)=0.9223 eV is the low limit of the band gap for temperatures approaching 0K, A=23.4 meV
is the Fan parameter, which depends on the microscopic material properties and is considered widely
temperature invariant, <€,>=15.5 meV is the average phonon energy responsible for the band gap
variation, and k=8.62x10" eV/K is the Boltzmann constant. Bearing in mind that Aoc<Ep>1/2 [10], we
note that for <E,>—0 eV, eq. (7) gives the temperature invariant result £,(T)=E,4(0)=constant.
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FIGURE 5.6
OA spectra of sample C at selected temperatures. The symbols represent the measurements and the broken line
Gaussian fits with a linear offset

Further analysis of the theoretical background regarding eq. (7) reveals that A, which is also called self-
energy, is identical with the PL stokes shift (Astokes) [27]. In a former work [10], we pointed out that
Asiores depends on the temperature. As a consequence, A cannot be considered to be temperature
invariant and the A value found with the fit in fig. 5.7 represents an average value like <E,>, which
varies with temperature as well. Hence, A ought to be replaced by <A>in eq. (7), whilst the connection
between the Fan theory and Ages require more theoretical attention. Currently, based on the findings
in refs. [10] and [27], we work on a generally valid theory defining the intrinsic Stokes shift in
semiconductors.
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The classical theory of Fan describes E4(T) in terms of electron-phonon interactions in bulk
semiconductors. Looking at curve (b) in fig. 5.7, at temperatures below ~50 K, due to the damping of
the acoustic phonons, only relatively subtle changes of E, take place (~40 peV/K), while for elevated
temperatures the broader phonon spectrum intensifies the dependence of £; on temperature changes,
resultingin dE,/dT=117 peV/K. The overall appearance of E,(T) is therefore nonlinear. Consequently,
curve (b) in fig. 5.7 qualitatively represents the behavior of a bulk semiconductor. The linear trend of
curve (a), however, clearly deviates from the typical “Fan-like” characteristic. Nevertheless, as
demonstrated by the positively curved solid line in fig. 5.8, which shows E4(T) in the cryogenic region,
the data can be fitted with eq. (7) resultingin X2=0.834—clearly improved with respect to the linear fit
represented by the broken line. The increase in the fit goodness by the use of Fan’s expression reflects
the subtle trend of dE,/dT to flatten below ~30 K. The uncertainties of the OA peak positions refer to
measured fluctuations (found by repetitive measurements) rather than to an error caused by the fitting
methods applied. The fit parameters are: £,(0)=1.2667 eV, A=0.9 meV, and <E,>=1.98 meV - note the
reduction of about one order of magnitude of A and <E,> with respect to the values found for the 4.7
nm QDs. This apparent shrinkage of <E,> causes a decrease of the Debye temperature, which is given
by <E,>/k[10], from 180 K to 23 K, pointing to the dilution of the vibrational mode diversity in strongly
confined matter.

In order to comprehend the qualitative difference between shapes (a) and (b) in fig. 5.7, the number of
atoms forming the QDs is essential. The amount of atoms is given by (41/3)x(d/a)’ [21] where d is the
QD diameter and a is the lattice constant of PbS (5.936x10™° m). For 2.7 nm and 4.7 nm, we find 394
and 2079 atoms within the QDs. Specifically the result for the 2.7 nm QDs (sample C) is clearly below
the required atom number of ~10*, which is necessary to form crystallites possessing fully developed
bulk properties [28]. As a consequence, the low number of atoms drastically limits the vibronic
occurrences in sample C. Meanwhile, we pointed out that phonons vanish in PbS QDs limited to 90
atoms [24].
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FIGURE 5.7

The measured E4(T) represented by the symbols for QDs of (a) 2.7 nm (sample C) and (b) 4.7 nm size [10]. The
trend of (a) is fitted with a straight line resulting in a constant d£,/dT=40 peV/K over the entire temperature range.
The nonlinear E,(T) of (b) is fitted with Fan’s expression (7) and shows two slope regions. Below 50K, d£,/dT=35-40
peV/K and above 50 K dE,/dT=117 peV/K. The error bars of trend (b) coincide with the symbol size
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Detailed comparison of the linear fit (broken line, which is identical with the one in fig. 5.7) and the fit using Fan’s
formula (solid line). The Fan fit clearly deviates from the linear fit for decreasing temperatures because of the
replication of the more flat £, variations at cryogenic temperatures

Urbach tail slope tuning and band gap engineering of GaAs by the
influence of deposited PbS QDs

Here, we pursue an uncommon task, i.e., the investigation of the influence of the deposited QDs on the
absorption of the substrate rather than the properties of the QDs themselves. To the best of our
knowledge, such studies have not been performed and are motivated by an earlier work of us on the PL
properties of PbS QDs dispersed on SI-GaAs [22]. In this work it was recognized that deposition of PbS
QDs on GaAs enhances the GaAs emission and evoked additional luminescent transitions. The
observations have been explained by charge transfer from the QDs to the GaAs substrate.

Figure 5.9 shows the comparison of TR spectra of SI-GaAs wafers and sample B measured at cryogenic
temperatures and RT. The measurements have been carried out at a different spot than the TR
experiment shown in fig. 5.2 and show more pronounced features. The superposition of the QD
absorption with the GaAs absorption clearly alters the TR of the samples causing a signal modulationin
the transmissive range of the GaAs substrate, according to the quantized energy transitions. The results
reveal that £,~1.32 eV do not shift with temperature - as expected for PbS QDs with size of 2.0 nm
[24,29]. The origin of local TR decrease around 1.42 eV at 10 K, which does not appear in the TR in fig.
5.2, is unclear. It is probably caused by the random absorption of the smaller QDs in the illuminated
ensemble. At this point, we focus on the slope of the TR edge in the vicinity of the TR threshold at the
GaAs band gap, i.e., the steepness of the Urbach tail (dTR/dE). A comprehensive study over the entire
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temperature range was carried out with sample A. The resultis shown in fig. 5.10, demonstrating that
the maxima of the dTR/dE values of the bare GaAs wafer exceed the numbers of the PbS/GaAs sample
over the entire temperature range of 10 K —300 K. Figure 5.11 displays the difference (|5|) between
the individual dTR/dE values in fig. 5.10.
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FIGURE 5.9

TR spectra at 10 K and RT of SI-GaAs wafers (dotted lines) and sample B (solid lines)
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FIGURE 5.10

dTR/dE for selected temperatures for sample A. As indicated for 10 K, at all temperatures the dTR/dE value of the
SI-GaAs wafer exceeds that of the PbS/GaAs sample. For clarity, the spectra, which possess Gaussian-like shape,
are shifted
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Discussing the outcomes displayed in figs. 5.10 and 5.11, i.e., the more pronounced Urbach tail in the
PbS/GaAs sample, it is necessary to bear in mind the causes of the below-band gap absorption, which is
attributed to transitions between band tails [7]. Such tails can originate from defects or impurities and
scattering of charge carriers by phonons [13,30]. Hence, the observed results could be caused by
adding recombination centers at the substrate surface below the GaAs band gap. It is known that the
oleic acid ligands preferentially bind to lead atoms on the QD surface and leave the sulfur atoms
unpassivated, which allows for possible hole traps [31]. Thus, it is conceivable that these traps take part
in the recombination events of the GaAs wafers. As already mentioned, by investigating the PL of
PbS/GaAs samples [22], we concluded that charge transfer from the QDs to the GaAs substrate takes
place. These transferred carriers enhance the PL signal of the GaAs substrate. We do not think that
transferred charge carriers, which in the previous work [22] have been excited with laser irradiation far
above the QD and GaAs band gaps, play an essential role for the observations here, but resonant
optical excitations at the GaAs band gap region. On the other hand, the trend of |d]| in fig. 5.11
indicates the involvement of acoustic phononsin the results displayed in figs. 5.9 and 5.10: At elevated
temperatures the absorption edge is equally blurred by thermal means resultingin afairly constant | 3|
for the GaAs substrate and the PbS/GaAs sample, while at low temperatures the acoustic phononsare
bleached causing the relative increase in |9].
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The absolute differences of the individual dTR/dE peak values in fig. 5.10. The broken line is a guide for the eye

Figure 5.12 shows the comparison of the RT dTR/dE spectra of sample Bin fig. 5.9 to that of sample D.
We note that sample D is the only one not measured with the BOMEM spectrometer, but with a
Newport Cornerstone monochromator in conjunction with a 100 W halogen lamp. The TR signal was
measured by a Silicon (Si) photodiode mounted behind the sample. We further emphasize that the
smaller QDs (with E; in the vicinity of the GaAs energy band gap) influence the Urbach tail in the
opposite way. The presence of the QDs increases the steepness of the GaAs absorption edge. We
believe that for samples B and D the superposition of the QD and GaAs TR spectra determines the slope
of the Urbach tail rather than the formation of trap states.
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The symbols represent the experimental dTR/dE spectra of samples B and D and the dotted and solid lines are
Gaussian fits (for clarity, the spectra are shifted). In comparison to fig. 5.10, the QDs affect the slope of the Urbach
tail in the opposite way. Accentuating a further difference, the center energy of the peaks of sample D clearly
deviates pointing to a movement of the GaAs band gap energy

The shift of the peak energy of the SI-GaAs derivatives in fig. 5.12 is caused by the different thicknesses
of the used substrates (533 um and 350 um for sample B and D, respectively), whereas the distinct
peak displacement of sample D indicates an influence of the QDs on the GaAs energy band gap.
Consequently, aside from the impact on the Urbach tail, it seems QD dispersion on GaAs can be used to
alter the band gap energy of the wafer.

Conclusions

By observation of photoinduced doping effects in the PL of colloidal PbS QDs, the work demonstrates
the close relationship between superlattices and QD ensembles. Most notably, optically stimulated QD
arrays respond as a collective as expected from bulk samples. In the meantime, we confirmed dynamic
three-dimensional band filling in 4.7 nm PbS QDs as well [32]. Summarizing the results of the
absorbance measurements, it is demonstrated that - independent of the ambient temperature —size
reduction below 3 nm bleaches the acoustic phonon branch in lead-salt QDs. Consequently, the
thermally induced shift of the OA spectra is practically ruled by the coupling to optical phonons only
and, therefore, the £; trend barely displays nonlinearity at cryogenic temperatures. The phenomenon
can be considered as inherent lattice cooling in strongly confined matter and emphasizes the potential
of strongly size-quantized semiconductors to be used for the fabrication of intense light emitters with
stable, temperature invariant chromaticity. Finally, we address here the impact of PbS QDs on the
absorption properties of GaAs. Employing TR spectroscopy, we observe the Urbach tail slope changes
of the GaAs absorption edge due to the presence PbS QDs. The size of the latter can be used to
enhance or to weaken the below-band gap absorption of the GaAs substrates. The findings give new
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insights in optical device engineering using either charge transfer between bulk and quantized matter,
interfacial impurities between QDs and bulk, bleaching of vibronic modes, or the superposition of
individual absorption spectra in order to tune the slope of the absorption edge or to alter the energy
band gap itself.
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