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New design concepts of semiconductor lasers
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1 VI Systems GmbH, Hardenbergstr 7, Berlin 10623, Germany

2 Zuse Institute Berlin (ZIB), Takustr. 7, Berlin 14195, Germany

Abstract. Oxide apertures in oxide—confined vertical cavity surface emitting lasers (VCSELs)
provide possibilities for engineering of the optical modes. Refractive index of the oxidized
AlAs layer is approximately twice lower than that of the semiconductor converting a ~A/2
cavity into a ~A/4 layer of a distributed Bragg reflector (DBR) or, as opposite, a non—resonant
~3/4) section into a ~A/2 cavity. In the latter case the VCSEL modes of the non—oxidized core
region can be coupled to the intentionally engineered modes of the oxidized periphery as the
orthogonality between these modes is broken by the oxidation—induced optical field
redistribution. Engineered VCSEL designs show that the overlap between the VCSEL mode of
the core and the tilted mode at the periphery can reach >30% resulting in significant leakage
for high—order transverse modes as confirmed by a three—dimensional modelling. A 850-nm
GaAlAs leaky VCSEL based on this concept is designed, modelled and fabricated, showing
single-mode lasing with aperture diameters up to 5 pm. Side mode suppression ratio >20dB is
realized at the current density of 10kA/cm’. In the case of the oxidation of a ~A/2 cavity layer a
laser is designed in which a very high order optical mode at an effective mode angle beyond
the angle of the total internal reflectance at the surface has a much longer photon lifetime as
compared to the fundamental mode. A near field VCSEL is thus engineered where the light can
be efficiently out—coupled directly to a fibre or polymer waveguide without exiting the crystal
to the air.

1. Introduction

Vertical Cavity Surface Emitting Lasers (VCSELs) are key components for optical interconnects
based on multimode fibre (MMF) for the applications in high performance computers and data centers.
Recently there arose a significant interest in single mode (SM) VCSELs for extended distance
transmission over MMF. It was shown that 25 Gigabit per second data transmission is possible at
distances ~1 km over MMF as the chromatic dispersion, the key limiting factor in modern MMF, is
drastically reduced [1]. Earlier approaches to SM VCSELs with large apertures [1-3] include
challenging technological steps hardly compatible with the low—cost industrial production of VCSELSs.

2 Single mode VCSEL via oxide aperture engineering of the leakage of the optical modes

A method [4] for SM VCSEL is based on the fact that the oxidation of GaAlAs layers with high Al
content forms a structure in which an all-semiconductor core is surrounded by an oxidized periphery
(Fig. 1(a)) having a lower refractive index. The vertical VCSEL optical mode of the core lies in a
continuum spectrum of tilted optical modes of the periphery. Due to a strong modification of the
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refractive index by the oxidation, the modes of the core and of the periphery having different number
of nodes are no longer orthogonal enabling leakage. Figs. 1(b) through 1(e) illustrate a break of

orthogonality and a possibility of engineeribn)g a strong overlap between the two modes.
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Fig. 1. (a) Schematic cross—section of a VCSEL with oxide apertures. (b) Vertical profile of
the refractive index profile in the core. (¢) VCSEL optical mode in the core. (d) Tilted optical
mode at the periphery (d) Vertical profile of the refractive index at the periphery.
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Fig. 2. Cross—sectional profiles or the TEMy, (a) and TEM,, (b) transverse optical modes in
the VCSEL (c) Lasing spectrum of the VCSEL with 5 pm aperture diameter.

3D modelling of the transverse modes [5] show that the fundamental (TEMgy,) mode (Fig. 2(a)) is
located closer to the rotation axis and nearly does not interact with the periphery and a high—order
(TEM,,) mode (Fig. 2(b)) is shifted closer to the periphery giving rise to a significant leakage
indicated by yellow at the periphery opposite the second cavity. Higher leakage losses of the high—
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order transverse modes support single transverse mode lasing, e.g. as observed at the VCSEL with the
aperture diameter Sum (Fig. 2(c)). At the current density 10 kA/cm’ the side mode suppression ratio
(SMSR) is >20 dB [5]. To achieve SM lasing the approach does not require additional technology
steps like surface patterning.

3. Near—field laser

Coupling and alignment of high—speed optical devices to optical waveguides is a critical challenge due
to back reflections, reduced coupling efficiencies and difficulties to couple to a small diameter fibre or
waveguide. Near—field coupling can overcome these problems [6]. If a surface emitting laser is
generating laser light in an optical mode tilted with respect to the vertical axis (Fig. 3(a)) at an angle
exceeding the angle of the total internal reflection at the semiconductor/air interface (~17°) the light
can’t exit the crystal. To ensure the operation in such a mode the cavity resonance is redshifted with
respect to the gain spectrum, the top distributed Bragg reflector is of low reflectivity at angles close to
the normal to the surface. The oxide apertures are configured such that an effective A/2 layer is
transformed by the oxidation into a A/4 layer eliminating a cavity at the oxidized periphery thus
suppressing leakage and creating a 3D “optical box” laser mode confinement. 3D modelling shows
that the maximum Q—factor (~1000) is reached (Fig. 3(b)). If a polymer waveguide (n~1.5) is attached,

the Q—factor drops and the mode is efficiently coupled to the waveguide material 1(Fll\% 3(c)).
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Fig. 3. (a) Schematic cross—section of a near—field laser. (b) Cross—section of a whispering
gallery mode TEMg49 with a high Q—factor, the mode does not emit light to the air. (c) The

whispering gallery mode TEM 49 efficiently coupled to the polymer waveguide.
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All-optical control of ultrafast currents in graphene

Yuri P. Svirko?

Institute of Photonics, University of Eastern Finland, Joensuu, Finland

Strong and broadband light absorption in graphene allows one to achieve high carrier densities essential for
observation of nonlinear optical phenomena making graphene a unique playground for studying many-body
effects. Being of strong fundamental importance, these effects also open a wide range of opportunities in
photonics and optoelectronics. Here, we make use of strong photon-drag effect to generate and optically
manipulate ultrafast photocurrents in graphene at room temperature. Direction and amplitude of the drag-current
induced in graphene are determined by polarization, incidence angle and intensity of the obliquely incident laser
beam [1]. We also demonstrate that the irradiation of graphene with two laser beams of the same wavelength
offers an opportunity to manipulate the photocurrents in time domain [2].
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In the experiments, we used CVD graphene transferred to
dielectric substrates and containing from 1 to 40 atomic
layers [3]. Samples area was about 1 cm’. To induce
photocurrents we employed a 1 kHz Ti:Sapphire
femtosecond oscillator/amplifier (pulse width 120 fs, central
wavelength of 790 nm) and optical parametric oscillator
(pulse width 10 ns, a central wavelength tunable in the range
from 1150 nm to 4000 nm). The light-induced current
strongly depends on the polarization azimuth and vanishes at
normal incidence. At a finite incidence angle, the
photocurrent magnitude shows sin2¢- and cos2¢-like
behavior (see Fig.1).

At the femtosecond excitation [4], the ultrafast currents
results in the THz emission (Fig.2). Our analysis shows that
the THz emission originates from the photon drag effect, i.e.
from the, transfer of the photon momentum to free carriers .

All-optical control of photocurrent was demonstrated in
the two-beam experiment when sample was irradiated with
two mirror-reflected beams (see Fig.3b). At a zero time delay
between the excitation pulses of the same intensity, the
photocurrents completely compensate each other resulting in
a zero net current. Since the drag current strongly depends on
the polarization of the excitation beam, the net current was
tuned by rotating the polarization plane azimuth of the first
beam. The net current signal waveforms as a function of the
first beam polarization azimuth obtained at nanosecond
excitation is presented in contour plot on Fig.3c). The
temporal profile of the net current can be controlled by
varying time delay between excitation pulses (see Fig. 3d).
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Development of methods for ordered growth of nanowires
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Abstract. Developed a method of manufacturing substrates for self-catalyst/free-catalyst
ordered growth of the nanowiers. The experiments show the possibility of autocatalytic growth
of ordered GaAs NWs on the produced during the research substrates.

1. Introduction

Nanowires are crystalline structures, the length of which considerably exceeds the diameter which is
from 8 to 300 nm. Nowadays the interest in nanowires is caused by the prospects of their use in many
applications, such as: chemical and biological highly sensitive sensors [1-3] emission cathodes and
cantilevers for STM / AFM, fuel cells and batteries [4], in optoelectronics and one-particle electronics,
in electromechanical devices (tensor sensors, microphones, piezoresistors).

The fabrication of device structures based on nanowires requires the development of methods and
technologies for the synthesis of ordered semiconductor NWs and research of their features. We
emphasize that developed by many researchers approach based on the creation of orderly catalytic
growth centers of NWs [5] has a number of disadvantages, including the possibility of growth centers'
shifting to their complete removal from the surface, branching of NWs, uncontrolled growth in other
directions , uncontrolled alloying of catalyst by the material etc.

The aim of the work is to determine the possibility of producing A’B’ structures with ordered free-
catalyst or self-catalytic NWs through inhibitory layer with ordered windows of growth. The initial
goal is the formation of holes in the inhibitory ordered SiO, layers by electron lithography.

2. Experiments

Polished wafers Si (111) brand KDB-10 with SiO, layer about 50-100 nm thick previously synthesized
by magnetron sputtering and / or thermal oxidation were used as the samples [CCBUIKM Ha METOIMKHU
(hopmupoBanust (POU3BOACTBA) CIOCB OKCHJIA KPEMHHS Ha KPEMHUH | .

Electron resist layer 672 ARP (PMMA-polymethylmethacrylate 950 K) is coated using spinor
(mozmenn) on the sample surface and after that dried for 15 minutes at T = 90C. The thickness of the
layer is about 70 nm. Then the sample was exposed in the electron microscope Zeiss SUPRA 25 with
electron lithography unit Elphy Quantum Raith at electron energy 20 keV and. The developing is
released in methylisobutylceton-isoprpanol 1:3 solution. The transferring lithographic images into
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Si0, layer is released by etching with argon ion beam at energy of 0.5 keV and/or in SF¢ plasma. After
that residual polymer is removed in O, plasma. At the final stage GaAs NWs is grown using MBE
self-catalyst method [6].

3. Results
As a result of experiments, managed to get a substrate for the growth of nanowires with ordered holes
for growth (fig. 1). The smallest diameter of the resulting stable windows was 40 nm, which is ideal
for further growth, such as GaAs nanowires. The minimum spacing between the windows in the

_ inhibitory layer was 2 microns.
_ The Example of the sample with surface
i lithographic structure in the SiO, layer is shown in
¢ fig. 2. Nw is 1000 nm high and 30 nm in diameter.
The growth of individual NWs with low density is
i observed off the field of lithographic picture, the
i arrangement of these NWs is disordered and
random and apparently due to insufficient purity of
i the process.
There is Si0O, flaking from the silicon surface in
: a number of cases after etching on the samples
with SiO, layer applied by magnetron sputtering
i (figure 6). This happens due to the lack of
adhesion of SiO, layer to the substrate during
magnetron sputtering. No flaking of the inhibitory
: layer is observed on the samples with SiO, layer
" produced by oxidation of the substrate.

Figure 1. SEM image of sample with
- "Windows" in the SiO; layer on the Si substrate :
: after ion etching :

Figure 2. SEM image in geometry top view of ordered arrays of GaAs NW on substrates with a SiO,
: layer with a lithographic Windows. :
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Abstract. In this work we experimentally studied the effect of substrate temperature on the
growth of CdTe structures on the surface of the substrate Si (111) by magnetron sputtering
deposition. The possibility of synthesis of autocatalytic CdTe nanowires with high crystalline
perfection at a substrate temperature of 530°C. Typical dimensions obtained nanowires 20-50
nm in diameter and from 500 to 5000 nm in length with a density of 10° cm®.

1. Introduction

Cadmium telluride (CdTe) is a promising material for the production of low-cost efficient solar cells
[1,2]. One of the possible ways to increase the efficiency of photoconversion is the transition from
planar to three-dimensional morphology, for example nanowires (NWSs).

Unfortunately, catalytic growth of NWs can be accompanied by uncontrolled doping by catalyst
materials, that conduces noncontrollable alters of electrooptical characteristics of the structure.
Therefore development of autocatalytic growth NWs is actual task.

In [3], the possibility of the growth of non-catalytic CdTe NWs on Si substrates using magnetron
sputtering method (MSD) is demonstrated. But, measurements of photoluminescence (PL) of these
structures did not contain of the emission band in the range important for optoelectronic applications.
The absence of the PL emission can be associated with defects in the structure of the NWs. The work
is an extension of these studies and aims to study the possibilities of synthesis of autocatalytic CdTe
NWs with high crystalline perfection by MSD.

2. Experimental technique

Si (111) wafers are used as substrates. CdTe are deposited using MSD in VUP-7 chamber (Selmi
Ukraine). The surface morphology of structure are studied using scanning electron microscope Zeiss
Supra 25. The structure and composition of the samples are investigated photoluminescence and e-
beam microanalysis.

26


mailto:konstantin-kt21@rambler.ru

3. Results and discussion
We find three morphologies of CdTe structures:

At temperatures below 250°C are grown polycrystalline films CdTe textured along the <111>
direction. Amorphous layers of CdTe are grown at temperature in the range between from 300°C to
450°C. Forming of textured and amorphous films are typically for different materials [4,5]. Magnetron
deposition of CdTe on the Si (111) substrate at the temperature about 530°C and a deposition rate
about 0.1-0.3 nm/s leads to formation of two types of NWs (Fig. 1): short and long. Long NWs have
typical sizes of 20-50 nm in diameter and from 500 to 5000 nm long at a density of 10° cm®. The
characteristic diameter and length of short NWs amount 100-200 nm and 50-500 nm, respectively.

The structure of short NWs are multidomain. The long NWs have the morphology of a single
crystal with preferential growth direction along the <I111>. The presence of two morphologies
suggests two mechanisms of generation and growth of NWs. During the SEM studies, we find
significant fluctuations of NWs under the electron beam. These oscillations are associated with the
charge at the object and suggest the possibility of significant piezoelectric effect.

E-beam microanalysis spectra show that the composition of all the samples is close to the CdTe
stoichiometric.

Low-temperature PL spectra of the samples synthesized at the growth temperature below 250°C
and the high temperature (530°C) comprises an emission line in the region of 1.4-1.6 eV. Samples
formed in the temperature range between 300°C - 450°C do not contain the emission band in this
range. Samples with polycrystalline structure have width line luminescence at low intensity. The high-
temperature samples (Fig. 2) are a maximum of 1.58 eV and a full width at half maximum of about 19
meV. The result is evident the high crystalline perfection of NWs,

_1587eV

PLa.u.

Figure 1. SEM image of the sample with Figure 2. PL spectrum of sample with CdTe
CdTe/Si (111) structure grown by MSD at NWs.
sample temperature 530°C.

4. Conclusion

We experimentally demonstrated the possibility of synthesis of autocatalytic CdTe NWs with high
crystalline perfection at a substrate temperature of 530°C. Typical sizes of the grown CdTe NWs 20-
50 nm in diameter and 500 to 5000 nm length at the density of 10® cm®. The grown structures with
CdTe NWs can be applied for optoelectronic and piezoelectric devices.
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Abstract. The results of use of STE3N MBE System for growth of GaN nanoheterostructures
by both types of MBE (using plasma activation of nitrogen and ammonia) are presented. It is
shown that the use of high-temperature AIN/AlGaN buffer layers grown using ammonia at
extremely high temperatures (up to 1150°C) allows to improve drastically the structural quality
of the GaN layers and reduce dislocation density down to 9:10°-110° cm™. On the other hand,
unlike the ammonia MBE, which is difficult to use at T <500°C (because of low decomposition
efficiency of ammonia), PA-MBE is very effective at low temperatures, for example for
growth of InAIN layers lattice-matched to GaN. The results of the growth of high quality
GaN/InAIN heterostructures using both PA-MBE and NH3-MBE (at extremely high ammonia
flux) are shown.

At present time, an increasing number of researchers choose plasma-assisted MBE as it is
simpler in service and also has a number of features, for example, such as possibility of low-
temperature growth and absence of hydrogen on the growing surface. These features are very useful
for growth of InN, InGaN with high In content, InAIN and also effective p-doping. However unlike to
ammonia MBE this method doesn't allow to increase noticeably the growth temperature, and thus
improve the quality of the material by increasing the surface mobility of atoms.

One of the main problems in manufacturing GaN-based devices up to date is the lack of low cost
lattice-matched substrates. Growth of III-Nitrides on mismatched substrates using different buffer
layers usually yields high dislocation density, in the range of 10°-10'" cm™ for MBE and 10’ cm™ for
MOCVD using ELOG, which affect the device quality and reliability. Moreover, typical growth
temperatures in MBE are much lower as compared with MOCVD. It leads to insufficient surface
mobility of adatoms, worse coalescence of nucleation blocks, and, as a result, high dislocation density
which limits carrier mobility. Typical values of room temperature electron mobility in GaN grown on
sapphire are in the range 250-350 cm”/V's for MBE and 500-700 ¢cm®/V's for MOCVD [1,2]. On the
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other hand, MBE has several advantages: in-situ RHEED monitoring, sharper heterojunctions, higher
purity etc.

In this paper we present the results of employing both types of MBE (plasma-assisted and
ammonia), obtained in STE3N MBE System (SemiTEq). It is shown that the use of high-temperature
buffer layers AIN/AlGaN grown by NH3-MBE at extremely high temperatures (up to 1150°C) allows
one to improve drastically GaN structural quality. The dislocation density in GaN grown by NH3-
MBE or PA-MBE on such buffer layer was reduced down to (9-10)x10° cm™ that resulted in
substantial increase in electron mobility up to 600-650 cm?/Vs in a 1.5-um-thick GaN:Si (n=3-5x10"¢
cm™) [3]. This result is comparable with a good quality MOCVD GaN and several times better than in
conventional MBE. Importantly, growth of AIN at 1150°C is difficult to realize in PA-MBE since Al-
rich mode is necessary for 2D-growth, while desorption of Al becomes significant at T>900"C.

Employing such a GaN layer in a double heterostructure (DH) with the cap Al,Ga, N barrier
layer (x=0.25-0.4) allowed us to vary the electron sheet density and mobility in a two dimensional
electron gas (2DEG) in the range of (1.0-1.8)x10" cm™ and 1300-1700 cm®/V's, respectively,
providing control of a 2DEG channel sheet resistance in the range of 230-400 Q/o.

On the other hand, unlike the NH3-MBE which is difficult to use at T <500°C (because of low
decomposition efficiency of ammonia), PA MBE growth is very effective at low temperatures, for
example for InAIN layers lattice-matched to GaN. However, the results of the growth of InAIN lattice-
matched to GaN by NH3-MBE at extremely high flux of ammonia were published recently [4]. In this
paper we show the results of growth of good quality GaN/InAIN heterostructures using both PA-MBE
and NH3-MBE. Also the results of heterostructures growth for test GaN-based UV photocathodes are
presented.

[1]J.B. Webb et al., J. Crystal Growth 230, 584 (2001).

[2] I. Akasaki and H. Amano, Jpn. J. Appl. Phys. 45, 9001 (2006).

[3] S.I. Petrov, A.N. Alexeev et al, Phys. Status Solidi (¢), 9 (3-4), 562 (2012).

[4] M.H. Wong, F. Wu, C.A. Hurni, S. Choi, J. S. Speck et al, Appl. Phys. Lett. 100, 072107 (2012)
[5] HM. Ng et al., Appl. Phys. Lett. 73, 821 (1998).

29



A study of GaP(As)N dilute nitrides alloys lattice-matched to
Si substrates

A Lazarenko', E Nikitina', M Sobolev', E Pirogov', A Egorov’
! St.Petersburg Academic University, 8/3 Khlopina str., St.Petersburg, 194021, Russia
?Joffe Physico—Technical Institute RAS, Saint—Petersburg 194021, Russia

Abstract. This article discusses the structural and optical properties of heterostructures with
layers of GaP,. N ternary and GaP,.,,N,As, quaternary alloys grown by molecular beam
epitaxy on gallium phosphide and silicon substrates. Study of structures was carried out by
methods of high resolution X-ray diffraction and photoluminescence in a wide temperature
range 10-300 K. In the spectra of low temperature photoluminescence of dilute nitride alloys
with small mole fraction of nitrogen (less than 0.007) clearly resolved narrow lines associated
with localized states of nitrogen pairs and their phonon replica are observed.

Growing high-quality A’B> compound semiconductors with a direct band-gap on Si substrates is
the key to implementation of optoelectronic integrated circuits (OEIC), light-emitting diodes and solar
cells on Si substrates [1,2]. A promising material for heteroepitaxy on silicon is gallium phosphide.
The lattice mismatch between GaP and Si is rather small (0.37% at room temperature), and upon the
addition of nitrogen during the epitaxial growth of GaP, _ Ny on silicon, the crystal lattice parameters
can be completely matched.

Even at a relatively low nitrogen fraction in nitrogen containing GaAs and GaPN alloys,
substantial modification of the conduction band is observed. It was shown [3] that the conduction band
of the nitrogen containing GaAsN and GaPN alloys was split into two subbands, E. and E , due to
interaction of the localized energy level of nitrogen and the conduction band of the GaP and GaAs
compounds. The addition of nitrogen to the GaP and GaAs materials yields a decrease in the band gap
in combination with a decrease in the lattice constant, and the addition of nitrogen to the GaP material
brings about the formation of the direct gap structure of the electron bands in the GaP; _ N, alloy.

In this work we investigate structural and optical properties of GaPN(As) layers grown on Si
and GaP substrates by molecular-beam epitaxy (MBE). The structures were grown by MBE with
VEECO GEN III system with a plasma source of nitrogen. Study of structures was carried out by
methods of high resolution X-ray diffraction (XRD) and photoluminescence (PL) in a wide
temperature range 10-300 K.

Comparison of the obtained experimental data from XRD curves to the values of nitrogen molar
fraction calculated using the BAC model [3] (for the energy maximum coinciding with the
experimentally observed PL peak) showed that the hybridization parameter is not constant and varies
depending on the molar fraction of nitrogen in the solid solution. Figure 1 shows a plot of
hybridization parameter V (used to calculate the energy position of conduction band in GaP; _ N,
epilayers) versus nitrogen molar fraction x.
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Figure 1. Dependence of the hybridization parameter on the molar fraction of nitrogen in GaP; N;.

In the low-temperature PL spectra of the samples with a low nitrogen content (x<0.007), clearly
resolved lines, associated with localized states of nitrogen pairs, and their phonon replicas are
observed (figure 2). This effect is most clearly pronounced for the sample with the lowest molar
fraction of nitrogen (black line). The energy positions of the levels of nitrogen pairs NN; and
individual nitrogen atoms in GaP and subband £_ of the conduction band of the GaPN alloy are also

investigated.
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Figure 2. LT PL spectra of the GaPy ¢;5No.00sAS0.077/GaP (black line), GaPy 993Ny 007/GaP (red line),
GaPy 994N 006/S1 (green line) and GaPy 937N .016AS0.047/GaP (blue line) heterostructures at 10 K.
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Influence of various processings on properties of diodes Shottk
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Abstract

In the given work the reason of occurrence of a superfluous
current near to temperature of crystallisation of amorphous metal alloy PbSb is studied
and is simultaneously explained, influence ultrasonic processings (UP) on the
properties, diodes Shottki made on technology (DSH) with a metal alloy a(PbSb)-nSi
solar elements (SE). It is received, that occurrence of a superfluous current a(PbSb)-nSi
DSH under action of thermoannealing is connected with changes of structure of an
amorphous film of metal at transition in a polycrystalline condition. Influence UP on
photo-electric properties a(PbSb)-nSi the sample SE depend on chosen mode UP.

The literature on the physics and technology of metal-semiconductor contact, extensively studied the role of
semiconductor processes occurring in the contact, and it is believed that all these processes are associated with
the semiconductor. The role of the metal in most cases neglected. The role of metal and its crystal structure on
processes taking place not considered and poorly understood. To identify the role of the metal have been studied
properties of Schottky diodes [1-3], depending on the structure and the metal contact region. Also investigated
were the main parameters of the Schottky diode, such as saturation flux density, barrier height, the breakdown
voltage, the ideality factor and not others, depending on the size of the contact area and thickness of the metal
plenok.V recent years of the twentieth century, has increased interest in the Schottky diodes manufactured with
the use of films of metals and metallic alloys, amorphous structure [1,2]. The reason for this interest is that the
use of metal films with amorphous structure allows us to produce LH with important application properties. The
advantage of using amorphous metal consists in the fact that due to the absence of grain boundaries and the grain
structure in amorphous form has a uniform interface (GH) and, as a result, the DS should have the properties
close to ideal. In addition, there are reports that the amorphous metal films serve as a good diffusion and electric
barriers in microelectronic structures. This paper deals with the appearance of excess current aPbSb-nSi in DS
near the crystallization temperature of amorphous metal alloy, and also examine the effect of the RCD on the
properties of silicon solar cells aPbSb-nSi which are made by technology DS.

Since the ultrasonic treatment is an effective way to increase the internal energy of solids, depending on the
absorption coefficient and the intensity of the ultrasound, various structural changes affecting the photoelectric
and electrical properties of materials, as well as on the process of plastic deformation.

LH was used for manufacturing a silicon wafer n - type orientation (III) and a resistivity of 0.7 Om.sm. The
matrix contains 14 diode area which varies in the range from 100 to 1400 mm® In this case, the contact area is
equal to 1400 mm®”. Metal alloy a (PbSb) was deposited by electron-beam evaporation from two sources. Alloy
(PbSb) was selected from those considerations that both components are widely used in microelectronics, and
the alloy is well technologically. On the possibility of the alloy films with amorphous structure reported in [4].
Evaporation rate component is selected so that the composition of the alloy film corresponded Pbs,Sbys, as in [4]
reported that this alloy is prone to amorphization.

With the X-ray analysis revealed that the alloy films Pbs,Sbys before annealing has an amorphous structure, the
appearance of excess current in a (PbSb) -nSi LH after annealing at temperatures above 180°S and due to a
change of the interface DS. The experimental data show that the RCD affect the characteristics of a (PbSb) -nSi
sample SE,2t0 improve the photovoltaic parameters SE SE should be used RCD with a capacity of about W, =
0,1Vt/cm “.
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Abstract. Heteroepitaxial HgCdTe-on-Si - structures have been sudied with the use of
photoluminescence (PL) technique and carrier lifetime measurements. The study included that
of as-grown samples and samples subjected to one- and two-stage annealing. Specific acceptor
defects that were revealed with the PL studies have been shown to affect the values of carrier
lifetime and its temperature dependence. The origin of these defects and its relation to mercury
vacancy, one of the most frequent and important defects in HgCdTe, is discussed. The results
of the studies are important for fabrication of HgCdTe-based infrared photodetectors, where
big carrier lifetime is crucia for achieving maximum sensitivity and operating temperature of
the device.

1. Introduction

Heteroepitaxial HgCdTe-on-Si technology provides amost ideal integration of photosensitive
structures operating in the infrared part of the spectrum with silicon systems for signal pickup and
processing in hybrid assemblies. At the same time, the large lattice mismatch between the films and
the substrate results in the fact that such structures have a high density of defects that reduce carrier
lifetime and cause excess dark currents in photodetectors, thus limiting their sensitivity and operating
temperature [1]. For a long time, the main problem of HgCdTe-on-Si has been the high dislocation
density. At the current stage of technology, the focus has shifted towards point defects and impurities.
It has been shown that HgCdTe-on-Si structures contain both shallow and deep acceptor states [2], yet
the effect of these states on the carrier lifetime and the performance of the photodetectors remained
unclear. In this work, we address this problem by studying both carrier lifetime and defects in
HgCdTe-on-Si structures grown with molecular beam epitaxy.

The structures were grown at the Ingtitute of Semiconductor Physics of the Siberian Branch of RAS
using ZnTe and CdTe buffer layers. HgCdTe chemical composition x in the photosensitive layers of
the structures (with thickness of 5 to 6 um) was 0.3 to 0.4, which corresponded to cut-off wave engths
of the photodetectors of 4.9 to 2.9 um at the temperature T=77 K. Carrier lifetime t was studied with
the use of photoconductivity decay technique, and the defect structure was investigated with
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photoluminescence (PL) measurements. The latter were performed in the temperature range from 4.2
to 300 K with excitation by a semiconductor laser and signal detection with a cooled InSb photodiode.

Figure 1 shows low—temperature PL spectra of a HgCdTe-on-Si structure with x=0.4 for an as-grown
sample and a sample after a two-step anneal (with both samples having n—type conductivity). The
annea included a high-temperature stage aimed at eliminating structural defects, and a low-
temperature stage used to fill the mercury vacancies formed at the previous stage (a so—called
‘stoichiometric’ stage). One can see that the spectrum of the as—grown sample (line 1) consists of
severa bands, including that of exciton localized at compositional fluctuations (LE, band A), and those
corresponding to transitions from the conduction band to shallow acceptor states c—A with the energy
of the states Ex~14 meV (B) and 28 meV (C) and to a deeper state with the energy Ept~60 meV (D).
The spectrum of the annealed sample (line 2) contained only the LE band A" and the transition to the
deep state D’. A similar sample annedled only at high temperature (which converted it into p-type,
spectrum not shown) retained all the transitions typica of the as-grown sample, though the intensity of
the transitions to the acceptor states substantially decreased as compared to that of the LE band.

Figure 2 shows temperature dependencies of carrier lifetime ©(T) in a similar HgCdTe-on-Si structure
with x=0.3. For the as-grown sample (curve 1), a complicated shape of the t(T) dependence indicated
the contribution of Shockley-Read recombination processes, with possible contribution from a number
of recombination centres. Sample annealed in one stage into p-type conductivity (curve 3) showed a
‘classical’ shape of t(T) dependence in HgCdTe [3]. Finaly, sample subjected to the two-stage
annealing (curve 2), showed a similar t(T) dependence, yet with much higher carrier lifetime in the
whole temperature range. This indicated that the p—type material contained a specific centre of
Shockley-Read recombination. As the low-temperature stage of the annealing eliminates mercury
vacancies, this centre can be related to this type of defect in HgCdTe.

As can be seen, the results of the PL studies can be clearly related to those of the lifetime
measurements. The presence of specific states in PL spectra is reveded in the temperature
dependencies of the carrier lifetime. Thus the results obtained during the study can be used for PL-
assisted identificati on of defects responsi ble for low carrier lifetime in HgCdTe-on-Si with the aim of
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Abstract. We investigated in a general way the evolution of the elastic flat surface of the
crystal during its growth from a multicomponent medium. The morphological instability of a
planar growth front in the area, which is near the dislocation or other defects has been
demonstrated. We have found growth conditions under which a multi-component film retains
its shape and have analyzed different kinetic mechanisms which affect the stability.

1. Introduction

On the surface of epitaxial GaN layers during growth process often form so-called V-defects. Such
defects generally are etching pits which have a crystalline faceting. Defects of this kind have a
negative effect on the quality of heterostructures on the basis of the GaN. Understanding of the
processes leading to their formation can help to find the parameters of growth, in which the
concentration of defects is minimal, and therefore improve the quality of the semiconductor devices.
At present time there is no quantitative theory of nucleation and growth of V-defects. In this work, it is
assumed that one of the possible causes of the nucleation of V-defects is a violation of the ratio
between the concentrations of III/V components near defects of the substrate (eg, dislocations). As a
result of such violation an instability of the growth front [1-2] of the GaN film can appear. This
instability can grow over time and lead to the formation of V-defects.

2. Model and results
Let us consider a plane front of the crystal of phase S which is growing from multicomponent medium
in the reactor. The reactants are flow to the plane with constant rate (see. Fig. 1), and adsorb to the
surface. They can diffuse through surface and react chemically (1) forming substance S, which
incorporates directly into the surface and increase the height at this point.

ViA; + VoA, + o+ VAN © SO + vy 1By + -+ vnemBu (1)
Thermal desorption of the initial reactants and reaction products is also possible. Let's consider some
defects below the surface like dislocations, pores, or substrate with a lattice parameter different from
the growing phase S, or other defects that create stress field o, which affects the lifetime of precursors
in the surface.
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Figure 1. The perturbation of the surface, growing via reaction of the type A + B<S. In general, the
chemical reaction in the valleys and on the tops can occur with different rates.

The system which describes the concentrations of all reagents consists of several equations:
ac; 92%¢; v —v G .
{g =Diga i = Kpvillic O™ + Kovi [licnas G =20 0= Ar By (2)
Here C; - the concentration of adatoms/molecules on the surface of substance i, which changes as a
result of the incident flux, surface diffusion, chemical reaction and desorption. D; - diffusion
coefficient of substance i on the surface, K, - the rate of direct chemical reaction of phase S
formation, K, - the rate of reverse chemical reaction. T; - the lifetime of the component.
Now let's made a small sinusoidal perturbation of surface Z with amplitude y:
Z = z + ysin(wx) 3)
Due to the changes of surface geometry local stresses also change, and thus, it affects lifetimes of
adsorbed atoms on the surface, the equilibrium concentrations and rate of growth of the surface:
Ck|z+ysin(wx) = Clg(l + 6k SiIl((x)X)) “4)
So, if we now substitute into the system (2) all changed concentrations (4), and lifetimes, we will able
to find the expression for growth rate of perturbation. It will be determined by the formula:

dy K 2. o0s 4 &0
Fpwe,® +

priad . (5)
dt  Ked €008

Where K/K¢ —1 = —A/KkT - is the affinity of the chemical reaction, I' is associated with the

surface tension, stabilizing the surface [2], and averaged coefficients are defined as:

-1
os_ (vN Vi os_ (yM Yk
&p (Zk:l (rOiDim2+1)) » Eo (Zk:NJr1 (Toka®2+1)) ©

It is evident that if the right-hand side (5) is greater than zero the perturbation increases over time. For
each frequency there is a critical chemical affinity in which the surface becomes unstable. The
coefficient of proportionality in (5) depends on the diffusion coefficients, the ratio of III / V, stress
field o, and the frequency of the disturbance. At certain ratios of III / V, it can be quite large, and the
perturbation will grow quickly.

Thus, the criterion (5) allows to determine the mode of growth, in which the flat surface of the
growing crystal is resistant to small distortions of form. So, if conditions of GaN growth by, for
example, HVPE (which involves a chemical reaction) are in compliance with the criteria (5) the
development of defects by this mechanism will not occur, and the GaN film will be of better quality.
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InAsSb on GaAs (001): influence of the As molecules form on
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Abstract. The effect of molecular form As on the composition and crystalline perfection of
solid solutions InSbAs by molecular beam epitaxy is experimentally investigated. A series
samples was grown at different temperature values. The grown samples were investigated by
HRXRD and TEM. The coefficients of the incorporation of arsenic As, and As, molecules
were determined at different temperature values. It was found that coefficient of the
incorporation of arsenic As,, unlike As,, has a less pronounced dependence on growth
temperature, which is connected with the differences in As; and As, molecules interaction
mechanisms with the growth surface at MBE. It was discovered that the transition layer, which
helps reduce the threading dislocations density, is formed at low temperature of grown on the
InAs,Sb ., film interface.

1. Introduction

Solid InAs,Sb 4 solutions are attractive because of the possibility of creating optoelectronic device of
the IR range sensitive to the wavelengths of order 12.4 um. High electron mobility of this material can
be used to create HEMT structures. However, there are some difficulties connected with obtaining
high-quality InAsxSb1-x epilayers. One of them is the absence of a proper substrate for the whole
spectrum of solid InAs,Sb;_, solutions [1].

Another problem is epilayers growth with a set s composition in the sublattice of group V. The
composition of the solid solution depends on both the amount of antimony and arsenic molecules flow
and their incorporation rates Sg, and S ;. The incorporation rates are the function of substrate
temperature (Ts), molecular flows value and ratio for elements of groups III and V, molecular form of
group V elements in a flow [2].

The aim our work was experimental investigation of the influence molecular form arsenic on the
composition and crystalline perfection of the epilayers InAs,Sb; x grown on GaAs (001) substrate by
MBE.

2. Experimental methods
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A series samples was grown at different Ts values. Each sample consisted of two layers. The first
layer was grown using an As, molecules flow. After that, the growth was interrupted and the cracking
temperature of arsenic source was decreased from 950 °C to 400 °C for As, molecules flow
generation. Then a second layer was grown using the As, molecules flow which was equivalent the
atomic As, flow in its atomic expression.

3. Results

The grown samples were investigated by HRXRD and TEM. S and S, were determined at
different Ts values. It was found that S x4, unlike S 44, has a less pronounced dependence on growth
temperature, which is connected with the differences in As, and As, molecules interaction
mechanisms with the growth surface at MBE [3]. It was discovered that the transition layer, which
helps reduce the threading dislocations density, is formed at low T on the InAs,Sb,_, film interface
(see Fig. 1).

ety 1} !
nAsSH (Asa)

"N
N

- GaAs (001)

Figure 1. a — The cross-sectional TEM image (110) of the sample with two films InAsSb, lower grown with
As,, top with Asg, arrows indicate intense layers (T, =319 ° C); b - HRTEM image border film - film,
arrows denote the outputs of edge dislocations.
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Abstract. We have modeled axial heterostructure formation in ternary III-V nanowires grown
by catalytic vapor-liquid-solid method. Our approach is based on the determination of chemical
potential of a four-component liquid using the regular solution model and Stringfellow’s
scheme for computation of interaction coefficients of species in the droplet. The model allows
the estimation of the heterojunction width dependence on the growth temperature that has not
been analyzed in the previous works theoretically.

Heterostructure nanowires (NWs) have a wide range of potential applications in opto- and
nanoelectronics and it is usually desirable to create an abrupt heterojunction for designing devises with
high-performance characteristics. Among all growth techniques, vapor-liquid-solid growth (VLS) is
the most often used to synthesize NWs at present. This growth method allows the formation of
relatively sharp interfaces for materials with a group V element interchange (e.g. GaP/GaAs, InP/InAs,
InAsP/InAs, GaAsP/GaP [1]) while for materials with a group III element interchange formation of
abrupt interfaces is much more difficult (e.g. for AlAs/GaAs, GalnAs/InAs, InGaAs/GaAs [1]).
Despite the variety of experimental data, there are very few studies that describe heterojunction
formation in NWs theoretically (e.g. [2-4]) and, to the best of our knowledge, none of the existing
model deals with ternary heterostructured NWs. The main question is to calculate the chemical
potential of a four-component liquid (three components are NW growth materials and one component
is a catalyst material) that is a driving force of VLS NW growth and determines NW growth rate and
crystal structure [5]. In this paper, we build a model describing heterostructure formation in ternary
III-V NWs grown by catalytic VLS method. Our approach is based on the determination of chemical
potential of a four-component liquid using the regular solution model and Stringfellow’s scheme for
computation of interaction coefficients of species in the droplet [6]. Also in contrast to the previous
works the model presented allows the estimation of the heterojunction width dependence on the
growth temperature. In what follows, AlGaAs/GaAs NWs are considered as an example of ternary
system and where the data presented in the literature [7] are used as a reference to compare our
calculations with experimental results.

In the model proposed, we assume that NW growth proceeds in mononuclear layer-by-layer growth
regime, in line with the case of NWs with small radii and under the usual conditions for molecular
beam epitaxy NW growth [5]. Since the nucleus composition is unknown in the multicomponent
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system, we consider an Al,Ga, , As nucleus, where x is the Al molar fraction. The Gibbs free energy of

island formation on the droplet-NW interface has the form G(x)=a(x)i"> — Au(X)i, where i - the
number of AlAs and GaAs pairs in the nucleus, a(x) - a factor that depends on the surface energy of
nucleus side walls, Au(X) - an average difference of chemical potentials for AlAs and GaAs pairs in
the liquid droplet and in the Al,Ga, ,As NW . For a layer-by-layer growth, the NW growth rate dL/dt
in monolayers equals to the number of nuclei that appear on the NW top facet per second [5]
dL/dt=7zR*l, where | = AJAu/KT exp(—a’ / (4KT Au)) is the intensity of island formation, A - a
prefactor that in general is a function of atomic concentrations of species in the droplet and
temperature, T - the growth temperature, k - the Boltzmann constant, R - the NW radius. We also
assume that the incorporation rate of Al and Ga atoms into the growing monolayer is proportional to
the corresponding atomic concentrations, i.e. V, =b,C, and Vg, =bg,Cg, , where C,, and c;, atomic
concentrations of species, b, and by, - kinetic coefficients, b, /b, is a slow varying function of
temperature and equal to 1 in our consideration. Therefore, the Al and Ga molar fraction can be
presented in the following form: X, =X=C, /(Cy +Cs), Xga =Cga/(Cy +Cg,). The material
balance equations for material 