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Changes in luminescence intensities and carrier dynamics induced by proton irradiation
in In,Ga; _,A¥GaAs quantum dots
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The effects of proton irradiatiofil.5 MeV) on photoluminescence intensities and carrier dynamics were
compared between InGaAs/GaAs quantum dots and similar quantum well structures. A significant enhance-
ment in radiation tolerance is seen with three-dimensional quantum confinement. Measurements were carried
out in different quantum dot structures varying in dot surface densitgy1(@—3x 10'° cm ?) and substrate
orientation[(100) and (311)8]. Similar trends were observed for all quantum dot samples. A slight increase in
photoluminescence emission intensity after low to intermediate proton doses is observed in InGaAs/GaAs
(100 quantum dot structures. The latter is explained in terms of more efficient carrier transfer from the wetting
layer via radiation-induced defects.
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[. INTRODUCTION recombination at radiation induced defect centers if damage
is created outside the QD region. Recent findings show that
Semiconductor quantum dot®D’s) have been the focus indeed, some types of semiconductor quantum dots are very
of extensive research due to their appealing electronic antfdiation hard, which makes QD based optoelectronic de-
optical properties, which have allowed successful implemenvices ideal for space applications. Recent studies of optical
tations of several emerging device applications. QD base@roperties in proton, ion, and electron-irradiated quantum dot
devices include novel QD lasers, broadband QD infraredtructures; **and in ion and proton-irradiated QD lasér¥’
photodetectors, different types of semiconductor QDshowed that the QD’s structures and QD based devices are
memories;? and highly parallel computing architectufes much more resistant to radiation induced damage than bulk
based on quantum dot cellular automata. Recent develogemiconductors or quantum wells. Some of these studies
ments have shown rapid progress in the implementation ogghowed not only better radiation tolerance, but also an in-
some of the advantages of QD based lasers predicted kgfease in either photoluminescer(&t.) intensitie$ or laser
theory demonstrating reductions in threshold-currentperformancé" with low proton or ion fluences. A better un-
densities® and an order of magnitude lower chiff.ike-  derstanding of the physical processes responsible for this sur-
wise, QD based infrared photodetectors have shown broad@fising finding was one of the aims of this present work. In
band absorption, and the ability of incident light absorptionorder to accomplish such understanding, comparisons of op-
expected from the different selection rules between QD’s an#ical emission intensities and carrier dynamics from different
quantum well{QW's) 2 types of InGaAs/GaAs dots and wells after irradiation with
Protons can cause displacement damage and structural de5-MeV protons were undertaken. Results presented here
fects in semiconductor devices, resulting in performanceonfirm better radiation tolerance from all the QD’s studied,
degradation and failure. Minimizing the impact of radiation- and give insights into the mechanisms for higher PL intensi-
induced degradation in optoelectronic devices is thereforéies after radiation exposure observed in some of the QD
important for several applications, and it can include the exstructures.
ploitation of inherent radiation hardness in quantum struc-
tures. Some of the fundamental properties of QD’s suggest
that optoelectronic devices incorporating QD’s could tolerate
greater radiation damage than other heterostructures. Exciton InGaAs/GaAs (1000 and InGaAs/GaAs (31B QD’s
localization in the quantum dots due to three-dimensionalvere grown by metal-organic chemical-vapor deposition
confinement reduces the probability of carrier nonradiativgMOCVD) in a horizontal reactor cell operating at 76 Torr.

IIl. EXPERIMENTAL DETAILS
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TABLE |. Data summary for InGaAs/GaAs QD and QW structures used in this study.

Structure and material Surface density Average diameter Average aspect ratio 80 K PL peak
dot/barrier (dots/cnd) (nm) (height/diameter energy(eV)
Quantum well 1 nm width 1.35
Low density (100 QD’s 4x 108 25+5 1/6 1.06(ground state
High density (100 QD’s 2x10% 25+5 1/6 1.18
(311)B QD’s 3x 100 25+5 1/8 1.32

Trimethylgallium, trimethylindium, and arsine were used asof the same ternary composition as the QD’s. It is worth
precursors. For the QD’s, growth of a 50-nm GaAs buffernoting that InGaAs/GaAs (31B) QD’s have similar diam-
layer at 650 °C was followed by deposition of 1.5-nm In- eters, but form in slightly higher surface concentrations with
GaAs with a nominal indium mole fraction of 0.6. Different |ower aspect ratios than InGaAs/GaA80 QD’s. Since the
surface densities of InGaAs QD’s in similar sizes were obdimensions in the growth direction dominate quantum con-
tained by changing the arsine partial pressures during growtfnement energies, corresponding PL emission peaks are also
of the QD's.™ InGaAs quantum well structures were ob- 4t higher energie As shown from the values in this table,
:ﬁ'”esot' by SQPEP'”? the 9{°Wthf of '“?aAS before tthtﬂ6n 0”?“ Ofhe high-density InGaAs QD's exhibit a blueshift of the PL

€ Stranski- ras, anow transtormation, giving a nm emission energy with respect to the low-density InGaAs
QW. InGaAs QD's and QW were capped with GaAs layers,qpnyg These differences arg not seen to correspor){d to varia-

deposited while the temperature was gradually raised %ons in dot sizes or compositions, and have been ascribed to

600 °C. Atomic force microscopy and transmission eIemronstrain deformation of the QD confining potentials, resulting

microscopy were used to give information on island sizes shallower effective confinement with increasi dot

and surface densities in capped and uncapped QD’s. Protéé]n ity asing do

irradiation was carried out using a Van De Graaff accelerator: ensity.
V

Samples were irradiated at room temperature using 1.5-Mey F19ure 1 shows the dependence of the peak PL intensity
protons at five different doses ranging from 2280 to  ON proton fluences for the QD and the QW samples. The

3.5x 10" cm~2, with a dose rate~6x 1012 protons/sec. difference between the QW and QD’s is striking: At the high-
Dose uniformity was monitored using radiochromic film at €St proton fluence, the QW PL intensityis30 times lower
low doses. Carrier dynamics were studied by time-resolved@n for the unirradiated sample, while the QD PL intensity
photoluminescence at 80 K after excitation by a short laseflécreases to just a Ilttle_ over_half of its original intensity.
pulse from a self mode-locking Ti: sapphire laggulse du- Moreover, as observed in earlier wdtkye observe arin-
ration 80 fs, central wavelength 800 nm, repetition frequencyF'asein the QD PL intensity for thg100) InGaAs/GaAs

95 MHz). For the PL detection, a synchroscan streak camer@D'S (most prominent, up to 50%, in the low-density dots
with an infrared enhanced photocathode, combined with for small irradiation doses as compared to the unirradiated
0.25-m spectrometeftemporal resolution 3 pswas used. QDS i _ _

The average excitation power was between 1 angui@ An inset to Fig. 1b) shows typical PL transients for one
corresponding to the laser pulse energy of 0.01-0.1 pJ. THef the samples, presented as a function of increasing proton
laser spot size was 5am in diameter. To assure that the fluence. After a fast rise with a characteristic time of 4-5 ps
measured PL rise times were not affected by the limited tem(not resolved in the figuje the PL decays due to radiative
poral resolution of the streak camera, additional measure2nd nonradiative carrier recombination. The PL rise and de-
ments using an upconversion setup with a temporal resoltfay times were extracted from the PL transients using a re-
tion of 150 fs were carried out. Ternary compositions!ation I(t)=[exp(-t/z)—exp(-ty)}/(n—1q), wherer, and

(Ing {Ga 4AS) between QW and QD'’s were identical, and so 7d &re the PL rise and de_cay times, respectlvely._The depe_n-
were capping layer thicknessés00 nm for both QD’s and dence of the PL decay times on proton fluence is shown in

QW), therefore these results are not dependent on material 6#9- 2. As shown in the figure, carrier lifetimes in QD's are
proton energy loss differences. less affected by proton irradiation than in the QW. For ex-

ample, the 80-K carrier lifetimes in (31B)QD’s decrease
from 2.2 ns for the unirradiated sample to 1.4 ns for the
sample with the highest proton dose, compared te28-
Table | presents a summary and description of the differfold and~40-fold decrease for the QW and the wetting layer
ent structures used in this study, showing their materials an@/L), respectively.
structural propertiegdot sizes, aspect ratios, and concentra- Figure 3 shows the variations in QD PL rise times for all
tions) as well as the wavelength emission at their PL maxi-QD samples, also as a function of increasing proton fluence.
mum intensity. It can be seen that the emission from the QWt can be seen that QD PL rise times, which reflect carrier
is at a higher energy than from the QD’s. This is becauseapture from the barriers into the dots, decrease with irradia-
only very thin dislocation-free QW’6L nm) can be obtained tion.

IIl. EXPERIMENTAL RESULTS AND SIMULATIONS
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FIG. 1. PL peak intensities for different QD structures and for
thin InGaAs QW as a function of proton fluence, shown(a
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FIG. 2. PL decay times for the QD structures and InGaAs QW
as a function of varying proton fluence. Solid line is a fit which
takes into account carrier trapping to native and irradiation-induced
defects.

PL intensity increase was observed as in the case of above
band-gap excitatiorisimilar to what is shown in Fig. )1
while for excitation in the dots the PL intensity for moderate
irradiation fluences was irradiation independent.

IV. DISCUSSION
A. Carrier lifetimes and recombination

As can be seen, PL intensities and carrier lifetimes in
QD’s are much less affected by proton irradiation than in the
QW (or the WL in the low-density QD structurgswhich
implies that QD’s are more radiation tolerant than QW'’s of
the same composition. This increase in radiation hardness is
significant, because QW based devices already represent a
vast improvement in radiation hardness over bulk devices.

linear, and(b) logarithmic scales. The inset shows transients of PLFor example, experiments performed with 50-MeV protons

intensity vs time for high surface density InGafAE00 QD’s for
different proton(1.5 MeV) fluences.

Figure 4 shows the expected ranges of hydrogen ion
(protong in GaAs calculated from “Trajectories and Ranges
of lons in Matter(TRIM)” 17 simulations. Also shown are

the calculated numbers of total target displacement event:

per ion per angstrom at a depth of 100 nm in GaAs. An
inverse relation between range and displacement defects cr
ated can be seen.

Additional continuous wavelengtfCW) PL experiments
were performed on InGaA&L00 QD’s by varying the en-
ergy of optical excitation. In this experiment, the goal was to
use two additional excitation wavelengtfenergieg in this
way photoexcitation of carriers in the WL and the QEtmit
not in the barrierswas achieved at 920 n(i.348 eV}, and,
as the wavelength was tuned to 970 (278 eV}, carriers
were excited only in the QD’s. This experiment allows dif-

ferentiation between carriers generated in the WL and show-
ing changes in the transfer process into the QD’s, and
changes in PL decay times for carrier photoexcited directly

into the QD’s. When 920-nm excitation was used, a similar

on different types of light emitting dioded.ED’s) used in
optocoupler applications, showed significantly worse degra-
dation for thepnjunction based amphoterically dopé8i)
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FIG. 3. PL rise times for all QD structures vs proton fluence.
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GaAs LED’s than for the GaAs/AlGaAs LED’s based on time is mostly determined by the nonradiative recombination
QW's (also known as double-heterojunction LED'$'° (the radiative recombination time in InGaAs/GaAs QW's at
these studies demonstrated that LED's based on QW80 K is of the order of nanosecond§ Considering that in

showed over an order of magnitude greater tolerance to prahe 1-nm-thin QW most of the electron wave function is
ton induced displacement damage when compared to thepread into the barriefs,carrier lifetime in the thin QW is

LED’s based orpnjunction geometries. An important differ- mainly determined by traps within the barriers. The main
ence for the QD and QW comparison here is that unlike thg|ectron traps in MOCVD grown GaAs are ionized EL2

case reported for the LED studthe initial emission from  4onors?2 This trap concentration can be evaluated from the

the QD's is stronger than from the QW, so initial brightnessyq\yn EL2 electron capture cross sectoand the PL decay

Is not compromlseq in device applications. time measured in the QW sample, which gives a native trap
A rough comparison between the present results and th@oncentration of~2x 10" cm3. This simple model de-

cited earlier studies can be made using the calculated ratigs '

of displacement events per ion per angstrom at the knowﬁcnbes the experimental results rather well, and it shows that

active region depth. As is shown in Fig. 4, at a depth of 100at proton ﬂuenpe_s Of.X 10 cm 2, the trapping rates to the
nm in GaAs, 1.5 MeV protons cause25 times more dam- natlv_e and radiation-induced d.efec_ts .are_equal.
age than 50-MeV protons. Since this damage ratio is an es- 't iS Well known that proton irradiation in GaAs produces
timation, further experiments at higher proton energies® Wide spectrum of displacement defects including As anti-
should also be performed in some of these QD and Qv@ltes (EL2), As vacancies, and As vacancy-interstitial
structures for greater accuracy and in order to eliminate uncomplexes??*lonized EL2 defects are considered to be the
forseen effects. main electron traps in proton-irradiated sampfelsloreover,
Similar trends in radiation tolerance are observed for allother electron traps, such as E4, present at concentrations
QD samples, and can be explained by the different level ofomparable to that of EL2 in proton irradiated sampfes,
confinement in the QW and QD structures. Unlike in QW's, have similar electron capture cross sections as the EL2. The
carriers in QD’s are not mobile, and their lifetime is reducedsame or similar origin of traps and capture cross sections in
only by the defects created inside the dots. In the QW structhe as-grown and irradiated QW samples allow us to make an
tures, the carriers can move in the QW plane, find a trap anédstimation of irradiation-induced defect concentration. For
be rapidly removed from the conduction/valence bands. Otthe proton fluence of % 10'? cm™2, for which the capture
the other hand, carriers in the QD’s are confined in all threecoefficients to the native and induced defects are equal, the
dimensions and are not mobile. Once a carrier are trappeidradiation-related active trap concentration in the vicinity of
into a QD, only defects created inside or near the dot conthe QW should be about>210* cm 3. A comparison be-
tribute to reduction of the carrier lifetime, as will be dis- tween these values and the estimated radiation induced de-
cussed in more detail below. fect centers obtained from the fit of the experimental data on
The measured dependence of the PL decay time on irrd2L decay times is now possible, and it shows some interest-
diation dose can be used to evaluate trapping rates to thieg findings. Figure 4 shows that210™° displacement de-
native and radiation-induced defects. The full line in Fig. 2fects are created per each energetic {proton per each
corresponds to the relatian= 1/(By+ B;), whereris the PL  angstrom depth in the vicinity of 100-nm depth in GaAs. For
decay time and, andB; are carrier trapping coefficients to the proton fluence of %102 cm 2, this will create 2
the native and irradiation-induced centers, respectively. In< 10’ cm™? defects per A depth, or:210'° defects/cm (at
the as-grown QW sample, the PL decay time is 500 ps. Thi¢00-nm depth This number coincides with the concentra-
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tion of irradiation-induced defects evaluated from the PL de- induced defects. During such a process, carriers are
cay times, which confirms that displacement defects in first trapped from the WL into defect levels and then
proton-irradiated samples indeed act as efficient carrier traps. tunnel into the dots.

For a QD of lens shape, 25 mm in diameter and 4 mm in
height, the dot volume is equal to X1.0~*® cm®. For the The results presented here allow an unambiguous deter-

irradiation-induced defect concentration of x20*®  mination of which is these two mechanisms prevails and can

defects/cr and uniform defect distribution, the average vol- Pest explain tlhe obser\zled PL intensity increase seen after
ume containing a single defect is<&0™ 6 c®. The ratio  fluences~10" and 16 protons/cri. Elucidation of the

between this volume and the dot volume gives the fraction oPNysical mechanism responsible for this unusual PL increase
dots containing a defect. For proton fluence of 1¢an be achieved by examination of the data presented in
X 10'2 cm2, this fraction is only 0.002. Even for the high- Figs. 1 and 3; as well as from the PL intensity measurements

est irradiation fluence used in the current study, the fractioR€rformed using laser excitation at wavelengths above the
of dots containing a displacement defect is only 0.08. OfVL energy and below the WL energgt 920 and 970 nin
course, the carriers might be trapped from the dots not only If the o_bserved PL increase is due to the first mechanism
by defects, created inside the dots, but also by defects siti2"oPosedi), then we should observe:

ated close to the dots. For the deep traps, however, the wave (& A decrease in PL decay time at the same proton flu-
functions are well localized, and an efficient carrier transfe/€Nces that show a PL intensity increase with above bandgap

from dots into defects may be expected for only a distance of*citation, and;

a few nanometers or €8.This simple geometrical exercise _ () A similarincrease in PL intensity with low to interme-
clearly reveals the origin of radiation tolerance of the QDdlate proton fluences when using excitation energies below

structures, however, one should be aware that it applies onfj?® WL energy.
to carriers confined in all three dimensions. Since neithea) nor (b) are observed, our results suggest

rather an increase in the efficiency with which the carriers
are transferred into the QDs. This should occur due to irra-
B. Carrier transfer into the QD’s diation defect-assisted transfer from the WL to the QD’s.
) L - ) .. Here we should note that these defects should have shallower
The decrease in QD PL rise times seen in Fig. 3 is mainly,pergy |evelgwith a confinement energy less or equal to that
attributed to the reduction of carrier transport tiftie 10 ot 5 4oy compared to the deep carrier traps discussed above.
carrier trapping to defe.clsn the barriers, from which the A possible candidate is the level E2, formed by an As va-
carriers are collected into the QD’s. The shorter capturq:anCy and an interstitiaf
times and lower total PL intensities simply reflect the fact one could question why is the defect-assisted carrier
that QD's collect only carriers generated closer to the dotSygnster into the dots efficient for irradiation dosesd de-
since electron-hole pairs excited further away from the QD'Se ¢t concentrationsfor which the opposite effect, the carrier
can recombine nonradiatively at radiation-induced defec{rapping from the dots is not. First of all. the shallow and
centers. , , deep defect concentrations might be different, as well as the
The surprising enhancement of the PL intensity from QDcharacter of their dependence on irradiation dose. A compli-
structures seen at low to intermediate proton fluences caghteq dependence of trap concentration on irradiation dose,
been explained by two possible mechanisms: different for shallow and deep traps, has been observed for

()  Reduction of the phonon bottleneck by defect assistedroton-irradiated bulk GaA%: Besides, the wave-function
phonon emission has been propﬁ% a mechanism localization volume for the shallow trapS may differ from

to explain the bright PL emission in QD’s. Perhaps in that of the deep by orders of magnitude increasing the length
dots with defect free interfaces. introduction of deepOf efficient defect-dot interactiof?. Finally, the rate of carrier

fransfer between defect and quantum dot levels strongly de-

level defects as those originated from displacemen _ ,
damage might provide additional relaxation Fatto pends on their energy differen¢kThe fact that we observe
enhancement of the PL intensity in some, but not all the

the ground level and therefore increase the lumines- .
9 o samples, like those grown @dB811) B GaAs, suggests a reso-
cence emission.

(i) Several recent experiments have identified ca turnant character of the effect. A more detailed knowledge of
) P . PlU¢he energies, concentrations, and capture cross sections of the
barriers(also known as potential or energy barrijeais

h Ibarri d OD/WL interfacé&3Th b radiation-induced defects introduced in the vicinity of the
the QD/barrier and QD/WL interfaces."These bar-  5pyg should aid further understanding of the discussed pro-
riers are attributed to strain effects and have beenRggges.

shown to affect or inhibit carrier transfer into the
quantum dots. If irradiation-created defects near the
QD/barrier interface, where the potential barriers have
been identified, increase the efficiency of carrier |n summary, comparison of PL intensities and decay times
transfer into the QD’s, PL emission from QD states between QW and various types of InGaAs/GaAs quantum
would increase. Increased carrier collection from thedots after 1.5-MeV proton irradiation shows significantly
WL to the QD’s may occur due to an additional chan- greater radiation hardness in quantum dots. We have ob-
nel of carrier transfer, namely, trapping via radiation- served that carrier lifetimes in QD’s are not strongly affected

V. CONCLUSIONS
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