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We describe the realization and characterization of a distributed Bragg reectors and InAs quantum dots
grown by molecular beam epitaxy. The distributed Bragg reectors are based on a stack of eight or twenty pairs of
GaAs and AlAs layers with a stopband centered at about E0 = 1.24 eV (λ0 = 1000 nm). The whole structures exhibit a reectivity coecient above 90%. The growth rate was monitored in situ by measurement of the oscillations
of the thermal emission intensity. The investigations conducted on the InAs quantum dots grown on GaAs show
photoluminescence around

E = 1.25

eV (λ

= 990

nm). The combination of these two elements results in the re-

alization of a microcavity containing InAs quantum dots and surrounded by 20 pairs of distributed Bragg reectors.
PACS: 78.20.Ci, 78.67.Pt, 68.37.Hk

by measurements of the oscillation of the sample's ther-

1. Introduction

A

distributed

Bragg

reector

(DBR)

is

a

one-

-dimensional photonic structure consisting of a stack of

mal emission from which we deduce the reectivity, and
consequently the layer thickness and the growth rate.

alternating high and low refractive index layers. In such

2. Growth and characterization

a structure, the boundary conditions for each layer interface causes a partial reection of the electromagnetic
waves and the interferences resulting from the multiple
reections from all the layers are constructive [1]. Thus,
one can obtain a high quality reector for a range of wavelengths dening the stopband of the structure. The key
parameter for obtaining high quality monolithic structures is the lattice matching of the dierent layers to
avoid the eects of strain such as mist dislocations [24].
A DBR can be made of any transparent material, however, using semiconductors allows one to utilize DBRs

The growth by MBE method and initial characterization of the DBR and the InAs quantum dots (QDs) were
the starting point for the design of an integrated structure consisting of an optically active microcavity with
InAs quantum dots surrounded by high quality DBRs
presented in Sect. 2.3 of this article.

The two growth

chambers (one for IIVI and one for IIIV compounds)
MBE machine used to grow our structures was delivered
by SVT Associates.

as an element for optic and optoelectronic devices. The

2.1. 8 pairs DBR

realization of high quality DBRs is of large interest for
the achievement of a wide range of optoelectronic devices

The DBR was grown on a GaAs substrate (100) on

such as vertical cavity surface emitting lasers (VCSELs)

which was deposited a 500 nm GaAs buer followed

[5] or resonant cavity light emitting diodes (RCLEDs) [6].

by the

The main advantages of VCSELs compared to classical

8-fold DBR. The observation of the RHEED reconstruc-

edge emitting lasers is the possibility to process tens of

tion pattern ensured us that the grown layers are of

thousands of VCSELs simultaneously on a three inches

good crystalline quality. The structure was designed so

wafer; in addition, the device quality can be tested at

that the stopband is centered at about

several stages of the production process.

(λ0

Furthermore,

λ/(4n)

= 950

AlAs and GaAs layers constituting the

E0 = 1.31 eV
nm). Knowing the values of the refractive in-

tures make VCSELs of particular interest for optical ber

= 3.54) and AlAs
= 2.96) we determined the thicknesses of the layers
(d = λ/4n): dGaAs = 67.1 nm and dAlAs = 80.2 nm. The

data communication.

substrate during growth was monitored by thermal emis-

the high reectivity DBRs reduce the threshold current
resulting in a lower power consumption [7].

These fea-

In this work, we present the realization of the rst

dex at this wavelength for GaAs (n

(n

sion measurements at

λ = 950

nm. Such measurements

structures grown by MBE at the University of Warsaw.

are typically used for the determination of the substrate

The growth of the DBRs and microcavity are monitored

temperature, but it is disturbed by the interferences in

(984)
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thin epitaxial layers. In our study, we used the eect of
the interferences for the determination of the layer thick-

ñ  the average refractive index, ∆λ  the width of the
stopband and λ0  the center of the stopband.

ness and the growth rate. The period of the oscillations
of the thermal radiation corresponds to the growth of a

λ/(4n)

thick layer.

After growth the DBR was observed under scanning
electron microscope (SEM). As seen in Fig. 1 the layers have regular thickness and the interfaces are smooth
which attests to the good growth conditions. Reectivity measurements conducted at room temperature (see

E0 =
nm) with a maximum reectiv-

Fig. 2) show that the stopband is centered at

1227

meV (λ0

ity of 92%.

150 ± 30

= 1010

The measured width of the stopband is

meV (130 ± 25 nm), in coherence with the theo-

retical value given [1, 8] by Eq. (1) with a refractive index

∆n = 0.57 and mean refractive index ñ = 3.23 which
∆λth = 112 nm.
(
)
4
2 ∆n
∆λth
|n
−
n
2
1|
−1
= sin
≈
.
(1)
λ0
π
n1 + n2
π ñ

step

gives a theoretical stopband
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2.2. InAs/GaAs quantum dots
Self-assembled InAs QDs were grown by MBE on GaAs
substrate.

After growth of a 250 nm GaAs buer and

the control of the crystal quality by observation of the
RHEED pattern, two techniques were used to grow InAs
QDs. Droplet epitaxy consists of depositing a thin layer
of metal (≈

2

ML of In in our case) that forms droplets

at the surface of the grown structure. In a next step, the
exposition under As ux induces the crystallization and
formation of the quantum dots [9]. The second method
consists of direct deposition of InAs on the GaAs buer

≈ 1.8

[10, 11]. The parameters were chosen so that

ML

of InAs is deposited. A 40 nm GaAs cap was then grown
over the QDs.

Fig. 3.

RHEED imaging obtained during the growth

of InAs/GaAs QDs:

(a) 2D pattern for less than 1.6

monolayer deposited, (b) 3D pattern for more than 1.6
Fig. 1.

monolayer deposited. The amount of InAs is

Scanning electron microscopy imaging of the 8

for the droplet epitaxy method and

pairs DBR. Picture taken at the edge of the sample.

Fig. 2.

Measured and tted reectivity of the 8 pairs

Fig. 4.

Photoluminescence

GaAs

method. The maximum reectivity is 92% and the stop-

1250

band is 150 meV (130 nm) wide.

of the DBR.

For a 1D photonic structure with steep changes of the

ni

is the refractive index of the layer

≈ 2

ML

ML for direct

deposition of InAs.

DBR. The t was realized using the transfer matrix

refractive index,

≈ 1.8

i,

QDs
meV

exhibiting
in

the

spectrum

emission

same

range

of

centered
as

the

the
at

InAs/

E0

=

stopband

The formation of the QDs was monitored by the transition of the RHEED pattern from 2D to 3D (see Fig. 3)
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after the deposition of 1.6 ML of InAs. The grown QDs
have been characterized by photoluminescence measurements conducted at liquid helium temperature in a continuous ow helium cryostat.

The spectra registered

E0 = 1250 meV (see
Fig. 4) around the center of the stopband of the DBR
show intense emission centered at

previously presented.

2.3. Microcavity with InAs QDs
We used the two block elements described previously in
the realization of an optically active microcavity consisting of InAs QDs embedded between two 20 fold DBRs.
The structure of the microcavity shown in Fig. 5 was
designed with 20-fold DBRs to enhance the light conne-

Fig. 7.

ment and coupling with the InAs QDs in the cavity. The

microcavity. (b) Photoluminescence spectrum of the mi-

InAs quantum dots are grown in the middle of the

λ/n

wide cavity, where the amplitude of the stationary wave

(a) Close-up on the reectivity spectrum of the

crocavity showing the emission of the cavity mode. The
quality factor of the cavity mode is

Q > 500.

of the electric eld is at its maximum.

Fig. 5.

Structure of the microcavity. Vertical axis: re-

fractive index, horizontal axis: depth of the sample.

Fig. 8.

Angular dispersion of the cavity mode showing

the strong dependence of the energy position of the cavity mode on the incidence of the light. The maximum of
intensity corresponds to normal incidence of the light.

better reectivity resulting from the increase of the pair
number in the DBR [1]. In Fig. 6b one can see the apparition of the multiple modes of the cavity within the stopband, allowing the coupling of the light with the quantum
dots [12].
Complementary

photoluminescence

measurements

show the light emission of the cavity mode (see Fig. 7).
Fig. 6.

(a)

Reectivity

spectra

GaAs/AlAs DBR centered on

of

the

E0 = 1314

20

fold

meV (λ0

=

943 nm) and (b) of the microcavity containing InAs QDs
and surrounded by two 20-fold DBR GaAs/AlAs.

This mode has a quality factor [12]

Q = λ/∆λ > 500

(in

our case).
The far eld emission of the cavity mode was collected
using the method of the Fourier plane imaging [13] (see
Fig. 8). A strong dependence of the energy of the emit-

The 20-fold GaAs/AlAs DBR exhibit a maximum re-

ted light from the cavity on the emission angle is ob-

ectivity of 96%. One can also observe in Fig. 6a that

served due to the dierent optical path for the dierent

the stopband maximum is more at than in the case of

angles of propagation. It shows that, in the microcavity,

8-pairs DBR, the width of the stopband is similar in both

the exciton dispersion is much weaker than the photon

cases. This proves the high quality of the DBR and the

dispersion.

A better quality factor of the cavity mode,
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