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Abstract

In this Thesis, technologically important III-V semiconductors are studied. Structural and

electronic properties of bismuth (Bi) stabilized InP(100) and GaAsN(100) are explored.

Atomic models for the Bi-stabilized surfaces are proposed and differences in electronic

properties  are  explained  by  the  size  effects.  A  similar  “surface  scientific  view  point”  is

adapted to molecular beam epitaxy growth of GaAs/AlAs quantum well structures, where

the optimum growth parameters were found to depend on GaAs(100) and AlAs(100)

surface reconstructions. The effect of beryllium doping on optical and structural properties

of GaInAsN/GaAs quantum wells, GaInAs/GaAs quantum wells, and InAs/GaAs

quantum dots are studied. It was found that Be had a tendency to passivate crystal defects

and slightly lower threshold current densities of 980-nm diode lasers prepared in this

work.
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1. Introduction

The peculiar property of semiconductors emitting light upon electric or optical excitation

has wakened an exceptional theoretical, experimental, and commercial interest towards

them during the last decades. The first GaAs-based semiconductor laser was realized in

1962 by Hall et al. [Hal62] It was based on a forward-biased p-n junction and operated at

liquid N2 temperature. The idea of double-heterostructure (DH) semiconductor laser, in

the early 60s’, revolutionized the whole research area. The first DH laser, which operated

continuously at room temperature, was made in 1970. The inventor and the executor,

Kroemer and Alferov, respectively, were awarded the Nobel Prize in Physics in 2000.

The following chapters of the Thesis describe some breakthroughs that emerged from the

wide field of semiconductor optoelectronics and summarize current trends in III-V

compound semiconductor technologies.

To achieve population inversion, the occupation probability of the lowest states in the

conduction band has to be higher than the population of the highest states in the valence

band. By increasing the p and n-doping of, for example, a GaAs p-n-junction, these

conditions cannot be easily fulfilled, because electron and hole concentrations always

tend to be smaller in the active region than in the n and p-doped regions. Work on

compound semiconductors solved this problem; the quasi-electric fields of bang-gap-

engineered heterostructures increase the amount of charge carriers in active region above

that of the doped regions, thus making room-temperature operation of a semiconductor

laser possible. A band-diagram versus lattice constant map for numerous III-V compound

semiconductors is shown in Fig. 1. [Kro00]

The first semiconductor lasers were grown by liquid-phase epitaxy (LPE), but large-scale

scientific and commercial breakthroughs had to wait until the most accurate crystal

growth method, molecular beam epitaxy (MBE), was developed. [Art02] Using MBE,

growth of heterostructures could be, for the first time, monitored within an atomic layer-

by-layer accuracy.
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Fig.  1 Band gaps of III-V compound semiconductors (excluding nitrides) as  functions of lattice
constant.[Kro00]

GaAs-based III-V semiconductors, grown by MBE [or by metal-organic chemical vapor

deposition (MOCVD)], are building blocks for state-of-the-art optoelectronic

devices.[Gar09, Ger08, Har02] The main reasons for using GaAs as a substrate include:

low-cost wafers, advantages of closely lattice-matched GaAs/AlAs distributed Bragg

reflectors (optical and electrical confinement), and good thermal properties. Wavelengths

above 1.2 m have, in general, been out of reach of the GaAs technology. However, this

interesting range can today be covered by using different approaches. In this Thesis, light

emission around and above 1.2 m is demonstrated by incorporating nitrogen into

GaInAs/GaAs quantum wells (QWs) or by using self-assembled InAs quantum dot (QDs)

on GaAs.

The practical maximum wavelength launched from GaInAs QWs on GaAs is below 1.2

m, due to unbearable crystal stress as indium composition is increased. Incorporation of

nitrogen into GaInAs QW (proposed in 1996 by Kondow et al. [Kon96]) reduces the

lattice strain because of a small size of the N atom. Simultaneously, N induces a large

non-linear bang-gap bowing to the Ga(In)As conduction band, which shifts the emission

wavelength well beyond 1.2 m (up to  = 1.6 m is demonstrated).[Ish06]

Unfortunately, quaternary GaxIn1-xAsyN1-y is metastable in nature, being very difficult to

grow and control by any technique. Especially, the bonding environment of N has
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remarkable effects on the optical, electronic and structural properties, [Kim01, Lor03,

Mus05, Yu02] as will be shown in this Thesis.

Fig. 2 Self-assembled InAs QDs on a GaAs(100) surface. (Unpublished results)

Fig.  2  shows  a  transmission  electron  microscopy  (TEM)  image  of  self-assembled  InAs

QDs on a GaAs(100) surface. QDs self assemble to minimize the surface energy, which is

due to the large lattice mismatch between the deposited monolayers of InAs and GaAs

substrate (Fig. 1). Carriers are confined in all the three directions of QDs, as opposite to

QWs where the charge carriers can freely move at the QW plane. The emission

wavelength  of  QDs  originates,  i.  e.,  from  their  size,  composition  and  strain,[Bim99]

which make QDs perfect candidates for  optoelectronic applications. Even though the

QDs have been studied over a couple of decades, there is still room for new ideas. For

example, a p-type modulation doping of QD heterostructures is known to increase thermal

stability of QDs being beneficial for laser operation. [Bad07, Jin08]

1.1 The aim of this study

In this Thesis, light emission and surfaces of epitaxially grown III-V compound

semiconductors are studied in an attempt to improve the present-day understanding of the

physics of these materials. Broadly speaking, the Thesis is divided into two sections. The

first goal is to investigate surface reconstructions of III-V(100) surfaces and link them to

MBE layer-growth and structural defects. The second goal is to study and explain the

effects of post-growth thermal annealing, in particular, on the optical and structural

properties of undoped and beryllium-doped GaInAs(N) / GaAs quantum wells and InAs /

GaAs quantum dots.  These  materials  allow for  an  extension  of  the  GaAs technology to

the wavelengths beyond 1.2 m for optical fiber telecommunications.
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2. Characterization methods and sample preparation

2.2. Scanning tunneling microscopy (STM) and spectroscopy (STS)

Scanning tunneling microscopy (STM) was developed in the early 1980’s by Binning and

Rohrer (Nobel Prize in 1986). The method is based on a quantum mechanical tunneling

phenomenon when an atomically sharp metal tip is brought in a close proximity of the

surface. By measuring the tunneling current from the tip to the sample (constant height

mode) or by keeping the tunneling current constant and monitoring the tip height

(constant current mode), contours of the surface are obtained by scanning the tip along the

surface. A schematic presentation of the STM operation is given in Fig. 3 (a). Fig. 3 (b)

shows one of the first contour graphs for a Si(111)(7×7) surface.[Bin83]

(a) (b)
Fig.  3 (a) A schematic of STM operation. [Gie03] (b) The (7x7) reconstruction recorded from Si(111)
surface. [Bin83]

According to Tersoff and Haman [Ter85] the tunneling current from the metal tip to the

sample surface is (1):

)()(1)(2 2

,
EEMeVEfEfeI , (1)

where f(E) is the Fermi function, V is the voltage between the tip and the sample, M  is

the matrix element between electron wave functions at the tip ( ) and at the surface ( ),

while E and E  are the corresponding energy states. The tunneling current, I, cannot be
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numerically solved without approximations, because the electron wavefunctions in M  (at

the tip) are unknown. The reason for STM being one of the most accurate surface research

methods (vertical resolution is about 0.1 Å) originates from the exponential dependence

between the tunneling current and the tip-to-surface separation (I  e-d). In lateral

direction, the resolution is a few ångströms, mainly determined by the scanning unit

controls. [Ter85]

Scanning tunneling spectroscopy (STS) has been used in this work to determine, whether

the studied surface phases are semiconducting or metallic. By fixing the tip position and

scanning the bias voltage, the derivative of the tunneling current (dI/dV) is proportional to

the electronic density of states of the surface.[Fee94]

2.3 Methods based on diffraction (LEED, RHEED, and XRD)

Low-energy and reflection high-energy electron diffraction (LEED and RHEED) are

techniques that are used for studying structure and symmetry of the surfaces. In LEED an

electron beam with low kinetic energy (< 100 eV) is focused to the sample surface with

an angle of incidence about 90 degrees and the diffracted beams are monitored on a

fluorescent screen. RHEED employs the same idea but the electron beam has higher

kinetic  energy  (>  10  keV)  and  the  angle  of  incidence  is  only  few  degrees.  X-ray

diffraction (XRD) was applied to solve “bulk” properties (composition, layer thickness,

etc.) of crystalline materials. In XRD measurements, the x-rays were generated by using

x-ray  tube  (Cu  anode),  and  then  directed  to  the  sample.  By  adjusting  the  angle  of

incidence and the detector angle, the diffracted reflection of interest was chosen [usually

GaAs (004)]. A rocking curve (which showed the (004) diffraction from the epilayers)

was then recorded in -2  geometry around the GaAs(004) peak.

The main principle of the diffractive methods, used in this Thesis, can be demonstrated by

using a concept of Ewald sphere (kinematic theory considered).[Cul87, Hov86] The

Ewald sphere is constructed by drawing a sphere in the momentum space, which has a

radius corresponding to the momentum of the incoming beam. To obtain a constructive

interference in the momentum space, the change in momentum between the incoming

beam (k0)  and the diffracted beam (kd) has to be exactly an integer times the reciprocal



6

vector G (which corresponds to Bragg's law in real space). In the Ewald sphere

construction this means that the constructive interference is obtained when the reciprocal

lattice intersects with the sphere:

Gk . (2)

The momentum of the incoming beam (electrons or x-rays) is always known.

Understanding diffraction is the question of determining the reciprocal lattice from the

point of view of the incoming beam.

(i) X-rays penetrate into semiconductor crystals. Thus, the reciprocal lattice is a three-

dimensional grid of reciprocal points.

(ii)  Electrons  do  not  penetrate  deep  into  semiconductor  crystal.  Consequently,  the

reciprocal lattice is a net of two-dimensional reciprocal lines.

 Figs. 4 (a)  (c) illustrate the Ewald sphere schema for XRD, LEED, and RHEED.

(a) (b) (c)
Fig. 4 Ewald spheres for (a) x-ray diffraction, (b) low-energy electron diffraction, and (c) reflection high-
energy electron diffraction. Notice that in (a) the reciprocal lattice consists of a net of points, while in (b) a
side view and in (c) a top view of the reciprocal rods are drawn.

In  this  Thesis,  LEED  patterns  were  used  as  a  complementary  method  with  STM  to

identify the surface phases of InP(100) and GaAsN(100). Based on the literature and in-

situ RHEED patterns, the GaAs(100) and AlAs(100) surface phases were studied as

functions of As/group-III flux ratios. XRD was used to determine the compositions and

layer thicknesses of MBE-grown semiconductors. The XRD rocking curves, in -2

geometry, were recorded using Cu K  radiation. The rocking curves were also simulated.

We used a commercial simulation program (Rads Mercury from Bede Scientific), which

is based on a dynamical diffraction theory.
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2.4 Photoluminescence (PL)

Photoluminescence (PL) is a non-destructive method used to study optical properties of

materials.[Her91] A schematic setup of our temperature-dependent PL measurements is

shown in Fig. 5. Laser light (  = 488 nm) is filtered and directed to the sample. The

chopper is connected to the lock-in amplifier to reduce noise. The laser beam excites

electron-hole  pairs  of  the  sample.  When the  pairs  decay,  PL is  emitted  (red  light  in  the

figure). Part of this PL is collected by lenses and analyzed by a monocromator. Notice,

that in our setup the sample is placed inside a closed-cycle helium cryostat, which allows

the temperature-dependent measurements from room temperature (RT, 300 K) to 10 K.

Fig.  5 A PL setup for temperature-dependent measurements.[POL09]

Room-temperature PL intensity can be used to examine the optical quality of the sample.

The emission gives an indication of the QW composition and thickness. The PL

measurement is rather simple and is often automated. The PL intensity and the

semiconductor laser threshold are inversely proportional to each other, but care must be

exercised when applying this principle, for example, to highly doped materials.

While PL measurements at RT are fast to perform and give enough information of optical

quality of materials, PL at low temperature (LT) is more time consuming but the results

contain more details.[Gfr00] Using the setup of Fig. 5, LT and temperature-dependent PL

measurements for a one sample takes at least a day.
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Fig. 6 (a) – (c) radiative and (d) nonradiative recombination paths. [Gfr00]

The  analysis  of  LT-PL  spectra  is  demanding.  It  usually  needs  complementary

measurements, for example, photoluminescence excitation spectroscopy (PLE). Fig. 6 (a)

shows an ideal PL measurement; the PL wavelength obtained is characteristic of the

material.  However,  when comparing  the  unresolved  wavelengths  of  Figs.  6  (b)  and  (c),

the origins of radiative recombinations are clearly different; in (b) from a donor deep level

to the valence band, and in (c) from the conduction band to an acceptor deep level. Non-

radiative transitions [Fig. 6 (d)] can only be studied indirectly. As the chip temperature is

increased, thermal escape of carriers from trap states quenches the defect-related PL

features. [Gfr00]

Versatile and non-destructive PL technique was used frequently in this Thesis. Often

automated RT-PL measurements were utilized to detect effects of growth parameters or

post-growth  thermal  treatments  on  the  QW  and  QD  samples.  We  used  temperature-

dependent PL as a complementary method to identify transitions in QWs of GaAs/AlAs

heterostructures.

2.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was pioneered by the Nobel-awarded Siegbahn

(Nobel Prize in 1981) in the late 50s’. XPS is a versatile technique for studies of

elemental compositions of solid samples, bonding environments of individual atoms, and

surface reconstructions via surface core-level shifts (SCLSs).[Pun09]
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The XPS measurement resorts to an interaction between electromagnetic radiation and

matter. The energy of an x-ray quantum is absorbed via dipole interaction by an electron

of the sample. The excited electron moves toward the surface and escapes to vacuum. By

measuring the kinetic energy (EK) of the escaped (photo)electron, the bonding energy (EB)

can be deduced. Because EB is specific to each atom, an elemental analysis is feasible.

With respect to the Fermi level, EB of the photoelectron can be written as:

KWXB EEEE , (3)

where EX is the energy of the incoming x-ray beam and EW is the work function of the

electron spectrometer. It is worth noting that EW of the sample itself plays no role in the

analysis. [Car75]

We used XPS to monitor the amount of deposited bismuth on InP(100) and GaAsN(100)

surfaces. The analysis was done recording the Bi 4f peak intensity after each annealing (at

UHV) and comparing the peak value to that of non-annealed sample.

2.6 Molecular beam epitaxy (MBE)

The  samples  were  grown  by  solid-source  MBE.  The  MBE  reactor  consists  of  three

chambers, which were separated by valves: (i) a load lock chamber, (ii) a sample

preparation chamber for cleaning and other pre-growth treatments, and (iii) a growth

chamber. The side view of a commercial MBE reactor, similar to MBE of ORC, is

presented in Fig. 7.
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Fig. 7 A cut-away view from a commercial MBE system which consists of three different UHV chambers:
the small load lock chamber for substrate import and export, the preparation (analysis) chamber, and the
actual growth chamber (Courtesy of Vacuum Generators, Ltd). [Art02] A similar MBE reactor was used in
the present work.

“Epi-ready” substrate wafers were used. First the wafer was thermal annealed to clean the

surface from native oxides, etc. After the wafer was cleaned it was transferred to the

growth chamber and faced towards the molecular sources. Molecular beams were

generated by effusion cells or valved crackers (including gas and plasma sources). The

substrate was kept at elevated temperature (usually over 450 °C), which provided enough

thermal energy for the atoms to migrate to their  correct lattice sites.  During growth, the

wafer was rotated to ensure homogenous quality. Mechanical shutters were placed in

front of each source oven. Controlling the material fluxes by adjusting, for example the

effusion oven temperature or the mechanical shutters, MBE growth could be controlled

within an atomic layer accuracy. For growth of the GaInAsN / GaAs QW samples, an rf

nitrogen plasma source was used.

The author has not been directly assigned to grow the epi-wafers, but has been involved in

planning the heterostructures.
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2.6.1 Post-growth annealing of MBE-grown materials (Paper 1)

Post-growth annealing usually improves the material quality. In particular, MBE-grown

dilute nitrides benefit from annealing, because they must be grown at lower temperature

(~ 470 °C) than GaAs (~ 580 °C). The low growth temperature prevents the surface

segregation of nitrogen [Pan00] and induces crystal defects, such as interstitials and

vacancies.[Jan03, Slo06, Wis05]

To protect the sample surface during annealing, several methods have been applied. Most

commonly, the sample is coated with SiO2 or SiNx or  proximity-capped  with  a  GaAs

wafer.[Liu04, Zha07] However, problems arise from the different thermal expansion

coefficients of the dielectric films and GaAs. SiO2 coating, with nearly 10 times bigger

thermal expansion coefficient than that of GaAs, induces Ga-vacancies in underlying

GaAs upon annealing.[Ooi97] These vacancies enhance diffusion of In from GaInAs(N)

QWs.[Liu04] Because the thermal expansion coefficient of SiNx is close to GaAs, SiNx is

thought to be a better coating to protect the sample surface.[Li00]

In  this  work,  a  set  of  Ga0.62In0.38As  and  Ga0.62In0.38As0.0985N0.015 triple-quantum wells

(TQWs) were studied to explore effects of different surface protections during annealing.

The studied scenarios were: (i) samples capped with 200-nm layers of SiO2, (ii) samples

placed inside a GaAs proximity box, and (iii) samples left uncapped. A proximity GaAs

box is presented in Fig. 8.

Fig.  8 A GaAs box used in this work. It provided “proximity conditions” in all directions. The samples
were placed face down to the “sample area”. The box dimensions were roughly 25 mm × 30  mm and the
GaAs wafer thickness was 350 µm.
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The results for annealing GaInAs and GaInAsN TQWs at 700 and 800 °C are displayed in

Fig. 9. From PL peak intensity (which was compared to as-grown peak intensity), We

concluded that the GaAs-box approach gave the best optical quality for GaInAs and

GaInAsN TQWs. If the SiO2 cap was used, PL was always reduced by annealing, while

the uncapped samples showed slight improvements in PL.

Fig. 9 PL peak intensities for GaInAs and GaInAsN TQWs upon annealing at 700 [(a) and (b)] and  800 °C
[(c) and (d)]. [Paper1]

The blue-shifts of the photoluminescence (BS of PL) emission wavelength as functions of

annealing time (Fig. 10) and the XRD measurements from as-grown and annealed

GaInAs and GaInAsN (Fig. 12) confirmed the results of previous studies published in the

literature. The conclusions are as follows.

(i) SiO2 capping enhanced BS with respect to the uncapped and proximity-capped GaAs

box samples. Most likely, the reason for this was the introduction of Ga-vacancies into the

capped samples. The vacancies enhanced diffusion of In over the QW-barrier interface.

[Ooi97]  Interestingly,  the  BS  of  PL  was  larger  for  the  SiO2 capped GaInAs than for

GaInAsN upon prolonged annealing [curve 1 in Figs. 10 (a) and (b)]. This was interpreted

as due to the formation of stable In-N bonds which suppressed In diffusion.
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Fig. 10 BS of PL after annealing at Tann = 700 and 800 °C for GaInAs (a), and for GaInAsN (b) TQWs.
Curve (1): Tann =  700 °C for  a  SiO2 cap layer, curve (2): Tann = 800 °C for the samples kept inside the
"GaAs box", curve (3): Tann = 800 °C for the samples without caps, curve (4) Tann = 700 °C for samples
without caps, and curve (5): Tann = 700 °C for the sample placed inside the GaAs box.[Paper1]

(ii) A larger BS was observed for uncapped GaInAsN than for the uncapped GaInAs

samples upon annealing at 700 °C [curves 4 and 5 in Figs. 10 (a) and (b)]. As-grown

GaInAsN possesses a random arrangement bonds, e.g., In atom can be bonded to As or N.

Upon annealing, however, the In-N bonding is favored,[Lor03] because cohesive energy

of In-N bond is higher (1.93 eV) than that of In-As (1.55 eV).[Kim01] When these In-N

bonds are formed, the PL wavelength is decreased (BS occurs). Figs. 11 (a) and (b)

display atoms in the lattice before and after the formation of a (annealing-induced) In-N

bond.[Kur01]

Fig. 11 GaAs lattice with (a) isolated In and N atoms and (b) N and In next to each other.[Kur01]

(iii) Judging from (i) and (ii) BS for GaInAsN QWs can be attributed to short-range

ordering of N inside the QW and to outdiffusion of In from the QWs. [Pen05]
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(iv) XRDs further confirmed N-induced stabilization; e.g., the annealing-induced changes

were  less  dramatic  for  GaInAsN  TQWs  [Figs.  12  (a)  and  (c)]  than  for  GaInAs  TQWs

[Figs. 12 (b) and (d)]. [Mus05]

Fig. 12 XRD(004) rocking curves for the GaInAs and GaInAsN quantum wells before and after
annealing 120 s at Tann = 700  °C [(a) and (c)] and at Tann = 800  °C [(b) and (d)] for the samples with
the SiO2 caps (set 1) or for the samples placed inside GaAs box (set 2), or for those left uncapped (set 3).
The spectra are shifted vertically for clarity.[Paper1]

Due  to  its  simplicity  (no  etching  of  dielectrics  etc.)  and  proven  positive  effects  on  the

optical quality, the GaAs-box approach was used for all post-growth annealings

performed in this Thesis.

3. Studies of the semiconductor surfaces and interfaces

3.1 Bi-GaAsN and Bi-InP(100)(Paper 2)

In an infinite semiconductor crystal, the positions of atoms are unambiguously determined

by the forces acting between them. The surface atoms do not experience the same inter-

atomic forces. The surface atoms (~5 atom layers) find new lattice positions; i.e., surface

reconstruction occurs, which minimizes the surface energy. A direct consequence is that

the surface geometry is usually more complex than the (1×1) bulk geometry. Most of the
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stable III-V(100) semiconductor surface reconstructions follow a few basic principles

[Sch03]:

(i) Surface atoms dimerize to reduce the amount of unsaturated dangling bonds.

(ii) Electron counting model (ECM) predicts that all of the group-V dangling bonds are

doubly occupied, while those of the group-III are unoccupied. This is because the group-

V atoms exhibit a larger electronegativity.[Pas89]

(iii) Surface energy is minimized by the spatial arrangement of the dimers.

According to ECM, the smallest surface unit cell for the III-V surface is (2×4).[Pas89] If

the cell were smaller than that, not all of the group-V dangling bonds would be saturated

(doubly occupied) or there would be “extra” electron(s) after the group-V dangling bonds

are filled. Surface phases that do not follow ECM exist. [Whi97] The reason for their

existence is suggested to be lowered structural energy, which overcomes the electronic-

energy cost of occupying midgap or conduction-band states.

Surfactant-terminated III-V(100) surfaces have gained remarkable commercial and

scientific interest, due to their important role in device growth.[Nos99] It has been shown,

for  example,  that  using  Sb  as  a  surfactant  during  growth  of  GaInAsN  /  GaAs  QW

significantly improved the optical properties.[Che07] Sb was also reported to remove a

CuPt-like   crystal  order  from GaInP.[Fet00]  Positive  effects  of  using  Bi  as  a  surfactant

has been suggested and demonstrated, as well. [Gok07 and Liu07]

Paper 2 explored what kinds of surface reconstructions appeared, when bismuth (the

largest group-V element) was evaporated onto clean GaAsN(100) and InP(100) surfaces.

GaAsN(100) and InP(100) were chosen because they had a smaller and larger lattice

constant than GaAs (100) in which the existence of unusual Bi-stabilized (2×1) was

previously reported.[Aho06] The surface phases were monitored by LEED and STM.

XPS intensity of Bi 4f was used to estimate the amount of Bi on the surface. Electronic

properties of the surface phases were inspected by STS.
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Figs. 13 (a)-(c) and (d)-(f) show LEED patterns of Bi-InP(100) and Bi-GaAsN(100).

While increasing the chip temperature, the InP(100) surface showed clear (2×1),

(2×4)/(2×8), and, finally (2×4) reconstructions. For GaAsN(100), We found the (2×1)

phase to appeared for the highest amount of Bi. Upon annealing, the (2×4) and (4×2)

phases were detected.

(a) (b) (c)

(d) (e) (f)
Fig. 13 LEED for Bi-InP(100) (a)-(c) and  for Bi-GaAsN(100) (d)-(f).[Paper2]

Figs. 14 (a) and (b) show the relative coverage of bismuth (as determined from Bi 4f XPS

intensities) as a function of annealing temperature. A difference was observed between

the InP(100) and GaAsN(100) surfaces; the upper temperature limits for the Bi-stabilized

reconstructions were higher for InP(100) than for Bi-GaAsN(100). Similarly, the ratio

between the coverage of Bi on InP(100)(2×1) and InP(100)(2×4) was about 3.5, whereas

the corresponding ratio between Bi-GaAsN(100)(2×1) and (2×4) was 2.4. These

observations indicate that the Bi-stabilized reconstructions were more stable on the

InP(100) surface than on the GaAsN(100) surface.
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Fig. 14 Relative Bi 4f intensities from (a) Bi-InP(100) and (b) Bi-GaAsN(100) surfaces. The vertical lines
represent the phase transitions, which were observed by LEED and STM.[Paper2]

Atomic models for the Bi-stabilized (2×4) reconstructions on GaAsN(100) and InP(100)

were  proposed  based  on  the  basis  of  STM  observations  and  previous  results  in  the

literature. STM images for Bi-InP(100) (2×4)/(2×8) and (2×4) are shown in Figs. 15 (a)

and (b), respectively. The GaAsN(100) also surface showed a (2×4) reconstruction. A

ball-and-stick model, showing an 2(2×4) model with a Bi-dimer on the topmost atomic

layer and another Bi-dimer at the third atomic layer, is displayed in Fig. 15 (c). We

proposed that InP(100)(2×4) and GaAsN(100)(2×4) were slightly modified from this

basic model. For InP(100), in accordance with the previous findings from Bi-

InAs(100),[Lau05] it was assumed that half of the third layer Bi-atoms were replaced by

P atoms. For the GaAsN(2×4)(100) surface, it was assumed that the Bi was not present at

the third atomic layer.[Aho06] With these modifications to the 2(2×4) model, the Bi

coverage for InP(100)(2×4) was 0.375 and 0.25 for GaAsN(100)(2×4). When comparing

large-scale STM images for InP(100) and GaAsN(100) (2×4) with each other, it was

found that the InP surface had better long-range ordering. The reason for the better

organized Bi-InP(100) surface was related to the larger lattice constant of InP(100) as

compared to GaAsN(100), which allowed more space for the Bi-Bi dimers.

Fig. 15 (a) Bi-InP(100)(2×4)/(2×8) surface in  large scale. (b) Bi-InP(100)(2×4) in atomic scale. The ball-
and-stick model of (c) is proposed to explain the observed STM features for (2×4)
reconstructions.[Paper2]
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Judging from STM observations, We proposed models for (2×1) reconstructions, see Fig.

16 (a). In addition to the conventional unit cell consisting of only group-V dimers (left

panel), the possibility of a mixed-dimer surface phase was considered [right panel in Fig.

16 (a)], because it is shown to exist on the clean InP(100)(2×4) surface as well.[Lau06] Bi

coverage of the suggested (2×1) reconstruction models were 0.5 (mixed-dimer) and 1 (Bi-

Bi dimmer), which implied (see Fig. 14) that the former was more likely to appear on Bi-

GaAsN(100)(2×1) and the latter on Bi-InP(100)(2×1). The electronic properties of the

surface phases were examined using STS. The findings are presented in Fig. 16 (b). The

well-behaving Bi-GaAsN(2×4) reconstruction (obeys ECM) was found to be

semiconducting in good agreement with the theory.[Pas89] Interestingly, electronic

properties of the Bi-stabilized (2×1) reconstructions on InP(100) and GaAsN(100)

appeared  to  be  different.  The  (2×1)  unit  cell  is  too  small  to  obey  ECM  and  should

therefore have a metallic character.[Pas89] However, the InP(2×1) surface was

semiconducting, while GaAsN(2×1) surfaces were more metallic.

(a) (b)

Fig. 16 (a) Proposed models for Bi-stabilized (100)(2×1) reconstructions. (b) STS [I(V)] measured from
Bi-GaAsN(100)(2×4) (open circles), Bi-GaAsN(100)(2×1) (open triangles) and Bi-InP(100)(2×1) (solid
circles). The inset displays the corresponding differential curves dI/dV(V) that reflect the surface density
of states.[Paper2].

Reasons for the differences in electronic properties of Bi-stabilized (2×1) reconstructions

were tentatively addressed to surface stress. It was suggested that the Bi-Bi dimer (  3 Å

in length) could more easily accommodate on the InP(100) surface (with a larger lattice

constant) than on the GaAsN(100) surface (with a smaller lattice constant).
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A further theoretical and experimental research by Laukkanen et al. confirmed that relief

of  surface  stress  is  one  of  the  main  reasons  for  the  stable  (2×1)  reconstruction  on

GaAs(100) and InP(100).[Lau08] With ab initio calculations,  it  was  shown  that  the

dimerization of Bi atoms reduced surface stress. It was also suggested, that the metallic

character of Bi-GaAs(2×1) was due to the size effects: due to the long Bi-Ga back bond,

the sp3 hybridization changes towards p3 hybridization, which opens a pseudogap at the

Fermi energy (e.g., there exist states inside the band gap,  explaining the metallic

character).

3.2 AlAs/GaAs (Paper 3)

GaAs/AlAs multilayers are used as Bragg reflectors [see Figs. 17 (a) and (b)] because of

their large refractive index difference ( n). AlAs can be deposited with a nearly perfect

lattice-match onto GaAs (Fig. 1). MBE growth of AlAs/GaAs multi quantum well

(MQW) structures, however, is not problem-free. The structural and electronic properties

of GaAs-on-AlAs and AlAs-on-GaAs interfaces are different.[Kri95] In addition, the

optimal growth parameters for growth of high-quality GaAs and AlAs differ. [Kim90]

Fig. 17 (a) A schematic and (b) real image of a GaInAs/GaAs substrate-emitting resonant-cavity light
emitting diode (RCLED). Notice the GaAs/AlAs DBR. [Sch94]

Paper 3 discusses optimization of RT-PL for AlAs/GaAs MQW (nine 10-nm thick GaAs

QWs separated by 50-nm AlAs barriers) as a function of constant As/group-III flux ratio.
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The constant As/group-III ratio during MBE growth was chosen because it is a reasonable

choice for practical device growth. RT-PL intensity was optimized due to it often

correlates with the semiconductor laser threshold. Temperature-dependent PL was used as

a complementary technique to identify the QW-related optical transitions. Reflection

high-energy electron diffraction (RHEED) was used during growth to study surface

reconstructions. By increasing the As flux (with constant Ga flux) during growth at 580

°C, GaAs(100) (4×2)-(2×4) phase transition was determined. A similar test with constant

Al flux was performed for AlAs(100). AlAs(100) showed (3×1) with low As flux and

typically (2×4) reconstruction with higher As flux. Fig. 18 (a) displays the observed phase

diagram for the GaAs(100) and AlAs(100) surfaces. Typical RHEED observations for

GaAs(100) growth just before the occurrence of (2×4)-(4×2) and (4×2)-(2×4) phase

transitions are presented in Figs. 18 (b) and (c).

Fig. 18 (a) As/group-III flux ratio dependent surface phases of GaAs(100) and AlAs(100). RHEED
patterns for (b) GaAs(100)(2×4) and (c) GaAs(100)(4×2). [Paper3]

Numerical values for the As/group-III ratios were determined form Bayard-Albert

ionization gauge readings. Five samples were grown with As/Ga flux-ratio ranging from 7

to 24 (As/Al flux-ratio ranged from 28 to 86). The Ga and Al fluxes were same during all

growths,  while  each  sample  was  grown  with  different  constant  As  flux.  Notice  that

surface reconstructions displayed in Fig. 18 (a) are conveniently related to the As/group-

III flux ratio and comparable for different types of MBE reactors.
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Fig. 19 XRD (004) rocking curves. Simulated spectra are shown with dashed lines.[Paper3]

Fig. 19 shows XRD rocking curves. The layer thicknesses were determined from the

measured spectra by Rads Mercury simulations. The simulation software uses a

dynamical diffraction theory. From the simulations, thicknesses of GaAs QWs and AlAs

barriers were 9.8 and 50.6 nm, respectively. The rocking curve for the sample having the

lowest  As/Ga flux  ratio  (7)  clearly  differed  from the  samples  grown with  higher  As/Ga

flux ratio. In addition to the broadened XRD features, the sample surface was gray as

compared to the other samples. These observations were addressed to poor crystal quality,

which was most likely due to the unsuitable (3×1) growth mode of AlAs.

Fig. 20 summarizes PL observations for the AlAs/GaAs MQW structures. As depicted in

Figs. 20 (a) and (b), the best RT-PL was obtained from the sample grown at As/Ga flux

ratio  of  12,  while  the  lowest  PL  corresponded  to  the  sample  grown  with  the  smallest

As/Ga flux ratio of 7. RT-PL intensity also decreased, when As/Ga flux ratio was

increased over 12. Hence, the optimum value for MQW growth was determined to be

around 12.

To identify the RT-PL features of Fig. 20 (a), the temperature dependency of the two

resolved peaks was determined from RT to 10 K. Fig. 20 (c) shows the spectra from the

sample with the best  RT-PL peak intensity (grown with the As/Ga flux ratio of 12).  By

comparing the intensity-to-temperature behavior of these two PL peaks [Fig. 20 (d)] to the

previous work of Kumar et al.,[Kum97] one can interpret the peaks to originate from e1-

hh1 and e1-lh1 transitions in the QWs.
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Fig. 20 (a) RT-PL spectra from the samples grown with different As/Ga flux ratios. Optical transitions e1-
hh1, e1-lh1, and e2-hh2 are labeled. (b) Peak-intensity vs applied As/Ga flux ratio for the studied
samples. (c) Temperature dependency of PL for the sample with As/Ga flux ratio 12. (d) The temperature
behavior of peak intensities of the  labeled e1-hh1 and e1-lh1 transitions.[Paper3]

The suggested peak identification was confirmed using LASTIP simulations. In the

simulations, valence and conduction bands were assumed parabolic, and the potential

energy profile was assumed to be flat-band and step-wise. Parameters for the simulations

were taken from [Vur01]. The material gain for different electron concentrations in the

QW (Fig. 21) was calculated based on a parameterized quantum mechanical model.

Because the simulation model neglects surface roughness and  intermixing, peaks at

the material gain correspond to an ideal defect-free PL spectrum. By comparing Fig. 20

(a) with Fig. 21, We concluded that all the observed features were due to optical

transitions in the QWs.
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Fig. 21 Calculated material gain at 300 K for different electron concentrations at the GaAs/AlAs
MQW.[Paper3]

Improved AlAs/GaAs MQW quality was related to the diffusivity of Ga and Al atoms on

the growing surface. In the observed optimum range (As/Ga around 12), the GaAs surface

has just changed from (4×2) to (2×4) phase. Under such conditions, GaAs(100)(2×4)

consists of 2 and 2 phases, which are shown in Figs. 22 (a) and (b).

Fig. 22 Ball-and-stick models for (a) 2 and (b) 2, [Pun07]  and (c) kinked c(2×8) GaAs(100)
surface.[Has95]

The  group-III  atoms  migrate  among  the  “ditches”  between  the  As  dimes  on

GaAs(100)(2×4), as demonstrated by the first-principles calculations of Shiraishi.[Shi92]

The amount of kink sites [Fig. 22. (c)] increases, as the amount of As dimers is increased.

GaAs(100) 2(2×4) has twice the number of As-As dimers compared to dimers on

GaAs(100) 2(2×4). The length of ditches is then reduced, as the amount of As is
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increased, which leads to reduction in migration length of Ga on the surface. We proposed

that  this  was  the  main  reason  for  the  optimal  As/Ga  ratio  being  close  to  the  phase

transition from GaAs(4×2) to GaAs(2×4).

3.3. Summary

In the two previous chapters, surface reconstructions, and their influence on MBE growth

were studied. In [Paper 2], an interesting stable (2×1) reconstruction was found for the Bi-

stabilized GaAsN(100) and InP(100) surfaces. Due to the presence of large Bi-Bi dimers,

the GaAsN(100) surface was found metallic, in agreement with ECM. In contrast, the

stable (2×1) reconstruction on InP(100) with a larger lattice constant was

semiconducting. In [Paper3] the effects of different GaAs(100) and AlAs(100) surface

phases on MBE growth were outlined. By studying PL, the optimal As/Ga flux ratio (~12)

was shown to correspond a situation where the GaAs(100) surface has changed from

(4×2) to (2×4). The reason for the optimal As/Ga ratio being close to the (4×2)-(2×4)

phase transition was attributed to group-III migration properties on the growing front.

4. Studies of the Be-doped III-V’s

4.1 Be-doped GaInAsN QW (Paper 4)

GaAs-based dilute nitrides have been hot topics of the scientific community, due to their

desired properties, which may be suitable for telecommunication links. However, doping

dilute nitrides has been less explored than doping GaN or Al(Ga)As.[Que98] Interesting

physical phenomena take place in doped GaAsN, due to the small size of dopants and the

electronic character of N atoms. For example, when Si-doped GaAsN was annealed the

effect  of  N on  the  band-gap  and  the  effect  of  Si-doping  (n-type dopant) on the electron

concentration were found to diminish.[Li01,Yu02] This “mutual passivation” was

recently shown (by the first principles calculations) to originate from the formation of Si-

N split interstitial defects.[Jan08]
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Density functional theory (DFT) calculations have only recently tackled the p-type doping

of  GaAsN.[Kom09]  In  a  nutshell,  it  was  found  that  the  small  Be  and  N  atoms  interact

with each other and are likely to form defect clusters around substitutional Be (at the Ga-

site) and N (at the As-site). Experimentally, when a high p-type doping was incorporated

into GaInAsN QWs, PL intensity dramatically increased upon prolonged annealing and

the threshold current of the laser was decreased.[Pen05b] Paper 4 discusses reasons for

the annealing-enhanced optical properties on the basis of XRD and secondary mass ion

spectrometry (SIMS) results.

In our experiments, a 100-nm GaAs buffer was grown at Tgrowth=580 °C on a Si-doped

GaAs substrate. Then, Ga0.65In0.35As0.99N0.01 QWs (6.50 nm) were deposited at Tgrowth=

460 °C and capped with a 100-nm GaAs layer, while Tgrowth was ramped back to 580 °C.

In one sample, the QW was undoped; in another, the QW was doped with Be to 6×1019

cm 3 (calibrated with separate p-GaAs Hall-effect samples). Post-growth annealing the

samples was done at 800 °C in a closed GaAs box.[Paper1] PL was measured upon each

annealing. XRD and SIMS were measured for the as-grown and annealed samples.

Fig. 23 (a) Integrated PL intensity and (b) wavelength for the Be-doped and undoped GaInAsN
samples.[Paper4]

Fig. 23 (a) shows integrated PL intensities of the GaInAsN QWs  upon annealing. A

typical increase (see [Paper 1]) in integrated intensity first appears for both samples.

When annealing was continued, integrated PL of the Be-doped QW showed an increasing

trend – in sharp contrast to the undoped sample. As depicted in Fig. 23 (b), the

wavelengths of the undoped and Be-doped QW samples behaved in much the same way;
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i.e., the blueshift took place. However, the blueshift of Be-GaInAsN was 40 nm smaller

than that of undoped GaInAsN for all annealing times.

SIMS and XRD results for the as-grown and annealed (900 s at 800 °C) samples are

shown in Fig. 24. The widening of the In profile upon annealing for the undoped sample

indicated that In diffused out of the QW. XRD (004) rocking curves exhibited a similar

indication; the broad QW-related peak (around -6000 arc sec) showed that lattice

relaxation was suppressed for the Be-doped sample. Due to the high strain of the QW

([In]  35 %), we could not exclude the possibility that crystal defects existed, reducing

strain.  [Gra01]  Beryllium  doping  increased  thermal  stability  of  the  GaInAsN  QW,  as

judged from the XRD and SIMS.

Fig. 24 SIMS profiles for undoped sample (a) and Be-doped sample (b) before (black) and after (red) the
annealing. Corresponding XRD (004) rocking curves are shown in (c) and (d), respectively.[Paper4]

The mechanism for Be-induced suppression of indium diffusion was discussed. Ga-

vacancies have a promoting effect on diffusion of indium. [Paper1 and references therein]

Especially, these vacancies are present in dilute nitride materials, due to presence of N

and relatively low growth temperature. It was suggested that beryllium and indium diffuse

via the same defect-assisted path. However, since the small Be atoms diffuse more easily

[inset  of  Fig.  24  (b)],  they  could  block  the  diffusion  path  for  indium.  The  recent  first-
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principle calculations agree with the interpretation; Be was found to incorporate Ga sites

whenever possible in GaAs and GaAsN.[Kom09]

PL intensity of the undoped sample quenched upon prolonged annealing. Extended crystal

defects, which may be created during the annealing of highly strained QWs,[Gra01] act as

non-radiative centers and decrease PL. An interaction between Be and these extended

defects has been reported.[Iha02] We proposed that in addition to the suppressed

diffusion of In, superior optical properties of the Be doped sample were likely to be

related to the Be-induced relaxation of local stress without the formation of crystal

defects.

An additional aspect, not considered in [Paper4], is the Be-induced change in electronic

properties. In the literature, quenching of PL for dilute nitride QWs has been attributed to

the escape of holes from the QWs.[Hug07, Tan03] While N induces a large bandgap

bowing for the GaInAs conduction band, effects on the valence band are minor. The ratio

of the conduction band offset to the valence band offset is roughly 80:20 for

GaInAsN/GaAs QWs.[Hen04] The improved PL for the Be-doped sample could, in part,

be accounted for by an  increased amount of holes in the QW.

4.2 Be-doped InAs QDs (Paper 5)

Self assembled InAs quantum dots on GaAs are promising building blocks for

semiconductor devices. MBE growth of QDs resembles the growth of dilute nitrides,

because growth temperature of QDs is ~100 °C less than the optimal one for GaAs.

Therefore, the GaAs barriers play a significant role. High growth-temperature procedure

for the barriers improves the structural and optical quality of QD heterostructures and also

improves QD laser charasteristics. [Liu04b] In addition to ramping the growth

temperature up and down before and after the QD deposition, the uppermost barrier also

suffers from crystal defects, because it is deposited onto the dotted surface. [Men07]

Modulation  doping  of  the  QD  lasers  with  beryllium  has  been  shown  to  improve  the

temperature stability,[Bad07] but at the same time it increases the lasing threshold. PL

studies have also indicated [Cao08] that p-doping the GaAs barriers improve the thermal
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stability of QD heterostructures. In Paper 5, We systematically studied effects of p-doping

on InAs/GaAs QD structures.

By modifying the same MBE recipe ([Paper 5] includes MBE details), six samples

(Samples 1-6) with different dopings were grown, as shown in Fig. 25. Sample 1 was left

undoped. Sample 2 was undoped, except for the QDs which were doped with Be to about

1 × 1020 cm-3. Sample 3 consisted of a 3-nm thick layer of doped GaAs, which was placed

15 nm away (below and above) the undoped QDs. Sample 4 contained similar 3-nm thick

GaAs:Be layers but 40 nm away the undoped QDs. Sample 5 had the doped layer only 15

nm above the QDs, while Sample 6 had the doped layer placed 15 nm below the QDs.

Fig. 25 The grown QD structures: (a) Sample 1 without Be doping; (b) Sample 2 with Be-doped QDs; (c)
Sample 3 with 3-nm thick Be-doped GaAs layers placed 15 nm away from the QDs; (d) Sample 4 with 3 nm
Be-doped layers placed 40 nm away from the QDs; (e) Sample 5 with a 3-nm Be-doped GaAs layer placed
15 nm above the QDs; (f) Sample 6 with a 3-nm Be-doped GaAs layer placed 15 nm below the QDs.
Doping concentration was about 1 × 1020 cm-3.[Paper5]
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Fig.  26  summarizes  the  PL  results  for  Samples  1-6  upon  annealing  at  800  °C.  The  PL

spectra were least-square fitted to three Gaussian peaks (as shown in the insets of Fig.

26): the ground state (E0), the first excited state (E1), and the second excited state (E2). A

clear trend in E0 intensities appeared for Samples 3 and 5, where the Be-doped layer was

15 nm above the undoped QDs. PL first decreased, but then stayed at a higher level than

that  of  undoped  Sample  1.  If  the  doping  was  placed  far  away  (Sample  4)  or  below  the

QDs  (Sample  6),  the  effect  of  doping  was  not  so  remarkable.  For  Sample  2  with  QDs

highly doped with Be, PL increased upon annealing, but the effect was less remarkable

than that in the case of Be-doped GaInAsN QW. [Paper 4] An interesting observation was

that Samples 3 and 5, with Be doped GaAs layers placed 15-nm above the QDs, showed a

combination of the PL behaviors of undoped Sample 1 (rapid decrease immediately) and

Sample 2 with doped QDs (i.e., an increasing trend after 1 s annealing).

Fig. 26 Integrated PL intensities for the E0 transitions as functions of annealing time at 800 °C for (a)
Samples 1-3 and (b) Samples 4-6.The insets display the measured and fitted spectra for the as-grown
samples.[Paper5]
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The ground state wavelength, its separation from the first excited state ( E) and full-

width-at-half maximum (FWHM) and are displayed in Figs. 27 (a) – (c). While emission

blue-shifted, E for  all  of  the  samples  decreased  nearly  linearly.  At  the  same  time,  the

FWHM values for Samples 2-6 showed an interesting trend, namely, the peaks first

became wider, then sharpened. According to previous results in the literature, both of the

observed features can be related to deformation of the confinement potential due to

outdiffusion of indium from the QDs. The decrease in E upon increase in E0 is

schematically shown in Fig. 27 (d). [Leo98] Fig. 27 (e) depicts simulated results for the

FWHM behavior upon interdiffusion in the growth direction. [Ras04] Clearly, the

outdiffusion of indium from the QDs was suppressed for Samples 2, 3, and 5, which had

the doped QDs or which had the Be-doped layers placed 15-nm away the undoped QDs,

respectively. However, the FWHM values for Sample 1 with doped QDs only showed a

decreasing trend. To fully understand the effects of Be-doping on the QDs, further

theoretical research on the electronic properties of the QDs must be conducted.

(d)

    (e)
Fig. 27 (a) PL emission blue-shift as a function of annealing time (b) separation of the first excited state
and the ground state as a function of the ground state energy (c) FWHM values for the ground state
transitions.[Paper5](d) The QD energy bands  behavior before (1) and after (2) annealing. [Leo98] (e)
Simulated PL spectra for a narrow QW as a function of diffusion length (Ld).[Ras04]
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According to earlier reports, doping a semiconductor heavily with beryllium improves PL

intensity, shifts the PL peaks to longer wavelength, and broadens the peaks.[Ile77]

Comparing  these  results  with  those  of  Fig.  27,  it  is  clear  that  the  high  doping  was

responsible for the widened PL peaks (the undoped sample had the sharpest E0)  and the

doping also redshifted the wavelength. A question then arose whether the differences in

BS could originate from a kind of activation of the dopants by annealing, rather than from

suppressed diffusion of indium. This possibility was, however, ruled out, because the

effect of doping (less than 50 meV) was much less than the suppressed BS (over 100

meV).

In agreement with previous results for GaInAsN QWs,[Paper4] suppression of indium

diffusion  was  shown to  be  due  to  the  presence  of  beryllium.  By varying  the  Be  doping

location, it was pointed out that the most detrimental defects became passivated in the

GaAs layer, which was deposited onto the dotted surface during the growth temperature

ramp-up.

4.3 Be-doped GaInAs QW

Beryllium doping of GaInAs / InP has been investigated because of its use in

heterojunction bipolar transistors (HBTs). The interest has been in controlling the

diffusion of the Be during thermal processing of the HBTs. For GaInAs / GaAs, diffusion

of In has been of main interest because it has been addressed to the degradation of 980-

nm GaInAs QW lasers.[Chu04] Due to the stability problems of the GaInAs lasers, and

motivated by the results obtained from the Be-doped GaInAsN QWs and InAs QDs,

beryllium was incorporated into GaInAs/GaAs QWs, which can be deemed a simple

model system for monitoring the atomic diffusion.[Bol05]
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Fig. 28 PL peak intensities and wavelengths for (a) the undoped sample, (b) the sample with QW doped to
5×1018 cm-3, and (c) QW doped to 6×1019 cm-3 as a function of annealing time. The insets display the
FWHM values upon annealing.

An  annealing  test  (inside  the  GaAs  box  [Paper1]  at  800  °C)  was  performed  for  the

GaInAs samples similar to what was done for the GaInAsN samples in [Paper4]. Figs. 28

(a) – (c) summarize our PL observations as a function of annealing time. For the undoped

sample,  PL was  first  slightly  improved  but  then  it  quenched.  A sample  with  a  QW Be-

doped to 5×1018 cm-3 showed a similar trend, but it took longer (~ 30 s) for PL to quench.

A drastic difference was noticed when the sample with a QW doped to 6×1019 cm-3 was

annealed; PL kept increasing, resembling  the behavior of GaInAsN QW sample studied

in [Paper4]. Again, Be-doping increased the FWHM values of PL peaks and redshifted

the emission wavelength.

Fig. 29 XRD spectra and simulations (shifted in the vertical direction for clarity) for as-grown (black) and
annealed (red) (a) an  undoped sample, (b) a sample with QW doped to 6×1018 cm-3, and (c) a sample with
QW doped to 5×1019 cm-3.

XRD rocking curves were measured for the as-grown and 900 s at 800 °C annealed

samples. The spectra were simulated by using Rads Mercury simulation software. In the

simulations, the composition of indium ([In]) and the QW width (d) were left as open

parameters.  Fig.  29  (a)  –  (c)  shows  the  measured  and  simulated  spectra.  The  XRD

measurements and simulations were in good agreement with the PL measurements, thus

showing the smallest annealing-induced changes for the sample with QW doped to 5×1019

cm-3. The undoped sample suffered from the most pronounced effects: the biggest
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reduction in [In] and the biggest increase in d. Simulated values are collected to Part A of

Table I.

Table I. Properties of GaInAs/GaAs QWs before and after annealing at 800 ºC. The indium compositions of
the samples [In] and the QW widths (d) were determined from the simulations.

Part A as-grown annealed
Sample [Be] (cm-3) d(nm) [In] d(nm) [In]

1 undoped 6.4 33.8 10.9 18.9
2 5 × 1018 6.4 33.8 9.8 21.4
3 6 × 1019 6.4 33.8 6.8 31.1

Part B as-grown annealed
Sample coating [Be] (cm-3) d(nm) [In] d(nm) [In]

4 SiO2 undoped 6.4 33.8 26.2 7.2
5 uncapped undoped 6.4 33.8 17.5 11.7
6 SiO2 6 × 1019 6.4 33.8 10.8 19.0
7 uncapped 6 × 1019 6.4 33.8 9.7 22.2

To  elucidate  the  mechanisms  that  led  to  improved  thermal  stability  of  the  Be-doped

GaInAs/GaAs  QWs,  another  set  of  annealing  was  carried  out.  The  samples  were  either

capped with 200-nm thick SiO2 (which produces Ga vacancies) or left uncapped. Fig. 30

shows the measured PL spectra for (a) the undoped and uncapped sample, (b) the

undoped and SiO2 capped sample, (c) the 6×1019cm-3 doped and uncapped sample, and

(d)  the 6×1019cm-3 doped and SiO2 capped sample. The PL intensity behavior of the

uncapped samples [Figs. 30 (a) and (c)] closely resembled the behavior shown in Figs. 28

(a) and (c); PL for the undoped sample quenched, while it increased upon prolonged

annealing for the Be-doped sample. For the SiO2 capped samples [Figs. 30 (b) and (d)],

PL of  the  undoped sample  quenched  much faster  than  in  the  uncapped  case.  PL for  the

capped and doped sample [Fig. 30 (d)] was clearly observable upon the longest annealing,

albeit at small intensity.
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Fig. 30 Measured PL spectra upon different annealing times for (a) the undoped and uncapped sample, (b)
the undoped and SiO2 capped sample, (c) the Be-doped and uncapped sample, and (d) the Be-doped and
SiO2 capped sample.

The BS of PL, as determined from the PL spectra, is shown in Fig. 31. A clear difference

was observed between the doped and undoped samples; SiO2 capping induced a rapid BS

for the undoped sample but the effect was strongly suppressed for the Be-doped samples.

This behavior further gave justification for the suggestions given in [Paper4] and

[Paper5]; Be-doping has a tendency to stabilize the structure likely by passivation of Ga

vacancies. XRD rocking curves, in good agreement with PL observations, are shown in

Fig. 32 and the simulated values for [In] and d are collected to Part B of Table I.

Fig. 31 BS of PL for the uncapped and SiO2 capped samples with or without Be doping.
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Fig. 32 XRDs before and after the annealing for (a) an undoped and (b) Be-doped sample coated with
SiO2 or left uncapped. Simulated spectra are shifted in the vertical direction for clarity.

A box-shape function was used to describe the shape of the In profile. To maintain the

box shape, In atoms diffuse depending on its concentration, e.g., In atoms on the center of

the QW must have larger diffusion coefficient than those close to the interfaces.  For all

our uncapped samples, the model worked fine, deviations between the simulated total In

(In composition times the QW width) for the as-grown and annealed samples were below

5 %.  However,  when the  undoped sample  was  coated  with  SiO2, deviation between the

simulated total In values showed a clear increase (more than 10 %). A similar effect was

not seen for the Be doped sample having the SiO2 cap upon annealing. Most likely, the

diffusion mechanism was changed from its concentration-dependent model for the capped

and undoped sample, due to the presence of Ga vancies, which have a tendency to

promote  diffusion of In over the GaInAs / GaAs QW/barrier interface.

The previous observation on deformation of the In profile upon annealing for the undoped

SiO2 capped sample in contrast to the Be-doped SiO2 capped sample, which maintained

its shape, lends further support to the idea of passivated Ga vacancies of the Be-doped

sample.
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Gain guided broad-area lasers with the oxide stripe width (W) of 40 m were fabricated to

test the ability of Be-doped 980-nm laser diodes. A comparison was made between two

lasers.  One  consisted  of  undoped  GaInAs  triple-QWs.  The  second  had  an  otherwise

similar structure but the QWs were doped with Be up to 6×1018 cm-3. Altogether, six

devices were processed; cavity lengths (L) were 600, 1000 and 1600 m, and two devices

of each were fabricated.

Threshold  current  densities  (Jth) of the laser diodes with different cavity lenghts were

determined from the measured light output versus injection current (L-I) curves (Fig. 33).

Table II summarizes the results. The Jth values for the laser with Be-doped QWs were

systematically smaller and the L-I slopes were slightly higher.

Fig. 33 Light output versus injection current curves for Be-doped (dotted red line) and undoped (solid
black line) QW laser diodes.

Table II. Jths for the undoped and Be-doped GaInAs QW lasers with different cavity lengths.

cavity length ( m) 600 1000 1600

Jth for Be doped
device (A/cm2) 562.5 550.0 492.2

Jth for undoped
device (A/cm2) 687.5 587.5 562.5

Even a higher Be-doping was tested for the 980-nm lasers, but it degraded the laser

performance, probably due to scattering of carriers from the large amount of ionized

dopant atoms. An interesting question arises whether there would be applications for
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highly Be-doped (over 1019 cm-3) and thermally very stable QWs among optically pumped

devices.

Further research on thermal stablility of Be-doped GaInAs QW lasers will be performed.

According to PL results of Fig. 28, there should be some improvement in the even when

the doping level is only 5 × 1018 cm-3.

4.3 Summary

It was found that when GaAs-based GaInAsN and GaInAs QWs were doped with

beryllium, annealing-induced strain relaxation was significantly suppressed. SIMS

measurements for GaInAsN QWs provided evidence that diffusion of In was suppressed.

This observation was further confirmed by XRD. Similar trends were observed for

GaInAs/GaAs QWs. By coating the GaInAs samples with SiO2, Be showed a tendency to

passivate annealing-induced Ga vacancies. Another strain relaxation mechanism, the

formation of dislocations, which act as non-radiative centers was likely responsible for

quenching of PL for the undoped GaInAs(N) samples upon annealing. A moderate Be-

doping (5 × 1018 cm-3) increased PL peak intensity for the as-grown GaInAs samples and

enhanced their temperature stability. The moderate level of Be-doping decreased the

threshold current density of a GaInAs triple-QW laser operating at  = 980 nm. A higher

level of doping (5 × 1019 cm-3) increased the threshold.

The stabilizing effect by Be-doping was found in self-assembled InAs QDs on GaAs. By

introducing a 3-nm Be-doped region (~ 1× 1020 cm-3) close to the undoped QDs, diffusion

of In was suppressed, as deduced from PL spectra. It was proposed that Be had a tendency

to passivate point defects that were due to low growth temperature and deposition of

GaAs onto the dotted surface.

 5. Conclusions and final remarks

In this Thesis, III-V semiconductors and devices were prepared and studied in many

different ways. Along the “journey”, five articles were published in peer-reviewed

journals.
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A lot of interesting (surface) physics can be found from clean and surfactant stabilized III-

V(100) surfaces. It was found that bismuth (with a substantially larger atomic size than

that of arsenic) stabilizes (2×1), (2×4)/2×8), and (2×4) reconstructions on InP(100) and

(2×1), (2×4), and (4×2) reconstructions on GaAsN. Interestingly (2×1) reconstructions of

InP(100) and GaAsN(100) were semiconducting and metallic, respectively, probably due

to large size of a Bi-Bi dimer. By monitoring the early stages of nucleation of GaAs(100)

and AlAs(100) formation using RHEED, an optimum As/Ga(Al) ratio (~ 12) for growth

of a multiple-QW structure was found near the conditions where GaAs(100) surface

underwent  a  phase  transition  from  (2×4)  to  (4×2).  This  phenomenon  was  related  to

diffusion length of the group-III atoms on the growing surface.

The optical and structural properties of GaInAs and GaInAsN triple-QWs were studied

upon  different  post-growth  thermal  treatments.  In  was  found  that  a  box  made  of  GaAs

was the best method for improving the optical quality by annealing, while SiO2 capping,

as well as uncapping, led to lower PL and larger BS. Several previous results could be

confirmed: (i) N-induces thermal stability, (ii) BS of PL is a sum of two factors, namely,

In-N bonding and In/Ga intermixing over the QW/barrier interface, and (iii) SiO2 capping

increased In/Ga intermixing, probably linked to the formation of Ga vacancies at the SiO2

/GaAs interface.

Incorporating beryllium into a GaInAsN/GaAs QW, a GaInAs/GaAs QW, or InAs/GaAs

QDs increased thermal stability of these heterostructures. It was found that the strain

relaxation  of  Be-doped  GaInAsN  QWs  was  reduced  when  compared  to  an  undoped

sample.  From  SIMS,  XRD,  and  PL  measurements,  the  mechanism  behind  the

phenomenon was suggested to be suppressed diffusion of In and the Be-induced

relaxation  of  local  stress  without  formation  of  crystal  defects.  Similar  effects  were

observed  for  the  GaInAs QWs,  as  well.  However,  the  stabilizing  effect  of  Be  was  even

more pronounced for GaInAs  QWs because of larger lattice stress (GaInAs and GaInAsN

samples  had  the  same  amount  of  In).  By  SiO2 capping  the  GaInAs  samples  and  taking

RT-PL measurements We concluded that Be had a tendency to passivate annealing-

induced Ga vacancies. Furthermore, a Be-doping of  5× 1018 cm-3 decreased lasing

threshold for 980-nm GaInAs QW lasers. For self-assembled InAs QDs, the effects of

location  of  Be  in  the  crystal  were  studied.  We  found,  that  the  most  detrimental  defects

were formed at the topmost GaAs barrier layer. Temperature stability of the InAs/GaAs
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QD heterostructure was improved by placing 3-nm thick Be-doped GaAs layer close to

the QDs.

A few open questions and topics remained unresolved for further research.

(i) GaAsBi and related alloys, in addition to Bi surfactant effects, need more studies.

(ii) There is no theoretical explanation for the Be-induced suppression of diffusion of

indium for any of the studied cases at the writing of this Thesis.

(iii) Applications for the heavily Be-doped III-V's should be examined. From the PL,

XRD,  and  SIMS  results  obtained  in  this  work,  it  is  expected  that  thermal  stability  of

devices could be improved. Modulation doping schema (similar to InAs QDs) for GaInAs

and GaInAsN QW could give new insight into defect formation in these heterostructures.
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The effects of thermal annealing on GaInAs /GaAs and GaInAsN /GaAs quantum wells, grown by
molecular beam epitaxy, were investigated. Optical and structural properties were examined upon
annealing when the samples had a 200 nm thick SiO2 cap layer, or were placed in a so-called GaAs
box or were left uncapped. The GaAs box gave rise to the strongest photoluminescence without
significant blueshift or structural changes at moderate annealing temperature. Capping with SiO2

impaired the samples and caused a more pronounced blueshift for the GaInAs quantum wells than
for the GaInAsN ones. These results consolidate our understanding of the blueshift mechanisms.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2943157�

It is difficult to prepare device-quality quantum well
�QW� heterostructures of dilute nitrides, Ga1−xInxAs1−yNy
�y�0.03�, on GaAs substrates.1 Because growth temperature
�Tsub� of these heterostructures is low in the molecular-beam-
epitaxy �MBE� method, postgrowth annealing is often
required.2 To reduce the formation of annealing-induced de-
fects, protective layers have usually been employed.3,4

SiO2 coating is found to introduce Ga vacancies into
underlying GaAs upon annealing, likely due to the genera-
tion of tensile stress at the interface of GaAs /SiO2 with the
different thermal-expansion coefficients.5 These Ga vacan-
cies enhance diffusion of indium and increase the blueshift
�BS� of photoluminescence �PL� from the GaInAsN /GaAs
QWs.3 If SiO2 is replaced by SiN3 the BS is reduced and
significant improvement in PL is obtained.3

We show in this letter that the postgrowth annealing �un-
der N2 flow� of the QW samples in a “GaAs box,” which
provides GaAs proximity conditions, is a simple and the
most efficient method to improve PL from dilute nitride
QWs, resulting in a small unwanted BS upon annealing.

The samples were grown by a solid-source MBE system
equipped with a radio-frequency nitrogen plasma source. Af-
ter depositing a 150 nm GaAs buffer layer onto an n-type
�Si-doped� GaAs�100� substrate at Tsub�580 °C, the tem-
perature was decreased to 480 °C. Then triple QW �TQW�
structures of the nominal alloy compositions of
Ga0.62In0.38As0.0985�N0.015�, each QW being 6.5 nm thick and
separated by 20 nm GaAs barriers, were grown and capped
with a 75 nm GaAs layer. Tsub was raised back to 580 °C
during the deposition of the top GaAs layer. The GaInAs
QWs were grown in the same way. The GaInAs TQW and
the GaInAsN TQW emitted PL at ��1170 and 1270 nm,
respectively. The as-grown samples were cut into 5
�5 mm2 pieces. For annealing, three different procedures
were done. For the sample “set 1,” the cap layer of SiO2
�200 nm in thickness� was prepared by plasma-enhanced
chemical vapor deposition in another chamber. During an-
nealing, pieces of set 1 were put face up on a Si wafer. The

samples “set 2” and “set 3” were left uncoated. During an-
nealing, the sample set 2 was placed inside a box, which was
made of GaAs wafers, and the sample set 3 was put face up
on a Si wafer, similarly to the SiO2 capped samples. Anneal-
ing of all the samples was simultaneously done in the same
chamber. The annealing temperature �Tann� was controlled by
an optical pyrometer.

Room-temperature PL was immediately measured after
each annealing with an Nd:YAG �neodymium-doped yttrium
aluminum garnet� laser ��=532 nm� and a GaInAs detector
array. X-ray diffraction �XRD� �004� rocking curves were
recorded in �−2� geometry by a double-crystal x-ray dif-
fractometer �using Cu K� radiation�.

Figures 1�a� and 1�b� illustrate PL from the GaInAs
TQW and the GaInAsN TQW upon annealing at Tann

a�Electronic mail: janne.pakarinen@tut.fi.

FIG. 1. �Color online� Improvement in peak intensities of PL from GaInAs
and GaInAsN triple TQWs measured after different postannealing proce-
dures at Tann=700 °C ��a� and �b�� and at Tann=800 °C ��c� and �d��.
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=700 °C. The effects of annealing were dramatic. By an-
nealing the uncapped samples in the GaAs box �set 2�, PL
from both the GaInAs and GaInAsN TQWs were increased
by 300%. Capping the samples with SiO2 �set 1� reduced PL
upon annealing; this effect was more pronounced for the
GaInAs TQW than for the GaInAsN TQW. The samples
without any cap �set 3� exhibited PL that quickly saturated at
intensity levels that were about 20% lower and 200% higher
than the as-grown PL for the GaInAs TQW and the GaInAsN
TQW, respectively. When annealed at higher temperatures
�Tann=800 °C�, PL completely disappeared for all the
capped and uncapped samples �Figs. 1�c� and 1�d�� except
for the GaAs box samples which remained optically active
�albeit at small intensity�.

The BSs of PL are given in Figs. 2�a� and 2�b�. When
Tann was 700 °C, the GaAs box samples and those without
SiO2 caps �curves �4� and �5� in Fig. 2� exhibited BS that
saturated to approximately 10 and 20 nm for the GaInAs
TQW and the GaInAsN TQW, respectively. When SiO2 cap-
ping was applied �Tann=700 °C� or Tann was raised to
800 °C �curves �1�,�2�, and �3� in Fig. 2�, all samples
showed large BSs. Interestingly, the BS for the GaInAs TQW
was larger than that for the GaInAsN TQW. We could not
observe PL from the the uncoated GaInAs and GaInAsN
TQWs �set 3� after 60 and 120 s, respectively, if Tann was
800 °C.

The XRD �004� rocking curves for the GaInAs TQW
and the GaInAsN TQW after 120 s at Tann=700 and 800 °C
are displayed in Fig. 3. Several effects are seen. �i� Anneal-
ing the samples at Tann=700 °C in the closed GaAs box �set
2� improved the crystalline quality of the GaInAs TQW, as
deduced from the sharpening of the XRD fringes �Fig. 3�a��,
but no improvement was found for the GaInAsN TQW �Fig.
3�c��. �ii� For the SiO2 capped samples �set 1�, indium dif-
fused out of the QWs into the GaAs barriers �at Tann
=700 °C and Tann=800 °C�, which is directly seen in XRD
by the movement of the envelope curves of the TQW fringes
closer to the substrate peak.6 �iii� The Incorporation of nitro-
gen into the GaInAs TQW improved thermal stability. This
effect was concluded from the QW fringes that were observ-
able for the uncapped GaInAsN TQW �set 3� after 120 s at
Tann=800 °C �Fig. 3�c��, whereas the XRD rocking curve for
the uncapped GaInAs TQW was totally flat �Fig. 3�b��. Ap-
parently, the presence of nitrogen reduced annealing-induced
relaxation.

There are at least two reasons for the BS of PL from the
GaInAsN /GaAs QWs upon thermal annealing. One of them
is reorganization of the N neighborhood, a so-called short
range ordering effect �SRO�.7 The main reason for the SRO-
induced BS is the fact that the originally random GaInAsN
alloy has an increased number of In–N bonds after
annealing.8 Another reason is the out diffusion of indium
atoms through the QW/barrier interfaces.9 The SRO effect is
dominant at low Tann.

10 Recently, an important observation
was made, according to which the nitrogen mole fraction is
locally enhanced at the MBE-grown GaInAsN /GaAs QW
interfaces.11 It is this enhancement in nitrogen, we believe,
that reduces In out diffusion because the cohesive energy of
the In–N bonds �1.93 eV� is larger than the In–As ones
�1.55 eV�.7 In other words, the N atoms at the QW interfaces
catch the out diffusing In atoms, preventing diffusion. When
studying the PL and XRD results, we can see that the BS of
PL for the uncoated and GaAs box samples �sets 2 and 3�
upon Tann=700 °C was larger for the GaInAsN TQW than
for the GaInAs TQW �Fig. 2�, but the XRD �−2� angles of
the GaInAsN TQW remained completely unchanged �Fig.
3�c��, pointing out an occurrence of SRO �which does not
change XRD�. However, as Tann was raised to 800 °C, large
changes in XRD took place for all the samples, most remark-
ably for the GaInAs TQW. This observation provides clear-
cut evidence for the presence of atomic diffusion. Taken to-

FIG. 2. �Color online� Annealing-induced BS after annealing at Tann=700
and 800 °C for GaInAs �panel �a��, and for GaInAsN �panel �b�� triple TQW
structures. Curve �1�: Tann=700 °C for the samples with a SiO2 cap layer
�set 1�, curve �2�: Tann=800 °C for the samples placed inside the GaAs box
�set 2�, curve �3�: Tann=800 °C for the samples without caps �set 3�, curve
�4�: Tann=700 °C for samples without caps �set 3�, and curve �5�: Tann

=700 °C for the sample placed inside the GaAs box �set 2�.

FIG. 3. �Color online� XRD�004�
rocking curves for the GaInAs and
GaInAsN QWs before and after an-
nealing 120 s at Tann=700 °C ��a� and
�c�� and at Tann=800 °C ��b� and �d��
for the samples with the SiO2 caps �set
1� or for the samples placed inside
GaAs box �set 2�, or for those left un-
capped �set 3�. The spectra are verti-
cally shifted for clarity.
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gether, we conclude that the uncapped and GaAs box
GaInAsN samples �sets 2 and 3� only suffered from SRO
effect at Tann=700 °C,10 but at Tann=800 °C the BS was
mainly caused by In out diffusion.9

The PL intensity from the uncapped GaInAsN TQW was
improved by annealing at 700 °C �Fig. 1�, due to the anni-
hilation of point defects, in accordance with the study of Li
et al..12 Larger changes in the XRD rocking curves upon
annealing took place for the GaInAs TQW than for the GaIn-
AsN TQW. This observation agrees with the study of Mus-
sler et al.,6 in which the alloying nitrogen with
GaInAs /GaAs QWs suppressed the In /Ga interdiffusion.
There are also huge differences in both PL and XRD data for
the uncapped �sets 2 and 3� and SiO2 capped samples �set 1�.
It is known that capping GaAs with SiO2 creates a large
number of Ga vacancies upon annealing.5 These vacancies
lower the activation energy for indium diffusion13 and cause
significant changes in crystal structure of the GaInAs TQW
�Figs. 3�a� and 3�b��, but does so to a lesser extent in the
GaInAsN TQW �Figs. 3�c� and 3�d�� where nitrogen reduces
out diffusion of indium.

In summary, we have shown that the postgrowth anneal-
ing of uncapped GaInAsN heterostructures in a GaAs box
significantly improves the PL and reduces the BS. The GaAs
box annealing may be the simplest method to treat dilute
nitride heterostructures upon MBE growth. We also conclude
that nitrogen, enriched at the QW/barrier interfaces, sup-
presses out diffusion of indium from the QW. The SRO in
GaInAsN is the predominant effect for the BS of PL at low
annealing temperatures �Tann�700 °C�, but out diffusion of

indium becomes the dominant BS mechanism at higher tem-
peratures �Tann�800 °C�.
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Bismuth �Bi� adsorbate-stabilized reconstructions on the InP�100� and GaAsxN1−x�100� surfaces have been
studied by scanning tunneling microscopy �STM� and spectroscopy �STS�, x-ray photoelectron spectroscopy,
and low-energy electron diffraction. With decreasing coverage, Bi is found to stabilize the �2�1�, �2�8�, and
�2�4� reconstructions on the InP�100� surface and the �2�1� and �2�4� reconstructions on the
GaAsxN1−x�100�. STM results show that both the Bi/ InP�100��2�4� and Bi/GaAsxN1−x�100��2�4� recon-
structions can be described with the �2-like structural model. The current-voltage curves measured by STS
show the Bi/ InP�100��2�1� and Bi/GaAsxN1−x�100��2�1� structures, which do not obey the electron count-
ing model, to be semiconducting and metallic, respectively. Combining our experimental findings, we propose
atomic models for the �2�1� reconstructions. An issue why Bi stabilizes unusual �2�1� structures is
discussed.

DOI: 10.1103/PhysRevB.74.155302 PACS number�s�: 68.35�p, 68.43.Hn, 73.61.Ey

I. INTRODUCTION

Various reconstructions of clean and adsorbate-stabilized
III–V compound-semiconductor surfaces can be interpreted
with the following driving mechanisms.1 �i� Surface atoms
dimerize to reduce the number of unsaturated dangling
bonds. �ii� As the electron counting model �ECM� predicts,2

dangling bonds of the electropositive atoms �group III� are
empty and those of the electronegative atoms �group V� are
doubly occupied, resulting in a semiconducting surface with
vacant dimer sites. �iii� Spatial arrangement of dimers mini-
mizes the electrostatic energy. However, some exceptional
surfaces exist; for example, GaSb�100��n�5� and Sb-
stabilized GaAs�111��1�3� reconstructions do not comply
with the principle �ii�.3,4 Structural energies of these surfaces
have been shown to be lowered enough to overcome the
electronic energy cost associated with occupying the midgap
or conduction-band states. Knowledge of the structural and
electronic properties of such exceptional III-V surfaces is
essential for a thorough understanding of physical mecha-
nisms behind reconstructions.

Group-V adsorbate-stabilized III–V�100� surfaces such as
Sb/GaAs�100� and As/ InP�100� have attracted a lot of in-
terest because they have an important role in the preparation
�growth� of heteroepitaxial device structures �e.g., Refs.
5–10�. Among these surface systems, the behavior of bis-
muth �Bi� on III–V�100� is less known. It has been shown
very recently that on the GaAs�100� and InAs�100� surfaces,
Bi stabilizes �2�4� reconstructions similar to the clean �i.e.,
As-stabilized� and Sb-stabilized GaAs�100��2�4� and
InAs�100��2�4� reconstructions.11,12 At the higher Bi cov-
erage, the Bi/GaAs�100��2�4� reconstruction is found to
undergo a structural transition to an unusual �2�1� phase,12

instead of the prototypical c�4�4� phase induced by As on
the GaAs�100�.13 Such a small �2�1� unit cell necessarily
violates the ECM concept,2 and thus the Bi/GaAs�100��2

�1� surface can be expected to be metallic. Currently, it is,
however, unclear whether the Bi/GaAs�100��2�1� is metal-
lic or semiconducting, and no atomic model has been pro-
posed for this reconstruction. Interestingly, the �2�1� sym-
metry, which is characteristic for the Si�100� and Ge�100�
surfaces, has been previously observed also on the
P-stabilized InP�100� surface.14 Furthermore, the
P/ InP�100��2�1� surface has been found to be semicon-
ducting, which has been proposed to be due to the electron-
correlation effect.14 Since then, it has been, however, shown
that the InP�100��2�1� reconstruction is not a clean surface
but stabilized by hydrogen.1,15

Here, we report that Bi stabilizes unusual �2�1� recon-
structions on the InP�100� and GaAsxN1−x�100� surfaces,
which have larger and smaller lattice constants than the
GaAs�100� surface, respectively. The Bi/ InP�100� and
Bi/GaAsxN1−x�100� surfaces have been studied by scanning
tunneling microscopy �STM� and spectroscopy �STS�, x-ray
photoelectron spectroscopy �XPS�, and low-energy electron
diffraction �LEED�. With decreasing coverage, bismuth is
found to stabilize the �2�1�, �2�8�, and �2�4� reconstruc-
tions on the InP�100� surface and the �2�1� and �2�4�
reconstructions on the GaAsxN1−x�100� surface. Particularly,
the properties of the Bi-stabilized �2�1� and �2�4� recon-
structions have been investigated in this work. According to
the STS results, the Bi/ InP�100��2�1� surface is semicon-
ducting, and the Bi/GaAsxN1−x�100��2�1� is metallic.
Atomic models that explain the experimental results of the
�2�1� and �2�4� reconstructions are proposed.

II. EXPERIMENTS

Measurements were performed in an Omicron ultrahigh-
vacuum �UHV� system equipped with LEED, STM, and
XPS. STM images were taken in the constant current mode,
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and the tunneling spectroscopy was performed simulta-
neously with the topographic measurement. The Mg K� line
�1253.6 eV� was used for excitation in XPS. All the mea-
surements were carried out at room temperature �RT� in
UHV with the pressure in the 10−11 mbar range.

The clean InP�100� substrates with the established mixed-
dimer �2�4� surface structure were prepared according to
the process described in Ref. 16. That is, the InP substrates
were grown by molecular-beam epitaxy �MBE� on epiready
n-type InP�100� wafers. The thermal desorption of native
oxides was carried out at 515 °C for 10 min under a phos-
phorus flux, upon which the undoped InP layer with a thick-
ness of 100 nm was grown at 490 °C. The substrate tem-
perature was read with an infrared pyrometer. Indium was
provided from a standard Knudsen effusion cell and phos-
phorus �P2� from a three-zone valved cracker source.

Two different types of the capping layer were used in
order to protect the grown InP�100� surfaces against air ex-
posure during sample transfer between separate UHV sys-
tems. One cap was a double layer of phosphorus and arsenic:
After the MBE growth, the substrate temperature was slowly
reduced to near room temperature under the P2 flux. After
closing the P2 source, the As2 valve was opened and an
amorphous arsenic layer was deposited on the surface for
35 min. Another cap was a pure phosphorus layer, which was
deposited by keeping the grown surface at near room tem-
perature under the P2 flux for 30 min.

Both capping layers were removed by heating the
InP�100� substrates to 420–450 °C in UHV. It repeatedly
produced a clear 2�4 LEED pattern, which improved after
heating the substrate up to 490 °C. According to STM ob-
servations, the double layer of phosphorus and arsenic pro-
tected the InP�100� surface better than the pure phosphorus
layer since the observed clean mixed-dimer-reconstructed ar-
eas were larger on the former substrate. Thus, the substrate

protected by the double layer of phosphorus and arsenic was
used in this work. However, we tested the other substrate:
STM observations showed that similar Bi-stabilized struc-
tures were obtained with the InP�100� substrate protected by
the pure phosphorus cap.

A GaAsxN1−x�100� substrate was grown on the GaAs�100�
by MBE with a nitrogen plasma source. The nitrogen com-
position 1−x of the GaAsxN1−x film was estimated to be
0.04. Upon the growth of 100-nm-thick GaAsxN1−x, the sur-
face was protected against the air exposure by an arsenic
capping layer deposited at RT. After the transfer through air,
the protective layer was removed by heating the substrate in
UHV up to 600 °C, which produced �4�2�-reconstructed
GaAsxN1−x�100� surface. A typical LEED pattern of this sur-
face is shown in Fig. 2�c�. Due to a limited sharpness of the
4�2 pattern, we cannot distinguish it from a c�8�2� pat-
tern.

Approximately 1.5-monolayer �ML� thick Bi layers were
evaporated from a W-coil source onto the InP�100��2�4�
and GaAsxN1−x�100��4�2� surfaces held at RT. Then the
Bi/ InP�100� and Bi/GaAsxN1−x�100� surfaces were heated
gradually in UHV, as described below. Temperatures were
measured by a pyrometer.

III. RESULTS AND DISCUSSION

Figures 1 and 2 show typical LEED patterns obtained
from the Bi/ InP�100� and Bi/GaAsxN1−x�100� reconstruc-
tions, respectively, after heating the surfaces to different tem-
peratures. The temperature ranges, in which different recon-
structions were observed by LEED and STM, are
summarized in Fig. 3. Also, the Bi 4f photoelectron intensi-
ties measured by XPS from the Bi/ InP�100� and
Bi/GaAsxN1−x�100� reconstructions as a function of the heat-

FIG. 1. �a� LEED �66 eV� from the
Bi/ InP�100��2�1� surface heated to 340 °C, �b�
LEED �79 eV� from the Bi/ InP�100��2�4�+ �2
�8� surface heated to 430 °C, and �c� LEED
�48 eV� from the Bi/ InP�100��2�4� surface
heated to 460 °C. The white rectangles represent
the reciprocal unit cells.

FIG. 2. �a� LEED �128 eV� from the
Bi/GaAsxN1−x�100��2�1� surface heated to
250 °C, �b� LEED �124 eV� from the
Bi/GaAsxN1−x�100��2�4� surface heated to
320 °C, and �c� LEED �123 eV� from the
GaAsxN1−x�100��4�2� surface heated to 580 °C.
The white rectangles represent the reciprocal unit
cells.
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ing temperature are
presented in Fig. 3 in proportion to the intensities of the
�2�4� reconstructions. From the Bi 4f measurements, we
estimate that the Bi coverage of the Bi/ InP�100��2�1� sur-
face is 3.5 times the coverage of the Bi/ InP�100��2�4� and
that the corresponding coverage ratio between the
Bi/GaAsxN1−x�100��2�1� and �2�4� is 2.4. Moreover, the
upper temperature limits for the Bi/ InP�100� reconstructions
are clearly higher than the corresponding ones for the
Bi/GaAsxN1−x�100�, as can be seen in Fig. 3, suggesting the
Bi-induced reconstructions are thermally more stable on the
InP�100� surface than on the GaAsxN1−x�100� surface.

Figure 4�a� presents a filled-state STM image
of the Bi/ InP�100��2�4� surface that includes
�2�8�-reconstructed areas �i.e., Bi/ InP�100��2�4�+ �2
�8��. The Bi/ InP�100��2�8� reconstruction appears
in Fig. 4�a� as white rows with a separation of about

33 Å. An atomic-resolution filled-state image of the
�2�4�-reconstructed Bi/ InP�100� surface is shown in Fig.
4�b�. This image can well be explained with the �2-like
model having the Bi coverage of 0.5 ML �Fig. 4�c��. The
white paired maxima are related to the first-layer Bi-dimer
atoms, and the rows of the gray maxima, located asymmetri-
cally between the rows of the white features, are assigned to
the third-layer Bi dimers. In passing, here we do not disen-
tangle the �2�4� reconstruction from the c�2�8� one. The
STM-line profiles �not shown� reveal a typical distance be-
tween two maxima of both the white and gray dimers to be
about 3 Å, which is close to the double of a covalent radius
of Bi atom �1.46 Å�. However, based on our previous finding
that in the Bi/ InAs�100��2�4�-�2 reconstruction only half
of the third-layer dimer sites are occupied by Bi atoms,11 we
propose the Bi coverage of the Bi/ InP�100��2�4� also to be
0.375 ML. In other words, half of the third-layer atoms of
the Bi/ InP�100��2�4�-�2 are proposed to be P ones. This is
consistent with the fact that the starting mixed-dimer
InP�100��2�4� surface consists of 0.125 ML of P atoms,
which can appear on the Bi/ InP�100��2�4� surface. Thus,
we estimate, by means of the Bi 4f intensity ratio, the Bi
coverage of the Bi/ InP�100��2�1� surface to be 1.3 ML.

It is worth noting that, in agreement with previous find-
ings for the Bi/GaAs�100��2�4� and Bi/ InAs�100��2�4�
surfaces,11,12 only the �2-like structure was found on the
Bi/ InP�100��2�4� surfaces heated to the different tempera-
tures, covering the �2�4� and �2�4�+ �2�8� conditions in
Fig. 3. That is, the behavior of the Bi/ InP�100��2�4� sur-
face clearly differs from the clean InP�100��2�4� recon-
struction where the mixed-dimer phase dominates in a wide
range of the preparation conditions and where the �2 phase
is stable only in a very limited range of the conditions.16–21

The observation agrees with the theory showing the In-In
dimer-related stress of the mixed-dimer structure to increase
with a radius of the group-V atom.19

A clear difference between the Bi/ InP and
Bi/GaAsxN1−x�100��2�4� surfaces is that the ordering of
the white first-layer dimer rows is better on the former sur-
face than on the latter one, as can be seen in the filled-state
images of Figs. 4�b� and 5�a�. This may arise from the dif-
ferent surface-lattice constants of GaAsxN1−x ��4.0 Å� and
InP ��4.2 Å�, leading to different interactions of the Bi
dimers on these surfaces. For the Bi/GaAsxN1−x�100��2
�4� surface, the �2-like structure is also proposed to be
valid �Fig. 5�. The white features of the empty-state STM
image in Fig. 5�b� are related to the empty dangling bonds of

FIG. 3. The relative Bi 4f intensities �black dots represent data
points� measured by XPS from the Bi/ InP �a� and Bi/GaAsxN1−x

�b� surfaces as a function of the heating temperature. The vertical
lines separate the temperature ranges where the different recon-
structions were observed by LEED and STM.

FIG. 4. �a� A filled-state STM image of
the Bi/ InP�100��2�4� surface showing a local
�2�8�-reconstructed area; the tunneling current
is 0.46 nA and the voltage 2.15 V; the gray
rectangle in the left top corner represents the
�2�8� unit cell. �b� An atomic-resolution filled-
state image of the Bi/ InP�100��2�4�; the tunnel-
ing current is 0.42 nA and the voltage 1.80 V; the
white rectangle represents the �2�4� unit cell.
�c� The �2-like unit-cell model proposed for the
Bi/ InP�100��2�4�.
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the threefold-coordinated second-layer Ga atoms and/or of
the first-layer mixed �Bi-Ga� dimer atoms12 �not shown in
the model of Fig. 5�. Based on our previous observations that
the Bi atoms lie only in the topmost atomic layer in the
Bi/GaAs�100��2�4�-�2 reconstruction,12 we propose the
Bi coverage of the Bi/GaAsxN1−x�100��2�4� surface simi-
larly to be 0.25 ML. Thus, the coverage of the
Bi/GaAsxN1−x�100��2�1� reconstruction is approximately
0.6 ML, according to the Bi 4f intensity ratio.

Well-ordered �2�1�-reconstructed areas were found on
both the Bi/ InP�100� and Bi/GaAsxN1−x�100� surfaces, as
can be deduced from the LEED images �Figs. 1 and 2� and
from the STM images of Figs. 6�a� and 6�d�. Atomic resolu-
tion filled- and empty-state STM images of the
Bi/ InP�100��2�1� are shown in Figs. 6�b� and 6�c�, respec-
tively. The protrusion A in Fig. 6�b� may arise from a filled
or half-filled dangling bond of a dimer atom, while the pro-
trusion C in Fig. 6�c� may be related to an empty or half-
filled dangling bond. Some of the white filled-state protru-
sions, like B, are oblong in the �0–11� direction, indicating
that the Bi/ InP�100��2�1� surface consists of two or more
different unit cells. Similar interpretations apply to the filled-
and empty-state features, D and E, in the STM images of the
Bi/GaAsxN1−x�100��2�1� surface in Figs. 6�e� and 6�f�, re-
spectively.

The current-voltage curve of the Bi/GaAsxN1−x�100�
��2�1� in Fig. 7 shows this surface to be metallic, as can
be expected on the basis of the ECM concept. In contrast, the
Bi/ InP�100��2�1� surface surprisingly appears to be semi-
conducting. The curve of the Bi/GaAsxN1−x�100��2�4� sur-
face, which obeys the ECM and is semiconducting, is pre-
sented in Fig. 7 for comparison. The inset shows the
differential curves, which are proportional to the electronic
density of states.22 Figure 7 shows that the surface band gaps
are approximately 0.8 and 1.4 eV for the Bi/ InP�100��2
�1� and Bi/GaAsxN1−x�100��2�4�, respectively. The band
gap of the Bi/ InP�100��2�1� surface is smaller than
1.2±0.2 eV found previously on the P/ InP�100��2�1�
surface.14 Nowadays, it is accepted that the P/ InP�100�
��2�1� surface is terminated by hydrogen,1,15 as mentioned
in Sec. I. Here, such bonding of hydrogen to Bi dimers �i.e.,
one H atom per dimer� is, however, unlikely due to the
surface-preparation conditions.

Combining the observations, we propose in Fig. 8 tenta-
tive atomic models for the �2�1� reconstructions. The Bi
coverages for the models in Figs. 8�a� and 8�b� are 1 and 0.5
ML, respectively. Since the coverage of the
Bi/GaAsxN1−x�100��2�1� surface was estimated to be 0.6

ML, we suggest the structure in Fig. 8�b� dominates on the
Bi/GaAsxN1−x�100��2�1� surface and that the structure of
Fig. 8�a� appears only locally. Both of the models violate the
ECM because not all dangling bonds of the Bi atoms can be
doubly occupied, agreeing with the metallic character of the
Bi/GaAsxN1−x�100��2�1� surface. Furthermore, the filled-
state STM protrusion D of the Bi/GaAsxN1−x�100��2�1� in
Fig. 6�e� is related to a half-filled Bi dangling bond of the
mixed In-Bi dimer, whereas the empty-state protrusion E in

FIG. 5. �a� A filled-state STM image of the
Bi/GaAsxN1−x�100��2�4� surface; the tunneling
current is 0.35 nA and the voltage 1.70 V; the
white rectangle represents the unit cell. �b� An
empty-state STM image of the
Bi/GaAsxN1−x�100��2�4� surface; the tunneling
current is 0.21 nA and the voltage 1.70 V. �c�
The �2-like unit-cell model proposed for the
Bi/GaAsxN1−x�100��2�4�.

FIG. 6. �a� A large-scale filled-state STM image of the
Bi/ InP�100��2�1� surface; the tunneling current is 3.34 nA and
the voltage 2.63 V. �b� An atomic-resolution filled-state image of
the Bi/ InP�100��2�1� surface; the tunneling current is 0.51 nA
and the voltage 1.73 V; the white rectangle represents the unit cell.
�c� An empty-state image of the Bi/ InP�100��2�1�; the tunneling
current is 3.87 nA and the voltage 1.00 V. �d� A filled-state STM
image of the Bi/GaAsxN1−x�100��2�1�+ �2�4� surface; the tun-
neling current is 0.42 nA and the voltage 2.94 V. �e� An atomic-
resolution filled-state STM image of the Bi/GaAsxN1−x�100��2
�1�; the tunneling current is 0.51 nA and the voltage 1.39 V; the
white rectangle represents the unit cell. �f� An empty-state STM
image of the Bi/GaAsxN1−x�100��2�1�; the tunneling current is
0.25 nA and the voltage 1.55 V.
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Fig. 6�f� is proposed to arise from an empty In dangling bond
and/or a half-filled Bi dangling bond of the mixed In-Bi
dimer.

Since the Bi coverage of the Bi/ InP�100��2�1� was
estimated to be 1.3 ML, the model in Fig. 8�a� is more
plausible for this surface than the model of Fig. 8�b�. The
discrepancy in the coverage can be due to a replace-
ment of the second-layer In atoms by Bi in the actual
Bi/ InP�100��2�1� structure, which is not shown in the
model of Fig. 8. Such Bi antisites can also make the
Bi/ InP�100��2�1� structure more stable than the
Bi/GaAsxN1−x�100��2�1� via the formation of strong
group-V-group-V bonds,4 agreeing with the finding that
higher temperatures were needed to remove the Bi-stabilized
�2�1� reconstruction from the InP�100� than
GaAsxN1−x�100� surface and that the Bi/ InP�100��2�1� re-
construction was stable in a wide temperature range �Fig. 3�.
Another reason for this coverage discrepancy can simply be
an erroneous determination of the Bi amount of the
Bi/ InP�100��2�1�. For example, defects like Bi clusters on
the Bi/ InP�100��2�1� surface can cause such overestima-
tion of the coverage from the Bi 4f intensity-ratio measure-
ments.

The filled-state STM protrusion A of the Bi/ InP�100��2
�1� in Fig. 6�b� is interpreted to arise from a doubly occu-
pied dangling bond of the Bi-Bi dimer, and the empty-state
protrusion C in Fig. 6�c� is related to a half-filled Bi dangling
bond. Furthermore, the semiconducting character of the
Bi/ InP�100��2�1� surface is suggested to be due to the
electron-correlation effect or inequivalent dimers,14,23 how-
ever future investigations are required to clarify the observed
energy gap of the Bi/ InP�100��2�1� surface.

Several III–V�100� surfaces, e.g., P / InP�100�c�4�4�,24

obey the ECM and have dimer vacancies. Thus, an inter-
esting question is why the Bi/ InP and Bi/GaAsxN1−x�100�
��2�1� surfaces without dimer vacancies are stable. One
reason may be that the surface stress, related to dimers,25,26 is
considerably reduced on these �2�1� surfaces. The longer
bond lengths of the Bi dimers, as compared to the P and As
dimers, can lead to a reduced surface stress, which is in a
balance with the continuous dimer rows,4 making the forma-
tion of the Bi-induced �2�1� reconstructions possible. How-
ever, the electronic energy cost of a metallic surface structure
does not appear to be compensable for the Bi/ InP�100��2
�1� system, in contrast to the Bi/GaAsxN1−x�100��2�1�
surface where the surface-stress relief seems to overcomp-
ensate the electronic energy cost. This may be related to
the smaller lattice constant of the GaAsxN1−x�100� surface
as compared to the InP�100� one; that is, the Bi-Bi dimers
��3 Å in length� may accommodate better on the
GaAsxN1−x�100� surface than on the InP�100� surface.

IV. CONCLUSIONS

With decreasing coverage, Bi is found to stabilize the
�2�1�, �2�8�, and �2�4� reconstructions on the InP�100�
and the �2�1� and �2�4� reconstructions on the
GaAsxN1−x�100� surface. The �2-like structural model ex-
plains the STM observations of both the Bi/ InP�100��2
�4� and Bi/GaAsxN1−x�100��2�4� surfaces. The current-
voltage properties measured by STS show the Bi/ InP�100�
��2�1� and Bi/GaAsxN1−x�100��2�1� surfaces to be
semiconducting and metallic, respectively. On the basis of
the experimental findings, atomic models are proposed for
the �2�1� reconstructions, and the differences of these sur-
faces are tentatively discussed. Theoretical calculations and
complementary measurements are needed to establish the
models and to solve the question why Bi stabilizes the un-
usual �2�1� reconstructions.
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FIG. 8. Atomic models proposed for the Bi-stabilized �2�1�
reconstructions. For details, see the text.

FIG. 7. The current-voltage curves, I�V�, measured from the
Bi/ InP�100��2�1�, Bi/GaAsxN1−x�100��2�1�, and
Bi/GaAsxN1−x�100��2�4� surfaces using STS. The tunneling spec-
troscopy was performed simultaneously with the topographic mea-
surement using the filled-state voltage of 3.56 V and the current of
0.97 nA for the Bi/ InP surface and the filled-state voltage of
3.04 V and the current of 0.50 nA for the Bi/GaAsxN1−x surfaces.
The inset shows the corresponding differential curves, dI /dV�V�,
which are proportional to the electronic density of states.
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A B S T R A C T

Photoluminescence (PL) measurements and in situ reflection high-energy electron diffraction (RHEED)

observations were used to optimize GaAs/AlAs multi-quantum-well (MQW) structures grown by

molecular beam epitaxy (MBE) under different As fluxes. PL peaks were identified with computer

simulations, intensity behavior as a function of temperature, and with previous results in literature. The

room temperature PL intensity from our MQW samples first increases with the As flux and then decreases

as the flux is increased. Combining our RHEED and PL observations, we propose that an optimum As flux

for growth of GaAs/AlAs structures is close to the special As flux at which the GaAs(1 0 0) surface

reconstruction changes from (2� 4) to (4� 2). The reasons for the findings are discussed.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

GaAs/AlAs multilayers are widely used in engineering III–V
semiconductors. Nearly a perfect lattice match, efficient optical
and electrical confinement, easy doping, and well-known physical
properties make the GaAs/AlAs proper building block for many
epitaxially grown GaAs-based devices [1–6]. It is well known that
the quality of GaAs/AlAs interfaces plays a key role in GaAs-based
devices. It has been shown, for example, that the electrically active
defects of the GaAs/AlAs heterostructures accumulate on or very
near the interfaces [7,8].

The electrical and the structural differences of the normal AlAs-
on-GaAs and the inverted GaAs-on-AlAs interfaces are significant
[9–12]. The interface defects are, in general, attributed to Ga
segregation, reconstruction-induced phase shifts, and even to
surface contamination [13–16]. However, with the current-state
molecular-beam epitaxy (MBE), the contribution of surface
contamination can be ignored.
* Corresponding author.
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0169-4332/$ – see front matter � 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.apsusc.2008.08.062
Although the GaAs/AlAs interfaces have been studied several
decades, it is still unclear what is an optimum As/group-III flux
ratio for the growth of GaAs/AlAs multi-quantum-well (MQW)
structures, and why. Difficulties originate from the structural and
electrical dissimilarities of the normal AlAs-on-GaAs and the
inverted GaAs-on-AlAs interfaces and from the different optimal
growth parameters (e.g. growth temperature) of GaAs and AlAs
[17–20]. The QW PL intensity is an important parameter from the
device viewpoint since, as is well known, it often can be correlated
with the semiconductor laser threshold. In this work, we address
the above-mentioned unresolved issues and study an effect of the
As flux on photoluminescence(PL) from GaAs/AlAs MQW struc-
tures. Using the surface-science technique, reflection high-energy
electron diffraction (RHEED), we identify an optimum As flux to
correspond to the (2� 4)-reconstruction growth condition close to
a phase transition from GaAs(1 0 0)(2� 4) to GaAs(1 0 0)(4� 2).

2. Experimental procedure

The samples were grown by using MBE with elemental high-
purity Ga and Al effusion cells. We use the ratio of Bayard–Albert
type ionization-gauge readings (in nA) to describe the As/group-III

mailto:Janne.Pakarinen@tut.fi
http://www.sciencedirect.com/science/journal/01694332
http://dx.doi.org/10.1016/j.apsusc.2008.08.062


Fig. 1. (a) As/group-III flux ratio dependent surface phases of GaAs(1 0 0) and AlAs(1 0 0) surfaces as a function of temperature. RHEED patterns for (b) GaAs(1 0 0)(2� 4) and

(c) GaAs(1 0 0)(4� 2). The patterns were taken during growth by using an As/Ga flux ratios close the GaAs(1 0 0)(2� 4)–(4� 2) transition.

Fig. 2. Measured XRD (0 0 4) rocking-curves. Curves from the samples with As/Ga

flux ratio from 12 to 24 are almost identical, while the sample with the lowest As/Ga

flux ratio (7) is degraded. Simulated spectra are shown with the dotted lines. The

curves are shifted in the vertical direction for clarity.
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flux ratio, although it depends on the geometry of the MBE reactor.
The surface phases, shown in Fig. 1, are more conveniently related
to the growth stoichiometry and comparable among different
types of MBE reactors. The flux-meter readings for Ga and Al were
195 and 54.2 nA, respectively. The As2 flux was produced from a
valved cracker cell and was kept constant during the growth, but
varied between different samples. Five samples were grown with
various As fluxes (from 1.37 to 4.68 mA). Growth temperature was
580 �C, as measured by an optical pyrometer. By varying the As
flux, the applied As/Ga(Al) flux ratio was from 7(25) to 24(86).
Growth rates of GaAs and AlAs were 1 and 0.9 mm/h, respectively.
After the deposition of 50 nm undoped GaAs-buffer layer on the Si-
doped n-GaAs(1 0 0) substrate, nine GaAs (10 nm)/AlAs (50 nm)
QWs were grown and capped with a 10-nm thick GaAs layer. We
have intentionally kept the layers thick enough in order to
eliminate the possibility of type-II transitions to occur [21].

RHEED was used to study the growing surface. The As/Ga flux
ratio corresponding to the (2� 4)–(4� 2) transition on GaAs(1 0 0)
was determined by varying the As flux on the growth front of
separate substrates. A similar RHEED test was made for the
AlAs(1 0 0) growth front. A difference in RHEED patterns was that
Al-rich reconstruction was (3� 1), not (4� 2), and that the (2� 4)
pattern was not as clear as it was for GaAs. Sometimes the As-rich
AlAs(1 0 0) surface exhibited (2� 1) reconstruction only. The RHEED
observations for the surface phases are summarized in Fig. 1(a) and
RHEED patterns taken during growth for GaAs(1 0 0)(2� 4) and
(4� 2) are shown in Fig. 1(b) and (c), respectively. As can be seen in
Fig. 1(c), the � 2 order was not apparent in the RHEED from the
(4� 2) surface. This is most likely due to the fact that the patterns
shown were taken during the growth in a narrow range of the growth
conditions quickly just after the (2� 4) pattern disappears. This was
necessary since as well known, the quality of the growing film
becomes quickly poor under the (4� 2) growth conditions.

The PL measurements were performed in a closed-cycle helium
cooled cryostat with an Ar+ laser operating at 488 nm. The laser
power was 5 mW and the approximated beam diameter on the
sample was 0.25 mm. The PL spectra were recorded at substrate
temperatures ranging from 9 K to room temperature (RT) and were
detected by a monochromator and a photomultiplier tube. X-ray
diffraction (XRD) (0 0 4) rocking curves, in v� 2u geometry, were
recorded using a double-crystal Bede QC200 diffractometer and Cu
K a radiation. The layer thicknesses of MQWs were derived from
the XRD rocking curves using a commercial dynamical simulation
program RADS Mercury from Bede Scientific Instruments Ltd.

The simulations of electronic properties were carried out with a
commercial LASTIP simulation software from Crosslight Software
Inc. The QW model employed for calculating the material gain
spectrum was the LASTIP MQW model, which assumed that
valence and conduction subbands are parabolic. Furthermore, the
potential-energy profile was assumed to be flat-band and step-
wise. Coupling between the QWs were allowed in principal, but the
barriers were so thick that the coupling was, in fact, negligible. The
material parameters used in the simulations were taken from [22].

3. Results and discussion

Fig. 2 shows the XRD (0 0 4)-rocking curves and the simulated
spectra (dotted lines). The rocking curves for the samples grown
with As/Ga(Al) flux ratio from 12(42) to 24(86) have only small
variations. The widths of the satellite and substrate peaks are
nearly identical, which indicates equal crystal quality of these
samples. The dynamical RADS simulations indicate uncertainties
of 0.3 and 1.2 nm for the thicknesses of GaAs QWs (9.8 nm) and
AlAs barriers (50.6 nm), respectively.

The rocking-curve measured from the sample grown with the As/
Ga(Al) flux ratio 7(25) clearly differs from the other ones. We
attribute the distorted spectral features to deterioration of the crystal
quality. The poor crystal quality is most likely caused by an
unsuitable (3� 1) growth mode of AlAs with too small an As flux. The
surface of this low As flux sample also looked foggy to a naked eye
when comparing with the other samples confirming crystal
deterioration.



Fig. 3. (a) RT-PL spectra from the samples grown with varied As/Ga flux ratio. Transitions e1-hh, e1-lh, and e2-hh2 are labeled. (b) Maxima of the RT-PL intensities shown as a

function of As/Ga flux ratio. (c) A temperature-dependent PL study of the sample grown with As/Ga flux ratio 12. The curves are shifted in the vertical direction for clarity. (d)

Temperature behavior of the labeled e1-hh and e1-lh transitions.

Fig. 4. Calculated material gain at 300 K with different electron concentrations in

the QW. The thickest line at the electron concentration of 5:8� 1018 cm�3 closely

resembles the measured RT-PL spectra.
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In Fig. 3(a) RT-PL spectra are shown. The best PL intensity is
obtained from the sample grown at the As/Ga flux ratio 12, while
the lowest PL intensity is obtained from the sample grown at the
As/Ga flux ratio 7. The intensity maxima are collected to Fig. 3(b)
for a comparison. The spectra (As/Ga flux ratio from 12 to 24) in
Fig. 3(a) clearly show three peaks at 775, 835, 845 nm, and a broad
background. To identify these spectral features we measured the
temperature dependence of the PL. As can be seen from Fig. 3(c) the
intensity distribution between the two major peaks changes when
the temperature decreases from RT to 10 K. The main mechanism
between the intensity change is the formation of thermodynamical
equilibrium of free carriers and excitons [23].

Based on the previous work of Kumar et al. [23] and the
temperature-to-intensity behavior shown in Fig. 3(d), we can
identify the RT-PL features as follows. The peak at 775 nm is due to
transition e2-hh2, the peak at 835 nm originates from the e1-lh1,
and the 845 nm emission comes from the e1-hh1 transition [23,24].
The background originates from free carrier recombination.

To further ensure the PL-peak identification, we simulated the
material gain (Fig. 4) by using LASTIP. The material gain is
calculated based on the parameterized quantum mechanical
model. It shows the positions of the QW transitions, e.g. peaks
at the calculated material gain correspond to the peaks at the ideal
defect-free PL spectrum. Because the LASTIP simulation neglects
interface roughness and G-X-intermixing, we can, indeed, con-
clude that the peaks in Fig. 3(a) really evolve from QW transitions.
Furthermore, the observed double-peak structure agrees well with
previous studies [25,26]. Interface roughness broadens the
observed PL peaks, but we do not observe a splitting of the PL
emission, which would originate from the terraces larger than the
exciton diameter [27]. It is also worth noting that, using a
logarithmic presentation of the 10 K PL spectra (not shown here),
the e1-hh (�799 nm) and e1-lh (�791 nm) peaks can be
distinguished from the emissions of GaAs (�815 nm) and of the
carbon-related defects located at the substrate (�835 nm) [20,28].
Properties of the normal and the inverted GaAs/AlAs interfaces
are known to be different. By applying a constant As/group-III flux
ratio (which is reasonable for practical device growth) during the
MQW growth, the optimized outcome is most likely a complex
compromise between the different interfaces and the material
quality. We shall discuss these issues next.

Krispin et al. found by deep-level transient spectroscopy (DLTS)
and capacitance–voltage (C–V) measurements that electrically
active defects in the GaAs/AlAs heterostructures are concentrated
on the AlAs side [8,10]. Behrend et al. and Lüerßen et al. further
confirmed the interpretation by their scanning-tunneling-micro-
scopy (STM), RHEED, and Raman studies [11,12]. Defects were
related to the presence of As vacancies on the inverted interface.
On the other hand, Obata et al. noticed [20], that an excess of As in
AlAs barriers reduced PL intensity. Our results are consistent with



Fig. 5. Structure models ((a) a2 (b) b2) for the GaAs(1 0 0) surface close to a phase transition from GaAs(1 0 0)(2� 4) to GaAs(1 0 0)(4� 2) [31]. (c) Kinked GaAs(1 0 0)c(2� 8)

surface [32].
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those observations suggesting that there exist As-induced defects.
Furthermore, our study shows that the amount of defects can be
minimized by choosing appropriate As/Ga(Al) flux ratio. Fig. 3(b)
indicates that the optimum As/Ga flux ratio is between 7 and 12.

The surface migration length and diffusivity of Ga and Al
have been shown to be greatly reduced when increasing the As
flux during layer growth [18,19,29]. A short migration of atoms
leads to rough GaAs-on-AlAs interfaces and AlAs surfaces. Our
results reveal that an optimal GaAs/AlAs growth by MBE is
achieved by choosing the lowest possible As flux that produces
the (2� 4) reconstruction. In such conditions, the structure of
the GaAs(1 0 0)(2� 4) surface has been shown to be a mixture of
the a2 and b2 phases (shown in Fig. 5(a) and (b)) [30,31]. Then,
the number of kink sites (Fig. 5(c)) caused by As atoms is
reduced on this (2� 4) surface, increasing the diffusion length of
group-III atoms [29]. Indeed, our observations agree well with
previous ab-initio calculations [29] and allow us to propose that
the found PL-intensity behavior with the As flux arise from the
diffusion properties of group-III atoms. Moreover, our results
show that the Al-rich (3� 1) growth mode of AlAs(1 0 0) should
be avoided.

4. Conclusions

Our PL findings of GaAs/AlAs MQW structures show that the
QW-related PL intensity does not increase linearly with the As flux
used in MBE growth, but an optimum As flux can be found near the
conditions where the GaAs(1 0 0)(2� 4)–(4� 2) transition occurs
in RHEED. On the basis of previous results in literature, a reason for
this finding is qualitatively related to the surface migration length
of group-III atoms which depends on the amount of As on the
growing surface.
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The authors report on an interesting observation regarding thermal annealing of a beryllium-doped
Ga0.65In0.35As0.99N0.01 /GaAs quantum well �QW� grown by molecular beam epitaxy. A QW doped
at 6�1019 cm−3 exhibited superior thermal properties and about six times larger
photoluminescence than an undoped QW of the same structure. X-ray diffraction and secondary ion
mass spectrometry provided evidence that beryllium suppressed indium diffusion and stabilized
�metastable� dilute nitride heterostructure upon annealing. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2966146�

The unique properties of dilute nitrides
�Ga1−xInxAs1−yNy� have attracted significant scientific and
commercial attention. It is well known that substitutional ni-
trogen atoms induce highly localized resonant energy levels
near the GaInAs conduction band edge. These levels cause a
decrease in the fundamental band gap of the alloy.1 GaIn-
AsN, closely lattice matched to GaAs, enables the growth of
GaAs-based laser diodes for the 1.3–1.55 �m spectral band,
which is currently dominated by InP diode lasers.2 Other
advantages of the GaAs technology over the InP include �1�
the possibility to grow GaAs/�Al,Ga�As Bragg gratings with
a high refractive index difference ��n�, �2� to use low-cost
substrates, and �3� to improve thermal stability of the lasers.
GaInAsN can also be tailored to any wavelength from 1.2 to
1.3 �m for potential nontelecom applications.3

Doping dilute nitrides is much less explored than doping
more conventional GaN and �Al,Ga�As.4 It was only recently
that the first-principles calculations by Janotti et al.5 could
confirm experimental observations by Li et al.6 and Yu et
al.,7 who suggested that silicon dopants in dilute nitrides
form a stable split interstitial with nitrogen, giving rise to a
“mutual passivation.” Adding p-type Be dopants into the
GaInAsN QWs is known to drastically change the effects of
thermal annealing on photoluminescence �PL� and to im-
prove lasing performance.8

We show in this letter that Be affects the microscopic
diffusion of indium in GaInAsN/GaAs QWs. While the out-
diffusion of indium from the undoped quantum well �QW�
upon annealing at relatively high annealing temperature is
clearly visible, it remains almost unnoticed for a Be-doped
GaInAsN QW.

In our experiments, a 100 nm thick GaAs buffer was
first grown at Tgrowth=580 °C by molecular beam epitaxy
�MBE� on a Si-doped GaAs�100� substrate. Then,
Ga0.65In0.35As0.99N0.01 QWs �6.50 nm in thickness� were de-
posited at Tgrowth=460 °C and capped with a 100 nm thick
GaAs cap �Tgrowth was ramped back to 580 °C�. In one
sample, the QW was undoped; in another one, the QW was

doped with Be to 6�1019 cm−3, as calibrated by separate
Hall samples. Postgrowth annealing of the samples was done
at 800 °C in a closed GaAs box.9 The PL was measured with
a system equipped with a 532 nm Nd:YAG �yttrium alumi-
num garnet� laser and a GaInAs detector array. X-ray diffrac-
tion �XRD� rocking curves in �-2� geometry were recorded
by using a double-crystal diffractometer and Cu K� radia-
tion. Secondary-ion-mass spectrometry �SIMS� was used to
study the depth profiles of 9Be and 113In. A primary ion
source, O2

+, was employed to sputter �150 nA, 3 keV� the
QW sample areas of 320�460 �m2 in size. The analyzed
area was approximately 10% of the sputtered area.

Figure 1�a� shows the effects of annealing on integrated
PL intensities for the undoped and Be-doped QW. PL from
the undoped QW reached its maximum in a few seconds time
of annealing at 800 °C. This improvement is likely due to
the reduction in point defects, which are induced by intro-
ducing nitrogen and using low Tgrowth.

10 Further annealing
reduced PL due to thermal energy induced lattice relaxation
�via dislocation lines� and other annealing-induced defects.11

Overall annealing effects on the Be-doped QW are similar to
the undoped case at the beginning of the test, namely, PL was
first improved and then decreased in prolonged annealing.
However, when annealing was continued, PL for the Be-
doped QW kept growing—in sharp contrast to the undoped
QW. The wavelengths of the undoped and Be-doped QW
samples behaved in much the same way, i.e., a blueshift took

a�Electronic address: janne.pakarinen@tut.fi.

FIG. 1. �Color online� Integrated PL intensity �a� and the emission wave-
length �b� as a function of the annealing time at 800 °C. The inset in �b�
shows the measured PL spectra after 900 s annealing.
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place �Fig. 1�b��. However, the wavelength of the Be-doped
sample remained systematically longer �by about 40 nm�
than that of the undoped sample at all annealing times.

Figure 2�a� shows SIMS data of indium concentration
profiles for the undoped QW before and after 900 s annealing
at 800 °C. This depth profile widens upon annealing, the
effect that provides clear-cut evidence that indium diffused
out of the QW. No widening of the depth profile is seen for
the Be-doped QW �Fig. 2�b�� �a small “tale” of the In profile
on the substrate side indicates that a small amount of In
actually diffused from the QW�. Consistent with the SIMS
results, the XRD �004� rocking curves in Figs. 2�c� and 2�d�
reveal that the QW peak moves closer to the GaAs substrate
peak upon annealing. Annealing introduced large atomic
structural and compositional changes in the undoped GaIn-
AsN QW �Fig. 2�c��, but to a much lesser extent in the Be-
doped QW �Fig. 2�d��, which further confirms that diffusion
of In was suppressed in the latter case.12 Due to the high
strain inside the QW, we cannot exclude the possibility of
annealing-induced relaxation present in the QW,13 which in
addition to In diffusion, would give an extra contribution to
the observed shift in the QW XRD peak.

GaAsN and GaInAsN contain vacancies,14,15 especially
those related to the group III atoms. These vacancies are
thought to be responsible for In diffusion in n-type GaAs,16

GaInAs,17 and GaInAsN.18 We believe that Be and In atoms
propagate in the lattice via the same vacancy-assisted diffu-
sion path. As the diffusivity of Be is larger than that of In
�inset in Fig. 2�b��, vacancies close to the GaInAsN QW will
become occupied by Be. It is most likely that this is the
mechanism that suppresses diffusion of indium, as judged
from our SIMS and XRD data. This desired phenomenon of
Be doping has already been observed in low-Tgrowth AlAs/
GaAs:Be heterostructures.19 It has also been found that dif-
fusion of group III vacancies is limited to p-type
semiconductors.20 Indeed, the GaAs layers next to the GaIn-
AsN QW of our sample may become p-doped by annealing-
induced Be outdiffusion. Therefore, our interpretation is that
beryllium passivates point defects left behind by annealing;
they are most likely Ga vacancies which tend to enhance
indium diffusion.

It has been reported that Be doping increases the sticking
coefficient of nitrogen �increasing the mole fraction y� in
MBE-grown Ga1−xInxAs1−yNy QW.21 We measured �see Fig.
1�b�� a 40 nm longer PL wavelength for the as-grown and
annealed Be-doped GaInAsN QW compared to the corre-
sponding undoped case. When the annealing time was in-
creased �Fig. 1�b��, a similarly behaving blueshift occurred
for both types of QWs. Based on previous studies,22,23 the
blueshifts observed for our QWs �annealed at 800 °C� can
be attributed to two distinct phenomena, �i� indium diffusion
and �ii� short-range ordering of the nearest-neighbor Ga and
In atoms around the N atoms toward the In segregation con-
figuration.

The postgrowth annealing strongly enhances PL �by a
factor of 6� from the Be-doped GaInAsN/GaAs QW as com-
pared to the PL from the undoped QW. There is a large
compressive strain in the Ga1−xInxAs1−yNy /GaAs due to a
large indium composition �x�0.30�. Annealing-induced
thermal energy reduces this strain by forming dislocations,11

which in turn act as nonradiative centers and cause a de-
crease in PL. Our interpretation is that beryllium in the QW
reduces the local stress simply by becoming a substitutional
atom in the group-III sublattice, thus suppressing the forma-
tion of strain-related crystal defects.

To recapitulate, adding Be into GaInAsN/GaAs single
QW suppresses the diffusion of indium and remarkably im-
proves optical properties upon prolonged annealing. It is sug-
gested that Be prevents the formation of annealing-induced
defects and suppresses the diffusion of indium by passivating
point defects, most likely Ga vacancies.
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support from the Graduate School of TUT �Finland�. This
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We investigated the effects of postgrowth thermal annealing on optical properties of
beryllium-doped InAs quantum dot �QD� heterostructures grown by molecular beam epitaxy.
Thermal annealing induced a blueshift of up to 200 meV in light emission from an undoped
sample, while a sample having GaAs layer heavily doped with beryllium on top of the QD region
exhibited a much smaller blueshift. This phenomenon is interpreted as due to suppression of
annealing-induced In/Ga interdiffusion. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3086298�

Indium arsenide quantum dots �QDs� on GaAs substrates
are the building blocks of semiconductor devices.1–4 Modu-
lation doping of the QD structures with beryllium improves
the temperature stability of lasers5–7 but increases the lasing
threshold. Growth conditions of GaAs cladding �barrier� lay-
ers play a significant role in the performance features of QD-
based devices.8 The QDs are grown at somewhat lower sub-
strate temperature �Tsub� than what is usually applied to
GaAs layers. In addition to ramping Tsub up and down during
barrier growth �before and after QD deposition�, the upper-
most barrier layer suffers from crystal defects because it is
deposited onto the dotted surface.9 Postgrowth thermal
annealing has been widely used to improve the material
quality.10–17 Recent photoluminescence �PL� studies18 imply
that the p-doping of the GaAs barriers improves the thermal
stability of QD heterostructures. However, it has remained
unresolved what the optimum position of p-doping is.

In this letter, effects of thermal annealing on optical
properties of InAs QD samples are investigated. It was found
that annealing an undoped �reference� QD sample at 800 °C
for a few seconds quenched the intensity of PL and
blueshifted the emission by about 200 meV relative to the
as-grown sample. This undesired phenomenon was signifi-
cantly suppressed by doping the sample with beryllium
�1�1020 cm−3�. We found that the samples containing
modulation-doped GaAs layers �GaAs:Be� of 3 nm in thick-
ness exhibited a far less blueshift �BS� than did the reference
sample upon annealing. It appeared that if the GaAs:Be layer
was situated below the QD layer, no suppression in the BS
occurred. The BS suppression only occurred when GaAs:Be
was placed above and close to the QDs. Reasons for these
observations are discussed below.

QD structures �Fig. 1� were grown by molecular beam
epitaxy. After the deposition of a 100 nm thick GaAs buffer
�at Tsub=580 °C� on an n-GaAs �100� substrate, a 50 nm
Al0.45Ga0.55As barrier layer was grown, followed by a 60 nm
thick i-GaAs cladding �waveguide� layer. Tsub was ramped
down to 505 °C during the growth of the cladding layer, and
2.2 monolayers of InAs �QD� were deposited by an inter-
rupted growth process. Tsub was raised back to 580 °C while

a 100 nm i-GaAs layer was grown on top of the QDs. Fi-
nally, a 100 nm Al0.45Ga0.55As barrier layer was grown and
the samples were capped with i-GaAs layers of 5 nm in
thickness. By modifying the same growth recipe, six samples
�samples 1–6� with different doping schema were prepared
�Fig. 1�. Sample 1 was unintentionally doped. Sample 2 was
undoped except for the QDs which were doped with Be up to
about 1�1020 cm−3, as estimated from the p-GaAs calibra-
tion samples using Hall effect measurements. Sample 3 con-
sisted of a 3 nm thick layer of �modulation� doped GaAs
�again �Be��1�1020 cm−3�, which was placed 15 nm
above and below the undoped QDs. Sample 4 contained
3 nm thick GaAs:Be layers placed 40 nm above and below
the undoped QDs. Sample 5 had a similarly doped layer
15 nm above the QDs. Sample 6 had a doped layer placed
15 nm below the QDs.

Annealing was performed inside a GaAs box under ni-
trogen flux.11 Annealing temperature �Tann� was controlled by
an optical pyrometer. Tann�800 °C was applied for all the
samples. PL was measured at room temperature using a
neodymium doped yttrium aluminum garnet laser for excita-
tion and a GaInAs detector array. The spectra were simulated
too by fitting the peak positions to the experimental data. We
assumed that the spectra contained three Gaussian peaks,
corresponding to the emission from the QD ground state
�E0�, the first excited state �E1�, and the second excited state
�E2�.

Figure 2 shows integrated PL intensities of E0, as deter-
mined from the simulated spectra; the measured spectra of
the as-grown samples are displayed in the insets in Fig. 2. PL
intensity for sample 1 decreased drastically upon 1 s anneal-
ing and was hardly detectable when further annealed. In
sharp contrast to sample 1, sample 2 with doped QDs exhib-
ited low PL before thermal treatment, but showed improved
PL �from E0� after 50 s annealing. For sample 3, PL de-
creased upon 1s annealing, but increased after 10–50 s an-
nealing �bearing a resemblance to a combined behavior of
samples 1 and 2�. For samples 4 and 6, PL intensities de-
creased upon 50 s annealing, resembling the behavior of un-
doped sample 1. Finally, sample 5 behaved much the same
way as sample 3, exhibiting the smallest BS.a�Electronic mail: janne.pakarinen@tut.fi.
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Figure 3 shows the results for �a� BSs of emission from
E0, �b� energy difference �E=E1−E0, and �c� full width at
half maximum �FWHM� of the E0 line upon annealing. Simi-
lar trends of BS and �E are seen for all the samples. It is
likely that the main mechanism governing the behavior
of BS and �E is In/Ga interdiffusion through the QD
interfaces.16 Consistent with this interpretation is the fact that
the FWHM for the undoped QDs was first increased, as E0
was increased, and then it decreased. This effect is address-
able to In/Ga interdiffusion in the growth direction, which
lowers the quantum confinement energy of the active region
and shifts E0 upwards.19,20 Figure 3 further shows that inter-
diffusion was strongly suppressed for samples 2, 3, and 5,
where Be was incorporated into the QDs �sample 2� or into
the 3 nm thick GaAs layers placed 15 nm around the un-
doped QDs �samples 3 and 5�. Incorporating Be into the QDs
tended to deteriorate the optical properties �sample 2� but
postgrowth annealing improved the PL. The GaAs:Be layers
which were situated away from the QDs did not affect the
properties of the QDs, as determined from PL �Figs. 2 and
3�c��. The fact that beryllium stabilized the structure is
readily observable when comparing the spectra for samples
1, 2, and 3 with each other: upon 1 s annealing at 800 °C

�Fig. 3�a�� the BS was 93 meV for sample 1 �and 200 meV
after 10 s annealing�, while much smaller BSs upon 1 s an-
nealing appeared for sample 2 �26 meV� and sample 3 �12
meV�. The barrier layer above the QDs contains more de-
fects than the other layers because this layer is grown on a
dotted sample surface.9 Samples 4, 5, and 6 with the varying
GaAs:Be locations clearly point out that the most detrimental
defects do exist in the layer grown on top of the QDs. If the
GaAs:Be layer is situated below the QDs �sample 6�, or
placed far away the QDs �sample 4�, the doping effects were
hardly discernable.

It should be noted that the effect of an increased hole
concentration, due to the presence of Be, is opposite to the
behavior of In/Ga intermixing-induced BS.21 Since the dif-
ference in BSs among samples 1, 2, and 3 is very large, over
100 meV upon 10 s annealing �the left panel of Fig. 3�a��,
suppression of the BS cannot be assigned to the high hole
concentration since the “redshift” upon doping is less than
50 meV according to Ref. 21. Therefore, the BS suppression
must be assigned to inhibition of In/Ga interdiffusion by in-
sertion of a thin modulation-doped region in the GaAs over-
layer close �15 nm in our experiments� to the QDs. Finally,
our results indicate that by properly p-doping it is possible to
improve both, the thermal stability and the PL intensity of
QD structures, which could improve the QD-laser perfor-
mance.

To recapitulate, annealing-induced In/Ga interdiffusion
in InAs QD heterostructures, which were modulation-doped
with beryllium in a certain way, was strongly suppressed.
This phenomenon is attributable to the presence of beryllium
which tends to passivate the crystal defects generated by

FIG. 1. �Color online� Schematic of the grown structures: �a� sample 1
without Be doping; �b� sample 2 with Be-doped QDs; �c� sample 3 with
3 nm thick Be-doped GaAs layers placed 15 nm away from the QDs; �d�
sample 4 with 3 nm thick Be-doped layers placed 40 nm away from the
QDs; �e� sample 5 with a 3 nm thick Be-doped GaAs layer placed 15 nm
above the QDs; �f� sample 6 with a 3 nm thick Be-doped GaAs layer placed
15 nm below the QDs. Doping concentration was about 1�1020 cm−3.

FIG. 2. �Color online� Integrated PL intensities for transitions from the
ground states E0 as annealing time was varied. Annealing temperature was at
�800 °C. The insets show experimental and fitted spectra for the as-grown
samples.
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growth of a barrier layer on top of the QDs, improving ther-
mal stability of the QDs.
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state energy E0, and �c� FWHM of E0 as a function of its energy.
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