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Abstract. Thehysteresisvithin the electronconcentratiorversuggatevoltagecharacteristic
of a GaAsh-AlGaAs field effect transistorwith InAs quantumdots [G. Yusa, H. Sakaki,

Appl. Phys.Lett., 70, 345(1997)]is investigatey a numericalapproach.The calculations
are basedon the Poissonequationin combinationwith a drift-diffusion model including

the electroncaptureand emissionprocessesOur simulationsshawv that the hysteresids of

dynamicalnatureandthatthe Auger processs the suitablecaptureandescapemechanismo

explainthe experimentakesults.

1. Intr oduction

Field effect transistors(FET) with embeddedinAs quantumdots (QD) [1] neara two

dimensionaklectronchannekhow a distincthysteresisn their electronconcentratiorversus
gate voltage characteristid 2] which makes them potentially applicablefor a novel type

of memorydevices. The measurableshift in thosecharacteristicsith respectto up- and

down-sweepremainsfrom several secondsup to 100 hours[2, 3]. We investigatethis

bistablebehaiour by a numericalapproachanddiscusdifferentelectroncaptureandescape
mechanismsvhich suit with the experimentaffindings.
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Figure 1. Sketch of the GaAsh-AlGaAs field effect transistorwith InAs QDs. The gate
voltageVy is appliedbetweerthetwo-dimensionaklectrongasandthe Schottky contact(Al).
Theresultingconductionbandedgeis displayedin Fig. 3. Thelayersare(from left to right):
10%2/cm?  d-dopingwith Si; 70 nm Al, ,5Ga, 75As barrier; 200 nm GaAs; 1.75 monolayer
InAs (dots);400nm GaAs;100nm Al astop gate.

Applying a voltageVy to a device asshavn in Fig. 1 fills the QDs with electrons.The
chage capturedwithin the QDsis detectedby a changeof the electronconcentratiorwithin
thetwo dimensionaklectrongas[2, 4]. In orderto accomplishfastswitching,the electrons
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may be erasedy light illumination [2, 3]. In this work we investigatethe dark chaging and
dischaging process.

The simulationsof the experimentfrom Ref. [2] areperformedasfollows: We evaluate
the conductionband edgewith correspondingQuasi-Fermilevel by the one-dimensional
Poissonequationand continuity equation. The electrondensityin the QDs is determined
by anelectroncaptureandemissiorratewhich alsodescribeshedynamicsn this system A
comparisorof stationaryandtime-dependentalculation(seeFig. 2) displaysthe dynamical
natureof thehysteresigluringtheup- anddown-sweep By assuminghe Augerprocessith
a rate equationscoeficient C, . from Ref. [5] we find good agreemenbetweentheory
and experiment. In contrast,for phononassistedorocessesve have to use an extremely
small capturerateto matchthe experimentabehaiour. Thereforewe canreceve additional
informationregardingtheelectroncapturen QDs|6, 7, 8] via modellingthe hysteresisn this
device.

2. Theory

The structureusedin the experimentof Ref. [2] is shaovn in Fig. 1. The QDs exhibited a
heighth = 5 nm anda diameter20 nm andthe QD densitywas (5 — 10) x 10%m~2. For
our calculationsve estimatea groundstatebinding enegy of E,, = 250meV [9] andusethe
QD densityNyp, = 7.5 x 10'%m 2,

The conductionbandedgein Fig. 3 is determinedy theintrinsic conductionbandedge
E., andthe electricpotentialg. We calculatethe latter by solving self-consistentlythe one-
dimensionaPoissorequation(similarto Ref.[1(])

gy |52 30(2)] = (2
with p(2) = &N (2) — (@) ~ (Do) @

whereNS is thedensityof ioniseddonorsresultingfrom the 6-doping, n |stheden5|typer
unit areaof theelectrondrappedwithin theQDsatposmoanD, nis thefreeelectrondensny
£, ande; aretheabsoluteandrelative permittivity. The characteristi¢unction

. 1/h (ze€ QD layer)
Xqp(2) = { 0 (z¢ QD layer) (2)
is usedto reflectthefinite extensionof the QDs.

In order to calculatethe Quasi-Fermilevel E; of the electronswe use the one-
dimensionakontinuity equation

- 52 | @) 55 @) = efn(zoo) R (] Xoof@ ©

with the electroncapturerate f which determineghe electrondensityin the QD layer (in
unitssec lcm2)

2 r83(0) = fln(zgp), i3 (1) @

Here,e > Ois theelementanchageandu = 2 x 10° cn?/Vs is the electronmobility (at 77
K). Thisdrift-diffusionapproachs justifiedif thedielectricrelaxationtime is shortcompared
to thedynamicaltime scales.
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Figure2. (a) Hysteresisn thechanneklectrondensityNs versugyatevoltageVy characteristic.

A sweepduration of 1 hour is supposed. For the Auger hysteresiswe use CAuger =

2 x 10~ 2emt/s [5] and Opp,,n IS Setto zero while for the phononhysteresisop, o, =
2 x 10~8cm?/s (fit) and Cauger = 0. (b) the occupationof the QDs correspondingo the

characteristiin (a). Threepointsareindicatedwithin theplots—thecorrespondingonduction
bandedgescanbeseenin Fig. 3.
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The standardexpressiorfor the free electrondensityis used[ 1 1]

Er(2) —Ex(2) +e9(2)
kg T

. mekg T 3/2

with N¢ = 2( = ) 5)

Herem is the effective mass,T thelattice temperature@ndkg

N(2) = Ne(29)F

andthe Fermiintegral F1/2-
Boltzmanns constant.

Theelectroncapturerate f is assumedio beacombinatiorof Augerprocesseandsingle
electronprocesseflik e multi-phononcaptureandemission)in the following way:

2D 2D 2D, 2D _ 2D2D
f[n’ nQD] = (CAugern + aPhonon)(n pQD - nl r]QD) (6)

Here Cy ger @nd Opypo, arethe rate coeficientsfor the Auger and multi-phononprocess,
respectiely (seealsoRef.[7]). pgp = 2Nyp — Ng) is the densityof unoccupiedD states

for twofold degenerag, n’® = N(zop) is the effective free electrondensityat the QDs per
unit area(which may be relatedto a wetting layer densityof the sameorderof magnitude),
andthe constantn?® = Nchexp(—E, /kgT) resultsfrom the principle of detailedbalancefor
equilibrium distributionsin the nondeyeneratecase[17]. Quantisationeffectsin the two
dimensionalelectrongasare negglectedfor simplicity. All calculationsare performedat 77
K.
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Figure 3. Calculatecconductionbandedgesof the FET displayedin Fig. 1 for differentgate
voltagesvy. SeeFig. 2 for the correspondingpointswithin the hysteresis- indicatedwith (a),
(b) and(c).

3. Results

At first we simulatethe Ns-Vy-characteristiconsideringonly the Augerprocesswith CAuger =

2 x 10~ *2cn/s (calculatedin Ref. [5]) and 000, = 0. The resultis plotted in Fig. 2
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Figure 4. Hysteresisvithin the Ns-Vg-characteristicalculatedvith differentsweepdurations
andan Augercoeficientof Cy o = 2 x 107120 /s[5].

uger

(a) — a simulatedbias sweepfrom 0 V to 1V and back (seethe arrowns in the plot) with
a total durationof 1 hour shavs a hysteresisasin Ref. [2]. In Fig. 2 (b) one can see
that during the up-sweepstarting at a gate voltage of ~ 0.75V the QDs are filled with
electronsandthat the electronsstayin the QDs during the down-sweep.Our resultsarein
excellentagreementwith the experimentaldata, seethe broken line of Fig. 1 in Ref. [Z].
In orderto display the dynamicalnatureof the hysteresisve also calculatedthe stationary
situation with f[n, né%] = 0 — seethe broken line in Fig. 2 (a). The clear difference
betweentime-dependenand stationarycalculationshows that both during up- and down-
sweepnonequilibriumdistributions persist. The captureand emissionkinetics are not fast
enoughto establisithermodynami@quilibrium.

In combinationwith the calculatedconductionbandedges(seeFig. 3) we cananalyse
the origin of the hysteresign detail. At the starting point (a) with zero voltagethe QDs
areempty the QD enepy level is far above the Quasi-Fermievel. Applying a gatevoltage
during the up-sweepmovesthe QD enegy level belov the Quasi-Fermilevel — point (b).
Therethe QDs arefilled with electrons.During the down-sweepthe electronsstaytrapped
within the QDs asthe surroundingbarriersare so high thatthe electronscannot be excited
at low temperatureg¢seealsoRef. [13]). The chage capturedin the QDs is manifestedn
the differenceof the conductionbandedgesbetweerthe startingpoint (a) andthe endpoint
(c) — seeFig. 3. In agreementith the experiment,the hysteresiglisappeargstationaryand
time-dependentalculationgdeliveridenticalresults)whenatemperaturef 300K is used.

In orderto displaythe robustbehaiour of the Ns-Vy-characteristi@againstchangingthe
time-scalesnvolvedwe performecdbur simulationdor differentsweepdurations Fig. 4 shovs
our findings. One canseethat the hysteresislightly changesvenif the sweepdurationis
changedy severalordersof magnitude Thisis evenmoreinterestingasfor memorydevices
it is necessaryo storechage at leastfor hours. With a moreelaboratedevice structureasin
Ref.[Z] onewasableto shav thatchage canbe stored100hoursatroomtemperaturg3].

The capturekineticsfrom Eq. 6 dominateghe dynamicalbehaiour. Now we wantto
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Figure 5. Calculatedhysteresisn the Ns-Vg-characteristidor the Auger processandfor the
phononprocessesnly. Differentcoeficientsfor the rateequationanda sweepdurationof 1
hourareused.

study the influenceof differentcoeficientsfor Auger processe€,,

uger @ndsingle electron
Processewp, o, As discussedbefore, the value of Cp o = 2% 10~*%cnf/s [5] and

Ophonon = 0 givesgoodagreementvith the experimentafindings. In Fig. 5 this characteristic
(solid line) is giventogetherwith a calculationfor CAuger =108cm*/s[7] and Ophonon = 0
(dashedine). The latter resultdiffers slightly and agreedesswith the experimentaldata.

Applying the single-electrorcapturecoeficient o, o, = 1 cn?/s (from Ref.[7]) theresult
deviatesstrongly seethe dash-dottedine in Fig. 5 (herewe usedCAuger = 0, theinclusion

of Cpyger = 10-%cm*/s hardly changesthe result). While valuesof 0pp, = 1 cTP/s

or 1072 cm?/s (dashdouble-dotline in Fig. 5) strongly disagreewith the experimental
findings(the onsetof the plateauoccursat far too low biases)extremelysmall capturerates
Oohonon = 2 % 10~-8cn? /s — seeFig. 2 yield goodagreement.

Experimentally one obsenes relatively fast captureratesat high electrondensities,
which are compatiblewith valuesof gy, ~ 1 CM?/s, see,e.g., Refs.[6, 7, 8. Thus,
single-electrorcaptureprocessearenot ableto explain boththe fastcaptureat high electron
densitiesandtheratherlong relaxationtimesobsenedin the FET device discussedere. In
contrast,the Auger procesdependgjuadraticallyon thosedensities which goeswell with
bothtypesof experimentabbsenations.Thisdemonstratetherelevanceof the Augerprocess
for the captureprocessn quantumdot structures.

4. Conclusion

In this work we presented numericalsimulationof a FET with InAs QDs. Our calculations
shav thatthe hysteresiobsenedin this quantumdot structureis of dynamicalnature. The
ratherlongtime scalesnvolvedresultfrom thequadratiaddependencef the Augerprocessn
thefreeelectrondensityattheQDswhichis quitelow for smallbiases Additionally, we could
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analysethedynamicgeadingto a hysteresisn the Ns-V-characteristicA comparisorof the
Auger procesawith a possiblephononprocesshaovedthatthe Augerprocesswith a capture
coeficient of the order of Cp e ~ 108 — 10 *cmf*/s goeswell with the experimental
findings — slow dynamicswith low carrier densitiesand fast dynamicsfor high carrier
densitiesIn contrastsingleelectronprocessessuchas(multiple) phononassistegrocesses
cannotexplain bothfeatureswith a singlecoeficient.

Thiswork wassupportedy DFG in the framewnork of SFB296.
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