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Abstract

We present modulation-dopedordered-InGaP/disordered-InGaPhomojunctionsgrown, lattice matched to
GaAs, by metalorganicvapourphaseepitaxy.Capacitance—voltage(C—V) profiling techniques,temperature-depen-
dent Hall, Shubnikov—DeHaasand photoluminescencemeasurementshave beenused for characterization.The
C—V measurementsshow a narrow profile at the homointerfacewith an order of magnitudereduction in carrier
density within 3 nm. From temperaturedependentHall measurements,typical two-dimensionalbehaviour is
observedwith sheetcarrier densitiesas high as 3.6 x 1013 cm2 (T < 100 K). No carrier freeze-outandconstant
mobilities around850 cm2 V~~ belowT= 100 K areobserved.The 300 K channelconductivityof this new type
of junction is 3.2 x io~Q1, which is higherthan reportedin othertwo-dimensionalelectrongases.Shubnikov—De
Haasmeasurementsindicatethepresenceof two occupiedexcitedsubbands.The photoluminescencemeasurements
clearly show amoving emissionwhich involvesthe 2DEG.

1. Introduction tude lower than values found for the AIGaAs/
GaAs interface. Where Al~Ga

1~Aswith x>
In opto-electronic devices, like solid-state 0.22 suffersfrom the detrimentaleffect of carrier

lasersandsolar cells, the useof the Ill/V semi- trapping by the so-called DX-centres,no such
conductorInGaPhas certainadvantagesoverthe trapping occursin InGaP at the lattice matched
moreoften usedAlGaAs. Thesebenefitsconcern composition.
both physical propertiesand behaviour during The MOVPE growth of InGaP has special
MOVPE growth. In comparisonwith A1GaAs, consequencesfor its structural properties.De-
the sensitivity of InGaPtowardstracesof humid- pendingon the growth conditions, i.e. V/Ill ra-
ity or oxygenduring growth is neglegible.Proba- tio, growth temperature,growth rate and sub-
bly, this causesthe very low surfacerecombina- strateorientation, the material is in a more or
tion rateof the InGaP/GaAsinterface,which is less orderedstate.This ordering takesplace on
as low as 1.5 cm 5_i abouttwo ordersof magni- the group III sublatticeand is of the CuPt-type,

i.e. it consistsof (GaPXInP)superlatticesin two
_______ (111> directions.A consequenceof this ordering

* Correspondingauthor, 15 a decreaseof the bandgap.For a completely
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orderedlattice,a decreaseof 260 meV wascalcu- 1,000 A

lated as comparedto the completelydisordered E

alloy [11.In practice,valuesbetween100 and 190 -~ ~

meV are found. The existence of ordered do- ‘~ X

mainsinfluencesoptical andtransportproperties ~9Ad d ________

of the material. The optical emissionproperties InG:P(high E

are determinedby spatially indirect recombina- g
tion involving confineddonors[21and the trans- 5~~00Astrongly ordered
port properties are influenced by scatteringat InGaP(low E

clustersof orderedmaterial in the matrix of dis- g
orderedmaterial and, at low temperatures,by ~

0~ffer _________

confineddonorstates[31. layer

By proper choice of the growth conditions SUBSTRATE

during MOVPE of InGaP, one can makemate-
rial with different bandgaps,but with the same Fig. 1. Schematicdrawing of the o-InGaP/d-InGaPhomo-

composition (bandgap engineering). We used junction.

thesespecialpropertiesto growfor the first time,
ordered/disorderedInGaPhomojunctionswith a usinga Polaronplotter.The Shubnikov—DeHaas
2DEG at the interface.At low pressure,we de- (SdH) measurementswere performed in mag-
positedon a GaAs buffer a layer of highly or- netic fields up to 20 T at 4.2K in the High-Field
dered InGaPwith a low bandgap.On top of this, MagnetLaboratoryin Nijmegen.
an InGaP layer with high bandgapwas grown The photoluminescence(PL) measurements
(disorderedmaterial). Both InGaP phaseswere were performed at 4.3 K with the sample in
grown lattice matchedto GaAs. This high gap helium exchangegas.Optical excitationwas pro-
layer consistedof an undopedspacerlayer anda vided by the 2.41 eV line from an ~ laser.The
uniformly n-type dopedlayer, which causesthe luminescencewas dispersedby a 0.6 m double
formation of the 2DEG at the ordered/dis- monochromateranddetectedby a cooledphoto-
orderedinterface, multiplier tubewith a GaAsphotocathode.

In this paperwe presentresultson the optical
andelectricalcharacterizationof this system.

3. Resultsanddiscussion

2. Experimentalprocedure The schematicstructureof the samplesis de-
pictedin Fig. 1. It resemblesconventionalGaAs/

The experimentswere carried out in a hori- AIGaAs2DEG designsin which theGaAspart is
zontal, low pressure(20 mbar) MOVPE reactor. replacedby o-InGaP and the A1GaAs part by
The orderedInGaP(o-InGaP,low Eg) wasgrown d-InGaP.The structureof the conductionbandis
with a V/Ill ratio of 125 and at T= 640°C;the depictedin Fig. 2, including the subbandsin the
disorderedphase(d-InGaP, high Eg) at 725°C potential well.
with a V/Ill ratio of 400, both lattice matchedto In Fig. 3 the C—V profile, recordedin deple-
GaAs. The growth was performed using PH

3, tion mode, is shown together with the sample
TMGa and “solution TMIn”. For n-type doping structure.Depletion of the 2DEG alreadystarts
Si2H6 was used.The_structureswere grown on at zerobias voltage,which is the casefor 2DEG
(100) 6°off towards(111) and(100) 2°off towards structureswith no detectableparallel conduc-
(110) substrates. tance [41.The profile shows ahighcarrier density

The sampleswere electricallycharacterizedby at the d-InGaP/o-InGaP interface, which de-
temperature dependent Hall—Van der Pauw creasesby one order of magnitudewithin 3 nm
measurementsand C—V measurementsat 300 K from the interface.The uncertaintyin this mea-
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Fig. 2. Schematicdrawing of the conduction band at the io 100 t000

interfaceof theo-InGaP/d-InGaPhomojunction;alsodrawn T (K)
are threeoccupiedsubbandsin the potentialwell.

Fig. 4. Sheetcarrier density (n
2D) and mobility (~)versus

temperature(K).

surement is determinedby the Debye length,
which is about5 A at thesehigh carrier concen-
trations [5]. This measuredvaluefor the width of
the 2DEG is an upper limit becauseof majority T < 120 K, i.e. the sheetcarrier density is con-
carrier diffusion; thereforestrongspatial localiza- stant ~

32D = 3.6 x 1013 cm2. When T increases,
tion of the 2DEG is unambiguouslyshownhere. ~2D first increasesas is previously observed in

In Fig. 4 the T-dependenceof sheet carrier 2DEG systems[61.At higher temperatures(T
density(n2D) andmobility (/L) is shownobtained 180 K), ~2D startsto decreaseslightly: at T= 300
from Hall measurements.The presenceof the K, ~2D = 3.2x 1013 cm2. We believe that this
2DEG at the o-InGaP/d-InGaPinterfaceis con- abnormaldecreaseis typical for InGaP.At these
firmed by the absenceof carrier freeze-out at temperaturescarriers get delocalizedfrom the

ordereddomains[2,31which will slightly broaden
theconductivelayer. However, the 2DEG is then
still strongly confined, as was observed by the

~ C—V measurements.The value for n
20 is cx-

o—InGaP
I tremely high, in fact it is the highest reported
I value for Ill/V structures,evenhigher than the

10~° I 2DEG valuesreportedfor 6-dopedstructureswhich are
known for their high n20 [7]. The replacementof

io19 AlGaAs by InGaP is in our opinion the main

reasonfor this. No DX centresare present in
I InGaP (when lattice-matchedto GaAs), so no

17 carrier reductionoccursdue to trappingby them.
~ 10

At the interface, less non-radiative states are
10 is presentdueto the homoepitaxy.Finally, no alu-

15 minium is presentin the structures,so no deep
10 centrescould be formedby the incorporationof

0.00 0.20 0.40 0.60
reactionproductsof aluminium with oxygen and

X (rim) water. The high value for n20 of this homojunc-

Fig. 3. C—Vdepletionprofile of theo-InGaP/d-InGaPhomo- tion implies that at leasttwo subbandsareoccu-
junction. The positionof the interfaceis sketched, pied.
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No differences in electrical properties were _____________________________

observedbetweensamplesgrown on the two dif-
ferent subtrate orientations, although samples 800

grown on (100) 6°(111) substratespossessonly
ordering in the [111] direction, whereaslayers
grown on (100) 2°(110) substratesshow ordering a 700
in the two (111) directions. f\ /

In Fig.4, also the T-dependenceof the mobil- 600 . ~

ity is plotted. The behaviourof p. versusT con-
tainsvarious2D features,as will be discussedin 500

Ref. [8]. In summary,below T = 100 K the mobil-
ity is constantat a value of 850 cm2 V — s—

Alloy scattering,even in the situation of several 400 0 ~ 20

occupiedsubbands,cannotexplain this low value.
The behaviour of p. at T < 100 K can be ex- B (T)
plained by “mesoscopic” interface roughness Fig. 5. Magnetoresistance(p~~)versusmagneticfield (T) for

scattering.At T> 100 K, a fraction of the dcc- the o-InGaP/d-InGaPhomojunction.

trons getsdelocalizedfrom the ordereddomains
andscatterat them,therebylimiting the mobility.
This cluster scattering mechanismhas already electronicdevices.A further increaseof 0~chcan
been observed in InGaP [3] and explains the be expectedif spacerthicknessesof ‘~ 30 nm are
observed“U-shape” in Fig. 4 between120 and used[9].
300 K. At T> 300 K, polar optical phononscat- Shubnikov—De Haas measurementsyielding
tering (two-dimensional)accounts for the ob- the magneto-resistance(p

5~)were performedat
servedbehaviour. 4.2 K as a function of the magneticfield. As can

The channel conductivity (o’Ch = en2~p.)at be observedfrom Fig. 5, p,~starts to oscillate if
room temperatureis a parameterthat requires B> 1 T. At low B, the periodicity of the oscilla-
maximization for high-speed-operationof elec- tions corresponds to ~2D = 7.6 x 1011 cm
tronic devices.In Table 1, the

0’~hfor this InGaP Above 4 T, a secondperiodicity appearscorre-
2DEG is comparedwith thatof 2DEGsin GaAs/ spondingto a ~2D = 1.7 x 1012 cm2 (thisis more
AlGaAs, InGaAs/AlInAs, and6-FETs at T = 4.2 pronouncedwhen ,,~ is plottedversusreciprocal
and 300 K. Despiteits lower valueat low T, the B). The ~2D valuesobtainedfrom thesemeasure-

0’ch of o/d InGaP heterojuctionsurpassesthose ments are much lower than the value obtained
of the others at 300 K. This remarkably high with Hall measurements(n

20 = 3.6 x 1013 cm’~’
2).

valueis causedby the p.(T)behaviourandmakes This points at the occupancyof at least three
the o/d InGaP 2DEG suitedfor application in subbands;the observedperiodicitiesin the SdH

measurementsare due to the higher subbands.
This view is supportedby the behaviourof p

5~,
Table 1 , . (Hall configuration)at low fields that yields the
Channelconductivitiesat 4 and 300 K for four different 2D .

structures total sheetcarrier density[8]. Strongermagnetic
0.4K (RI) ~3OOK (rni) fields arenecessaryto revealoscillationsin p,~of

ch ch the lowest subband,becausethe width of its

a ~ Landaulevels is largerthan the splittingbetween
InGaAs/AlInAs b 9•4x i0-~ 9.4 < 10-a them at magneticfields of 20 T. Measurementsat
.5 FET c 1.3xio~ 9.6xio-~ higherfields will beperformedin thenearfuture.
a From Ref [91 In Fig. 6, the 4.3 K PL spectrumof the struc-
b From Ref: [10]. ture grown on the (100) 6° (111) substrateis

From Ref. [7]. shown.The peakof the d-InGaPis seenat the
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stantmobilities (p. 850 cm2 V~ s~) if T< 1000
K. C—V measurementsat room temperature
showedthat the dense2DEG is stronglyconfined

x 0.2 at the o/d interface.The T-dependenceof the
mobility is determinedby threescatteringmecha-

-e nisms.At T < 100 K, interfaceroughnessscatter-
o ing limits p. and in the range100 < T < 300 K,

cluster scatteringat the ordereddomainsis the
important scatteringmechanism.At T> 300 K,

1I)

~ dE/dP= polaroptical phononscatteringdeterminesp..
~ 23meV/dec d Shubnikov—De Haas measurementsshowed

oscillationsof p~in reciprocalfield; two excited
subbandswere observed.The low field ~ data0~
yielded the total ~~20 again. The 2DEG wasalso
observedin PL measurements.

1750 1850 1950 2050
Energy (meV)

Fig. 6. Photoluminescencespectrumrecordedat T = 4.3 K; Acknowledgments
indicated are the peaks involving d-InGaP (d), o-InGaP (o)
and the 2DEG (arrow). E. Dijk and P. van Rijsingen are gratefully

acknowledgedfor processingthe samples.This

high energyside of the spectrum.About 120 meV work was financed by NOVEM, Project No.
lower in energy, the peak of the o-InGaP is 146.100-041.1and by FOM.
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