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Self-assembled InGaAs quantum dots have been grown using alternating molecular beams of In, Ga,
and As,. The size distribution changes from bimodal to monodisperse as the quantum dots grow
larger. Room-temperature photoluminescence experiments on ensembles of these quantum dots
show that the emitted intensity remains high as the center wavelength changes from about 1130 to
1345 nm. The linewidths are less than 30 meV for all samples studied, with the narrowest measured
linewidth being 18 meV at a peak emission energy of 930.1 meV (1333 nm).
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1. INTRODUCTION

Self-assembly of InGaAs quantum dots (QDs) is the most
promising method of creating uniform arrays of zero-
dimensional structures.'™ Improvements in the growth of
QDs have led to dramatic improvements in the characteristic
temperature of  semiconductor lasers*® and other novel de-
vices such as 1300 nm lasers grown on GaAs substrates.®’
However, control over size uniformity and areal density are
still problems that are limiting conventional device perfor-
mance. The photoluminescence (PL) linewidth is one mea-
sure of the uniformity of these QD ensembles because of the
inhomogeneous broadening. Room-temperature PL line-
widths for larger InGaAs/GaAs QDs, i.e., QDs with an emis-
sion wavelength near the technologically important wave-
length of 1300 nm, are routinely less than 30 meV,>®® and
the best reports are closer to 20 meV.'™!! However, there
have been fewer reports of narrow PL linewidths from QDs
that emit near 1100 nm at room temperature, which is the
emission wavelength if the QDs are terminated shortly after
nucleation. These ensembles typically have PL linewidths of
60-100 meV. In this article, we will report on the evolution
of bimodal distributions of QDs into monodisperse distribu-
tions and the optical properties of these ensembles. The
room-temperature peak emission wavelengths range from
1130 to 1345 nm, and room-temperature PL linewidths range
from 18 meV (1330 nm peak wavelength) to 26 meV (1130
nm peak wavelength).

II. EXPERIMENTAL RESULTS

The samples are grown using molecular-beam epitaxy
(MBE) with a valved arsenic cracker that produces As, with
a beam equivalent pressure of 9 X 1078 Torr as measured by
an ion gauge in the growth position. The substrate tempera-
ture is measured using a single-color infrared pyrometer. The
epilayer structure that is grown for PL samples is similar to
the separate confinement heterostructure (SCH) used for
edge emitting lasers and consists of a double well structure
with a layer of InGaAs QDs sandwiched between 5 nm of
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GaAs and 80 nm of Aly,Gag gAs. The layers deposited before
the QDs are grown at a substrate temperature of about
590 °C. The substrate temperature is then lowered to 520 °C
for deposition of the InGaAs QDs and the GaAs that is used
to bury the QDs. The samples grown for atomic force mi-
croscopy (AFM) are terminated immediately after the growth
of the QDs. We use an alternating shutter sequence consist-
ing of 0.25 monolayers (MLs) of In, 5 s of As,, 0.31 MLs of
Ga, and 5 s of As, for the QDs.

After 5 nm of GaAs is deposited at 520 °C, we have a one
minute growth pause under arsenic flux to raise the tempera-
ture to about 570 °C for the growth of the remainder of the
sample. This has been shown to lead to improved lumines-
cence efficiency as compared to the growth of the capping
layers at low substrate temperatures.'” The reflection high-
energy electron diffraction (RHEED) pattern is noticeably
streaker after the growth pause, which indicates that the sur-
face is now smoother than before the pause. The remainder
of the sample is then deposited at temperatures of 570-
590 °C.

The RHEED pattern begins to show the characteristic
spots that are indicative of the transformation of the surface
from two dimensional to three dimensional after eight cycles,
corresponding to 4.5 MLs, of the above shutter sequence
have been executed. Execution of nine cycles (5.0 MLs) of
this shutter sequence leads to well-defined chevrons along
the [011] azinmth. We have deposited up to 20.2 MLs of
Ing 45Gag ssAs, corresponding to 36 cycles of the above shut-
ter sequence,

Room-temperature PL measurements are made by focus-
ing the pump laser light onto the sample with a spot size of
approximately 50 um®. The emitted light is focused on the
input slit of a 0.75 m monochromator and detected with a
liquid-nitrogen-cooled Ge detector and a lock-in amplifier.
Room-temperature PL spectra of three different samples are
shown in Fig. 1. Luminescence from the wetting layer only
appears in the spectra of the 5.0 ML sample, and then only at
very high pump powers. The PL spectrum from the 4.5 ML
sample (not shown), however, does show strong wetting
layer luminescence at 925 nm (1.340 eV) and a QD emission
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FiG. 1. (a) Intensity-dependent PL from the 5.0 ML sample shows two peaks
even at very low pump powers. Several excited states are seen, including
what we suspect is the wetting layer at 1.35 eV. (b) Well-resolved excited
states are seen even at room temperature in the 15.7 ML sample. The peak
emission wavelength is 1305 nm, which is suitable for semiconductor lasers
for optical fiber communications. (c) The peak emission wavelength for the
17.9 ML sample is 1333 nm. The linewidth of 18 meV is believed to be the
narrowest reported for a large ensemble of QDs.

peak at 1050 nm. The 5.0 ML sample has a ground state
emission at 1130 nm (1.097 eV) and a linewidth (full width
at half maximum, FWHM) of 26 meV (28 nm) [Fig. 1(a)].
The peak wavelength can be continuously varied by chang-
ing the amount of Ing 45Gag 5sAs that is deposited. After 15.7
MLs have been deposited, the peak wavelength is at 1305
nm (1.053 eV), with a FWHM of 27 meV (47 nm) [Fig.
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FiG. 2. (a) Intensity-dependent PL from the 5.0 ML sample at 4.3 K. (b)
Temperature-dependent PL from the 15.7 ML sample at 1 mW pump power
shows a nearly constant spectrum from 4.6 to 50 K. The FWHM is inde-
pendent of temperature.

1(b)]. The 1.79 ML sample is peaked at 1333 nm (0.930 eV)
with a FWHM of only 18 meV (25 nm) [Fig. 1(c)]. We
believe this is the smallest PL linewidth reported for en-
sembles of self-assembled InGaAs/GaAs QDs.

Samples with as many as 20.2 MLs of Inq 45Ga, 55As have
been grown. These samples have a peak emission wave-
length of about 1345 nm. This is a very small increase in
wavelength compared to the 17.9 ML sample. AFM images
show that the 15.7 ML sample already has large dots that are
tightly packed, so a small increase in height is unlikely to
affect the emission wavelength by much. This wavelength
appears to be near the long wavelength limit of what is eb-
tainable using these MBE growth conditions.

Low-temperature PL measurements are made on the 5.0
ML sample and the 15.7 ML sample. The sample is mounted
in a continuous flow helium cryostat, and the pump laser is.
focused to a spot with an area of about 180 um?. Intensity-
dependent PL from the 5.0 ML sample at 4.3 K is shown in
Fig. 2(a). Even at low pump power, two states are always
observable in the spectrum. At high pump powers, there are
four well-resolved peaks and a clear shoulder on the fourth
peak. Figure 2(b) shows the temperature dependence of the
PL spectra for the 15.7 ML sample at a pump power density
of 550 W/cm?. The spectra has almost no change when the
temperature is changed from 4.6 to 50 K. Between 50 and 90
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FiG. 3. (a) 1 um X1 pum AFM image of the 5.0 ML QDs with an areal dot

density of 1.7X10'" cm™. A bimodal distribution consisting of large and
small dots can be clearly seen. (b) A histogram of the island heights quan-
tifies the bimodal distribution that appears in (a). A simple calculation
shows a mean height of 8.6 nm with a standard deviation of 2.3 nm. A fit to
the sum of two Gaussians gives mean heights of 7.0 and 11.]1 nm with
standard deviations of 1.0 and 0.9 nm, respectively.

K we begin to see some blueshift of the peak position and a
decrease in the peak intensity. The FWHM remains essen-
tially unchanged at 27 meV from 4.6 to 293 K. This is due to
the inhomogeneous size distribution of the QDs. The 5.0 ML
sample exhibits the same properties of constant FWHM and
no spectral shifting until some critical temperature is
reached.

AFM is also used to investigate the structural properties
of the QDs. The AFM tips are etched Si, and the microscope
1s operated in a noncontact mode. A | umX1 um image of a
sample with 5.0 MLs of In;, 4sGay 5sAs is shown in Fig. 3(a).
The areal dot density is about 1.7X10'® ¢cm™. A 'histogram
of the dot heights is shown in Fig. 3(b). A 2 umX2 um scan
was used for the histogram data in order to improve the
statistics for the curve fit. We fit the histogram to a sum of
Gaussians as shown in Fig. 3(b). The two Gaussian peaks are
located at 7.0 and 11.] nm with standard deviations of 1.0
and 0.9 nm, respectively. Such a bimodal distribution has
occasionally been reported for self-assembled InGaAs
QDs,”" ' but is much less common than a single-peaked
distribution.

A 1 umX1 pm image of a sample with 15.7 MLs of
deposited InGaAs is shown in Fig. 4(a). The QD density is
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FiG. 4. (a) 1 pmX1 um AFM image of the 15.7 ML QDs shows an areal dot
density of about 2.7X 10! em™2 There are a few very large islands (about

2%) but the distribution is still monodisperse. (b) A histogram of the island
heights shows a mean height of 14.5 nm with a standard deviation of 2.6
nm. A Gaussian fit to the data gives a mean height of 13.6 nm with a
standard deviation of 1.0 nm.

about 2.7X 10" em™. A histogram of the peak heights is
shown in Fig. 4(b). Despite the narrow PL linewidth from
the corresponding sample, the AFM sample indicates that the
height uniformity is only about *+18%. Even if the scan area
is reduced to 0.5 umXx0.5 um so as to exclude all of the
much larger QDs, the height uniformity is only reduced to
*+13%. This is much larger than the best reported height
uniformity of *4."> Nevertheless, our PL linewidth is still
smaller than the 35 meV that was reported in Ref. 15 for
these very uniform QDs.

lil. DISCUSSION

The bimodal distribution of QD heights can explain the
PL data shown in Fig. 1(a) and Fig. 2(a). At low temperature,
carriers are highly localized and captured in the individual
QDs. Thus, even at very low pump intensities, the PL spec-
trum shows two distinct peaks. As the pump intensity is in-
creased, the excited states in both size distributions are filled.
We note that the peak intensity from the smaller QDs be-
comes larger than the peak intensity from the larger QDs,
consistent with the higher dot density in the smaller distribu-
tion. The PL spectrum at room temperature [Fig. 1(a)] also
shows two peaks at low pump intensity. Since the peak sepa-
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ration is about 60 meV, carrier localization even at roomi
temperature is possible. At room temperature, the peak posi-
tion of the higher energy state (~1.16 eV) remains nearly
constant, whereas the low temperature measurements shown
in Fig. 2(a) show the peak position of the higher energy state
(~1.27 eV) changes and the peak splits as the pump power
increases. At high excitation power, the peak splits into two
separate peaks. The low excitation power peak appears to be
formed by emission from both the ground state of the smaller
ensemble of dots and the first excited state of the larger en-
semble of dots. Resonant PL and photoluminescence excita-
tion measurements will help with peak assignments and pro-
vide insight into the interdot carrier transport effects.

As more InGaAs is deposited, the areal density increased
by about 50% and the size distribution changes from bimodal
to monodisperse. The increase in density simply reflects the
fact that there is plenty of space in between nucleated QDs
for new nucleation to occur. The change of the distribution
from bimodal to monodisperse suggests that there is some
mechanism, such as an increase in strain energy that with
increasing island size,'® that limits the growth rate of the
larger QDs and prevents them from growing too quickly.
Similar results have been reported for Ge islands on Si.!”!®
In Fig. 4(a), we can see that the dots are practically in contact
with one another while not actually connecting. This is prob-
ably due to some interactions between the QDs, possibly
through their strain fields. This island—island interaction is
another possible cause for the change of size distributions.

The limitations of the emission wavelength to about 1345
nm suggests that these growth conditions are not appropriate
for reaching 1550 nm emission with InGaAs QDs on GaAs.
However, this does not preclude finding a different set of
growth conditions that will allow the growth of larger QDs
with higher indium mole fraction that could be used for this

purpose.

IV. SUMMARY

We have investigated the morphological and optical prop-
erties of self-assembled InGaAs QDs as the size distribution

JVST B - Microelectronics and Nanometer Structures

1513

changes from bimodal to monodisperse. We have demon-
strated that an initial bimodal distribution of InGaAs QDs
can become monodisperse if additional epilayers are depos-
ited on the bimodally distributed QDs. Regardless of the dis-
tribution, very narrow linewidths have been measured for
QDs with peak emission wavelengths ranging from 1130 to
1345 nm. The best result we have obtained is 18 meV for
QDs peaked at 930.1 meV (1333 nm). This corresponds to a
fractional bandwidth, AE/E, of only 1.9%. We believe this
is the narrowest linewidth reported to date for an ensemble of
self-assembled InGaAs/GaAs QDs.

L. Goldstein, F. Glas, J. Marzin, M. Charasse, and G. LeRoux, Appl.
Phys. Lett. 47, 1099 (1985).

D. Leonard, M. Krishnamurthy, C. R, Reaves. S. P. DenBaars, and P. M.
Petroff, Appl. Phys. Lett. 63, 3203 (1993).

3J. M. Moison, F, Houzay, F. Barthe, L. Leprince, E. Andre, and O. Vatel,
Appl. Phys. Lett. 64, 196 (1994),

*V. M. Ustinov, A. Yu. Egorov, A. R. Kovsh, A. E. Zhukov, M. V. Maxi-
mov, A. F. Tsatsul’nikov, N. Yu. Gordeev, S. V. Zaitsev, Yu. M.
Shernyakov, N. A. Bert, P. S. Kop'ev, Zh. L. Alferov, N. N. Ledentsov, J.
Bohrer, D. Bimberg, A. O. Kosogov, P. Werer, and U. Gosele, J. Cryst.
Growth 175/176, 689 (1997).

3G. Park, O. B. Shchekin, D. L. Hutfaker, and D. G. Deppe, Appl. Phys.
Lett. 73, 3351 (1998).

®D. L. Huffaker, G. Park, Z. Zou, O. B. Shchekin, and D. G. Deppe, Appl.
Phys. Lett. 73, 2564 (1998).

K. Mukai, Y. Nakata, K. Otsubo, M. Sugawara, N, Yokoyama, and H.
Ishikawa, IEEE Photonics Technol. Lett. 11, 1205 (1999).

SR. Mirin, J. Ibbetson, K. Nishi, A. Gossard, and J. Bowers, Appl. Phys.
Lett. 67, 3795 (1995).
°I. Mukhametzhanov, R. Heitz, J. Zeng, P. Chen, and A. Madhukar, Appl.
Phys. Lett. 73, 1841 (1998).

'K, Nishi, H. Saito, S. Sugou, and J.-S. Lee, Appl. Phys. Lett. 74, 1111
(1999).

"'R. Murray, D. Childs, S. Malik, P. Siverns, C. Roberts, J.-M. Hartmann,
and P. Stavrinou, Jpn. J. Appl. Phys., Part 1 38, 528 (1999).

R, P. Mirin, J. P. Ibbetson, J. E. Bowers, and A. C. Gossard, J. Cryst.
Growth 175/176, 696 (1997).

H. Lee, R. R, Lowe-Webb, W. Yang, and P. C. Sercel, Appl. Phys. Lett.
71, 2325 (1997).

“D. L. Huffaker and D. G. Deppe, Appl. Phys. Lett. 73, 366 (1998).

H. Saito, K. Nishi, and S. Sogou, Appl. Phys. Lett. 74, 1224 (1999),

"7, Drucker, Phys. Rev. B 48, 18203 (1993). .

T, 1. Kamins, E. C. Car, R. S. Williams, and S. J. Rosner, J. Appl. Phys.
81, 211 (1997).

"¥F. M. Ross, J. Tersoff, and R. M. Tromp, Phys. Rev. Lett. 80, 984 (1998).




P1.5

Narrow Photoluminescence Linewidths from Ensembles of Self-assembled
InGaAs Quantum Dots
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Self-assembled InGaAs quantum dots (QDs) have been intensely studied for the
past several years because of the potential applications ranging from low threshold,
temperature-insensitive laser diodes[1] to quantumn computers. However, one of the
problems that currently limits the performance of devices that rely on QDs is the size
distribution that seems to be inherent during the growth of these layers. In this abstract, we
will present room temperature photoluminescence (PL) results from extremely uniform
arrays of self-assembled QDs.

The QDs are grown using molecular beam epitaxy (MBE) on exactly-oriented (100)
GaAs substrates. After a high temperature (600°C) buffer layer of GaAs is deposited to
smooth the surface, an Al ,Gag,As layer is grown to provide a large electronic barrier for
carriers. The sample is then cooled to 520°C to grow the QDs. The QDs are formed from
In, GaysAs. The reflection high energy electron diffraction (RHEED) pattern exhibits the
characteristic spotty pattern that is associated with the formation of the three-dimensional
islands on the surface after about 4 monolayers of In,;Ga, ;As have been deposited. After
about 4.5 monolayers have been deposited, well-defined chevrons are observed along the
[0(-1)1] azimuth. The chevrons remain intact, with no indication of surface smoothing,
until at least 16 monolayers have been deposited. After completion of the QD deposition, 5
nm of GaAs are deposited at 520°C. Then, the substrate temperature is raised to about
550°C under an As, flux before additional Aly,Ga,¢As is deposited. The RHEED pattern
is usually streaky by the time the growth of the upper Al;,Gay;As commences, although
when more than about 8 monolayers of In, ;Ga, ;As have been deposited the specular
streak is broader than for fewer monolayers.

Room temperature PL. measurements were performed on the samples. Intensity-
dependent PL results for a sample with 4.5 monolayers of In,;Ga, ;As are shown in Figure
1. At low pump power, the ground state emission is peaked at 1.098 eV (1130 nm) with a
full width at half maximum (FWHM) of only 26 meV (28 nm). Typical room temperature
linewidths for self-assembled QDs emitting at this energy are at least 45 meV[2]. This

fractional linewidth (AE/E) of 2.4% is amongst the best reported in the literature.

Figures 2 and 3 show intensity-dependent PL results for samples with 14
monolayers and 16 monolayers of Iny ;Ga, ;As, respectively. The 14 monolayer sample
has a peak emission wavelength of around 1305 nm, with a FWHM of about 37 nm (27
meV). The energy spacing between the ground state and the first excited state is about 58
meV. The 16 monolayer sample has a peak emission wavelength of 1333 nm with a
FWHM of 25 nm (18 meV). At high pump powers, three peaks are observed, with a peak
spacing of about 55 meV.

In conclusion, we have shown narrow luminescence linewidths from ensembles of
self-assembled QDs over a wide wavelength range. At the conference, we will present
AFM results and describe laser diodes with these QDs as an active region.

[1] Arakawa, Y., and Sakaki, H., Appl. Phys. Letr., V.40 (11), p.939-941(1982).

[2] Leonard, D., Krishnamurthy, M., Fafard, S., Merz, J.L., and Petroff, P.M., J. Vac.
Sci. Technol. B, V.12 (2), p.1063-1066(1994).
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Figure 1. Room temperature PL from the 4.5 monolayer InGaAs sample. The energy spacing
between the ground state and the first excited state is about 62 meV.
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Figure 2: PL from 14 monolayer QDs is peaked at 1305 nm with a FWHM of only 37 nm (27 meV
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Figure 3: The 16 monolayer QDs are peaked at 1333 nm with a FWHM of 18 meV.
At high pump powers, evenly spaced excited states are well-resolved.
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