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We have measured a large increélsg a factor of up to 5Din the room-temperature emission of
InAs/GaAs self-assembled quantum dots subjected to a hydrogen-passivation treatment. Smaller
enhancements were measured at low temperatures. We tentatively attribute the improved optical
signal to passivation of defects within the GaAs matrix and wetting layer adjacent to the dots.
Annealing studies show that these benefits are lost following annealing at temperatures above
600 °C for 5 min. ©2000 American Institute of PhysidsS0003-695(00)03242-3

There is continuing interest in the fundamental propertaxy. The QD layer consists of 2 ML of InAs deposited at a
ties of INnAs/GaAs self-assembled quantum d@®s). The low growth rate of 0.01 ML/s resulting in relatively large
interest is driven, in part, by the prospect of low thresholdislands that exhibit room temperature emission around 1.3
lasers and light-emitting diodé&EDs) operating at the im- um with a narrow linewidth of 25 meV? A six-period
portant telecommunications wavelengths. An aspect of theiflAs/GaAs superlattice was also included 20 nm away on
behavior, which has not been extensively investigated, is theither side of the dot layer, thus avoiding any influence of the
role, if any, of inadvertent impurities and point defects on thesurface states. Pieces of the wafer were then subjected to a
emission properties. The presence of such defects is plaftydrogen plasma treatment at 280°C for 1 h. Part of the
sible given the complicated growth mode and the rather lowpample was masked by a piece of undoped GaAs substrate to
temperatures used to deposit the GaAs barriers adjacent Bsovide a control region. A second control sample was an-
the dot layer. Serckhas proposed that the presence of deegte@led at 280°C ol h but without the plasma. The emis-
traps such as M1 could provide an efficient relaxation patt$ion from both control samples was the same and was indis-
for electrons through multiphonon-assisted tunneling througfinguishable from the as-grown sample. Photoluminescence

the trap. Metastable behavior of the energy levels in QD4PL) was measured for all the samples using a He—Ne laser
induced by spatially localized defects in the vicinity of the OF €xcitation. The detection system consisted of a SPEX
dots, similar to theDX center has been report2dther 1404 double grating monochromator and cooled Ge diode.

groups* have suggested that deep level defects may be re- Figure 1 compares the photoluminescence signal at 10

sponsible for the relatively low critical temperatures of Iaserand 300 K for the passivated and control samples for an

structures. The presence of deep levels is often cited as geitation density of 4 W/cfa Although a small redshift of

reason for poor optical quality in epitaxial GaAs/AlGaAs around 3 meV is detectable in the emission energy of the

structures but some studies have shown that hydrogen Caﬁ)asswated sample, the spc_ectral shape is un_cha_nged. We con
. S . L ..~ ~& ~“clude that the treatment did not have any significant effects
have beneficial effects yielding higher radiative efficien€ies. . .
Hvdrogen can be introduced from a plaskian source or on the electronic structure of the dots. However, there is an
ydrog : P h so ' enhancement by a factor 1.6 in the emission intensity at
during molecular beam epitaxiBE) growtt? and is known

to neutralize or passivate shallow and deep defects and im-
purities in GaAs and other IlI-V semiconductdfsThere
has been a recent report of the destructive effects of high T=300K T=10K
energy protons on QDBSbut none, to our knowledge, con-
centrating on the possible positive effects of hydrogen pas-
sivation. In this letter we report the effects of hydrogen pas-
sivation on the luminescence of InAs/GaAs self-assembled
QDs. We find a significant improvement in the emission in-
tensity, which we attribute to passivation of defects in the
adjacent GaAs matrix and/or wetting lay&/L). The en-
hancements are temperature dependent being much larger at / \
room temperature where the effects may be beneficial to la-
ser performance. They are also excitation density dependent, >
being more pronounced at low excitation. 0.90 0.95 1.00 1.05 1.10
The sample studied here was grown on a semi-insulating Energy (eV)

(001) GaAs substrate by solid source molecular beam epi-

FIG. 1. PL spectra of the contrétlashed ling and passivategsolid line)
samples at 10 and 300 K. The enhancement factor is 1.6 at 10 K and
@E|ectronic mail: e.leru@ic.ac.uk increases te=20 at 300 K.

x6 /\

PL intensity (a. u.)

0003-6951/2000/77(16)/2446/3/$17.00 2446 © 2000 American Institute of Physics



Appl. Phys. Lett., Vol. 77, No. 16, 16 October 2000 Le Ru, Siverns, and Murray 2447

only above 280 K. Even when the excitation density for the
10 4 ° passivated sample is reduced so that the IPLI is smaller than
1 " that of the control sample at 10 (ee Fig. 2, the emission
: o is stronger at room temperature.
° o ° At this stage we do not have a comprehensive under-
‘o standing of these results but we can give a qualitative expla-
o 4 nation. We believe the passivation treatment decreases the
concentration of defects, for example, nonradiative centers,
A in the GaAs barrier and also perhaps in the WL. Carriers are
known to be captured very rapidly into QBsat low tem-
perature, and the presence of losses in the surrounding ma-
terial therefore has little effect. The benefits of the passiva-
T T T T T tion treatment are thus small. However, as the temperature
2 4 6 8 10 20 increases, the process of thermal escape from the dots and
1000/T (K™ possible recapture leads to a much longer effective capture
_ _ time, which increases further with temperature. The carriers
FIG_. 2 Arrhenius plots of th_e temperature dependen_ce of the integrated P{'hen remain much longer in the barrier and any loss mecha-
emission from the controltriangles and passivatedcircles sample be- . .
tween 50 and 310 K at an excitation density of 4 WiciEmpty circles ~ NiSMS can then have a strong effect on the overall QD inten-
show the data for the passivated sample at 1.5 W/cm sity. Losses in the barrier therefore play a major role only at
higher temperature. To a first approximation, the quenching

low temperature, which increases 420 at room tempera- will start at a temperature when the effective capture time

ture. This factor is even larger at higher temperature. Thgecomes co_mp_are_lble to the I_|fet|me in the WL or barrier
enhancement at room temperature is also dependent on tﬂéatenal. This lifetime should include all the possible loss
excitation level with factors up to 50 measured for lower Channels: radiative recombination, nonradiative recombina-
excitation. At low temperature the enhancement is indepenfio”: frapping mechanisms, surface recombination for near

dent of the excitation level over several orders of magnitudeSUrface dots, etc. Because the concentration of defects is

An increase in the low temperature emission in the region ofMaller in the passivated samples, the lifetime in the barrier
the GaAs band gafifree exciton and & C°)] is also ob- IS longer, and this explains why the mtensny persists to a
served for the passivated sample. However, these signals balgher temperature. However, for even higher temperature,
come undetectable above 50 K and it is not possible to ddhe lifetime in the barrier becomes much shorter than the
termine whether the enhancement persists to higheq;ffective capture time in both the control and passivated
temperatures. Nevertheless, an increase in the band-edge sigUnples, and we observe the exponential quenching charac-
nal implies a decrease in the concentration of defects in thteristic of a thermal escape over the barfigime of strong
GaAs, which we assume to exist in the layers grown at théluenching.
lower temperature. This would increase the number of carri- 10 understand the fact that the enhancement factor was
ers transferred to the dot layer at low temperature, and captrongly dependent on the excitation density at room tem-
thus account for the enhancement observed at 10 K. perature, we carried out a more systematic study of the ex-
To investigate the mechanisms of the enhancement, weitation level dependence of the PL at different temperatures.
studied the integrated PL intensitiPLI) in the temperature This dependence is linear at 10 K, but becomes superlinear at
range 10-310 K for both samples. Figure 2 shows thdligher temperature when the PL is quenched. The superlin-
Arrhenius plot of the IPLI signals. The slopes of the lines atéearity is particularly strong at low excitation and high tem-
high temperatures yield activation energies of 400 and 46@erature in the regime of strong quenching. This behavior
meV for the passivated and control samples, respectivelyvas observed in all the QD samples we studieefore pas-
The activation energies are similar and are close to the ersivation), and also in strained InGaAs quantum wells. We
ergy difference between the QDs ground st@&) emission therefore believe it is a general property of QD samples.
and the GaAs band gap. The reduction in the luminescence Because this superlinearity appears at the same temperature
usually attributed to thermal escape into the barrier materiais the PL is quenched it must be related to what happens to
followed by loss(for example by nonradiative recombina- the carriers when they escape. Possible explanations are the
tion) in the barriert® Because the electronic structure was notsaturation of some losses with increasing excitation, and the
changed by the passivation treatment, it is not surprising thandependent capture of electrons and holes at high tempera-
the activation energy for thermal escape is the same in botture. The superlinearity is also observed for the passivated
samples. However, we observe that the temperature at whicgamples, but because the quenching occurs later, the super-
quenching occurs is higher for the passivated sample. Thiénearity appears at higher temperature. Therefore, at room
results in larger enhancement factors at all higher temperdemperature the intensities of the two samples have a differ-
tures. We also note that the intensity of the passivate@nt dependence on the excitation density, the control sample
sample drops slowly from 10 to 130 K and is then nearlybeing more superlinear. This results in an increase of the
equal to that of the control sample which remained stablenhancement factor with decreasing excitation levels.
until 130 K. Then the passivated sample exhibits an anoma- Enhancement of the luminescence of QDs is highly de-
lous behavior between 170 and 250 K. The Arrhenius plot isirable and if maintained under the conditions of current in-
relatively flat and a significant drop in the intensity occursjection would lead to more efficient light emitters. The fact
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of hydrogen should persist for long times if the devices are

operated close to room temperature. Following the 600 °C

anneal the sample loses two characteristic properties of the
passivated sample presented previously, namely the slight
shift in the emission energy, and the strong GaAs free exci-

ton signal at 10 K. This confirms that these properties were a
direct result of the presence of hydrogen in the sample.

In conclusion we have demonstrated large enhancements
in the emission intensity of InAs/GaAs self-assembled quan-
tum dot structures by the injection of atomic hydrogen. This
treatment passivates defects in the GaAs barrier and possibly
in the WL. The hydrogen can be removed by extended an-
neals at temperatures above 600 °C, but is stable at room
temperature. This treatment is a good candidate to improve
the threshold and critical temperature of quantum dot lasers.
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