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Abstract In this study we investigate the carrier relaxa-
tion dynamics in p-type doped InGaAs/GaAs quantum dots
using time-integrated and time-resolved photolumines-
cence. The experiment shows that while a strong phonon
bottleneck is observed in the undoped samples, with a
680 ps rise time of the photoluminescence intensity, the
intra-dot relaxation time (31 ps) of the p-type doped sam-
ples is reduced significantly due to scattering of photo-
excited electrons with the doping-induced holes.

1 Introduction

InGaAs quantum dots (QDs) have been a focus of research
due to their potential application in high-performance lasers
and optoelectronics. Three-dimensional confinement of
electrons and holes in QDs leads to atomic-like electronic
spectra consisting of well-separated energy states. The
discrete electronic states cause a significant reduction in the
interaction efficiency between electrons and phonons,
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which may result in significantly slower intraband relaxa-
tion relative to higher dimension materials [1, 2]. The car-
rier relaxation and capture into quantum dots play a central
role in determining the performance of QD lasers and have
been extensively studied in recent years. Various relaxation
mechanisms have been proposed, such as Auger processes
[3], electron—hole interactions [4] and multi-phonon pro-
cesses [5]. P-type doping of quantum dots can greatly im-
prove the performance of QD lasers because of effective
compensation of the closely spaced hole states [6]. Gun-
dogdu et al. [4] found an extremely fast carrier relaxation
from the barrier to the ground states in doped InAs QDs,
especially in the p-type samples, which was attributed to
efficient electron-hole scattering. Siegert et al. [7] studied
carrier dynamics of modulation doped InAs QDs with dif-
ferent excitation conditions to determine the contribution of
different mechanisms of carrier relaxation. However, the
details of the relaxation mechanism depend sensitively on
the features of the QDs, such as the composition, dot size,
doping density, temperature, excitation density and wave-
lengths etc. and it is difficult to identify the precise relax-
ation mechanisms from experiments [5, 8—11].

2 Experimental

Three types of InGaAs QD samples, undoped, direct doped
and modulation doped p-type samples, grown on a semi-
insulating (100) GaAs substrate by low-pressure metalor-
ganic chemical vapour deposition (MOCVD) have been
used for this study. For the undoped sample, a 200 nm
GaAs buffer layer was grown at 650 °C on a semi-insu-
lating GaAs substrate, followed by the IngsGagsAs dots
which were grown and capped with 11 nm GaAs at
550 °C. After a 1 min growth interruption, the sample was
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capped with 200 nm of GaAs as the temperature was
ramped to 650 °C. The direct doped p-type sample was
grown under the same conditions as the undoped sample
except the QDs were grown in the presence of CCly. For
the modulation doped samples, after growth of the undoped
Ing 5Gag sAs dots, a 11 nm thick GaAs capping layer and
after a 1 min interruption, a 10 nm thick GaAs layer was
grown as the temperature was ramped to 650 °C. A 20 nm
thick doped GaAs layer was grown at 650 °C. Finally, a
170 nm undoped GaAs capping layer was grown at
650 °C.

Time-integrated photoluminescence (PL) was per-
formed using 532 nm laser excitation and a cooled InGaAs
photodetector at the output slit of a 0.5 m monochromator.
The time-resolved photoluminescence (TRPL) experiment
was performed with a PL up-conversion technique [12]. A
laser pulse with pulse duration of 80 fs, pulse energy of 1—
10 pJ and 1 kHz repetition rate is used for excitation. The
luminescence from the sample was collected in a backward
geometry and mixed in a nonlinear -barium borate (BBO)
crystal with a variable delayed gating pulse (800 nm, 80 fs,
20 pJ) to generate a sum-frequency signal. A time resolu-
tion of 150 fs and spectral resolution of 2 nm can be ob-
tained using this setup. Wavelengths of 800 nm for
excitation into the GaAs barrier (GaAs bandgap at 300 K is
about 1.43 eV) and 925 nm for direct excitation of the QD
layer (the second excited state of the QDs) have been used.
The excitation intensity is about 15 pJ/cm? or 50 uJ/cm?
for 800 nm and about 5 uJ/cm?® or 15 pJ/cm?® for 925 nm.

3 Results and discussion

Figure 1 shows the time integrated PL of the undoped (a),
direct doped (b) and modulation doped (c) p-type samples
with a low excitation intensity of 2 mW at 77 K. A blue
shift of 9 meV for the direct doped sample (b) and 29 meV
for the modulation doped sample (c) relative to the spec-
trum of the undoped sample is observed, which suggests
substantial carrier accumulation inside the QDs [11] in the
doped samples. The blue shift of the modulation doped
samples is larger than that of the direct doped sample,
suggesting an effective hole collection with modulation
doping.

In order to classify the carrier transport in the barriers
and the carrier capture into the QDs the photo-excited
carriers are created in the GaAs barrier using a laser
wavelength at 800 nm, and the time evolution of the PL
intensity from the QD ground state is monitored as shown
in Fig. 2. Similar rise times (30-25 ps) are observed for
undoped and doped samples, indicating that the doping
does not substantialy modify the carrier transport and
capture from the barriers. Electron transport in the barriers
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Fig. 1 Time integrated photoluminescence of an undoped (a), a
direct p-type doped (b) and a modulation p-type doped (¢) InGaAs/
GaAs QDs sample at 77 K

is very fast (<2 ps for a 200 nm capping layer thickness)
and has minimal influence on the overall process of carrier
transfer into the QDs in the C-doped p-type samples. The
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Fig. 2 Time evolution of photoluminescence intensity of an undoped

(a), a direct p-type doped (b) and a modulation p-type doped (c)

InGaAs/GaAs QDs samples is measured using a laser pulse at 800 nm

for excitation. The photo-excited carriers are created in the GaAs
barrier
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Fig. 3 Time evolution of photoluminescence intensity of an undoped
(a), a direct p-type doped (b) and a modulation p-type doped (c)
InGaAs/GaAs QDs samples is measured using a laser pulse at 925 nm
for excitation

rise time in the evolution of the PL intensity therefore re-
flects the carrier capture into the QDs. Several mechanisms
contribute to carrier capture into QDs such as emission of a
resonant optical phonon (LO), multiple LO phonon emis-
sion, carrier—carrier scattering or phonon-assisted capture.
The PL rise time for the QD ground state shows a weak
dependence on excitation intensity and doping density.
Such behaviour is characteristic of a phonon-assisted cap-
ture rather than a carrier—carrier scattering contribution.
The time evolution of the PL intensity of the ground
state of the QDs is shown in Fig. 3 for the undoped (a),
direct p-doped sample (b) and modulation p-doped (c)
samples following excitation at 925 nm. The signal inten-
sity can be fitted with a single exponential function
A[l — exp(—1/7,i5)] Where A is a fitting constant and 7,
is the rise time. The fit yields rise times of 680 ps for the
undoped (a), 210 ps for the direct p-doped (b), and 31 ps
for the modulation p-doped samples. For direct excitation,
the laser excites electrons into the excited state of the QDs;
thus the relaxation from the excited states into the ground
state of the QD is the main contribution. The long rise time
observed in the undoped sample suggests that there is a
strong phonon-bottleneck slowing the intra-dot relaxation.

The fast relaxation time in the doped samples, which is
almost independent of excitation intensity, suggests that the
carriers built in by doping play an important role in the
dominant relaxation mechanism. The carrier—carrier and
carrier-LO phonon scattering can be attributed to fast
relaxation in the doped samples. Ultrafast hole relaxation
has been observed in undoped samples because of the
proximity of the hole levels and the availability of various
energy-broadened phonons [5]. In the case of ultrafast
phonon-assisted relaxation the hole will be filled after the
capture process in the undoped sample and the sample
would resemble the p-doped sample. The experiment
shows a remarkable difference in the rise time of the PL
intensity for the doped and undoped samples which indi-
cates a slow relaxation of the holes in the undoped sample.
The scattering of holes can be less efficient than the scat-
tering of electrons because of the larger change of the hole
wave vector required for energy conservation. Electron and
hole scattering can be contribute to fast relaxation of the
electrons in the p-doped sample where the slow ‘‘re-
capture’’ of the holes can not contribute to the rise time of
the PL because of the high built-in hole density. We con-
clude that in the p-doped sample the intra-dot carrier
relaxation proceeds by scattering with the doping induced
holes.

Acknowledgments
Research Council.

This project is supported by the Australian

References

1. U. Bockelmann, G. Basterd, Phys. Rev. B 42, 8947 (1990)

2. J. Urayama, T.B. Norris, J. Singh, P. Bhattacharya, Phys. Rev.

Lett. 86, 4930 (2001)

. U. Bockelmann, T. Egeler, Phys. Rev. B 46, 15574 (1992)

4. K. Gundogdu, K.C. Hall, T.F. Boggess, D.G. Deppe, O.B.
Shchekin, Appl. Phys. Lett. 85, 4570 (2004)

5. R. Heitz, M. Veit, N.N. Ledentsov, A. Hoffmann, D. Bimberg,
V.M. Ustinov, P.S. Kopev, Z.I. Alferov, Phys. Rev. B 56, 10435
(1997)

6. D.G. Deppe, H. Huang, O.B. Shchekin, IEEE J. Quantum Elec-
tron. 38, 1587 (2002)

7. J. Siegert, S. Marcinkevicius, Q. X. Zhao, Phys. Rev. B 72 (2005)

8. X.Q. Li, H. Nakayama, Y. Arakawa, Phys. Rev. B 59, 5069
(1999)

9. R. Schenker, M.N. Leuenberger, G. Chaboussant, D. Loss, H.U.
Gudel, Phys. Rev. B 72, 184403 (2005)

10. R.D. Schaller, J.M. Pietryga, S.V. Goupalov, M.A. Petruska, S.A.
Ivanov, V.I. Klimov, Phys. Rev. Lett. 95, 196401 (2005)

11. K. Mukai, N. Ohtsuka, H. Shoji, M. Sugawara, Phys. Rev. B 54,
R5243 (1996)

12. L.V. Dao, M. Gal, G. Li, C. Jagadish, J. Appl. Phys. 87, 3896
(2000)

[958

@ Springer



	Carrier dynamics in p-type InGaAs/GaAs quantum dots
	Abstract
	Introduction
	Experimental
	Results and discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


