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Experimental Detection on Thickness Fluctuation of
In,Ga;_(As-Based Indium-Rich Cluster Structure

Yanting Kong, Rong Ma, Bin Shen, and Qingnan Yu

Abstract—The thickness detection of quantum well has always
been the research focus, especially for In, Ga;_,As-based indium-
rich cluster (IRC) structure, which has a thickness fluctuation
of normal and indium-deficient InGaAs layers caused by IRC
effect. In this paper, a simple and effective detection method for
the special IRC structure is proposed by point-to-point acquisi-
tion. The photoluminescence (PL) spectra emitted from different
In,Ga;_xAs positions are measured by moving the metal mask
with a 0.2-mm-diameter light hole. By establishing the relationship
between In,Ga;_,As thickness and spectral intensity, the thick-
ness fluctuation of normal Ing ;17Gag g3As and indium-deficient
Ing.12Gag.ssAs layers is determined by comparing the intensity
of dual peaks. The dual peaks are typical feature of this IRC
structure, which is caused by the migration of indium atoms. The
significance of this experimental results is that it not only can detect
the thickness distribution of In,Ga;_,As materials with different
x values, but also determine the critical thickness of indium atom
migration in the growth of highly strained quantum well.

Index Terms—InGaAs, indium-rich cluster, indium atom migra-
tion, thickness distribution.

1. INTRODUCTION

T HAS been well known that conventional InGaAs/GaAs
I semiconductor lasers are playing an important role in many
application fields [1], [2], [3], [4], [5], [6]. They have a quasi-
rectangle well structure, in which each well consists of a fixed
indium content and strain type in material system. Recently,
we reported a special InGaAs-based indium-rich cluster (IRC)
structure containing variable indium contents and thicknesses in
an In,Ga;_As/GaAs system. It can produce some interesting
changes that favor the development of new types of lasers
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[71, [8]. This structure is associated with the IRC effect, in
which the IRCs were commonly regarded as a sort of defect
to avoid for the conventional InGaAs quantum well structure
so that its special optical characteristics were neglected in the
past [9]. The fundamental principle of the IRC formation is
that in the growth process of an In,Ga; As/GaAs quantum
structure, indium atoms would migrate upward to the surface
along the material growth direction and form many clusters on
the surface of the In,Ga;_As material to relax high strain in
the In,Ga;_As layer after the In,Ga;_yAs is grown to exceed a
few mono-layers on the GaAs layer [10]. Since the migration of
indium atoms reduces the indium contents in the corresponding
InGaAs regions, which are close to the upper surface of the In-
GaAs layer, the indium-deficient InGaAs region is generated and
distributed in the growth directions. How to evaluate the thick-
nesses fluctuation of normal and indium-deficient In,Ga;_,As
layers has become a research difficulty in the study of the IRC
structure.

Nowadays, there are some techniques to obtain effective
detection data for conventional quantum well structure, such
as atom probe tomography [11], X-ray dual crystal diffraction
[12], [13] and theoretical simulation [14]. However, the expen-
sive experimental equipment or inaccurate simulation results
make it difficult to popularize, especially for In,Ga;_As-based
indium-rich cluster (IRC) structure. The formation mechanism
of this IRC structure is complex because it involves the mi-
gration of indium atoms, strain accumulation, stress release,
lattice mismatch, mixed strain, etc., which will make it difficult
to describe IRC effect accurately by theoretical calculation.
Similarly, it is inconvenient for most scientific researchers to
use expensive equipment for experimental detection. Therefore,
in order to determine the thickness fluctuation of normal and
indium-deficient In,Ga;_.As layers in indium-based IRC active
layer, a simple and effective detection method is proposed by
point-to-point acquisition.

Hence, in this letter, the asymmetrical IRC structure is first
grown. Then the spontaneous emission spectra are collected
from the bottom of the chip by point-to-point measurement
with a movable metal mask. Finally, the thickness distribu-
tion of In,Ga;_As materials with different x values in IRC
structure are determined by establishing the relationship be-
tween active layer thickness and spectral intensity. In addi-
tion, the threshold thickness of indium atom migration in
highly strained indium-based quantum confined structure is also
obtained.
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Fig. 1. (a) InGaAs-based IRC structure. (b) AFM image of IRCs on InGaAs

surface.

II. IRC STRUCTURE AND EXPERIMENTAL SETUP

For the experimental measurement, the InGaAs-based IRC
structure with the thickness accuracy of 0.1 nm is grown on the
GaAs (001) substrate by metal organic chemical vapor deposi-
tion (MOCVD) (Germany Aixtron Co., Ltd., model aix200/4),
as shown in Fig. 1(a). The size of the device is designed to be
1.5 mm in width and 3.0 mm in length. In order to generate
enough strain accumulation and IRC effect [13], [15], [16], the
original active layer is Ing 1 7Gag g3 As materials with a thickness
of 10 nm here. The thinner InGaAs layer and a lower x-value
in In,Ga;_As is not enough to obtain IRC effect because of
the lower strain accumulation and lattice mismatching [17].
The Ing 17Gag g3As material is sandwiched by 2-nm-thick GaAs
compensation layers. Beyond the GaAs compensation layers are
the 8-nm-thick GaAsPy s barriers. The sample was deposited
at a rate of 0.75 pm/h and 100 mbar pressure under 660 °C.
The high temperature of 660 °C was applied to increasing the
migration length of the indium atoms and is beneficial to the
formation of IRCs in the material growth. The V/III ratio was 40
for the structure growth. In order to prove that the InGaAs sample
contains IRC effect, the surface topography of InGaAs quantum
structure is measured and characterized. Fig. 1(b) shows an
image of the clusters obtained by using atomic force microscopy
(AFM) (Park Systems Instrument Co., Ltd., model XE100). The
IRC existence on the InGaAs surface can be confirmed.

According to our previous research, the asymmetrical IRC
structure mainly includes normal Ing17GaggsAs layer and
indium-deficient Ing 120Gag gsAs layer, which is caused by in-
dium atom migration due to the higher strain accumulation
[7]. The migration and accumulation of indium atoms along
the growth direction would reduce the indium content in
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Fig. 3. The PL spectra measured from different locations of IRC device.

corresponding InyGa;_As region and form indium-deficient
Ing.12Gag gsAs layer. In order to calculate the thickness dis-
tribution of Ing 17Gag g3As and Ing 12Gag gs As materials, the
experimental system is established, as shown in Fig. 2. The
IRC sample was processed into an in-plane configuration of
3 mm X 1.5 mm in size. The device is vertically pumped from
fiber-coupled 808 nm pulsed laser under room temperature. In
order to improve accuracy, the pulse width was set to 20 ms
to eliminate the influence of thermal effect on spectral intensity.
The pump beam is reshaped from Gaussian pattern to flat-top one
to generate fixed carrier distribution within the pumped region.
A removable mask with 0.2-mm-diameter hole was covered on
the upper surface of the sample. The transparent hole in mask
is used to select a fixed pumping region. The fiber coupler is
placed on the lower surface of the sample and aligned with the
light hole to collect the photoluminescence (PL) spectra emitted
from the corresponding pumping region. By moving the metal
mask with the transparent hole to select different pumping area,
the PL spectra from different positions throughout the whole
IRC sample are measured one by one. The size of the small hole
represents the pump area and the measurement division.

III. RESULTS AND ANALYSIS

Fig. 3 shows the PL spectra emitted from three different
locations of InyGa;_«As IRC sample under the injected-carrier
density of N = 4.8x10'7 cm™3, which are obtained by moving
the metal mask with light hole. The dual peaks appear clearly in
each PL spectrum, which differs from the single-peak emission
spectrum generated from a conventional quantum well. The
dual-peak configuration in the PL spectra is a remarkable feature
of the IRC effect taking place in the InGaAs-based quantum
confined structure. The PL spectra in Fig. 3 cover the range
from 900 nm to 1000 nm, which corresponds to the range of
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photon energy from 1.24 to 1.38eV. However, the band gaps
of GaAs, Alg 0s.0.15GaAs and GaAsPy gs materials composing
the structure are 1.424eV, 1.52-1.61eV and 1.53eV, respectively.
These materials do not contribute to the PL spectra ranging from
900 nm to 1000 nm. Therefore, the background radiation does
not interfere with the measurement results. It is noticed that since
indium-rich clusters consist of indium atoms or InAs compounds
rather than InGaAs materials, these clusters do not contribute
to the PL spectra ranging from 900 to 1000 nm because the
unstrained InAs compound has a band gap of 0.35 eV, which
corresponds to the emission wavelength of 3.5 um, and the
compressively strained InAs/GaAs quantum dots produce an
emission with a peak wavelength of 1.3 um due to a large lattice
mismatch [18], [19]. Therefore, the particular feature with two
peaks is attributed to all emissions from normal Ing 17Gag g3As
layer and indium-deficient Ing 12Gag ggAs layer. The spectral
peak on the right in Fig. 3 is emitted from Ing 17Gag g3As
material, which has a narrow band gap. The left peak in Fig. 3
is emitted from Ing 12Gag gg As material, which has a wide band
gap. Because the photon energies emitted from Ing 17Gag g3As
and Ing.120Gag gs As layers are distinct, the thickness distribution
of that can be determined by analyzing the intensity of dual peaks
in Fig. 3.

The relationship between spectral intensity and the thickness
of In,Gaj_xAs well can be established by the following approach
[20].

P = (yBN?heSL) / [n)»PL(l - Rle)ﬂ (D

where P is the PL spectral intensity, L denotes the thickness of ac-
tive layer, v is the quantum efficiency, which can be estimated by
Apump/Apr,, B is bimolecular recombination coefficient, which
is 1.0x1071%m—3/sec [21], N denotes carrier density, h is the
Planck constant, c is the speed of light, S denotes the area of
IRC device, Ry and Ry are the reflectivity of the dual facets,
which are determined by the GaAs material index [22], n is the
refractive index of In,Gaj_xAs, which mainly depends on the
indium content x. The difference of relative refractive index
between Ing 17Gag g3As and Ing 12Gag gsAs materials is just
0.002 [23], [24]. Therefore, the parameters B, N, h, c, S, Ry,
Rs and nin (1) can be regarded as constants.

According to the (1), the PL intensity mainly depends on the
In,Ga;_xAs materiall thickness L and the peak wavelength Apy,.
Based on the Fig. 3, the peak wavelengths Apr, of Ing.17Gag g3As
and Ing 12Gag ggAs are 965 nm and 925 nm. Therefore, the
thickness distribution of normal Ing 17Gag g3As and indium-
deficient Ing 10Gag gsAs materials can be calculated by com-
paring the intensities of dual peaks in Fig. 3. Based on the total
In,Ga;_,As thickness of 10 nm, the thickness fluctuation of nor-
mal Ing ;17Gag g3As layer and indium-deficient Ing 12Gag ggAs
layer is calculated and shown in Fig. 4(a).

It is clearly observed that the thickness distribution of
Ing.17Gag g3As and Ing 12Gag ggAs materials varies at different
locations. This is because the migration of indium atoms will
lead to nonuniform strain accumulation and distribution. This
would produce different degrees of IRC effect and form discrete
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Fig. 4. (a) Thickness distribution of normal Ing 17Gag.g3As and indium-
deficient Ing.12Gag.ggAs materials. (b) The PL spectrum measured from a
4-nm-thick Ing.17Gag g3 As/GaAs compressively strained quantum well.

IRCs with different sizes, as shown in Fig. 1(b). It leads to thick-
ness fluctuation of Ing 17Gag g3As and Ing 12Gag gg As materials.
Fig. 4(a) also shows that the indium-deficient Ing 12Gag ggAs
material is located on the upper surface of normal Ing 17Gag g3As
layer along the growth direction. This is caused by the migration
of indium atoms upward to the surface when the Ingy 17Gag g3As
is grown to exceed a few mono-layers on the GaAs, as shown
in Fig. 1(a). In addition, the thickness fluctuation of normal
Ing 17Gag g3As layer ranges from 4 to 6 nm in Fig. 4(a). The
result reveals that the threshold thickness of indium atom mi-
gration can be estimated as 4 nm according to Fig. 4(a). It
means that the migration of indium atoms will not occur as
long as the thickness of Ing 17Gag g3As layer does not exceed
4 nm. This is because the smaller strain accumulation is not
enough to produce IRC effect until the Ing 17Gag g3As thickness
exceeds the critical thickness of 4 nm. In order to demonstrate
the accuracy of this measurement method, the PL spectrum
of a 4-nm-thick Ing 17Gag g3As/GaAs compressively strained
quantum well with the thickness accuracy of 0.1 nm under a
same injected-carrier density is measured. The result is shown
in Fig. 4(b).

Compared with the results in Fig. 3, there is only one peak
in the PL spectrum under the same injected-carrier density of N
= 4.8x10" ¢cm~3, as shown in Fig. 4(b). This result indicates
that indium atoms do not migrate to form IRCs in the 4-nm-thick
Ing 17Gag g3As/GaAs material. Although there is strain accumu-
lationin Ing 17Gag g3 As material, it is not enough to produce IRC
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effect. The spectral feature with dual peaks disappears. In order
to further prove the accuracy of this method, the reference 25 is
cited, where the PL spectrum of an Ing 15Gag g5 As/GaAs mate-
rial with a thickness of more than 6 nm shows two peaks caused
by IRC effect [25]. It can be evaluated that the PL spectrum of
an Ing 17Gag g3 As/GaAs material with a thickness of more than
4 nm should be two peaks. The analysis is consistent with the
experimental results, which demonstrates the relatively accuracy
of this measurement method. Therefore, the work is significant to
detect the characteristics of IRC structure, because it not only can
detect the thickness fluctuation of normal Ing 17Gag g3As and
indium-deficient Ing 15Gag ggAs materials, but also determine
the critical thickness of indium atom migration in the growth of
highly strained quantum well.

IV. CONCLUSION

In conclusion, we proposed a simple and effective detection
method for the asymmetric InGaAs-based IRC structure by
point-to-point scanning measurement. The PL spectra emitted
from different In,Ga;_4 As positions are collected by moving the
metal mask with a 0.2-mm-diameter light hole. The thickness
fluctuation of normal Ing 17Gag g3As layer and indium-deficient
Ing.12Gag gsAs layer is obtained by comparing the intensity of
dual peaks in PL spectra. The experimental result is significant
because it not only can calculate the thickness distribution of
Ing 17Gag g3As and Ing 15Gag gg As materials, but also determine
the critical thickness of indium atom migration. This method has
important research value for the development of In,Ga;_As-
based IRC structures as well as strained quantum wells with
high quality.
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