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Abstract. Considering the electron dynamics in the deeper area from the surface is

important to improve the efficiency of optoelectronic devices. Potential variations

due to InAs quantum dot (QD) growth in the GaAs crystal are investigated via

measurements of terahertz electromagnetic waves emitted from the surface. In the

pump-energy dependence of the time-domain signal, a phase inversion was observed

in the QD sample. In addition, while the signal intensity from the InAs QD sample

is maintained in the lower pump energy region, the intensity profile does not show

this specific change related to the phase inversion. These results demonstrate that the

potential change around QDs caused by lattice-mismatched strain can be examined

using observations of the time-domain terahertz signal, which can be used to improve

the device performance.
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1. Introduction

Self-assembled quantum dots (QDs) have been extensively studied for various high-

efficiency opt-devices, including lasers [1-7], entangled photon sources [8-12], and

photovoltaic devices [13-18]. When the efficiency of QD-based devices is considered,

variations in the potential structure due to the lattice-mismatched strain, which leads

to change in the carrier dynamics, is important. However, it is difficult to directly

observe this variation, in particular, around QDs, by the conventional spectroscopy,

such as photoluminescence (PL) measurements. For example, even though the bandgap

energy of GaAs decreases due to tensile strain at the interface between GaAs and InAs,

the experimental observations of variation of the carrier dynamics there are difficult.

When the variation of the dynamics can be observed, the device performance can be

improved.

On the other hand, observations of terahertz (THz) waves emitted from

semiconductor surfaces provide rich information concerning the variation in the structure

around the surface [19-22]. Recently, THz devices using semiconductor QDs have been

focused [23-27]: therefore, it should be possible to understand the structural variation

caused by QD growth using various approaches. In this study, the effects of QD growth

on the potential are investigated via observations of THz waves from the GaAs layers.

While the fabrication of an InAs QD layer in a GaAs crystal enhances the intensity of

the THz wave, the THz signal in the QD sample shows a phase inversion in the pump-

energy dependence, which suggests the change in the electron dynamics around the InAs

QDs due to the tensile strain. These results indicate that observation of the emitted

THz waves from the strained sample can be used to examine the potential modulation

due to the strain field. The THz signals measured at various excitation energies are

discussed from the perspective of the strain effect.

2. Experiment

The sample used in this study was self-assembled InAs QDs grown on a GaAs (001)

substrate by a solid-source molecular-beam epitaxy. After growing a 500 nm buffer layer

of GaAs at 550 ◦C, InAs was deposited at a growth rate of 0.012 ML/s. The deposited

InAs layer thickness was 3.6 ML. The average lateral QD length is 40 nm, and the QD

density is approximately 1.45× 1010 /cm−2. QDs on the wetting layer were capped by

a 150-nm thick GaAs layer. A GaAs epitaxial film with a thickness of 550 nm on a

GaAs substrate was used as a reference. To observe the variation of electron dynamics

induced by the QD layer, the larger thickness of epitaxial film than the cap layer was

chosen. The thickness of 550 nm can eliminate the contribution of the interface between

the film and substrate to the photogenerated carriers generating a THz signal. The

measurements of the THz waves were performed out at 297 K using a Ti:sapphire pulse

laser with a pulse width of approximately 100 fs. The central energy of the laser pulse

was changed from 1.653 eV to 1.425 eV. The pump density was kept at 0.14 µJ/cm2.
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Figure 1. Dependence of the THz signal on the pump energy observed in the (a)

reference and (b) QD samples.

Considering the pump-energy dependence measurement, this pump density is almost

lowest to obtain the good signal-to-noise ratio signals in our system. The samples were

excited by pump pulses at an approximately 45◦ incidence angle. The THz wave emitted

from the samples was collected with a pair of off-axis parabolic mirrors and detected by

a commercial photoconductive dipole antenna fabricated on a low-temperature-growth

GaAs film (TERA8, Thorlabs).

3. Results and Discussion

Figures 1(a) and 1(b) show the THz signals measured at various pump energies. As

shown in Fig. 1(a), while the signal shape measured in the reference sample hardly

changes, the amplitude decreases with decreasing excitation energy. This decrease is

attributed to the absorption coefficient, that is, decrease in the number of the generated

carriers. The signal to noise ratio was too low in the pump energy region less than 1.503

eV to analyze. On the other hand, in the QD sample, shown in Fig. 1(b), the signal

shape varies with the pump energy, and the amplitude polarity was completely inverted

at 1.459 eV. Moreover, the dependence of the amplitude is different from that of the

reference sample.

Here, we focused on the initial rise ∆A of the signals indicated in Fig. 1(a). The

values of ∆A for the reference and QD samples are plotted as a function of pump

energy in Fig. 2 by the closed and open circles, respectively. The horizontal dotted

line indicates ∆A = 0. The polarity inversion, as observed in the QD sample, has been

reported in several reports [20, 21, 28-30] and relates to the change in the direction of
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Figure 2. ∆A in the reference and QD samples (the closed and open circles,

respectively) plotted as a function of pump energy. The dotted horizontal line indicates

∆A = 0. The inset schmatic of direction of the electron movement.

the dipole. In general, the initial rise is caused by electrons toward the deeper area due

to drift and/or diffusion, as shown in the upper inset of Fig. 2. Conversely, the initial

intensity drop is caused by the electrons towards the surface, as shown in the lower inset

of Fig. 2. Therefore, the inversion of the polarity suggests the change in the direction

of the electron movement.

When the origin of change in the polarization direction is considered, the change

in the direction of the surface electric field and the change in the doping type cannot

be the origin of the polarity inversion because the results at an excitation energy of

1.653 eV show the same polarity direction in both samples; the surface electric field and

diffusion coefficient do not depend on the pump energy. Therefore, the mechanism of

the phase inversion is different from the previous reports.

If the GaAs surface was modified by the growth of QDs, the PL spectrum of the

GaAs layer and the PL excitation (PLE) spectrum detected at the QD PL peak energy

shown in Fig. 3(a) will show the specific spectral structure in the region occurring

the phase inversion. The arrow in Fig. 3(b) indicates the region measuring the phase-

inverted signals. Clearly, in the GaAs PL and QD PLE spectra indicated by the solid

curve and open circles, respectively, there was no remarkable point indicating the specific

potential structure to explain the phase inversion. The slight difference from the PL

spectrum of the reference sample, which was measured the same excitation condition,

suggests the strain effects; the increase and decrease in the intensity at the lower and

higher energy sides, respectively, originates from the existence of the localized states. In

addition, although the absorption coefficient of bulk GaAs increases with the increase

in the photon energy [31], the intensity in the PLE signal decreases with increase in the

photon energy.

Next, the light intensity profiles in a GaAs crystal were calculated to consider the

initial carrier distribution based on the penetration depth of light, as shown in Fig. 4;
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Figure 3. (a) The PL spectrum of QDs. (b) The PL spectrum of GaAs layer observed

in the QD sample and the PLE spectrum detected at the PL energy of QDs are

indicated by the solid curve and the open circles, respectively. In the region indicated

by the arrow, the phase inverted signals were observed. The dashed curve indicates

the PL spectrum of the reference sample.
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Figure 4. Light intensity profile in GaAs calculated for energies of 1.653 eV and 1.459

eV drawn by the solid and dotted curves, respectively. The vertical solid and dotted

lines indicate the positions of the QD layer and the interface of the buffer layer and

substrate, respectively.

the solid and dotted curves were calculated using the absorption coefficients at excitation

energies of 1.653 eV and 1.459 eV, respectively, in a GaAs crystal [32]. The vertical

thick solid and dotted lines indicate the positions of the QD layer and the interface

of the buffer layer and substrate, respectively. Considering that the carrier density is

proportional to the light intensity, there is no effective difference of the initial electron

distribution; the electron diffusion direction from the surface does not change, and the

electron always goes to the deeper area. Therefore, the initial carrier distribution is not

the origin of the change in the polarization direction.

The results of PL measurements and the calculation of the light intensity profile

enables one hypothesis that considering the uniform carrier diffusion from the surface

to the deeper area is a problem. Thus, we divided the GaAs region into two parts, the
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Figure 5. The schematically drawn potential.

cap and buffer layers. As illustrated in Fig. 5, the potential structure is modified by the

lattice-mismatched strain; considering the pseudomorphic growth, the tensile strain to

GaAs decreases the bandgap energy and the compressive strain to InAs QDs increases

the energy. While the ultrafast carrier trap by QDs also modifies the potential [27]

and this potential structure is slightly different from the theoretical results [33, 34], in

this study, this simplified potential was assumed not to distinct the in-plain and vertical

components. Furthermore, the buried InAs QDs are surrounded by the electric field [35-

37], which field can be the driving force for the electron drift. According to this potential

structure, the electrons generated in the top GaAs layer diffuses to the InAs QDs and

mainly contributed to PL. On the other hand, the some of the electrons generated

in the bottom GaAs layer diffuses to the substrate, and the rest moves to the InAs

QDs, namely, to the surface direction because of the potential gradient. The number

of electrons diffusing towards QDs gradually increases with decreasing the excitation

energy. Therefore, the potential modification hardly affects to PL.

To demonstrate a gradual increase in the electrons in the buffer layer towards

the surface, leading to the gradual phase inversion, the numerical calculation was

performed based on the equation shown by Rekaltis [38]. The photocurrent induced

by the ultrashort optical pulse is given by

J(t) =
4κκ0m

∗

eα

(
eE0

m∗

)
e−γt/2

t
sin

(
ωmax + ωmin

2
t
)

sin
(
ωmax − ωmin

2
t
)
, (1)

where ωmax =
√
ω2
exc − γ2/4, and ωmin =

√
ω2
exc exp(−αLi)− γ2/4. ωexc =√

e2nexc/κκ0m∗ is the plasma frequency of the photoexcited carriers. κ and κ0 are the

relative permittivity and permittivity of vacuum, respectively. m∗ = 1/(1/me + 1/mh)

is the reduced mass of an electron-hole pair, nexc is the density of photoexcited electron-

hole pairs at the surface, and e is elementary charge.

To divide the calculation into two parts, the photocurrent in the region from the

surface to the QD layer and that in the region from the QD layer to the substrate are

defined as J1(t) and J2(t). For J1(t), the depletion layer thicknes of Li = 150 nm, which

is the thickness of the capping layer, was used. For J2(t), instead of nexc, nexc exp(−αLi)
(Li = 150 nm) was used to consider the density of photogenerated carrier at the QD-

bottom-GaAs. Furthermore, the thickness of the bottom layer of 500 nm was used as
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that of the intrinsic layer. In the calculation of J2(t), to make the direction of electron

movement opposite to that of J1(t), the sign of second sine function was inverted, as

follows.

J2(t) ∝ sin
(−ωmax + ωmin

2
t
)
, (2)

This is just mechanical sign innversion. However, in the cases of InAs, InP, and p-type

GaAs, which show the negative polarity of the THz signals, the negative polarity can be

explained by just changing the sign, phenomenologically. Considering that an important

point is the signal consisting of two components; the positive and negative polarities, to

express the polarity inversion in the pump-energy dependence, the mechanical change

of the sign can be the phenomenologically simplified form. As the calculation paraters,

nexc = 5× 1016 cm−3, γ = 3 ps−1, α = 13.52× 103 cm−1, κ = 13.559, κ0 = 8.854× 10−12

Fm−1, and E0 = 10 kV/cm were used. Here, α for 1.550 eV, κ, me = 0.063m0 and

mh = 0.51m0 are GaAs parameters mentioned in Ref. [38]. The THz wave forms I1 and

I2 were numerically calculated as the partial derivative of J1(t) and J2(t), respectively.

In the calculation, the signal rise was considered by the step function.

The calculation results are shown in Fig. 6. The result of I1 was indicated by the

broken curve, which demonstrates the THz wave signal generated by the carriers in the

cap layer. With the increase in the contribution of I2 to the signal; the contribution

of the THz signal caused by carriers in the buffer layer, the sign of signal is inverted.

In particular, the gradual inversion is similar to the experimental results. Hence, this

result suggests that the phase inversion observed in Fig. 1 originates from variation

of the electron dynamics in the buffer layer. The comparison of the calculation with

experimental results suggests, while the carriers generated by the higher energy photons

hardly supply to QDs, those generated by the lower energy photons supply to QDs.

This property supports the PLE spectrum; a slight increase in the PL intensity with

decreasing the excitation energy.

Finally, to show the relationship between the THz intensity and phase inversion,

the pump-energy dependence of the Fourier transformation (FT) intensity is discussed.

A numerical FT was performed for the signals in the time range from 1.5 ps to 4.0

ps in Figs. 1(a) and 1(b). Because the signals were measured without purging, the

free induction decay of the water vapor overlaps on the time-domain signal [39]. This

effect enhances the intensity of the higher frequency component. Hereafter, we focus on

the peak intensity of around 0.8 THz, which is the typical frequency of the THz wave

emitted from the GaAs surface.

The FT peak intensities are plotted as a function of pump energy in Fig. 7. The

intensity values were normalized by the excitation photon number. The intensity in

the reference sample, indicated by the closed circles, monotonically decreases toward

the GaAs bandgap energy, indicated by an arrow, with decreasing pump energy. This

property agrees with the photon-energy dependence of the absorption coefficient, as

mentioned above. Conversely, the intensity in the QD sample, indicated by the open

circles, remained in the lower pump-energy region. Characteristics similar to the QD
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sample, indicated by the open and closed circles, respsectively. An arrow indicates

the bandgap energy of GaAs. The double side arrow indicates the region of the phase

inversion.

sample were also reported in ref. [25]. Clearly, this intensity profile does not show the

possibility causing the modification of the carrier dynamics or some specific features

in the energy region indicated by the double side arrow where the phase inversion was

observed. These results demonstrate that focusing on the phase of THz time-domain

signal is important to find the potential modification due to the strain, which leads to

the improvement of the QD devices.
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4. Conclusion

We investigated the potential variation caused by QD growth, which is not observed

by conventional PL measurements. The dependence of the THz signal on the pump

energy in the QD sample shows a phase inversion. This inversion is caused by a

potential modulation by the lattice-mismatched strain. In addition, while the QD

growth enhances the THz intensity in the lower pump energy region, the intensity profile

does not show the possibility of the existence of the modulation. Our results indicate

that measurements of the time-domain THz signal could offer the information about

the potential change in the deep area, such as underneath of the QD layer, to lead to

improve the performance of the semiconductor devices.
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