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Experimental determination of Auger capture coefficients in self-assembled quantum dots
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Time-resolved studies of the wetting layer photoluminescence are combined with state-filling spectroscopy
of the quantum dot and wetting layer emission to obtain carrier transfer rates from the wetting layer to the
guantum dot states. With this method, capture rates can be measured for constant carrier concentrations in the
wetting layer. The results show that the capture efficiency increases with the carrier concentration in the
wetting layer, indicating the important role of Auger processes in the capture dynamics. In the analysis, the
concept of capture cross section per unit time is introduced, and this is used to determine the single dot Auger
capture coefficient in self-assembled dots. The value obtained can in principle be used as an input to model
carrier capture in all self-assembled dot devices with similar dot layers.

Capture rates in self-assembled quantum @d@®) have eling purposes, carriers can be considered to be excitons.
been investigated in the past using time-resolved spectrog\so, the capture rate of carriers is expected to scale with the
copy of the QD emissioh?3#%6|n these experiments, a areal coverage of the QD ensemBland accordingly we
short laser pulse impinges on the samplé=a0, and a car- introduce the single dot temporal cross section for carrier
rier population is created in the wetting lay®YL) or barrier ~ capture:
material. A rise of the time-dependent QD photolumines-
cence(PL) intensity is then observed as the carrier popula- o=sl, (1)
tion in the QD grows, followed by a decay due to the ex-

haustion of the carrier supplithe barrier population is not carriers efficiently and’,, is the capture rate of carriers when
; . o S c
replenished between pulsega radiative and nonradiative they are within that range. With the above definition, the

recombination. The number of carriers in the system is thereévera e OD ensemble carrier capture rate is give
fore constantly varying, and the capture times obtained can- A % _Q A~ The rat i F; the OD % er]_ypy
not be correlated with a well-defined carrier concentration. I, 2SI ¢= Ao . The rate equation for the QD an car-

is generally accepted that carrier capture from the WL stated®" populations can be written as
to the QD states can be mediated either through multiphonon dNy,
W

wheres s the surface range over which the QD’s can capture

emis_sion or via carrier-carrier_Coqumb scat_ter(Agpger re- gt = YoiNwi — 0ApNy + G, (2a)
laxation. The former process is modeled using a capture rate t

independent of carrier concentration, while the latter one in-

volves a capture time which is to first order linear with the dNgp — AN — Y N 2b
carrier concentration. In this paper, state-filling spectroscopy dt  77PRwiT YopNen: (2b)

of QD’s is combined with time-resolved PL of the WL to . .

obtain capture rates in QD'’s as a function of carrier concenWheréNgp andN,, are the QD and WL carrier densities,

tration. Thus, the relative importance of multiphonon andr€sPectivelyy,p andy,, are the QD and WL carrier recom-

Auger processes can be Compared quantitative|y_ bination ratesAD is the dot areal density, ar@lis the carrier
The paper is organized as follows: in the theory sectiorpeneration function. In the steady state, the total carrier loss

the concept of temporal cross sectidfCS) for carrier cap- ~ fate is equal to the carrier generation rate,

ture in QD’s is introduced, and an expression for this param- ; ;

eter is obtained that depends on measurable quantities. In the G=7vooNep* YwiNwi - 3

results and analysis section, we show how this parameter &) rthermore, in a PL experiment, the QD and WL lumines-

be _expressed as the sum of an Auger and a phonon CONtiance intensities can be expressed as

bution to explain the observed results.

lop="Y55Ngp (4a)
- THEORY =72 N (4b)

Following the work by Uskowt al.’ the case where car- wherelop andl,, are the QD and WL emission intensities,
riers relax from the WL states to the QD states is consideredespectively, anq/QaS and y{,ﬁd are the QD and WL average
Moreover, for simplicity, correlated electron and hole cap-radiative recombination rates, respectively. Solving E2s.

ture in the dots is assumé&dneaning that for dynamic mod- (3), and(4) for & yields
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7 AD( [wi @yw' Ap\ 1y ") ©® 6- Wetting Layer sample L

where the right-hand-side expression is obtained by neglect- E ] PLat7rK

; ot ; ; ; rad r c 4 B

ing nonradiative recombination in the dotsng~yQD). 5

This is justified since for typical background concentrations g 5 B

of nonradiative centers of the order of'#910°cm™3, and a 8 7

QD size of 20 mm at the base, less than one QD in a hundred 2 0- -

thousand will contain a nonradiative center. Thus, E. = a1 @ Am @ 48 w& 45

shows that the TCS is proportional to the ratio of QD to WL PC-’- Energy (eV)

emission intensity which can be readily measured from a PL " :

experiment. The dot areal density can be obtained from o (0) E=fK1 434 oV

structural analysis, such as TEM, AFM, etc., aff® can be 100_: d = 08 .

obtained from time-resolved photoluminescenCERPL) =334 ps or y=2.99x10" s

analysis of the wetting layer emission when no QD’s are ]

present. 10 3

It should be noted that in the above analysis the carrier ] )L
concentrations are considered invariant in position or time. MN

The laser power will therefore be kept constant throughout 1 - . ; ' - -
the experiment, which will ensure a time invariant carrier 4Time (ns) ° °
concentration. Also, in order to ensure a spatially uniform
carrier concentration, a filtering method already described F|G. 1. (a) Photoluminescence of wetting layer sample at 77 K.
elsewhere is usetf. (b) Time-resolved photoluminescence trace of the peak emission at
5K.
Il. EXPERIMENTS AND ANALYSIS
) intensity of the 514.5 nm line of an Argon laser used as the

The samples were grown by molecular beam epitaxy angxcitation source. The inset of Fig. 2 presents an example of
consisted of a single layer of InAs imbedded in GaAsa spectrum obtained at 5 K for a uniform excitation of 220
barriers.® In the case of the QD sample, 1.9 ML of InAs \w/ci?. Below 1.4 eV, one observes the emission from five
were deposited, while in the WL sample only 1.8 ML of hound states, while the wetting layer emission is observed at
InAs were deposited, thus keeping the amount of materiaj 43 ev. The PL spectra were fitted using one Gaussian
deposited just below the critical thickness for dot formation.fynction per observed peak, and the resulting fit is shown as
A plan view TEM picture of the QD layer in the 1.9 ML 3 solid line in the inset. Five Gaussians were used for the dot
sample was obtained, and the measured dot densifis transitions between 1.0 and 1.4 eV, and summing the corre-
=9.5+ 2.5/.Lm_2.ll The Uncertainty on the value is rather Sponding fitted area under the curves y|e|6%(220 mW)
high due to the poor statistics involved with low QD densi- For the WL peak at 1.43 eV, only one Gaussian curve was
ties. necessary to give a satisfying fit, and the single Gaussian

Figure Xa) shows the PL spectra of the WL sample at low greq directly yields,,(220 mW). This procedure is repeated
temperature. The energy of the PL peak at 1.43 eV matcheg each power density, and Fig. 2 shows the resulting evolu-
very well with the emission energy of the WL observed intjon of 1, andl,, with excitation intensity. Using Eq5)

other samples where QD emission is also present. The Phnq the results of Fig. 2, one can now obtain the evolution of
line in Fig. 1(a) is also narrower than typical QD emission

lines, and we therefore attribute this peak to WL emission. I
The absence of luminescence from QD’s indicates that a
negligible density of QD’s have formed on the surface of the
WL, and therefore this sample is suitable to measyfé .
Figure Ib) shows the time-correlated trace obtained at 4
K when the sample is excited using 10 ps pulses at 640 nm,
with 0.43 fJ per pulse. The detection energy is set at the peak
of the WL emission. One can see that a single exponential
decay over 1.5 orders of magnitude is obtained. Using a
single exponential fit in that region yields a carrier lifetime
of 334 ps. Temperature dependent PL measurements show
that the integrated emission intensity remains constant until .
the onset of thermionic emission above the bafiethus 1 ="
indicating a negligible contribution of nonradiative centers to 0.00 +——————+ T ——r
the recombination process at low temperatures. The radiative 0 o wo 1000
. . . . Excitation Power Density (W/cm®)
recombination rate is therefore set equal to the inverse of the
measured lifetimey!3¢=2.99x10°s™%. FIG. 2. Evolution of the integrated intensity of QD and WL
The ratio of QD to WL emission in the QD sample is emission at 5 K. The inset shows an example of one of the spectra
obtained as a function of excitation power by varying theobtained with the corresponding multiple Gaussian fit.
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1 " 1 2 1 M 1 2 1 2 ] 2 1 1 dNWl
12- T=5K § dt

o A;=9.5 um* i where C is the Auger capture coefficient for an individual
dot, ando ,p, is the phononic contribution to the total TCS. It
\ [ should be noted that since the above equation neglects ther-
8 - mionic emission, it is therefore valid only at low tempera-
\ tures. By comparison of 4 and 6,

° . I o=CNy+ ph. @)

o slope = C = 1.0x10° cm'/s \-\. A Thus, for low carrier densitiesN,<8x10°cm™?), the
intercept = o, =0.75 cm’/s | slope ofa vs N, gives the Auger capture coefficient and the
intercept the phonon contribution to the TCS. For this regime
of low carrier densities, one expects carrier properties to be
dominated by excitons, thus supporting our assumption of
o+——r—T—T—7T 777 correlated electron-hole capture. From the linear fit in Fig. 3,
0.0 50x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 3.5x10° 4.0x10° the following values are obtained at 5 KC~(1.2+0.6)
N, cm?) %10 8 cnf/s, ando,p~(0.8+0.2) cnf/s. The uncertainties
are obtained by considering lower bound and upper bound
FIG. 3. Evolution of the TCS with wetting layer carrier density values forAp. Other errors may come from uncertainty on
at 5 K. The linear fit at low carrier densities is shown along with ygg. As discussed above, nonradiative recombination in the
values of slope and intercept obtained, where the slope correspon@D’s or WL does not contribute significantly to the error on
to the Auger capture coefficient. the values obtained. From the above values for C
the average capture rate for the dot ensemble at carrier den-
the TCS as a function of pump power, and the resultingsities of 16 cm™2 and higher is dominated by Auger relax-
curve is shown in Fig. 3. The values of WL carrier density ination. Indeed, for a carrier density of %iém 2 the Auger
Fig. 3 were obtained from the laser intensity using a two stegapture rate i\, CN,,=1.0x 10'%™* compared toAp oy,
procedure. First, using Eq4) and assuming that at high =0.08X 10%s ™1 for the phonon contribution. These rates are

intensities(830 W/cnf) all QD states are occupied, one ob- SIow compared to most of the previously published resuits,
tains  that Ngp(830 Wicn?) =30%9.5x 1 cm2. The WL gnd we believe this is due to the very low dot4denS|ty present
carrier density at that intensity is then obtained by taking thd" OUr sample compared to previous wbfk* where dot

; ; ; : densities were at least a factor of 5 higher.
ratio of Egs.(43) and(4b) and |soIaEchljg foM - The ratio of It should also be mentioned that the above value obtained

Intensities |rsa(§)pta|ned' from Fig. 2y, '.S obtained from Fig. for C is a few orders of magnitude higher than the theoretical
1(b), and ygp is obtained from a weighted average of the gq4imation made by Uskaat al” This discrepancy should be
excited states recombination rates as found in a previougq object of further investigations.

papeﬁo Next, all othe_r values_can be obtai_ned by consider- conclusion, we have introduced the concept of tempo-
ing that the WL carrier density is proportional to the WL 5 cross section for carrier capture in QD's. Considering

emission intensity. In Fig. 3, one can see that fg;i<8  correlated carrier capture in the dots, a method was outlined

X107 cm2 the capture rate increases linearly with WL car- 15" gptajn single dot Auger and phonon capture cross sec-

rier concentration, while a reversal of this effect is observeqjyns |n theory these parameters are independent of the QD
_ 9 R 3 .

for Ny > 1.5 109. cm “. The decrease'ln the TCS at hlgh.er areal density, and if this is verified, the obtained parameters

excitation is attributed to the saturation of the occupationgpgiqd prove very useful in QD device design, such as the

probability of the QD states. At high average carrier populagp |aser. Our results show that even at moderate carrier

tions a significant proportion of the QD's have all of their gensities (16cm™2) the carrier capture rate from WL states
bound states filled, effectively shutting off these capture ceng, QD states is dominated by Auger relaxation.

ters which decreases the average TCS of the QD’s. The be-

havior at low carrier populations is more intriguing. In order ~ We would like to acknowledge Dr. J. P. McCaffrey and
to discuss this, the TCS is broken into two contributions, oneDr. Sylvain Charbonneau for their help in the course of this
that describes Auger processes and one that describes captwerk. One of ugK.H.) acknowledges NSERC for their sup-

via phonon emission. In this context, H@a) is written: port.

=- %r/v|Nw|_CN5v|AD_(Tthw|AD+Ga (6)

c (cm2/s)
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