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Abstract: This investigation explores the structural and electronic properties of low-temperature-
grown (InAs)4(GaAs)3/Be-doped InAlAs and InGaAs/Be-doped InAlAs multiple quantum wells
(MQWs), utilizing migration-enhanced epitaxy (MEE) and conventional molecular beam epitaxy
(MBE) growth mode. Through comprehensive characterization methods including transmission
electron microscopy (TEM), Raman spectroscopy, atomic force microscopy (AFM), pump–probe
transient reflectivity, and Hall effect measurements, the study reveals significant distinctions between
the two types of MQWs. The (InAs)4(GaAs)3/Be-doped InAlAs MQWs grown via the MEE mode
exhibit enhanced periodicity and interface quality over the InGaAs/Be-InAlAs MQWs grown through
the conventional molecule beam epitaxy (MBE) mode, as evidenced by TEM. The AFM results indicate
lower surface roughness for the (InAs)4(GaAs)3/Be-doped InAlAs MQWs by using the MEE mode.
Raman spectroscopy reveals weaker disorder-activated modes in the (InAs)4(GaAs)3/Be-doped
InAlAs MQWs by using the MEE mode. This originates from utilizing the (InAs)4(GaAs)3 short
period superlattices rather than InGaAs, which suppresses the arbitrary distribution of Ga and In
atoms during the InGaAs growth. Furthermore, pump–probe transient reflectivity measurements
show shorter carrier lifetimes in the (InAs)4(GaAs)3/Be-doped InAlAs MQWs, attributed to a higher
density of antisite defects. It is noteworthy that room temperature Hall measurements imply that
the mobility of (InAs)4(GaAs)3/Be-doped InAlAs MQWs grown at a low temperature of 250 ◦C via
the MEE mode is superior to that of InGaAs/Be-doped InAlAs MQWs grown in the conventional
MBE growth mode, reaching 2230 cm2/V.s. The reason for the higher mobility of (InAs)4(GaAs)3/Be-
doped InAlAs MQWs is that this short-period superlattice structure can effectively suppress alloy
scattering caused by the arbitrary distribution of In and Ga atoms during the growth process of the
InGaAs ternary alloy. These results exhibit the promise of the MEE growth approach for growing high-
performance MQWs for advanced optoelectronic applications, notably for high-speed optoelectronic
devices like THz photoconductive antennas.
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1. Introduction

With the increasing demand for optoelectronic devices, InGaAs quantum well (QW)
technology has shown great promise for applications in fields such as photoconductive
antennas (PCAs), infrared detectors, and laser diodes [1–6]. These technological advances
provide new possibilities for high-performance optoelectronic conversion, which in turn
drives the rapid development of terahertz (THz) technology. As a frontier science and
technology with a wide range of potential applications, THz technology has demonstrated
its unique value in the fields of biomedicine, materials science, drug testing, nondestruc-
tive testing, security inspection, communications technology, atmospheric science, and
astronomy [7–12]. The miniaturization of core components of THz technology, including
THz radiation sources and THz detectors, has become a focus of current research aimed at
improving the integration and application flexibility of THz systems and reducing costs.
THz PCAs fabricated from GaAs materials grown at low temperatures benefit from a
simple structure, wide bandwidth and high radiation power, and can be operated at room
temperature [13]. However, the use of expensive titanium-sapphire femtosecond lasers as
pump sources has limited the popularity of this technology. In recent years, the develop-
ment of 1.55 µm fiber femtosecond(fs) lasers to irradiate low-temperature grown InGaAs
PCAs for generating and detecting THz waves has provided new possibilities for THz
technology [2,14]. Compared with titanium sapphire lasers, its low price and small size
can drive the development of THz radiation sources and THz detectors to the direction of
cheap and integrated.

Compared to the low-temperature-grown GaAs-based THz PCAs, the radiated power
from the low-temperature-grown InGaAs THz PCAs is significantly weaker, which is lim-
ited by the lower resistivity and carrier mobility of the InGaAs material itself [15]. In GaAs
materials grown at low temperatures, excess As forms As antisite (AsGa) defects during the
growth process. These defects act as efficient nonradiative recombination and trap centers,
significantly reducing the carrier lifetime. A high concentration of As antisite (AsGa) defects
results in the formation of As clusters (precipitates) upon annealing [16]. The formation of
these precipitates causes Schottky barrier depletion around them, leading to a significant
increase in resistance [16]. For low-temperature-grown InGaAs photoconductive materials,
the excess As content in the material is low. Even when grown at a low temperature of
150 ◦C, the excess As content in the InGaAs layers is only about 0.4% [17], much less than
in GaAs materials grown at low temperatures (~1–2.5% at ~200 ◦C) [18]. This results in
no significant As precipitate after annealing, and low resistivity of the annealed material.
Additionally, during the low-temperature growth of InGaAs, the short migration lengths
of In and Ga atoms lead to increased disorder of metal atoms in the alloy. This disorder
causes alloy scattering, reducing carrier mobility [19].

Although very low carrier lifetimes (<200 fs) can be achieved with low-temperature
growth of InGaAs below 200 ◦C, the crystalline quality of the material deteriorates signifi-
cantly [17,20]. Currently, the main bottlenecks in improving the performance of THz PCAs
are increasing the resistivity and mobility of the low-temperature-grown InGaAs materials.
In order to obtain high crystalline quality, high resistivity, and mobility in the material,
InGaAs quantum wells applied to THz PCAs are typically grown above 200 ◦C, especially
230–250 ◦C [2,21].

To increase the resistivity, beryllium (Be) is used for doping both the quantum well and
barrier layers of InGaAs/InAlAs. However, while Be doping enhances the resistivity, it also
leads to a significant reduction in carrier mobility, with mobility dropping to <600 cm2/V·s
(≈300 cm2/V·s after 580 ◦C annealing) when Be is doped at 2 × 18 cm−3 [22].

In addition to carrier scattering due to Be doping, the arbitrary distribution of In and
Ga atoms during InGaAs growth causes alloy scattering, which leads to a reduction in
carrier mobility [19,23]. (InAs)m(GaAs)n short-period superlattices (SPSs) consist of m
monolayers (MLs) of InAs and n MLs of GaAs grown alternately. In SPSs, In and Ga atoms
are distributed in an ordered arrangement within the InAs and GaAs MLs, effectively
suppressing alloy scattering in InGaAs caused by the arbitrary occupancy of In and Ga
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atoms in the lattice sites [19]. Therefore, the use of SPSs as an alternative to InGaAs
alloys can reduce alloy scattering effects in InGaAs, which has great potential for high-
speed device applications [19,24]. By employing metalorganic chemical vapor deposition
(MOVPE) technology, Andre et al. grew (InAs) n (GaAs) n SPSs and obtained higher carrier
mobilities than InGaAs [24]. Based on these advantages of SPSs, this work will utilize
(InAs)m(GaAs)n SPSs to replace InGaAs alloys as the well material for quantum wells.

At low-temperature growth conditions, the migration of In and Ga adatoms on the
sample surface is reduced, which is not conducive to obtaining high crystalline quality
materials [25,26]. The migration-enhanced epitaxial (MEE) growth technique provides a
powerful approach to achieving high-quality crystal growth at lower temperatures [27]. The
MEE technique relies on alternating the supply of (In)Ga and As by opening and closing
their respective shutters. Closing the shutter for As leads to a dramatic drop in its pressure,
which in turn significantly extends the surface migration distance of Ga/In atoms, even when
the substrate is kept at a relatively low temperature. High-quality crystalline quantum well
structures are crucial for the creation of optoelectronic devices with enhanced performance.
Due to these significant advantages, the MEE method has emerged as a promising approach
for growing III-V compound materials at low temperatures [23,24,26–29].

The primary difference between MEE and conventional MBE growth modes is their
growth mechanisms. The MEE mode enhances the mobility of atoms on the substrate
by alternately supplying the growth atoms, instead of supplying them all at once. This
method facilitates the atoms in finding the lowest energy positions on the substrate surface,
leading to the formation of smoother interfaces and higher quality materials. In contrast,
the conventional MBE mode supplies all atoms simultaneously, which may result in atoms
being fixed at non-ideal positions before finding the optimal locations, thereby increasing
surface roughness and defects.

Gerard et al. employed the MEE growth mode to grow (InAs)4(GaAs)3 SPSs with
a thickness of 130 nm on InP (100) substrates at 370 ◦C. Scanning transmission electron
microscopy characterization showed that the material is lattice-matched, exhibits good
crystalline quality, and does not show significant misfit dislocations [27]. In further studies
of the (InAs)4(GaAs)3 SPSs, Gerard et al. found that its actual bandgap is about 0.76 eV [30],
which is in close proximity to the 0.743 eV bandgap exhibited by In0.53Ga0.47As at room
temperature. Using the MEE growth mode to grow (InAs)4(GaAs)3 SPSs as the well
material in quantum well instead of InGaAs can suppress the alloy scattering caused by the
arbitrary distribution of In and Ga throughout the growth of InGaAs, achieving the growth
of high-quality quantum wells at low temperatures [30].

From the research of Gerard et al., it is evident that they successfully grew high-
quality (InAs)4(GaAs)3 SPSs with a thickness of 130 nm on InP (100) substrates at a low
temperature of 370 ◦C [27]. In order to achieve a good lattice match with the InP (100)
substrate and to maintain an integer number of atomic layers for both InAs and GaAs,
the same number of atomic layers as in the work of Gerard et al. were used in this study.
However, the purpose of this study is to grow materials for THz photoconductive antennas,
and thus the material structure differs from that of Gerard et al. The structure grown in
this work consists of 12 nm (InAs)4(GaAs)3/12 nm Be-doped InAlAs multiple quantum
wells (MQWs) with a periodicity of 50 cycles. To achieve high mobility and resistivity,
this study employs the growth of (InAs)4(GaAs)3/Be-doped InAlAs multiple quantum
wells (MQWs) at low temperatures using the MEE growth mode, as an alternative to the
traditional InGaAs/InAlAs quantum wells. In addition to testing the crystal quality of the
materials, this paper also characterizes important parameters for THz photoconductive
antennas, such as carrier lifetime and mobility. The low growth temperature of 250 ◦C
(thermocouple temperature) was used to reduce the carrier lifetime. Beryllium doping the
InAlAs quantum well barriers was introduced to increase resistivity. The MQWs utilized
12 nm thick (InAs)4(GaAs)3 SPSs as wells, replacing In0.53Ga0.47As as the femtosecond
laser absorption layer for THz photoconductive antennas, suppressing alloy scattering and
enhancing mobility. Moreover, the MEE growth mode was used to independently control
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the opening time of the As shutter, increasing the excess As content to further reduce the
carrier lifetime, which helps to increase the resistivity after subsequent annealing.

We have conducted some preliminary research on the low-temperature growth of
MQWs using the MEE mode [11]. The sample structure in this study differs from that in
our previous works. In this work, only the InAlAs barriers were doped, while the wells
themselves were not doped. The absence of Be doping in the wells can reduce impurity
scattering, which is beneficial for enhancing electron mobility. This study introduced atomic
force microscopy (AFM) measurements, which provided more comprehensive information
about the samples and helped us to gain a deeper understanding of the sample properties.
Additionally, this paper investigated the Raman spectra of annealed samples and observed
the influence of stress on the Raman spectra before and after annealing.

2. Materials and Methods

The samples investigated in this research were grown by employing the FW-VI-60
type Molecular Beam Epitaxy (MBE), produced by SKY Technology Development Co.,
Ltd., Shenyang, China. The growth of all samples was carried out on a quarter of a 2-inch
semi-insulating IP (100) substrate. The structure of sample A contained 50 periods of
quantum wells, each period consisting of a 12 nm thick In0.52Al0.48As layer as the barrier
and a 12 nm thick (InAs)4(GaAs)3 layer as the well. The (InAs)4(GaAs)3 layer was grown
utilizing the MEE mode, characterized by the alternate switching In (or Ga) and As shutters
throughout the growth of InAs or GaAs layers. In contrast, the structure of sample B also
included 50 periods of quantum wells but was grown by using the conventional MBE
mode, with a 12 nm thick layer of In0.53Ga0.47As as the well region and a 12 nm thick layer
of In0.52Al0.48As as the barrier region. Both samples A and B had the In0.52Al0.48As layer
doped with Be at a concentration of 2 × 1018 cm−3. The epitaxial growth of samples A and
B was carried out at a thermocouple-measured temperature of 250 ◦C, as measured by a
thermocouple. Prior to growth, the 1/4 of a 2-inch semi-insulating InP (100) substrate was
maintained at 550 ◦C (thermocouple temperature) under As protection for 5 min to remove
the oxide layer.

The grown samples were analyzed for crystalline quality using the high angle an-
nular dark field scanning transmission electron microscopy (HAADF-STEM), bright-field
scanning transmission electron microscopy (BF-STEM), and high-resolution transmission
electron microscopy (HRTEM) techniques. The instrument used is the Thermofisher Talos
F200X (Waltham, MA, USA). To perform the HAADF-STEM cross-sectional observation,
the required samples were first prepared using focused ion beam (FIB) technology. In
this research, the examination of the sample surfaces was conducted through atomic force
microscopy (AFM) utilizing a Bruker Dimension ICON system (Bruker, Billerica, MA, USA),
operating in tapping mode.

In addition, the electrical parameters of the samples such as mobility and resistivity
were determined by Hall effect measurements using the HL5500 system from Nanometrics
Incorporated (Milpitas, CA, USA). Moreover, the lifetime of carriers in the samples was
measured at room temperature, employing the pump–probe transient reflectivity technique
(∆R/R) for characterization. In order to achieve this purpose, this study utilized a titanium-
sapphire regenerative amplifier (Legend Elite, Coherent Inc., Sunnyvale, CA, USA) to
pump an optical parametric amplifier (OPA, Opera Solo, Coherent Inc., Sunnyvale, CA,
USA). In this paper, the pulse width of the OPA output was approximately 150 fs, with a
1 kHz operational repetition frequency. The pump and probe beams were both linearly
polarized, and their wavelength was adjusted to be in close proximity to the quantum
well’s bandgap, which was around 1.45 µm.

In this study, micro-Raman spectra of the quantum well samples at room temperature
were acquired using Horiba’s LabRAM HR Evolution. The excitation wavelength was
fixed at 532 nm, utilizing an excitation power of 2.280 mW, which was quantified using a
Thorlabs S130C power meter (Thorlabs, Newton, NJ, USA).
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3. Results and Discussions
3.1. TEM Characterization of (InAs)4(GaAs)3/Be-Doped InAlAs MQWs Grown at Low
Temperatures by Using the MEE Growth Mode

This study characterized sample A using BF-STEM, HAADF-STEM, and HRTEM
techniques, with results shown in Figure 1a, b, and c, respectively. The BF-STEM and
HAADF-STEM results show that the quantum well and barrier widths in sample A were
12 nm, consistent with the design values. The quantum wells exhibited significant peri-
odicity and steep interfaces. Notably, the (InAs)4(GaAs)3 SPS as the potential well had
a pronounced periodicity with steep interfaces, displayed strong periodicity and abrupt
interfaces, with a structure consisting of four InAs monolayers and three GaAs monolay-
ers grown alternately. These results are similar to the STEM results of the 130 nm thick
(InAs)4(GaAs)3 SPS grown by Gerard et al. at 370 ◦C [27]. The difference in this study
is that the (InAs)4(GaAs)3 SPS was grown at a significantly lower temperature (250 ◦C)
and was used as a potential well with 50 cycles. The total thickness of the (InAs)4(GaAs)3
SPS in Sample A reached 600 nm, exhibiting high crystalline quality. The HRTEM results
(Figure 1c) further confirm the good crystallinity, the absence of discernible misfit disloca-
tions or defects, and the pronounced periodicity of the (InAs)4(GaAs)3 superlattice, rather
than a random InGaAs alloy.
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Figure 1. TEM images of sample A, a low-temperature grown 12 nm (InAs)4(GaAs)3/12 nm Be-doped
InAlAs MQWs: (a) BF-STEM image; (b) HAADF-STEM image; (c) HRTEM image.

3.2. TEM Characterization of InGaAs/Be-Doped InAlAs MQWs Grown at Low Temperatures by
Using the Conventional MBE Growth Mode

This study characterized sample B using BF-TEM, HAADF-STEM, and HRTEM tech-
niques, with the results presented in Figure 2a,b, and c, respectively. Sample B consisted of
12 nm InGaAs/12 nm Be-doped InAlAs MQWs grown by conventional MBE mode at a
substrate temperature of 250 ◦C (thermocouple temperature). The BF-TEM and HAADF-
STEM results (Figure 2a,b) showed that the quantum well interfaces of sample B were
abrupt with a distinct periodicity. The HRTEM results (Figure 2c) further demonstrate that
sample B had good crystalline quality without observable misfit dislocations and defects.
In contrast to sample A shown in Figure 1, for sample B no multilayer structure was found
in the quantum well region. This can be ascribed to the conventional MBE growth mode
used for sample B, where the InGaAs layers were not grown in an atomic layer-by-layer
manner using the MEE mode.
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3.3. AFM Images of Low-Temperature-Grown (InAs)4(GaAs)3/Be-Doped InAlAs and
InGaAs/Be-Doped InAlAs MQWs

Figure 3 shows the two-dimensional AFM images obtained by tapping mode imaging
of low-temperature grown 12 nm (InAs)4(GaAs)3/12 nm Be-doped InAlAs MQWs and
12 nm InGaAs/12 nm Be-doped InAlAs MQWs, with a scanning range of 1 × 1 µm. As can
be seen from the figure, the surfaces of the epitaxial films of both (InAs)4(GaAs)3/Be-doped
InAlAs MQWs and InGaAs/Be-doped InAlAs MQWs samples are remarkably smooth,
with root-mean-square roughness (Rq) values of 0.271 and 0.324 nm, respectively. The Rq
of (InAs)4(GaAs)3/Be-doped InAlAs MQWs, which were grown using the MEE mode, was
lower than that of InGaAs/Be-doped InAlAs MQWs. This difference can be ascribed to
the precise atomic layer-by-layer deposition of (InAs)4(GaAs)3/Be-doped InAlAs MQWs,
enabled by the MEE mode. This method enhances the migration of group III adatoms on
the surface, resulting in a smoother sample surface.
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3.4. Raman Characterization of (InAs)4(GaAs)3/Be-Doped InAlAs and InGaAs/Be-Doped InAlAs
MQWs Grown at Low Temperatures

Raman spectroscopy plays a key role in the characterization of semiconductor materi-
als, in particular quantum wells and superlattice structures [31,32]. It is uniquely suited
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to reveal the quality of crystallization within a material and to assess the quality of the
interface. In this study, we performed a detailed analysis of multiple quantum well samples
in two different growth modes by Raman spectroscopy to obtain important information
about the periodicity of the material and the quality of the interface. For sample A (12 nm
(InAs)4(GaAs)3/12 nm Be-doped InAlAs MQWs) and sample B (12 nm InGaAs/12 nm
Be-doped InAlAs MQWs), their Raman spectra at room temperature exhibited different
peaks (Figure 4).
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The longitudinal acoustic (LA) modes observed at the Brillouin zone center revealed
critical information about the periodic arrangement of superlattices [31]. The vibra-
tional bands corresponding to these modes reflect low-frequency vibrations between
atoms or molecules within the material, typically observed at wavenumbers ranging from
10 to 100 cm−1. Analysis of the LA modes enables observation of low-frequency acoustic
vibrations among distinct atomic layers within superlattices or quantum wells, manifested
primarily as longitudinal compression and stretching along the growth direction lattice.
For MQWs or superlattice structures, the vibrational characteristics of longitudinal acoustic
modes can indicate the orderliness and periodic changes in the atomic arrangement at the
interface, providing an important perspective for investigating superlattices or quantum
wells. The peak labeled as “1” in the Raman spectrum of Figure 4a is attributed to the
longitudinal acoustic mode, which is highly correlated with the periodic structure of the
superlattice. The location of this peak is near the longitudinal acoustic mode position of the
(InAs)4(GaAs)3 superlattice as reported in reference [33], and its position can be calculated
by the formulas in literature [34]. This peak was not detected in sample B, indicating that
the quantum well regions of sample A have different lattice vibration modes compared to
the quantum well regions of sample B.

Sample B’s Raman spectrum exhibited a noticeable peak at around 52 cm−1, assigned
the label ‘a’, which is recognized as a distinctive feature of the transverse acoustic (TA)
phonon mode intrinsic to InAs. This TA mode depicts the vibrations of the In and As atoms
along an axis perpendicular to the direction of propagation of the lattice vibrations. The
TA mode Raman peak of InAs was not observed in Sample A, possibly due to two reasons.
Firstly, the InAs in the (InAs)4(GaAs)3 SPS is subjected to compressive stress, leading to an
increase in Raman shift. Secondly, the (InAs)4(GaAs)3 SPS grown by MEE exhibits excellent
periodicity, which enhances the intensity of its Raman peaks. This enhanced intensity
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may cause the TA mode Raman peak of InAs to merge with the nearby LA peak of the
(InAs)4(GaAs)3 SPS.

The appearance of the disorder-activated longitudinal acoustic (DALA) mode peaks in
the Raman spectra of samples A and B significantly indicates the presence of disorder within
the materials. Samples A and B exhibit Raman peaks designated as ‘2’, ‘b’, and ‘c’, which are
ascribed to DALA modes, a finding that is supported by references in the literature [35,36].
The molecular vibrational bands characteristic of the DALA modes correspond to atomic
vibrations parallel to the direction of wave propagation, although these vibrations are
affected by structural disorders. The appearance and strength of DALA peaks within
Raman spectra are directly linked to the level of disorder. The reduced intensity of DALA
peaks in sample A in contrast to sample B indicates that the (InAs)4(GaAs)3/Be-doped
InAlAs MQWs grown by using the MEE mode exhibit enhanced atomic arrangement
compared to the InGaAs/Be-doped InAlAs MQWs grown by using the conventional MBE
mode. This suggests MEE as a potent method to realize MQW structures with highly
ordered atomic organization. Such atomic-level disorder in InGaAs/InAlAs MQWs grown
in a conventional MBE mode at low temperatures may adversely affect the carrier mobility
of the material.

Longitudinal optical (LO) phonon modes refer to the movements of atoms in the lattice
that occur parallel to the path of phonon propagation. In the Raman spectrum of sample
A, a pronounced peak was detected at a wavenumber of 255 cm−1 (denoted as ‘3’) [33,37],
which is attributed to the coalescence of LO phonon modes originating from both InAs and
GaAs compounds. This overlap is attributed to the compressive strain in the InAs layer and
the tensile strain in the GaAs layer, causing their Raman peaks to shift towards each other
and eventually merge at 255 cm−1. This result highlights the significant effect of strain
on the LO phonon modes in strained-layer superlattices. In contrast, the Raman peaks in
sample B show that the LO modes of InAs and GaAs are located at 233 cm−1 (labeled as ‘d’)
and 263 cm−1 (labeled as ‘e’), respectively, which is consistent with literature reports [38].

In the case of samples A and B, peaks detected through Raman spectroscopy near
360 cm−1 (identified as ‘4’ and ‘f’), representing the relative LO phonon, involving the
relative motion between aluminum and arsenic atoms along the direction of phonon
propagation. This is consistent with previous studies [36,37].

Raman spectroscopy analysis of samples A and B confirms that the (InAs)4(GaAs)3/Be-
doped InAlAs multi-quantum wells grown by the MEE technique possess remarkable pe-
riodicity. This periodic structure effectively suppresses alloy scattering inside the quantum
wells. The TEM results also confirm the realization of a well-ordered periodic structure
through the utilization of the MEE mode. Although the interfaces of low-temperature grown
InGaAs/InAlAs quantum wells are very sharp, Raman spectroscopy detects significant chaos
in the positioning of group III atoms inside the quantum wells, resulting in considerable
alloy scattering. Therefore, Raman spectroscopy can effectively assess the crystal quality of
quantum wells grown at low temperatures, complementing the TEM results.

To investigate the relationship between stress and Raman peak, the following proce-
dure was used in this study. First, the sample was rapidly annealed for 10 min in a hydrogen
atmosphere at a temperature of 580 ◦C. To protect the sample during high-temperature
annealing, the sample surface was covered with a GaAs substrate.

By comparing the Raman spectroscopy data in Figures 4 and 5, we observed signifi-
cant differences in the spectral response of (InAs)4(GaAs)3/Be-doped InAlAs MQWs and
InGaAs/Be-doped InAlAs MQWs samples before and after high-temperature annealing.
For the (InAs)4(GaAs)3/Be-doped InAlAs MQWs, the high-temperature annealing treat-
ment led to noticeable changes in the position of the Raman peaks, indicating that the
annealing process induced a significant alteration in the internal stress state of the sample.
In contrast, the Raman spectra of the InGaAs/Be-doped InAlAs MQWs sample did not
exhibit significant changes before and after annealing, suggesting that its internal stress
state was less affected by the annealing process.



Crystals 2024, 14, 421 9 of 13

Crystals 2024, 14, x FOR PEER REVIEW 9 of 14 
 

 

By comparing the Raman spectroscopy data in Figures 4 and 5, we observed signifi-
cant differences in the spectral response of (InAs)4(GaAs)3/Be-doped InAlAs MQWs and 
InGaAs/Be-doped InAlAs MQWs samples before and after high-temperature annealing. 
For the (InAs)4(GaAs)3/Be-doped InAlAs MQWs, the high-temperature annealing treat-
ment led to noticeable changes in the position of the Raman peaks, indicating that the 
annealing process induced a significant alteration in the internal stress state of the sample. 
In contrast, the Raman spectra of the InGaAs/Be-doped InAlAs MQWs sample did not 
exhibit significant changes before and after annealing, suggesting that its internal stress 
state was less affected by the annealing process. 

 
Figure 5. Raman spectra of low-temperature-grown MQWs after annealing: (a) (InAs)4(GaAs)3/Be-
doped InAlAs MQWs; and (b) InGaAs/Be-doped InAlAs MQWs. 

In the Raman spectrum of the (InAs)4(GaAs)3/Be-doped InAlAs MQWs sample, the 
peak labeled as 1, located at 52 cm−1, corresponds to the TA phonon mode of InAs. Prior 
to high-temperature annealing, the Raman peaks labeled as 1 and 2 were merged due to 
the influence of internal stress in the sample, resulting in a broadened peak. However, 
after the high-temperature annealing treatment, these two Raman peaks separated, corre-
sponding to the TA mode of InAs and the LA mode of the (InAs)4(GaAs)3 SPS, respec-
tively. This phenomenon indicates that the high-temperature annealing process effec-
tively released the internal stress within the quantum wells. By analyzing the changes in 
peak positions in the Raman spectra, we can obtain crucial information about the internal 
stress state of the material, providing guidance for optimizing the growth and thermal 
treatment processes of multiple quantum well structures. 

In Figure 5a, the Raman peak labeled as 3 corresponds to the DALA mode, indicating 
the presence of disorder in the material. Compared to the unannealed sample in Figure 
4a, the intensity of the Raman peak labeled as 3 increased after high-temperature anneal-
ing. This phenomenon suggests that during the high-temperature annealing process, 
atomic disorder increases while internal stresses in the sample are released. Furthermore, 
the LO modes of InAs and GaAs, labeled as 4 and 5 in Figure 5a, separated after high-
temperature annealing compared to their state before annealing. This change is also at-
tributed to the release of internal stress during the high-temperature annealing process. 

3.5. Carrier Lifetime and Hall Effect of (InAs)4(GaAs)3/Be-Doped InAlAs and InGaAs/Be-Doped 
InAlAs MQWs Grown at Low Temperatures 

This study utilized pump–probe transient reflectivity measurements to characterize 
the carrier dynamics within (InAs)4(GaAs)3/Be-doped InAlAs and InGaAs/Be-doped 

Figure 5. Raman spectra of low-temperature-grown MQWs after annealing: (a) (InAs)4(GaAs)3/Be-
doped InAlAs MQWs; and (b) InGaAs/Be-doped InAlAs MQWs.

In the Raman spectrum of the (InAs)4(GaAs)3/Be-doped InAlAs MQWs sample, the
peak labeled as 1, located at 52 cm−1, corresponds to the TA phonon mode of InAs. Prior to
high-temperature annealing, the Raman peaks labeled as 1 and 2 were merged due to the
influence of internal stress in the sample, resulting in a broadened peak. However, after the
high-temperature annealing treatment, these two Raman peaks separated, corresponding
to the TA mode of InAs and the LA mode of the (InAs)4(GaAs)3 SPS, respectively. This
phenomenon indicates that the high-temperature annealing process effectively released the
internal stress within the quantum wells. By analyzing the changes in peak positions in
the Raman spectra, we can obtain crucial information about the internal stress state of the
material, providing guidance for optimizing the growth and thermal treatment processes
of multiple quantum well structures.

In Figure 5a, the Raman peak labeled as 3 corresponds to the DALA mode, indicating
the presence of disorder in the material. Compared to the unannealed sample in Figure 4a,
the intensity of the Raman peak labeled as 3 increased after high-temperature annealing.
This phenomenon suggests that during the high-temperature annealing process, atomic
disorder increases while internal stresses in the sample are released. Furthermore, the LO
modes of InAs and GaAs, labeled as 4 and 5 in Figure 5a, separated after high-temperature
annealing compared to their state before annealing. This change is also attributed to the
release of internal stress during the high-temperature annealing process.

3.5. Carrier Lifetime and Hall Effect of (InAs)4(GaAs)3/Be-Doped InAlAs and InGaAs/Be-Doped
InAlAs MQWs Grown at Low Temperatures

This study utilized pump–probe transient reflectivity measurements to characterize
the carrier dynamics within (InAs)4(GaAs)3/Be-doped InAlAs and InGaAs/Be-doped
InAlAs MQWs grown at low temperatures. The experiments were performed at room
temperature, using a pump wavelength set to 1450 nm and a pump power tuned to 6 mW.
Figure 6a,b show the decay traces of transient reflectivity over time for both MQWs samples.
By curve fitting, the carrier lifetimes of 12 nm (InAs)4(GaAs)3/Be-doped InAlAs and 12 nm
InGaAs/Be-doped InAlAs MQWs were obtained as 4.57 ps and 7.97 ps, respectively.
Compared to the carrier lifetime of approximately 7.8 ps for Be-doped InGaAs material
grown at low temperature (250 ◦C) reported in the literature [39], the lifetime in InGaAs/Be-
doped InAlAs MQWs from this work is comparable. However, the (InAs)4(GaAs)3/InAlAs
MQWs exhibited a shorter lifetime, which could be due to the slower growth rate and
longer arsenic supply duration in the MEE growth causing an increased density of antisite
defects (AsGa) where As substitutes Ga sites in the MQWs. These antisite defects act as non-
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radiative recombination centers, reducing the carrier lifetime. For low-temperature-grown
materials, it has been reported in the literature that an increase in the density of antisite
defects leads to a decrease in the carrier lifetime [40].
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In the development of high-speed optoelectronic devices, such as THz photoconduc-
tive antennas, the mobility and carrier lifetime of the material play a crucial role in deter-
mining the performance. To assess these electrical properties, this study conducted room
temperature Hall effect measurements on low-temperature-grown (InAs)4(GaAs)3/Be-
doped InAlAs MQWs by using MEE mode, and low-temperature-grown InGaAs/Be-doped
InAlAs MQWs by using the conventional MBE mode, respectively. The results show that
the (InAs)4(GaAs)3/Be-doped InAlAs MQWs grown under the MEE growth mode exhib-
ited an electron mobility of 2230 cm2/V.s, while the InGaAs/Be-doped InAlAs MQWs
grown under the conventional MBE growth mode exhibited an electron mobility reaching
1900 cm2/V.s. In contrast, a previous study reported that InGaAs materials doped with
Be at a low growth temperature of 250 ◦C exhibited a room temperature mobility of only
around 200 cm2/V.s (at a Be doping concentration of 2 × 1018 cm−3) [39].

The main challenge in controlling the distribution of In and Ga atoms during the
growth of InGaAs is the random occupation of group III atomic sites by In and Ga atoms.
This random distribution leads to a situation where In atoms occupy Ga sites and vice versa,
leading to alloy scattering within the InGaAs material. Alloy scattering reduces the carrier
mobility, which is difficult to overcome only by adjusting the growth process conditions.

To address this challenge, a short-period superlattice structure of (InAs)4(GaAs)3 can
be used as an alternative to InGaAs. In this approach, the InAs and GaAs layers are grown
alternately during the growth process, with an effective In composition similar to that
of InGaAs. By using this structure, the random distribution of In and Ga atoms and the
resulting alloy scattering can be avoided. The superlattice structure allows for a more
controlled distribution of In and Ga atoms, as they are confined to their respective layers
during growth. The findings of this study on (InAs)4(GaAs)3/Be-doped InAlAs MQWs
grown via MEE contribute to the advancement of high-speed optoelectronic devices by
demonstrating enhanced carrier mobility and shorter carrier lifetimes. This result provides
valuable insights into the material design of high-performance optoelectronic devices,
especially for high-performance THz photoconductive antennas.
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4. Conclusions and Perspectives

Our study demonstrates that the growth mode has a significant impact on the struc-
tural and electronic properties of low-temperature-grown MQWs. Specifically, the (InAs)4
(GaAs)3/Be-doped InAlAs MQWs grown through the MEE growth mode present bet-
ter structural periodicity, smoother surfaces, and lower disorder compared to their In-
GaAs/InAlAs counterparts grown by the conventional MBE mode. These improvements
are crucial as they lead to a significant enhancement of carrier mobility and suggest the
potential for superior optoelectronic performance, which is essential for deployment in
high-speed optoelectronic devices including THz photoconductive antennas. The better
performance of (InAs)4(GaAs)3/Be-doped InAlAs MQWs is attributed to the adoption of a
short-period superlattice structure. This structure effectively reduces alloy scattering, which
is a common issue when In and Ga atoms are randomly distributed during the growth
of the InGaAs ternary alloy. However, it is important to note that the (InAs)4(GaAs)3/Be-
doped InAlAs MQWs grown at low temperatures using the MEE growth method exhibited
shorter lifetimes, a consequence of slower growth rates and extended arsenic supply during
the MEE growth process, leading to an increased presence of antisite defects (AsGa). These
defects serve as centers for non-radiative recombination, reducing the carrier lifetime.

In summary, our study highlights the importance of selecting the appropriate growth
mode when fabricating MQWs. (InAs)4(GaAs)3/Be-doped InAlAs MQWs grown at low
temperatures through the MEE growth method exhibit superior structural and electronic
qualities that enable high carrier mobility and potential for enhanced optoelectronic per-
formance. Future work should focus on optimizing the growth parameters to meet the
needs of specific applications, while also delving into interface phenomena and defect
formation mechanisms for a deeper fundamental understanding. For device applications,
the range of applications can be extended, such as the application of grown materials to
ultrafast photodetectors, high-speed transistors, and other fields. This study employed the
MEE method for low-temperature growth of (InAs)4(GaAs)3/Be-doped InAlAs MQWs,
achieving high crystal quality and periodic MQWs, while suppressing alloy scattering
in low-temperature-grown InGaAs MQWs. This research demonstrates the potential of
optimized MQWs in optoelectronic devices, providing new insights for advancing epitaxial
growth techniques and innovative applications in high-speed optoelectronic devices. The
principles and optimization strategies employed in this study can be potentially extended
to various material systems beyond (InAs)4(GaAs)3/InAlAs and InGaAs/InAlAs MQWs,
opening up new avenues for the application of high-quality epitaxial layers in diverse
optoelectronic devices across different material systems.

In the process of growing complex nanostructured quantum materials, the role of
density functional theory (DFT) simulations is becoming increasingly important. DFT
simulations can provide vital information on the electronic properties of materials and
intermolecular interactions, which are crucial for understanding and optimizing material
growth processes [41]. Therefore, we suggest that future studies should include DFT
simulations to comprehensively understand the growth behavior of materials by combining
experimental results and theoretical simulations, which can guide experimental design and
optimize material properties.
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