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Abstract. Thehysteresiswithin theelectronconcentrationversusgatevoltagecharacteristic
of a GaAs/n-AlGaAs field effect transistorwith InAs quantumdots [G. Yusa, H. Sakaki,
Appl. Phys.Lett., 70, 345(1997)] is investigatedby a numericalapproach.Thecalculations
are basedon the Poissonequationin combinationwith a drift-dif fusion model including
the electroncaptureandemissionprocesses.Our simulationsshow that the hysteresisis of
dynamicalnatureandthat theAugerprocessis thesuitablecaptureandescapemechanismto
explain theexperimentalresults.

1. Intr oduction

Field effect transistors(FET) with embeddedInAs quantumdots (QD) [1] near a two
dimensionalelectronchannelshow adistincthysteresisin theirelectronconcentrationversus
gate voltage characteristic[2] which makes them potentially applicablefor a novel type
of memorydevices. The measurableshift in thosecharacteristicswith respectto up- and
down-sweepremainsfrom several secondsup to 100 hours [2, 3]. We investigatethis
bistablebehaviour by anumericalapproachanddiscussdifferentelectroncaptureandescape
mechanismswhich suit with theexperimentalfindings.
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Figure 1. Sketch of the GaAs/n-AlGaAs field effect transistorwith InAs QDs. The gate
voltageVg is appliedbetweenthetwo-dimensionalelectrongasandtheSchottky contact(Al).
Theresultingconductionbandedgeis displayedin Fig. 3. Thelayersare(from left to right):
1012� cm2 δ -dopingwith Si; 70 nm Al0 � 25Ga0 � 75As barrier; 200 nm GaAs; 1 � 75 monolayer
InAs (dots);400nm GaAs;100nm Al astop gate.

Applying a voltageVg to a device asshown in Fig. 1 fills theQDswith electrons.The
chargecapturedwithin theQDsis detectedby a changeof theelectronconcentrationwithin
the two dimensionalelectrongas[2, 4]. In orderto accomplishfastswitching,theelectrons
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maybeerasedby light illumination [2, 3]. In this work we investigatethedarkcharging and
dischargingprocess.

Thesimulationsof theexperimentfrom Ref. [2] areperformedasfollows: We evaluate
the conductionband edgewith correspondingQuasi-Fermilevel by the one-dimensional
Poissonequationand continuity equation. The electrondensityin the QDs is determined
by anelectroncaptureandemissionratewhichalsodescribesthedynamicsin this system.A
comparisonof stationaryandtime-dependentcalculation(seeFig. 2) displaysthedynamical
natureof thehysteresisduringtheup-anddown-sweep.By assumingtheAugerprocesswith
a rateequationscoefficient CAuger from Ref. [5] we find goodagreementbetweentheory
and experiment. In contrast,for phononassistedprocesseswe have to usean extremely
smallcapturerateto matchtheexperimentalbehaviour. Thereforewe canreceive additional
informationregardingtheelectroncapturein QDs[6, 7, 8] via modellingthehysteresisin this
device.

2. Theory

The structureusedin the experimentof Ref. [2] is shown in Fig. 1. The QDs exhibited a
heighth � 5 nm anda diameter20 nm andtheQD densitywas � 5 � 10�	� 1010cm 
 2. For
our calculationswe estimatea groundstatebindingenergy of Eb � 250meV [9] andusethe
QD densityNQD � 7 � 5 � 1010cm 
 2.

Theconductionbandedgein Fig. 3 is determinedby theintrinsic conductionbandedge
Ec0 andtheelectricpotentialφ . We calculatethe latterby solvingself-consistentlytheone-
dimensionalPoissonequation(similar to Ref. [10])� ε0

∂
∂ z

�
εr � z � ∂

∂ z
φ � z ��
�� ρ � z �

with ρ � z ��� e �N �D � z ��� n � z ��� n2d
QD � t � χQD � z ��� (1)

whereN �D is thedensityof ioniseddonorsresultingfrom theδ -doping,n2D
QD is thedensityper

unit areaof theelectronstrappedwithin theQDsatpositionzQD, n is thefreeelectrondensity,
ε0 andεr aretheabsoluteandrelativepermittivity. Thecharacteristicfunction

χQD � z � : ��� 1� h � z � QD layer�
0 � z �� QD layer� (2)

is usedto reflectthefinite extensionof theQDs.
In order to calculate the Quasi-Fermilevel EF of the electronswe use the one-

dimensionalcontinuityequation� ∂
∂ z

�
µn � z � ∂

∂ z
EF � z ��
�� e f � n � zQD ��� n2D

QD � t ��� χQD � z � (3)

with the electroncapturerate f which determinesthe electrondensityin the QD layer (in
unitssec
 1cm
 2)

∂
∂ t

n2D
QD � t ��� f � n � zQD ��� n2D

QD � t ����� (4)

Here,e  0 is theelementarychargeandµ � 2 � 105 cm2 � Vs is theelectronmobility (at 77
K). Thisdrift-dif fusionapproachis justifiedif thedielectricrelaxationtime is shortcompared
to thedynamicaltimescales.
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Figure2. (a)Hysteresisin thechannelelectrondensityNs versusgatevoltageVg characteristic.
A sweepduration of 1 hour is supposed. For the Auger hysteresiswe use CAuger !
2 " 10# 12cm4 � s [5] and σPhonon is set to zero while for the phononhysteresisσPhonon !
2 " 10# 8cm2 � s (fit) and CAuger ! 0. (b) the occupationof the QDs correspondingto the
characteristicin (a). Threepointsareindicatedwithin theplots– thecorrespondingconduction
bandedgescanbeseenin Fig. 3.
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Thestandardexpressionfor thefreeelectrondensityis used[11]

n � z ��� Nc � z � F1$ 2 % EF � z �&� Ec0 � z �(' eφ � z �
kBT )

with Nc � 2 % mekBT

2π h̄3 ) 3$ 2
(5)

andtheFermi integral F1$ 2. Hereme is theeffective mass,T the lattice temperatureandkB
Boltzmann’sconstant.

Theelectroncapturerate f is assumedto beacombinationof Augerprocessesandsingle
electronprocesses(likemulti-phononcaptureandemission)in thefollowing way:

f � n � n2D
QD �*�+� CAugern

2D ' σPhonon �,� n2Dp2D
QD � n2D

1 n2D
QD � (6)

HereCAuger and σPhonon are the rate coefficients for the Auger and multi-phononprocess,

respectively (seealsoRef. [7]). p2D
QD � 2NQD � n2D

QD is the densityof unoccupiedQD states

for twofold degeneracy, n2D � n � zQD � is the effective free electrondensityat the QDs per
unit area(which mayberelatedto a wetting layer densityof thesameorderof magnitude),
andtheconstantn2D

1 � Nchexp �-� Eb � kBT � resultsfrom theprincipleof detailedbalancefor
equilibrium distributions in the nondegeneratecase[12]. Quantisationeffects in the two
dimensionalelectrongasareneglectedfor simplicity. All calculationsareperformedat 77
K.
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Figure 3. Calculatedconductionbandedgesof theFET displayedin Fig. 1 for differentgate
voltagesVg. SeeFig. 2 for thecorrespondingpointswithin thehysteresis– indicatedwith (a),
(b) and(c).

3. Results

At first wesimulatetheNs-Vg-characteristicconsideringonly theAugerprocesswith CAuger �
2 � 10
 12cm4 � s (calculatedin Ref. [5]) and σPhonon � 0. The result is plotted in Fig. 2
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Figure4. Hysteresiswithin theNs-Vg-characteristiccalculatedwith differentsweepdurations
andanAugercoefficientof CAuger ! 2 " 10# 12m4 � s [5].

(a) – a simulatedbias sweepfrom 0 V to 1 V and back (seethe arrows in the plot) with
a total duration of 1 hour shows a hysteresisas in Ref. [2]. In Fig. 2 (b) one can see
that during the up-sweepstarting at a gatevoltage of . 0 � 75 V the QDs are filled with
electronsandthat the electronsstayin the QDs during the down-sweep.Our resultsarein
excellent agreementwith the experimentaldata,seethe broken line of Fig. 1 in Ref. [2].
In orderto display the dynamicalnatureof the hysteresiswe alsocalculatedthe stationary
situation with f � n � n2D

QD �/� 0 – see the broken line in Fig. 2 (a). The clear difference
betweentime-dependentand stationarycalculationshows that both during up- and down-
sweepnonequilibriumdistributionspersist. The captureandemissionkineticsarenot fast
enoughto establishthermodynamicequilibrium.

In combinationwith the calculatedconductionbandedges(seeFig. 3) we cananalyse
the origin of the hysteresisin detail. At the startingpoint (a) with zero voltagethe QDs
areempty, theQD energy level is far above theQuasi-Fermilevel. Applying a gatevoltage
during the up-sweepmovesthe QD energy level below the Quasi-Fermilevel – point (b).
Therethe QDs arefilled with electrons.During the down-sweepthe electronsstaytrapped
within the QDsasthe surroundingbarriersareso high that theelectronscannot be excited
at low temperatures(seealsoRef. [13]). The charge capturedin the QDs is manifestedin
thedifferenceof theconductionbandedgesbetweenthestartingpoint (a) andtheendpoint
(c) – seeFig. 3. In agreementwith theexperiment,thehysteresisdisappears(stationaryand
time-dependentcalculationsdeliver identicalresults)whena temperatureof 300K is used.

In orderto displaytherobustbehaviour of theNs-Vg-characteristicagainstchangingthe
time-scalesinvolvedweperformedoursimulationsfor differentsweepdurations.Fig.4shows
our findings. Onecanseethat the hysteresisslightly changeseven if the sweepdurationis
changedby severalordersof magnitude.This is evenmoreinterestingasfor memorydevices
it is necessaryto storechargeat leastfor hours.With a moreelaboratedevice structureasin
Ref. [2] onewasableto show thatchargecanbestored100hoursat roomtemperature[3].

The capturekineticsfrom Eq. 6 dominatesthe dynamicalbehaviour. Now we want to
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Figure 5. Calculatedhysteresisin theNs-Vg-characteristicfor theAugerprocessandfor the
phononprocessesonly. Differentcoefficientsfor therateequationanda sweepdurationof 1
hourareused.

study the influenceof differentcoefficients for Auger processesCAuger andsingleelectron

processesσPhonon. As discussedbefore, the value of CAuger � 2 � 10
 12cm4 � s [5] and
σPhonon � 0 givesgoodagreementwith theexperimentalfindings.In Fig. 5 thischaracteristic
(solid line) is giventogetherwith a calculationfor CAuger � 10
 8cm4 � s [7] andσPhonon � 0
(dashedline). The latter result differs slightly andagreeslesswith the experimentaldata.
Applying thesingle-electroncapturecoefficient σPhonon � 1 cm2 � s (from Ref. [7]) theresult
deviatesstrongly, seethe dash-dottedline in Fig. 5 (herewe usedCAuger � 0, the inclusion

of CAuger � 10
 8cm4 � s hardly changesthe result). While valuesof σPhonon � 1 cm2 � s

or 10
 2 cm2 � s (dashdouble-dotline in Fig. 5) strongly disagreewith the experimental
findings(theonsetof theplateauoccursat far too low biases),extremelysmallcapturerates
σPhonon � 2 � 10
 8cm2 � s – seeFig. 2– yield goodagreement.

Experimentally, one observes relatively fast captureratesat high electrondensities,
which are compatiblewith valuesof σPhonon 0 1 cm2 � s, see,e.g., Refs. [6, 7, 8]. Thus,
single-electroncaptureprocessesarenotableto explainboththefastcaptureat highelectron
densitiesandtheratherlong relaxationtimesobservedin theFET device discussedhere. In
contrast,the Auger processdependsquadraticallyon thosedensities,which goeswell with
bothtypesof experimentalobservations.Thisdemonstratestherelevanceof theAugerprocess
for thecaptureprocessin quantumdotstructures.

4. Conclusion

In this work we presenteda numericalsimulationof a FET with InAs QDs. Our calculations
show that thehysteresisobserved in this quantumdot structureis of dynamicalnature.The
ratherlongtimescalesinvolvedresultfrom thequadraticdependenceof theAugerprocesson
thefreeelectrondensityattheQDswhichis quitelow for smallbiases.Additionally, wecould
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analysethedynamicsleadingto a hysteresisin theNs-Vg-characteristic.A comparisonof the
Augerprocesswith a possiblephononprocessshowedthattheAugerprocesswith a capture
coefficient of the order of CAuger 0 10
 8 � 10
 12cm4 � s goeswell with the experimental
findings – slow dynamicswith low carrier densitiesand fast dynamicsfor high carrier
densities.In contrast,singleelectronprocesses,suchas(multiple) phononassistedprocesses
cannotexplainbothfeatureswith asinglecoefficient.

Thiswork wassupportedby DFGin theframework of SFB296.
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