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We investigated the effects of the GaAs capping temperature on the morphological and

photoluminescence (PL) properties of InAs quantum dots (QDs) on GaAs(001). The broadband

tuning of the emission wavelength from 1.1 to 1.3 lm was achieved at room temperature by only

adjusting the GaAs capping temperature. As the capping temperature was decreased, the QD

shrinkage due to In desorption and In-Ga intermixing during the capping process was suppressed.

This led to QDs with a high aspect ratio, and resultantly, the emission wavelength shifted toward

the longer-wavelength side. In addition, the linearly polarized PL intensity elucidated anisotropic

characteristics reflecting the shape anisotropy of the embedded QDs, in which a marked change in

polarization anisotropy occurred at capping temperatures lower than 460 �C. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4933182]

I. INTRODUCTION

Self-assembled InAs quantum dots (QDs) have attracted

considerable attention because of their potential applications

to advanced optical devices such as laser diodes with low

threshold current density and high-temperature stability1–3

and polarization-insensitive semiconductor optical amplifiers

(SOAs).4–9 These devices are required to operate not only in

the optical communication wavelength bands of 1.3 and

1.55 lm but also in the shorter bands of 1.0–1.3 lm expected

to be used in the future expansion of optical networking. In

particular, SOAs operating in the wavelength region of

1.0–1.3 lm are essential because of the large attenuation of

silica glass optical fibers.10 We have recently fabricated QD-

SOA device structures containing 30 and 40 layers of closely

stacked InAs/GaAs QDs, and demonstrated the polarization-

insensitive properties of the net modal gain in the wave-

length region of 1.1–1.2 lm using the Hakki-Paoli method.9

To achieve a broader operational bandwidth, control of the

QD energy levels is important. The energy levels and corre-

sponding emission wavelengths of QDs are significantly

affected by the variation in QD size during the GaAs capping

process as well as that in as-grown QD size, which varies

with the QD growth conditions. GaAs capping induces In

desorption from the InAs QD surfaces and the intermixing of

In and Ga atoms at the interface between the QDs and the

cap layer owing to the compressive lattice strain,11,12 which

results in QD shrinkage and a shift of the emission wave-

length toward the shorter-wavelength side.13 The introduc-

tion of an InGaAs strain-reducing layer (SRL)14,15 and an In

flushing process16,17 enables the emission wavelength of

InAs QDs to be controlled by adjusting the variation in QD

size during the capping process. These methods, however,

have disadvantages when fabricating the multiple-stacked

QD structures used as device active layers, such as the gener-

ation of stacking faults due to the accumulation of lattice

strain in the entire structure used for the SRL and the com-

plex sequence of substrate temperatures required for In

flushing.

In this study, we investigated the control of the photolu-

minescence (PL) emission wavelength of InAs QDs by the

substrate temperature during the conventional GaAs capping

process. A decrease (increase) in the GaAs capping tempera-

ture suppressed (enhanced) In desorption and In-Ga inter-

mixing, and thereby, the broadband shift of the emission

wavelength from 1.1 to 1.3 lm was achieved at room tem-

perature. In addition, we revealed the variations in PL polar-

ization properties caused by the QD shape anisotropy after

capping.

II. EXPERIMENTAL PROCEDURE

The samples were grown on semi-insulating GaAs(001)

substrates by solid-source molecular beam epitaxy. The

substrate temperatures were monitored using an infrared

pyrometer. After the removal of an oxide layer at 585 �C, a

400-nm-thick GaAs buffer layer was deposited at 550 �C.

Then, the substrate temperature was lowered to 480 �C. A

c(4� 4) reconstructed surface was confirmed by reflection

high-energy electron diffraction (RHEED). InAs QDs with a

nominal thickness of 2.0 monolayers (ML) were grown by

self-assembly, and then, the growth was interrupted for 60 s,

during which the substrate temperature was varied between

430 and 495 �C. Subsequently, a 100-nm-thick GaAs cap

layer was deposited. The growth rates of InAs and GaAs

were 0.04 and 0.8 ML s�1, respectively, and the As2 beam

equivalent pressure (BEP) was 1.3� 10�3 Pa. The arrival

rate of As2 species which can be derived from the BEP

and GaAs growth rate,18 was 8.7� 1015 cm�2 s�1, and the

adsorption rate of As atoms to GaAs lattice sites wasa)Electronic mail: kaizu@crystal.kobe-u.ac.jp
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5.0� 1014 cm�2�s�1. The evolution of the surface morphol-

ogy during the InAs QD growth and GaAs capping was

monitored by the RHEED. The QD morphology after cap-

ping was analyzed by cross-sectional high-angle annular

dark-field scanning transmission electron microscopy

(HAADF-STEM). PL and polarized PL measurements were

performed using a continuous-wave laser diode with a wave-

length of 659 nm. The PL signal was dispersed using a 30 cm

single monochromator and detected using a liquid-nitrogen-

cooled InGaAs diode array. In addition, time-resolved PL

measurements were performed using a near-infrared streak

camera system with a temporal resolution of 20 ps. The light

source used was a mode-locked Ti:sapphire pulse laser with

a pulse width of 130 fs and a repetition rate of 80 MHz. The

excitation wavelength and excitation power density were

800 nm and 0.06 nJ/cm2, respectively.

III. RESULTS AND DISCUSSION

The RHEED patterns obtained during the initial growth

of the GaAs cap layer are shown in Figs. 1(a) and 1(b). As

the growth of the cap layer proceeds, the RHEED pattern

changes from spots [Fig. 1(a)] originating from three-

dimensional islands to streaks. The reconstructed surface

was a single phase of (2� 4) at capping temperatures higher

than 470 �C, while at capping temperatures lower than

470 �C, it was a mixture of c(4� 4) and (2� 4) phases [Fig.

1(b)]. The streak patterns indicate that the InAs QDs are

completely embedded in the cap layer, resulting in the for-

mation of a two-dimensional surface. Correspondingly, the

diffraction spot intensity gradually decreases with an

increasing cap layer thickness and then saturates, as shown

in Fig. 1(c). The cap layer thickness h at which the QDs

were embedded was estimated from the variation in the

RHEED intensity in Fig. 1(c) and is plotted as a function of

the capping temperature in Fig. 1(d). As the capping temper-

ature is decreased, the value of h monotonically increases.

This suggests the suppression of QD shrinkage due to In

desorption and In-Ga intermixing during the initial growth of

the cap layer.

To analyze the InAs QD size after GaAs capping in

detail, the cross-sectional observations of the morphology of

QDs embedded with the cap layer were performed by

HAADF-STEM. Figure 2(a) shows the high-resolution (110)

cross-sectional HAADF-STEM images of InAs QDs embed-

ded with three different capping temperatures, in which the

morphology of the QDs on the InAs wetting layer with a

thickness about 2 ML can be clearly observed. We selected

the largest QD from more than 10 cleaved-QDs for each cap-

ping temperature and derived the base size and height, which

is a reliable method to obtain information of a QD cleaved

near the center. We derived the aspect ratios averaging the

values of more than 10 cleaved-QDs because it almost did

not depend on the cleavage positions. The results are sum-

marized in Figs. 2(b) and 2(c). Compared with the height of

the as-grown QDs derived by atomic force microscopy

(AFM), the height of the embedded QDs decreases at all

capping temperatures. However, the reduction of height

becomes smaller with decreasing capping temperature. This

agrees with the RHEED results, which indicate the suppres-

sion of QD shrinkage. The [�110] base size increases up to

the capping temperature of 460 �C, below which it becomes

almost constant. It follows that the aspect ratio of the QDs

after capping depends on the capping temperature, as shown

in Fig. 2(c).

These morphological variations in the QDs during the

capping process significantly affect the optical properties of

the QDs. Figure 3(a) shows the room-temperature PL spectra

of the InAs QDs, and Fig. 3(b) shows the PL peak wave-

length and full width at half maximum (FWHM) as functions

of the GaAs capping temperature. All the PL spectra have a

shoulder on the shorter-wavelength side on the main peak,

which originates from the excited-state transition of the

QDs. The peak wavelength is monotonically shifted toward

the longer-wavelength side with decreasing capping temper-

ature, and thereby, broadband tuning from 1.1 to 1.3 lm is

FIG. 1. RHEED patterns of the (a) InAs QD surface and (b) 24-ML-thick

GaAs cap layer surface along the [�110] azimuth. (c) (004) diffraction spot

intensity as a function of the GaAs cap layer thickness for various capping

temperatures. (d) GaAs capping temperature dependence of h, where h is the

GaAs cap layer thickness at which the InAs QDs were embedded.
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achieved at room temperature. This shift is larger than that

reported in a previous study using an As4 source.19 The PL

FWHM markedly decreases with decreasing the capping

temperature. When the capping temperature becomes lower

than 470 �C, the FWHM exhibits almost constant value. To

explain this behavior, we investigated the measurement tem-

perature dependence of the PL peak energy. The results for

various capping temperatures are shown in Fig. 4(a). The

solid lines represent the energy gap shrinkage of the QDs

estimated from the Varshni empirical relation20

E Tð Þ ¼ E 0ð Þ � aT2

bþ T
; (1)

where E(0) is the energy gap at 0 K and a and b are the

Varshni coefficients. The parameters determined by fitting to

the measured data in the low temperature region below 120 K

and the high temperature region above 220 K are listed in

Table I. The PL peak energy exhibits a sigmoidal dependence

on the measurement temperature, which is interpreted as the

thermally induced transfer of carriers from smaller to larger

QDs.21,22 This feature of the bimodal distribution of the QD

size becomes pronounced with increasing capping temperature.

Therefore, the energy difference between the E(0) of the

smaller QDs and that of the larger QDs, DE(0), increases, as

shown in Fig. 4(b). It is noted that DE(0) is smaller than the

energy difference between the ground- and excited-states of the

QDs. The capping temperature dependence of DE(0) corre-

sponds well with that of the PL FWHM in Fig. 3(b), from

which the dispersion of the bimodal QD size distribution deter-

mines the PL FWHM. The growth interruption after the QD

formation has been reported to cause coarsening of QDs, lead-

ing to a bimodal size distribution.23 The coarsening is enhanced

with increasing the substrate temperature. Since we change the

substrate temperature during the growth interruption, the bi-

modal distribution appears during the growth interruption and

is considered to be maintained the feature after capping.

Moreover, we investigated the effect of the capping tem-

perature on the emission intensity of the QDs. Figure 5

shows the integrated PL intensity of the InAs QDs at 20 K as

a function of the GaAs capping temperature. Generally, a

low temperature growth deteriorates the crystal quality due

to defect formation, resulting in a reduction of emission in-

tensity. However, the integrated PL intensity in Fig. 5

increases with decreasing the capping temperature. When

FIG. 2. (a) High-resolution (110) cross-sectional HAADF-STEM images of

the InAs QDs embedded with GaAs capping temperatures of 430, 460, and

495 �C. (b) [�110] base size (L, open symbols) and height (H-W, filled sym-

bols) as a function of the GaAs capping temperature. This was derived by

analyzing the largest QD among more than 10 cleaved-QDs for each capping

temperature. The dotted line represents the height of the as-grown QDs

derived from AFM observations. (c) Aspect ratio of the InAs QDs after cap-

ping as a function of the GaAs capping temperature. This was derived by

averaging the values of more than 10 cleaved-QDs for each capping temper-

ature. The symbols and error bars represent the average values and standard

deviations, respectively.

FIG. 3. (a) Room-temperature PL spectra of the InAs QDs and (b) PL peak

wavelength (filled symbols) and FWHM (open symbols) as functions of the

GaAs capping temperature.

154301-3 Kaizu, Matsumura, and Kita J. Appl. Phys. 118, 154301 (2015)
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the capping temperature becomes lower than 460 �C, the

intensity starts decreasing again. There are some factors that

affect the PL emission intensity: a generation of crystal

defects, an increase in oscillator strength, and a decrease in

QD density. To clarify whether these factors have an effect,

we investigated the recombination lifetime of the QD exci-

tons (s) by time-resolved PL measurement. Figure 6(a)

shows the typical PL decay profiles of the InAs QDs for vari-

ous capping temperatures, which were recorded at the peak

wavelength of the ground-state emission from the QDs. The

measurement temperature was 3.4 K. All the profiles can be

fitted by a single exponential function. The value of s

derived from these profiles is plotted as a function of the

capping temperature in Fig. 6(b). The recombination lifetime

is related to the radiative (sr) and non-radiative (snr) life-

times, respectively, by24

1

s
¼ 1

sr

þ 1

snr

: (2)

sr is inversely proportional to the oscillator strength given by

the electronic dipole transition and the overlap integral of the

TABLE I. Varshni parameters determined by fitting to the measured data in

the low-temperature region below 120 K and the high-temperature region

above 220 K.

GaAs capping temperature ( �C) E(0) (eV) a (�10�3 eV�K�1) b (K)

430 (low) 1.037 0.374 176

(high) 1.034

460 (low) 1.101 0.367 149

(high) 1.095

480 (low) 1.151 0.387 173

(high) 1.140

495 (low) 1.242 0.378 167

(high) 1.219 0.313 94

FIG. 5. Integrated PL intensity of the InAs QDs at 20 K as a function of the

GaAs capping temperature.

FIG. 6. (a) PL decay profiles of the InAs QDs for various GaAs capping

temperatures, which were recorded at the peak wavelength of the ground-

state emission from the QDs. (b) GaAs capping temperature dependence of

s, where s is the recombination lifetime of the InAs QD excitons. The mea-

surement temperature was 3.4 K.

FIG. 4. (a) Measurement temperature dependence of the PL peak energy for

various GaAs capping temperatures. The solid lines represent the energy gap

shrinkage of the InAs QDs estimated from the Varshni empirical relation. (b)

GaAs capping temperature dependence of DE(0), where DE(0) is the energy

difference between the energy gaps of the smaller and larger QDs at 0 K.

154301-4 Kaizu, Matsumura, and Kita J. Appl. Phys. 118, 154301 (2015)
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electron and hole wavefunctions.25 When the QD size, espe-

cially the QD height, becomes small at high capping temper-

atures, the electron wavefunction trends to penetrate deeper

into the GaAs cap layer, which leads to a reduction of wave-

function overlap, and therefore, the oscillator strength is

reduced.26,27 Thus, as the capping temperature is lowered,

the oscillator strength increases. Therefore, sr decreases with

decreasing the capping temperature. Conversely, snr

increases because the relative contribution of carrier trapping

at the QD surface defects becomes small for large QDs.

When the increment of snr exceeds the decrement of sr, the

measured total lifetime s increases with increasing the QD

size.27 s’s measured for QDs capped at temperatures higher

than 460 �C in Fig. 6(b) exhibits a behavior similar to the

results in Ref. 27. On the other hand, we observed that s
decreases for QDs capped below 460 �C. This can be attrib-

uted to defect formation induced by low capping tempera-

tures, which leads to a significant reduction of snr. The

luminescence intensity I is proportional to the quantum yield

g given by the ratio of the total measured lifetime to the radi-

ative lifetime: I / g¼ s/sr.
24 sr decreases with decreasing the

capping temperature, which results in an increase in I. When

the capping temperature becomes lower than 460 �C, s starts

decreasing again and I decreases as well. This is consistent

with the behavior of the integrated PL intensity shown in

Fig. 5.

Next, we discuss the GaAs capping temperature depend-

ence of the linearly polarized PL properties of the InAs QDs.

Figure 7 shows the polarized PL intensity ratios of (a) I[001]/

I[�110], (b) I[001]/I[110], and (c) I[110]/I[�110] observed from the

(110)- and (�110)-cleaved surfaces, and the (001) surface as

a function of the capping temperature, where I[001], I[�110],

and I[110] denote the ground-state PL intensities polarized

along the [001], [�110], and [110] directions, respectively.

The measurement temperature was room temperature. The

I[001] /I[�110] ratio in Fig. 7(a) is almost constant at capping

temperatures higher than 460 �C, while at capping tempera-

tures lower than 460 �C, it increases with decreasing capping

temperature. This is explained by the variation in the shape

anisotropy of the embedded QDs shown in Fig. 2(c). The PL

polarization depends on the confinement direction within the

quantum structure because of the selection rules for optical

transitions. Since the ground-state PL of QDs with a low as-

pect ratio is the heavy-hole exciton transition, its polarization

is perpendicular to the confinement direction, i.e., the [001]

growth direction.28 Therefore, the polarization component

along the [�110] in-plane direction becomes dominant.

When the aspect ratio of QDs increases, the vertical confine-

ment is relaxed, and thereby, the heavy- and light-hole states

start mixing, which leads to an increase in the [001] polariza-

tion component relative to the [�110] component.29,30

In contrast to the I[001]/I[�110] ratio, the I[001]/I[110] ratio

is almost constant at all capping temperatures, as shown in

Fig. 7(b). This indicates the constant aspect ratio of the

height to the [110] base size of the embedded QDs. In addi-

tion, considering the capping temperature dependence of the

height of the embedded QDs shown in Fig. 2(b), it is inferred

that the [110] base size monotonically increases with

decreasing capping temperature and height. This inference is

also supported by the data of the in-plane polarization anisot-

ropy in Fig. 7(c). The I[110]/I[�110] ratio, which reflects the

in-plane anisotropy of the QD shape, exhibits a behavior

similar to that of the I[001]/I[�110] ratio. This indicates that

the [110] base size varies similarly with the height. In con-

trast, the [�110] base size is independent of the capping

temperature below 460 �C, as shown in Fig. 2(b). This is

considered to be related to the anisotropic growth of the

GaAs cap layer on the InAs QDs during the initial capping

process rather than the anisotropy of Ga adatom diffusion.

Under an As2 flux, the shape of QDs capped with a thin cap

layer has been reported to elongate along the [110] direction

at a capping temperature of 420 �C, while it elongated along

the opposite [�110] direction at 460 �C.31 The variation in

incorporation rate of Ga adatoms is due to the difference in

the atomic steps between the [110] and [�110] directions,

which causes the anisotropic growth of the cap layer.32 Since

FIG. 7. Polarized PL intensity ratios of (a) I[001]/I[�110], (b) I[001]/I[110], and

(c) I[110]/I[�110] observed from the (110)- and (�110)-cleaved surfaces, and

the (001) surface as a function of the GaAs capping temperature, where

I[001], I[�110], and I[110] denote the ground-state PL intensities polarized

along the [001], [�110], and [110] directions, respectively. The measure-

ment temperature was room temperature. The dotted lines are guides to the

eyes. The insets are the schematic illustrations of the polarized PL from the

InAs QDs with anisotropic shape.
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the QD morphology greatly varies during the initial capping

process, as shown in Fig. 1, the dependence of the size varia-

tion on the capping temperature becomes pronounced in the

preferential growth direction of the cap layer, which is the

[110] direction at low temperatures. Control of the polariza-

tion properties is crucial for the development of polarization-

insensitive SOAs. We have demonstrated an almost

polarization-insensitive optical gain for the cleaved surface

of 30-layer stacked InAs/GaAs QDs.9 The results of this

study suggest that a low capping temperature has the poten-

tial to achieve polarization insensitivity with fewer stacking

layers.

IV. SUMMARY

We investigated the effects of the GaAs capping tem-

perature on the morphological and PL properties of InAs

QDs. The QD shrinkage during the capping process was

suppressed by decreasing the capping temperature, and

thereby, the broadband tuning of the emission wavelength

from 1.1 to 1.3 lm was achieved at room temperature. In

addition, linearly polarized PL properties that reflected the

shape anisotropy of the embedded QDs were observed, in

which the [110] polarization component as well as the

[001] component increased relative to the [�110] compo-

nent at capping temperatures lower than 460 �C. These

results reveal that not only the emission wavelength but

also the polarization anisotropy can be controlled by the

capping temperature.
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