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DELTA- (6-) DOPING IN MBE-GROWN GaAs: CONCEPT AND DEVICE APPLICATION

Klaus PLOOG

Max-Planck-Institutfür Festkorperforschun~D-7000 Stuttgart-80,Fed. Rep. of Germany

Theimplementationof 6-function-likedopingprofilesduringmolecularbeamepitaxy(MBE) of GaAsby usingSi donorsandBe
acceptorsis employedto generateV-shapedpotential wells with a quasi-two-dimensionalelectron(hole) gas andto createa new
GaAssawtoothdopingsuperlatticewith stronglyreducedenergygap. Threeexamplesfor applicationof 6-dopedn-type GaAs are
given; (i) aselectronsupplyinglayerin selectivelydopedasymmetricGaAs/Al~Ga

1~As quantumwell heterostructures,(ii) asthin
tunneling barrier for non-alloyed ohmic contacts on n-GaAs, and (iii) as Schottky gate 6-doped field effect transistor. GaAs
sawtoothdopingsuperlatticesareattractivefor applicationin photonicdevicesdueto thesignificantred-shiftof their luminescence.

I. Introduction ing barrier for non-alloyed ohmic contacts on
n-GaAs having a low specific contactresistance,

The term delta- (6)- doping stands, strictly and (iii) as Schottky gate 8-doped field effect
speaking,for the confinementof dopant atoms transistor(6-FET)withhigh transconductancedue
during crystal growth to a two-dimensional(2D) to the narrowspacingbetweenthe electronchan-
planeoneatomiclayer thick. This dopingconcept, nel confinedto the atomic impurity planeandthe
also called atomic-planeor sheetdoping, during gatemetal.Finally, in section4.4 we discusspen-
molecular beam epitaxy (MBE) of GaAs was odic 6-doping layer structuresand in particular
originally proposedto improve the dopingprofile the propertiesof GaAs sawtooth doping super-
of Ge-dopedn-type GaAs layers [1]. With the lattices which are promising for application in
increasing importanceof 2D carrier systemsin photonicdevicesdue to the significant red-shiftof
semiconductorsfor device application and for their luminescencealso at room temperature.
fundamentalstudies, the implementationof 8-
function like doping profiles by usingSi donors
and Be acceptorshas beenemployedto generate 2. Conceptof 8-doping
symmetric,V-shapedpotentialwells in GaAswith
a quasi-2Delectron (hole)gas[2], andto createa The basic conceptof 6-dopingin GaAsis il-
new GaAs sawtooth doping superlattice (SDS) lustratedin fig. 1. The Si donorsare locatedin an
with a stronglyreducedeffectiveenergygap [3]. atomic monolayerof the (100) orientedGaAshost

In this concisereview we first discussthe con- material, and the ionized donorsprovide a con-
cept of 6-doping in GaAs and the existenceof tinuous positive sheetof charge. The fractional
quantizedenergy levels in the V-shapedpotential coverageof the available Ga sites in the (100)
well. A brief account on samplepreparationby plane can reach several percent. The impurity
MBE follows in section 3. Then three areasfor chargedistribution ND can mathematicallybe de-
applicationof 6-dopedn-type GaAs are given in scribed by the Dirac delta function, i.e. ND =

section4; (i) as electronsupplyinglayer in selec- N~6(z),where N~Dis the 2D donorconcentra-
lively doped(SD) asymmetricGaAs/Al~Ga1— As tion. Due to electrostaticattractionthe electrons
quantumwell heterostructures(QWH) to reduce remainclose to their parentionized donorsand
the undesiredpersistentphotoconductivity(PPC) form a quasi-2Delectron gas (2DEG) in the V-
effect in high-electron mobility transistors shapedpotential well producedby the positive
(HEMTs) operatingat 77 K, (ii) as thin tunnell- sheetof charge. In the narrow potential well the
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o o o 0 0 bandsare occupied[4]. In contrast to the 2DEG

o GQ x x x x of SD heterostructunes,electronsin 6-dopedsam-
x As ~ ° • ° ° (100) ples populatingthe ground-statesubbandexhibit

x x ~ ~. the lowest mobility in comparisonto the excited
• Si ~ ~ ~ ~ ~ growth subbands,due to the proximity of the bareionized

, ~ ~ direction impurities. This decreasein electronmobility with
o o • ~ decreasingsubbandindex wascleanly observedin

the magnetotransportmeasurements[2]. The sec-

Qo ~ ond difference is the considerabledelocalization
of the carriersin the dopantplane, i.e. the elec-

p tronic statesare spreadoutoverthe ionizeddonors

z that form the V-shapedpotential well. The real-
200 spaceextentof the lowest subbandreaches5 to 10

E (meV) nm for 6-dopingconcentrationsrangingfrom 1 x
— — Er io’~to 1 x 1012 cm2 [4]. Although this means

that the characteristic binding length of the
10 ground-stateelectronsis approximately5 nm, this

E
0 value is still significantly less than the 20 nm

diameterof the hydrogen-likeis orbit.20 z(nm)
3. Samplepreparation

Fig. 1. Schematicillustration of 6-doping in GaAs. The Si
donorsare located in an atomic monolayerof the(100) GaAs
hostcrystal (top). A V-shapedpotential well is formed (bot- The 6-doped GaAs samples were grown by
tom). The subbandenergiesandwavefunctionsarecalculated MBE on (100) oriented GaAssubstratesusing a

selfconsistentlyassuminga uniformsheetof positivecharge. growth rateof 1 f
t rn/h and a growth temperature

500 < T, < 550°C.The 6-function like Si and Be
dopingprofiles were obtainedby interrupting the

electronenergiesfor motion perpendicularto the growth of the GaAshostcrystal by closingthe Ga
(100) growth surfaceare quantizedinto 2D sub- shutterand leaving the As shutteropen.The As-
bands.The subbandlevels havebeen calculated stabilized surfacereconstructionwas thus main-
by a simpleapproximation[4], taking into account tamed,while the shutterof the respectivedopant
band bending of the conduction band due to effusioncell wasopenedfor a certaintimeinterval
localized ionized impurities and to free carriers, (up to severalminutesfor high6-dopinglevels). In
and in a moreelaborateway also selfconsistently this impurity growth mode the host crystal does
taking into accountthe non-parabolicityof the not grow. To continueGaAsgrowth, the dopant
conductionband[2]. Direct evidencefor the for- shutterwasclosedandthe Ga shutterwasopened
mation of 2D subbandsin 6-dopedGaAs came again. Forsingle-type6-dopinglayersin GaAswe
from Shubnikov—DeHaas(SdH) oscillationsob- show in fig. 2 that the measureddopingdensityis
served during magnetotransportmeasurements in good agreementwith the numberof supplied
with the magneticfield perpendicularto the sam- dopant atoms up to very high doping densities.
ple [2]. The fractional coverageof the availableGa sites

Two phenomenamakethe conceptof 6-doping in the (100) planereachesabout5% if we assume
different from other 2D carrier systems. First, that the GaAs (100) surfacecontains6.25 x 1014
even at moderate 6-doping concentrationsthe Ga atomscm 2~At these high doping levels the
electrons populate already several excited sub- surfacereconstructiondisplayed in the RHEED
bands.At a dopingconcentrationof 4 x 1012cm-2 patternchangesfrom the As-stabilized(2 x 4) to a
four subbandsand at 1 x 1013 cm-2 sevensub- (1 X 3) reconstruction.Whenlow growth tempera-
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.11’11 separationbetween F and L conduction band12 minimain GaAs.Electronsmay thuspopulatethe

> 10
L minimum at high Si doping levels. No carrier

8 • freeze-out occurs for Si-6-doping, in agreement

6 a with homogeneousdoping, also not in the satura-
a tion regime. The Hall mobilities measuredfor

a • •

~ 2 n-type a a both n- andp-type 6-dopingcomparefavourably
0 with homogeneousdoping(fig. 2b).

0~
In fig. 3 we show the measuredcapacitance—

i L a
0.2 a voltage (C—V) profile of a 6-doped GaAs layer

0 p-type 0 0 grown on nt-GaAs substrate with the 2DEG
I I

‘ located 70 nm below the rectifying metal—semi-
10 conductorcontact.The narrowfull-width at half-

maximumof 4.6 nm, whichdoesnot changewithn300K
n 77K d<N2D nIPI reducedtemperature,manifeststhe confinement

of the Si donorsto an atomicplane.The indepen-a ~ 300 K denceon temperatureimplies, however, that we
•p77K

I-
c~ / cannotinterpret the C—Vprofiles obtainedfromz 1 6-dopedGaAsby meansof the conventionalDe-w
o bye—Huckel screeninglength limitations. There-zo __________ fore, we haverecently developeda model for the0.3 pm undoped GaAs05 / Sdopmg pm undoped GaAs C—V profiles of 6-dopingtaking into accountthe

A quantum-sizeeffect [5]. This interpretationclearly
o / SI GaAs substrate shows that the measuredprofiles reflect neither
N

C
0 0.5 1~ the dopantnor the free-carrierconcentrationpro-

DONOR (ACCEPTOR) CONCENTRATION (1012cm
2) file. Instead,they reflect the shift of the electron

wavefunctionin theV-shapedpotentialwell, which
Fig. 2. 2D Hall concentrationversussupplieddopantatomsin
single n- and p-type 6-doped GaAs (a) and Hall mobility is tilted by the appliedvoltage.In this way a good

versussupplieddopantatomsmeasuredat 300 and77 K (b). agreementbetweenmeasuredandcalculatedC—V
profiles canbeobtained.

tures are employed, which is particularly im-
— 1C

portant for Be-6-doping, the surfacemorphology
E 8 N~6.8a1018crri3

of the epilayersremainsatomically smoothalso at ~,° 5-DOPED GaAs
high dopingdensities. 2 6 ~ = 3001<

Hg Schottky contact
In Be-6-dopedGaAs, hole densitiesas high as u Sample * 2802 /

z
2 x 1013 cm2 were easily achievedwithout any zQindication of saturation.A certain carrier freeze- ~_ 3

out was observedin samplescooled to 77 K (no
I-z
W2further freeze-outoccursdown to 4 K). This phe-
z

nomenonis notyet fully understood.In Si-6-doped 8
GaAs, we observeda deviationof measuredelec-

0
tron density from the supplieddopantatomsbe- 1 I

60 65 70 75
yond 1 x 1013 cm2. At thesehigh dopingdensi- DISTANCE FROM SURFACE z (nm)

ties the electrons in the V-shapedpotential well
Fig. 3. c—v profile of a 6-dopedGaAs samplemeasuredatpopulatehigh-index subbandsso that the Fermi room temperature.The peakof the profile is located at the

energy is increasedby more than 300 meV [4]. depthof the 6-dopinglayer beneaththe surfacederivedfrom
This energy shift is comparablewith the energy thegrowthparameters.
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GaAs 5- doped carriersmeasuredin 6-dopedGaAsis comparable
~- ,- , ~ ~ , ~,-~12 -2 to homogeneouslydoped material of the same
~F ~ ND - 0X ~ cm

It A dopingconcentration.Wehaverecentlydeveloped
C ~V’- . E~ a new semiconductorstructurehaving the 2DEG

/ - spatiallyseparatedfrom the 6-dopedionized im-
purities [7]. The characteristicfeatureof the new

100meV 2DEG (or 2D hole gas: 2DHG) structureis a

÷1~ ~ narrowasymmetncquantumwell whichis 6-doped
06nm 5nm lOnm at its centre.A spatialseparationof only 10 nm is

sufficient to producea mobility enhancementas
Fig. 4. Variation of potential well and subband levels in high as 106 cm2/V. s at 5 K.
6-doped GaAs as a function of broadeningof the doping In fig. 5a we show that in two types of an
profile. The selfconsistentcalculationswere performed for a
6-doping concentrationof 4X

10i2 cm 2 in a p-type back- asymmetnc GaAs quantum well no quantized
grounddoping. The energiesof thethreeoccupiedlevelson the statesare formed if the well width L~is smaller
left-hand sideare 78, 26, and 10 meV respectively,below the than a critical value. The maximum well width

FermienergyEF. before a boundstateis formedin theasymmetric
well is L~ 2.5 nm when we choose the alloy

The C—V profile shown in fig. 3 is narrower compositionsAl04Ga06As and Al01Ga09Asfor
than the spatialextent of the lowest subbandand the asymmetricbarriers. If such a narrow asym-
thus indicates a confinementof the Si dopant metric well is doped,the electrons(or holes)from
atomstoanatomiclayerin theGaAshostmaterial. the respectivedonors(or acceptors)are not con-
The influence of a smearing of the Si doping fined in the well. They are insteadtransferredand
beyondthe (100) atomic plane on the subband form a2DEG (or 2DHG) at the adjacenthetero-
levels hasbeencalculatedrecently[6].Fig. 4 shows junction (fig. Sb). The ternary Al ~Ga1— As bar-
schematicallythat the depthof the potential well riersof this structureremainundoped,andso the
is very sensitive,while the subbandenergies(and undesiredpersistentphotoconductivityeffect due
the population)vary only slowly with aspreading to deep donorsin n-type Al ~Ga1- LAs: Si is less
of the donor ions. Since the experimental de- pronounced.In addition, the high-mobility 2DEG
termination of subbandenergieshas error limits can be located close to the crystal surface. A
of typically 5 to 10%, a smearingof 5 nm cannot narrow spacingbetweenthe 2DEG and the gate
be detectedreliably. However, a 10 nm broad-
ening of the doping profile is easily identified by
examinationof the n = 0 and n = 1 energy sep- E

aration.Wehaveexperimentallyconfirmedthat a (a) ~1

samplewith two 6-dopedlayersof 2 X 1012 cm
2

eachseparatedby 3 nm undopedGaAsexhibits E~_FE~J~ ~

the samemagnetotransportpropertiesas a GaAs —

samplewith just one 6-doped layer of 4 x 1012 ALaGai.aAs AtGa.,,As AlAs

cm2. (b) 2DEG 2DEG
—. — —————E~ — ——, —————E~

GaAs GaAs
GaAs

4. Results anddiscussion Al
5Ga1~As GaAs

SI layer
4.1. High-mobility 2DEGfrom 6-dopedasymmetric SI layer

quantumwells Fig. 5. Schematicillustration of (a) formation of bound elec-
tron statesin symmetricand asymmetricquantumwells and

- (b) formationof high-mobility 2DEG from 6-dopedasymmet-
Due to the close proximity of ionized impun- nc M0Gai.~As/GaAs/Al~Gai.~As(left) and Al~Gai_~

ties and free carriers, the Hall mobility of 2D As/GaAs/AlAs(right) quantumwell heterostructure.
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metal is important for high transconductancesin 106 - /

FETsfabricatedfrom theseheterostructures.
The temperaturedependenceof the Hall mobil- n

1 a 2 2 x 1011cm
2 AA~ 77 K

ity obtained from several 6-doped asymmetric - A A I
QWH of different configurationare displayed in o o o ~

0
figs. 6 and7. The spatialseparationof the 2DEG fl

1r 2 1 x lOll cm
2 0 A

from the monolayerof ionizedSi donorsleadsto a ~ A

mobility enhancementby a factor of threeevenat 0 A

room temperature.The difference between the ~‘ o ~4938
Si-6-dopingdensity(2 x

10i2 cm
2) andthe mea- ~1tD5 - ~ 4~4939

sured2DEGdensityis usedtoestablishthesurface E -0

potentialof the Al
04Ga06Aslayercoveredby a 1 >-

I— -

nm GaAs caplayer. With reducedsampletemper- -

9
aturea strongmobility enhancementis observed. i ~ £
The highest mobilities are achievedfor 6-doped \2OnmAL Ga15.As~
asymmetric QWH with AlAs spacer where the ~ 9

1 nmfjaAs 5 LI
electronsof the 2DEG haveto tunnel through a 1 nmGaAs ~doping

£
10 nm barrier.The measuredpeakmobility of 106 ______________ 9
cm

2/V. s is the highest ever reported for a SD i04 1 pmGaAs -

9

SI GaAs
substrate

106 I I I /IIIIJ I I I IIIIJ I I - I I 1/11111 I I 1/11111 I I

1 5 10 50 100 500
# 4921 TEMPERATURE (K)

n
1a2.8a 10

11cm2 LN Fig. 7. Hall electron mobilities versus temperatureobtained
2 from two 6-doped asymmetric Al

0 4Ga06As/GaAs/A1As000000

00 I quantumwell heterostructureswith different 6-dopingdensi-
0 - ties of N1~°2X10

12cm2and N2D = 3x10i2cm_2
0$

0
Ill 0

0

- i)Iuminated—o
E dark 00 T GaAs/Al~Ga

1~Asheterostructurewith a spacernd— 1.80 lO
t1cm2 0 . of only 10 nm. It is important to note that the

>~ ‘ S S 0 mobility enhancementobservedin the newhetero-I— - •~ ~ —

— • ~ . structureat 5 K after illumination is much more.
o 1 nmGaAs x aQ.4 pronouncedthan in conventionalSD heterostruc-

~ yO.l •0
tures. In addition, the observedincreaseof the

___________________ •0

1 nmGaAs •‘~ - carrier densitydueto PPCat low temperaturesis
1 nmGaAs doping smaller, and the temperaturedependenceof the

- 1 pmGaAs - carrier density is totally different. As the con-
______________ centration of deep donors in the undoped

SI GaAs Al~Ga
1~Asis low, a substantialcontributionto

substrate . photoconductivity originates from band-to-band
I I I I I I I I I electron—holepair generationin the GaAs buffer

1 5 10 50 100 500
TEMPERATURE (K) layer and subsequentchargeseparation[8]. The

photogeneratedelectrons are transferred to the
Fig. 6. Hall electronmobilities versus temperatureobtained 2DEG, while the holes drift toward the semi-in-
from the 6-doped asymmetric Al04Ga06As/
GaAs/Al01Ga09As quantumwell heterostructurewhosecon- sulating substrate where they are trapped by

figuration is shownschematicallyin theinset, ionizedacceptors.
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4.2. Non-alloyedohmic contacts t’y thin tunnelingS the width of the tunnellingbarriersignificantly so
barriers in 6-dopedGaAs that tunnellingthrough the barrier dominatesthe

vertical transportproperties.We haveexamined
The preparationof low-resistanceohmic con- this idea by placing a 6-dopinglayerwith a den-

tacts is one of the most important steps in the sity of N~D= 1.2 x 1013 cm2 just 2.5 nm below
fabrication processof advanced semiconductor the surface.Additional five 6-doping layerssep-
devices.Wehaverecentlydemcmstratedtunnelling aratedby 2.5 nm eachwere placed beneaththe
betweenthe subbandsof a 6-doping layer em- contactlayer to make the epitaxial layer on the
beddedin GaAs20 nm belowthe surfaceandthe n k-GaAs substratealson-type.Themetal contacts
surfacemetal [9]. In fig. 8 we show schematically were formedby successivelydepositing20 nm Cr
that tunnellingoccursin the selfconsistentpoten- and 200 nm Au in a separatevacuumchamber
tial profile inducedby the 6-dopinglayerand the througha Mo shadowmaskwith holesof 750 ~tm

potentialoffset at the metal—semiconductorinter- diameter.The current voltage characteristicdis-
face. In the derivative of the tunnelling current playedin fig. 9 shows strictly linear behaviouron
versus gatevoltage measuredat 4.2 K, we have all scalesof the curve tracer.We haveestimateda
observeda distinct fine structurearising from the specific contact resistancebelow 10—6 12 cm2 for
subbandrelatedquantum stepsin the densityof thesenon-alloyedohmic contacts.In accordance
states of the 2D layer. The deducedsubband with all studied 6-dopedGaAs samplesalso the
energiesarein good agreementwith selfconsistent 6-dopedohmic contactshaveanexcellent smooth
calculationsusing the materialdesign parameters surfacemorphology.
of the studiedsamples.

The schemeof fig. 8 is frequently used to 4.3. Schottkygate 6-dopedfield effect transistor
illustratethe formationof ohmiccontactsby heavy (6-FET)
dopingof the semiconductor.For the experiments
describedabove,the contactand depletionregion In the last decademodificationsof the doping
was dimensionedfor weak tunnellingto determine profile of Schottky gate FETs to improve the
the subbandenergiesin the degeneratedoping devicecharacteristicshavebeenreportedby several
sheet. In order to produce low-resistanceohmic authors [10,11]. The buried-layerdevices, which
contactsto the semiconductor,we haveto reduce havethe bulk. of their dopingin a narrow buried

layer separatedfrom the gateby a distancelarge

5(z) Layer
(eV)

et~B

0.5

~F- EE4
eV I 2~

77~2’~ ~==

E
0

0 20 40 60

z(nm)

Fig. 8. Schematicillustrationof tunnelingoccunngbetweenthe
selfconsistentpotential profile inducedby the 6-dopinglayer
and the potential offset at the metal—semiconductorinterface Fig. 9. Current—voltagecharacteristicof non-alloyed6-doped

(N~,D= 1.4 x 1013cm ~, 4~= 0.90 V, fr~= 0.15 V) ohmic contactto n-GaAs.
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§FET Schottky (a) ÔFET
Source Gate D~un

(b) MESFET

J Semi Insulating SubstrateJ)
N0(z)zN~S(z-d) (c) HEMT

Fig. 10. Schematic illustration of a Schottky gate 6-doped k A __________ Ec
field effect transistor(6 FET) ~ EF

comparedto the layer thickness,shouldexhibit a I
nearlyconstantgate—channelcapacitanceCgs as a Fig. 11. Schematic real-spaceenergy band diagram of (a)

function of the gatebias voltage J’~due to the 6-FET, (b) MESFET and (c) HEMT. The 6-FET has the

relativelyconstantdistancebetweenthe gateand lowest electricfield betweenthe 2DEGand the gate, resulting
in a highbreakdownvoltage.

the depletion boundarythat remainswithin the
narrowburiedlayer. In the 6-dopedFET,which is
schematicallyshown in fig. 10, the buried-layer
concept is scaleddown to its ultimate physical
limit normal to thecrystal surface, as the narrow gate[4]. Inspectionof fig. ha revealsthe constant
buried 6-dopinglayer hasa spatial extent of less electric field E between2DEG andSchottkygate
than thelatticeconstantof theGaAshostmaterial, in the 6-FET accordingto E = ~8/d, where d is
In the early attemptsto realizeFETs having a the distanceof the 2DEG wavefunctionfrom the
6-dopinglayer [12], the distancebetweenthe gate gate, becausethe conduction bandedge depends
metal and the electronchannel was too large to linearly on the spatial coordinatez. In contrast,
fully exploit the advantagesof this concept.We MESFETsandHEMTs exhibit a quadraticdepen-
have recently fabricated 6-FETs with a narrow denceof band-edgevariationdue to their constant
distanceof the 2DEG from the Schottky gate dopingconcentrationbelow the gate.The electric
[4,13].At a distanceof 30 nmthe depletionregion field between2DEG and gate is lowest for the
belowthe gatereachesthe 6-dopinglayer already 6-FET, resulting in a very high breakdownvolt-
at zerobias, age. The maximum 2D donor concentrationof

In comparisonwith depletion mode conven- 5 X 10~~cm
2 that can be depletedin a 6-FET

tional MESFETsandHEMTs, whoseconduction doesnot dependon the gate-to-channeldistance
band diagramsare also depictedin fig. 11, the within a wide range.
advantagesof the 6-FET are (i) high electron The resultsof a comparisonof the calculated
concentrationof the 2 DEG up to 5 x 1012 cm2, intrinsic transconductanceof 6-FET and HEMT
(ii) a largebreakdownvoltage,and (iii) an intrin- are shownin fig. 12.Forshortgatelength(LG —+ 0)
sic transconductanceexceeding500 mS/mmowing the saturatedvelocity model appliesfor the calcu-
to the proximity of the electron channel to the lation of the maximumintrinsic transconductance
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600 _____ 4.4. Periodic 6-doping layerstructures

~ 500 - T~771< Two typesof periodic6-dopinglayerstructures
E pa2000cm

2/Vs \ havebeen conceived: (i) a periodic sequenceof
•E ~çyj V

5a 1.5 = ~ cm/s \ 6-dopinglayersof the samedopingtype separated

d~3OOA \ by undopedregionswhich we call 6i6i structure,
300 - and (ii) a periodicsequenceof alternatingn- and

HEMT: \ p-type 6-dopinglayersequallyspacedby undoped
~ 200 - T~771< \ regionswhich wecall sawtoothdopingsuperlattice

p~60000cm
2/Vs (SDS) due to the spacechargeinducedmodula-

100 .Vsal.5=lO7cm/s tion of the band edges. The thickness of the
d~600A undopedregionsbetweenthe 6-doping layers is

I I typically in the range5 to 20 nm.
0.1 0.2 0.5 1.0 2.0 5.0 10.0 The motivation to constructn-type 6i6i struc-

GATE LENGTH L
0 (rim) tures in otherwiseintrinsic GaAs comesdirectly

from our experimentson tunnelling through theFig. 12. Calculated transconductancesof depletion-mode6-
FET andHEMT usingtheindicatedparameters[4]. selfconsistentpotentialprofile describedin section

4.2 [9]. For vertical transportin GaAs6i6i struc-

turesit is importantthat the lowest subbandlevel
broadensinto a 45 meV wide band for 20 nm
spaced6-dopinglayerswith a 6-dopingdensityof

g~,accordingto g~= � VSWG/d,where WG is the 3 x 10i2 cm 2 [6]. The gap for motion in z-direc-
gatewidth, v~is the electronsaturateddrift veloc- tion is only about20 meV. The unique shapeof
ity, and � is the permittivity of the semiconductor. the Fermi surface in this GaAs 6i6i structure
This simple equationimplies that in addition to shouldgive rise to novel physicalphenomena.
the saturatedvelocity only the distance of the Anothermotivation for developing 6i6i struc-
2DEG from the Schottky gate determinesthe tures in the possibility to realize extremelyhigh
transconductanceof a short-gateFET. Inspection 2D doping concentrations in semiconductors,
of fig. 12 shows that the HEMT has a higher which are severalordersof magnitudehigherthan
transconductancefor LG> 1 ~tm,while in short- the solubility limit. For Si-dopedGaAs6i6i struc-
gate devices(LG < 1 ,.tm) the 6-FET should ex- tureswehaveachievedequivalent3D dopingcon-
ceed the performanceof the HEMT. In addition, centrationsas high as 1021 cm~ with a 300 K
we expecta significant improvementof the high- mobility of 1000 cm

2/V.s. The questionto which
frequencylinearity of the devicesdueto the linear extent the Si impurities exhibit amphotericchar-
dependenceof Cgs upon ~ Our first preliminary acter at thesehigh concentrationsneedsfurther
experimentaldata obtainedfrom a 0.5 ~tm gate clarification. The surfacemorphology of the Ga
length 6-FET yieldeda normalizedexternal trans- 6i6i structuresremainsatomically flat even for
conductanceof only 75 mS/mm [13]. This value 6-doping densitiesbeyond1014 cm-2 (15 nm un-
his now beenincreasesto morethan300 mS/mm dopedregion), and thereis no indication for any
by optimizing the devicefabricationprocessof the lattice distortion from high-resolution double-
6-dopedGaAswaferwith the 2DEG 30 nm below crystal X-ray diffraction measurements.Work is
the surface[14]. Finally, it is important to note now in progressto construct GaAs/Si super-
that at the highelectric field existingin short-gate latticeswith the constituentSi monolayerslattice
FETs the ionized impurity scattering becomes matchedto GaAs.This superlatticeshouldexhibit
negligible.Therefore,we expect6-dopedlayersto exciting new electronicproperties.
havethesamesaturateddrift velocity as homoge- The motivationfor developingGaAsSDS was
neouslydopedsemiconductorsor SD heterostruc- the requirementfor both short carrier lifetimes
turesin short-gateFETs. and strong modulationof the energybandsin a
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homogeneoussemiconductor,in order to achieve be tuned by carrier injection. In SDS with long
stimulated(laser) emissionat energiesbelow the period length,on the otherhand,the electronand
bandgapof the host material [3,15].The doping hole wavefunctionsare localizedin the respective
profile of GaAsSDS,illustratedin fig. 1 3b, canbe potential wells, and the radiative recombination
describedby a periodic train of 6-functions.The probability is low. As a result, in theseType B
periodic variation of the spacechargein z-direc- SDS, long carrier lifetimes andtunableelectronic
tion leadsto a sawtooth-shapedmodulationof the propertiessimilar to thosein semiconductorswith
conduction and valence band edge, which is a “nipi superstructure”canbe observed.
schematicallyshownin fig. 1 3c for equal2D donor Photo-and electroluminescencemeasurements
and acceptorconcentrations,i.e. N~,D= N,~D= on Type A GaAsSDS of different materialdesign
N2D, In the narrowV-shapedpotential wells size parametersclearlyreveala stableenergygapwhich
quantizationoccurs. Radiative recombinationin is considerablysmaller than the gap of the host
GaAs SDS involves the lowest electron and materialandwhichdoesnot dependon the excita-
heavy-holesubband.As a result, the effectivesu- tion density[3]. A good agreementof theoryand
perlatticeenergy gap EL is smallerthan the gap experimentaldatais observed.Theintensityof the
of the hostmaterialEg. superlatticeluminescenceis high and comparable

In SDS the impurities with discrete chargeq to bulk-type GaAs, becauseonly transitionsbe-
are randomlydistributedin the respectivedopant tweenthe lowest electronandhole subbandscon-
planeshaving a meandistanceof (N2D - 1/2, To tribute to the observedluminescenceandno signal
keepstatisticalfluctuationsof the depthandwidth is detectedat the GaAsenergygap.
of the potential wells low, the mean impurity The high intensityand the significant red-shift
distanceshouldbe less than half the superlattice of the luminescenceat 300 K make feasible the
period, i.e. <(N2D)l~2,and the spatial ex- application of Type A GaAs SDS in photonic
tent of the lowest subbandz

0 shouldbe larger devices.We havefabricatedlight emitting diodes
than the mean impurity distance, i.e. z0> and injection laserswith the superlattice active
(N

21~)~2.At a given doping densityN2D the region sandwichedby n- andp-typeA1
03Ga07As

period length z~determinesthe quantummecha- layers for confinement[15]. Edgeemitting diodes
nical couplingbetweenthe V-shapedwells of SDS. with different SDS designparametersemit mono-
Small period lengths imply a strong overlap of chromaticlight at wavelengthof 0.9 ~ A ~ 1.0 ~sm.
electron and hole wavefunctions from adjacent The thresholdcurrentdensityof broadarealasers
potential wells, which in turn results in short emittingat 905 nm wasfound to be 2.2 kA cm
recombinationlifetimes in the ns range [3]. This
so-called Type A SDS thus exhibits a stableen-
ergy gapsmallerthan the GaAsgap which cannot Acknowledgements
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