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ABSTRACT

Wedescribethe useof first-principlescalculationsto addressproblemsrelatedto defects,doping,andband-structure
engineeringin 111-V nitrides. For n-type dopingit is found that nitrogen vacanciesare too high in energy to be
formedduring growth, but silicon andoxygen readily incorporateasdonors. The propertiesof oxygen,including
DX-center formation, support it as the main causeof unintentional n-type conductivity. For p-typedoping we
find that thesolubility of Mg is the main factor limiting the holeconcentrationin GaN. We discussthe beneficial
effectsof hydrogenduring acceptordoping. Compensationof acceptorsby nitrogenvacanciesmayoccur, becoming
increasinglysevereas z increasesin Al~Gai_~Nalloys. Acceptorsother than Mg arealsoinvestigated.Finally, we
discussour first-principlesinvestigationsof the atomic andelectronicstructureof heterojunctioninterfacesbetween
the HI-nitrides, andprovidevaluesfor bandlineups.

Keywords: GaN, nitrides, first-principlescalculations,vacancies,hydrogen,magnesium,oxygen,interfaces,band
offsets

1. INTRODUCTION

We haverecently witnessedfast and impressiveprogressin materialspreparationanddevice fabrication of 111-V
nitride semiconductors.’A numberof problemsstill exist, however,which haveto be addressedin order to exploit
the full potential of this materialssystem.

Control of dopingis crucial for devicefabrication;wide-band-gapsemiconductorssuchasGaNhavelongsuffered
from lack of control of the doping levels. For n-typedoping, the outstandingproblemsinclude (i) suppressionof
backgroundn-typeconductivity; (ii) compensationat highdopinglevels; and(iii) n-typedopingof AIGaN alloys. For
p-typedoping,the main issueconcernsincreasingthe achievablehole concentrations;this requiresan understanding
of (i) the factorslimiting dopingefficiency, such ashigh ionization energies,solubility, andcompensationby native
defects; (ii) potentialmetastabiities(asevidencedin persistentphotoconductivity);(iii) the role of hydrogen;and
(iv) the reasonsfor increaseddopingdifficulties in AIGaN alloys.

In this paperwediscusshow atheoreticalapproachfor nativedefectsanddopantimpurities,combinedwith state-
of-the-artfirst-principlescalculations,can be usedto understandthe variousfactors that governdoping. Section 2
containsa briefdescriptionof the theoreticalapporach.In Section3 wediscussour resultsfor nativedefectsin CaN.
An importantconclusionis that nitrogen vacanciesare not responsiblefor the commonlyobservedunintentional
n-type conductivity. In Section 4 we will show that the unintentionaln-type dopingis usuallydueto oxygen. We
discussthe behaviorof oxygenin A1GaNalloys, wherea DX transitionis predictedto occur. Silicon donorsdo not
exhibit this transition, and it is also absentin the zinc-blendephase.Wewill also discussgalliumvacancies,which
act ascompensatingcentersin n-typeGaN, andwhich are the most likely sourceof the “yellow luminescence.”

Section 5 containsadiscussionof p-typedoping, which is now routinely performedin GaN with Mg acceptors
andusing a post-growthactivationstepin materialgrown by MOCVD (metal-organicchemical vapordeposition).
Hydrogenplays a crucial role in this process. However,p-type dopinglevels are still lower than desirablefor low-
resistancecladdinglayersandohmiccontacts.We will show that Mg solubility is thedeterminingfactor limiting the
holeconcentrationin GaN; incorporationof Mg on interstitial sitesor on substitutionalnitrogen sitesis foundto be
unfavorable.We will also discussthe prospectsof otheracceptorimpuritiesfor achievinghigher dopinglevels. Some
degreeof compensationby nitrogen vacanciesoccurs,andwe will discussthe effect of increasingz in Al~Gai_~N
alloyson thedopingefficiency.

Section 6 describestheoreticalresults for nitride interfacesand band offsets. The valence-bandoffset between
InGaN andGaNwill be shownto be smallerthan expected. Effects of strain on bandoffsetswill also be discussed.

Section 7 summarizesandconcludesthe paper.
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2. THEORETICAL APPROACH

Key parametersin our approachare obtainedfrom first-principlescalculationsthat do not require any adjustable
parametersor any input from experiment. The computationsare basedon density-functional theory,2 using a
supercell geometryand soft Troullier-Martins pseudopotentials.3The effect of d electrons in GaN is taken into
accounteither throughthe so-called non-linearcorecorrection4or by explicit inclusionof the d electronsas valence
electrons;the latter provedto be necessaryfor obtainingaccurateresults in certain cases.5Furtherdetails of the
computationalapproachcanbe foundin Refs. 6, 7, and8.

A key quantity describingthe behaviorof defectsand impurities is their formation energy,E1. The formation
energydeterminesthe equilibrium concentrationof impuritiesor nativedefectsaccordingto the expression

c=Nsit~exp_Eh/~~T (1)

where N51~~is the numberof sitesthe defect or impurity can be incorporatedon, kB the Boltzmannconstant,and
T the temperature.Equation(1) showsthat defectswith a high formation energywill occur in lowconcentrations.

The formationenergyis not aconstantbut dependson the growthconditions.Forexample,theformationenergy
of anoxygen donor is determinedby the relativeabundanceof 0, Ga, and N atoms,as expressedby the chemical
potentials,~o,poaand (‘N, respectively.If the0 donor is charged(asis expectedwhen it hasdonatedits electron),
the formation energydependsfurtheron the Fermi level (EF), which acts as a reservoir for electrons. Forminga
substitutional0 donor requiresthe removalof oneN atom andthe additionof one0 atom;the formationenergyis
therefore:

E~’(GaN:O~)= Et0t(GaN:O~)— po + /‘N +qEF (2)

where Et0t(GaN:O~)is the total energyderivedfrom acalculationfor substitutional0, andq is thechargestateof
the0 donor. EF is the Fermi level. Similar expressionsapply to other impuritiesandto the variousnativedefects.
We refer to Refs. 6 and 9 for a morecompletediscussionof formation energiesand their dependenceon chemical
potentials.

It shouldbe noted that the Fermilevel EF is not an independentparameter,but is determinedby the condition
of chargeneutrality..However,it is informativeto plot formationenergiesasafunctionof EF in order to examinethe
behaviorof defectsand impuritieswhenthe dopinglevel changes.As for the chemicalpotentials,thesearevariables
which dependon thedetailsof thegrowth conditions. For easeof presentation,we set thesechemical potentialsto
fixed valuesin thefiguresshownbelow; however,ageneralcasecanalwaysbeaddressedby referringbackto Eq. (2).
The fixed valueswe havechosencorrespondto Ga-richconditions[ILG* = jiGa(bullc)], and to maximumincorporation
of the variousimpurities, with solubilitiesdeterminedby equilibriumwith Ga203,Si3N4, and Mg3N2.

3. NATIVE DEFECTS

Our first-principlesresultsfor native defectsweredescribedin detail in Ref. 10. Onegeneralconclusionis that self-
interstitial andantisitedefectsare high-energydefectsin GaN,and are thusunlikely to occur. Nitrogen vacancies
(VN) behaveasdonors,which meansthat their formationenergyis higherin n-typematerialthan in p-type. Nitrogen
vacanciesare thereforeunlikely to form in n-typeGaN,andhencetheycannotberesponsiblefor n-typeconductivity
— contrary to the conventionalwisdom. Indeed,for a long timethe nitrogenvacancywasthoughtto be the source
of n-typeconductivity in GaN.

The low formation energyof VN in p-typeGaN, however,doesmakeit a likely compensatingcenterfor acceptor
doping, as will be discussedin Section 5.1. In n-typeGaN the lowest-energynativedefect is the gallium vacancy
(VGa), a triple acceptor.This defectplaysarole in donorcompensation,as well as in the frequentlyobservedyellow
luminescence.Both aspectswill be discussedin thenext section.

4. N-TYPE DOPING

4.1. Causeof Unintentional n-type Doping

As-grownGaNoften exhibitshigh levelsof n-typeconductivity. Our resultsfornativedefectsandimpuritiesrelevant
for n-typedopingaresummarizedin Fig. 1. As discussedin Section3, nitrogenvacancieshavetoohigh aformation
energyto be responsiblefor n-type conductivity in GaN. In contrast,Fig. 1 shows that 0 and Si haverelatively
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Figure 1. Formationenergyvs. Fermienergyfor nativedefects(nitrogenandgalliumvacancies)anddonors(oxygen
andsilicon) in GaN.The zeroof Fermienergyis locatedat the topof the valenceband.

low formation energiesin n-typeGaN, andcan thusbe readily incorporated.Both oxygenandsilicon form shallow
donorsin GaN. Theslopeof the lines in Fig. 1 indicatesthe chargestateof thedefector impurity [see Eq. (2)]: SiGO,

ON, and VN all appearwith slope+1, indicatingsingledonors.

Oxygen hadbeenconsidereda potential sourceof n-typeconductivity in CaN by Seifertet a!.~andby Chung
andGershenzon.’2Still, the prevailingconventionalwisdom,attributing the n-typebehaviorto nitrogen vacancies,
provedhard to overcome.Recentexperimentshavenow confirmedthat unintentionallydoped n-typeCaN samples
containsilicon or oxygenconcentrationshigh enoughto explain the electronconcentrations.Götz et at.’3 reported
electricalcharacterizationof intentionallySi-dopedas well asunintentionallydopedsamples,andconcludedthat the
n-typeconductivity in the latter wasdueto silicon. Götz et at. havealsorecently carriedout SIMS (secondary-ion
massspectroscopy)andelectricalmeasurementson hydride vaporphaseepitaxy (HVPE) material, finding levelsof
oxygenor silicon in agreementwith the electronconcentration.14

4.2. Oxygen and Silicon Donors in A1~Ga,_~NAlloys and in GaN underPressure

High levelsof n-typeconductivity havealwaysbeenfound in GaNbulk crystalsgrownat high temperatureandhigh
pressure.’5It has recently beenestablishedthat the characteristicsof thesesamples(obtainedfrom high-pressure
studies) arevery similar to epitaxial films which are intentionallydopedwith oxygen.’6’17The n-typeconductivity
of bulk GaNcanthereforebe attributedto unintentionaloxygenincorporation.Thehigh-pressureexperimentshave
also shown that freezeoutof carriersoccursat pressuresexceeding20 GPa.’5’7’9 Originally this observationwas
interpretedas consistentwith the presenceof nitrogenvacancies,15since the VN donor gives rise to a resonancein
the conductionband,which emergesinto the bandgap underpressure.However, the observationsarealso entirely
consistentwith a “DX-like” behaviorof theoxygendonor.

We havecarried out extensivecalculationsfor oxygen in GaN underpressure,as well as in AIGaN alloys.20

Undercompressionthe oxygenimpurity assumesan off-centerconfiguration: a largeoutwardrelaxationintroduces
a deeplevel in the band gap.21This behaviorexplainsthe carrier freezeoutin GaNunderpressure.Silicon donors
do not exhibit this transition, consistentwith experiment.’9Alloying with AIN increasesthe bandgapsimilar to

EF (eV)
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Figure 2. Formationenergyas a function of Fermi level for Mg in different configurations(Ga-substitutional,
N-substitutional,and interstitial configuration).Also includedare the nativedefectsand interstitial hydrogen.

the applicationof hydrostaticpressure;onethereforeexpectsthat the behaviorof the impurities in AIGaN would
be similar to that in GaNunderpressure.Explicit calculationsfor oxygen in MN indeedproduceDX behavior.20

Theseresultsare consistentwith the observeddecreasein n-typeconductivityof unintentionallydopedAlzGai_rN
asz > 0.4.22

4.3. Gaffium Vacanciesandthe Yellow Luminescence

Figure 1 alsoshows,finally, that galliumvacancies(Vt) haverelatively low formation energiesin highly doped ~‘~-

type material(EF highin the gap); they could thereforeact as compensatingcenters.Yi andWessels23havefound
evidenceof compensationby atriply chargeddefectin Se-dopedGaN. We havealsoproposedthatgalliumvacancies
are responsiblefor the “yellow luminescence”(YL) in GaN, abroadluminescencebandcenteredaround 2.2 eV.24

The originsof the YL havebeenextensivelydebated;as discussedin Refs. 24 and25, the calculatedpropertiesof
the gallium vacancyarein good agreementwith experimentalresultsfor the YL.

5. P-TYPE DOPING

Magnesiumhasemergedastheacceptordopantofchoicein GaN. It hasbeenfound,however,thatholeconcentrations
obtainedwith Mg dopingare limited; this is an importantbarrier to obtaining low-resistancecladdinglayersand
ohmic contacts. In addition, it is well known that Mg-dopedCaN grown by MOCVD needsto be subjectedto
post-growth treatmentssuch as low-energyelectron-beamirradiation26or thermalannealing27in order to activate
the acceptors.All of thesefeaturescanbe addressedby our first-principles results,which aresummarizedin Fig. 2.

We first discussthebehaviorof Mg. Thenwe addressthe roleof hydrogenin p-typeGaN.We also reportresults
for alternativeacceptors,anddiscussdopingdifficulties in A1GaN alloys.

5.1. Magnesium Acceptors

Our investigations28haverevealedthat holeconcentrationsin Mg-dopedGaN are limited due to the solubility of
Mg in GaN,which is determinedby competitionbetweenincorporationof Mg acceptorsandformationof Mg3N2. It

0.0 0.5 1.0 1.5
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would be interestingto investigateexperimentallywhether tracesof Mg3N2 canbefound in highly Mg-dopedGaN.
Mg prefersthe substitutionalGasite, and incorporationof Mg on substitutionalN sites(MgN) or on interstitial sites
(Mg1) was found to be unfavorable.Thesefeaturesare illustrated in Fig. 2.

Other potential sourcesof compensationare also illustrated in Fig. 2. The nitrogenvacancy,which had a high
formationenergyin n-typeGaN(seeFig. 1), has asignificantly lowerformation energyin p-typematerial,andcould
act as a compensatingcenter. Figure 2 shows that VN can occur in a 3+ as well as a + chargestate;the +/3+
transition is characterizedby a large lattice relaxation.’° Compensationby nitrogen vacanciesmay thereforebe
responsiblefor the observedpersistentphotoconductivityeffects.29The metastabilityis associatedwith the different
positionof the A, statenear the valenceband in the +1 and +3 chargestates; this state is occupiedwith two
electronsthe +1 chargestate,andempty for the 3+ chargestate.

Figure 2 also showsthat hydrogen,whenpresent,hasa formation energymuch lower than thatof the nitrogen
vacancy. it is thereforeimportantto investigatethe behaviorof H in GaN, which isdiscussedin thefollowing section.

5.2. Role of Hydrogen in p-type Doping

Hydrogenhasstrong effectson the propertiesof GaN. Many growth techniques,such as metal-organicchemical
vapor deposition(MOCVD) or hydride vapor phaseepitaxy (HVPE) introducelarge concentrationsof hydrogen
in the growingmaterial. The behaviorof hydrogenin GaN was analyzedin detail in Refs. 31 and 32. We found
that hydrogenincorporatesmorereadily in p-typethanin n-typeGaN. In p-typeGaN H behavesasa donor (Hf),
compensatingacceptors.Hydrogencan bind to the Mg acceptorswith a binding energyof 0.7 eV. The structureof
the resultingcomplexis unusualin that H doesnot sit next to the magnesiumatom,but actuallybindsto anitrogen
atom which is a neighborof the acceptor.As a direct consequencethe vibrational frequencyof the complexis not
representativeof a Ga-H bond, but rather of a N-H bond. Thecalculatedvibrational frequencyis 3360 cmt. Götz
et at.ashavereporteda valueof 3125 cm~for this local vibrationalmode.

The formationenergyof hydrogenin p-GaN,as shownin Fig. 2, is much lowerthan thatof the nitrogenvacancy.
In growth situationswhere hydrogenis present(suchas MOCVD or HVPE) Mg-dopedmaterialwill thereforepref-
erentiallybe compensatedby hydrogen,andcompensationby nitrogen vacancieswill be suppressed.In addition,
the incorporationof hydrogenactually increasesthe incorporationof acceptordopants.32The presenceof hydro-
gen is thusbeneficial— at the expense,of course,of obtainingmaterial that is heavily compensatedby hydrogen!
Fortunately,the hydrogencan be removedfrom the active region by treatmentssuch as low-energyelectron-beam
irradiation26or thermalannealing.27

We haverecentlyalsostudiedtheinteractionsof hydrogenwith nativepoint defectsin GaN.3°Sinceantisitesand
self-interstitialsare very unlikely to form in GaN (see Section3) we havefocusedon H interactingwith vacancies.
This interactionis oftendescribedin termsof tying off of dangling bonds. This picturedoesnot apply in the case
of the nitrogenvacancy,which is surroundedby Ga atomsat a distanceof 1.95 A from thecenterof the vacancy;
a typical Ga-H bond distanceis too large for more than one H to fit inside the vacancy. The calculatedbinding
energyof the (VNH)2+ complex,expressedwith respectto interstitial H in the positivechargestate,is 1.56eV; the
formationenergy of this complex is included in Fig. 2. We haveproposed3°that this complexis involved in the
appearanceand disappearanceof photoluminescence(PL) linesduring post-growthannealingof Mg-doped layers
grown by MOCVD.~

5.3. Alternative Acceptors

For magnesiumwe concludedthat achievabledopinglevelsare mainly limited by the solubility of Mg in GaN. We
have investigatedothercandidateacceptorimpurities, andevaluatedthem in terms of solubility, shallow vs.deep
character,and potential compensationdue to incorporationon other sites.35’~None of the candidateimpurities
exhibitedcharacteristicsexceedingthoseof Mg. The only acceptorwhich has a slightly highersolubility than Mg
is Be. However,dopingwith Be may be complicateddueto the fact that thesmall Be atom easily incorporateson
interstitial sites,where it actsas adonor,thus causingself-compensation.

5.4. Doping of Ai~Gai...~NAlloys
We havecarried out similar calculationsfor the formation energy of native defectsand impurities in A1N.37 The
nitrogen vacancyhas astrikingly lowerformation energyin A1N than in GaN;it will thereforeintroducemoresevere
compensation. We proposethat compensationby nitrogen vacanciesis the likely causeof the decreaseddoping
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Table 1. Experimentallatticeconstants(a, in A) androom-temperaturebandgaps(E9, in eV) for zincblendcAIN,
GaN, and InN.

Li]_A1N
a 4.37

GaN

4.50

~J
4.98

E9 6.20 3.39 1.89

efficiencyof Mg whenthe Al contentis raisedin ~ alloys. In addition,we find that the acceptorionization
energyincreaseswith increasingAl content in Al~Gai...~Nalloys, rising from 200 meV in GaNto 400 meV in AIN.

6. HETEROJUNCTIONS

Heterojunctionsareessentialfor mostoptoelectronicdevices,to providecarrier aswell as optical confinement. Most
nitride-baseddevicesincorporateheterojunctionsbetweenGaN, MN, or InN, or their alloys. The most important
parameterscharacterizingsuchheterojunctionsare the banddiscontinuitiesin the conductionand valencebands.
It is well known that theseband offsetssensitivelydependon the strain condition of the materialsjoined at the
interface;however, thesestrainshavenot alwaysbeenproperly takeninto accountin the analysisof experimental
dataor computationalresults.

Table 1 lists lattice constantsandband gapsfor the nitrides (in the zincblendephase). The lattice mismatch
betweenA1N andGaNis about3%;betweenGaNandInN, the mismatchis over 11%. Thebandoffsetsareonly well
defined in the caseof a pseudomorphicinterface,in which the materialson either side of thejunction are strained
in order to match a commonin-planelattice constant. For instance,when InN is grown on a thick layerof GaN,
the InN should be compressedin the planeof the interfaceto match the GaN lattice constant,andexpandedin
the perpendiculardirection (by a factor determinedby Poisson’sratio). The critical layer thickness(beyondwhich
dislocationformationsetsin andthe interfaceis no longerpseudomorphic)for growthof pureInN on GaNis probably
very small, but thesamelogic appliesfor growthof InGaN alloyson GaN.Resultsfor alloyscanusuallybeobtained
by linear interpolation.

Our computationsfocusedon (110) interfacesbetweenthe nitridesin thezincblendephase.Weexpectvery little
differencefor the wurtzitephase,whichdiffers from zincblendeonly in the atomicarrangementsbeyondthird nearest
neighbors.We also expectonly minor changesfor otherinterfaceorientations.

We useda superlatticegeometryin the calculations,and variousvaluesof the in-planelattice constant. The
materialsarestrainedaccordingto theirelasticconstants,andrelaxationof theatomsaroundtheinterfaceisexplicitly
allowed. Thesuperlatticecalculationyields the lineup of averageelectrostaticpotentialsacrossthe interface;the
position of the valence-bandmaximumwith respectto the averageelectrostaticpotential is obtainedfrom bulk
calculations.as

Insteador re-calculatingthe bulk electronic structurefor every strain situation,we havederived deformation
potentialsdescribingthechangesin bandedgesdueto variousstrain components.Wehavealsocalculatedthe absolute
deformationpotentialsfor the valence-bandmaximum.Using the bandlineupsat strainedinterfacestogetherwith
the deformationpotentialsallows us to derivea so-callednatural band lineup betweenunstrainedmaterials. This
naturalbandlineup canbeusedasastartingpoint tocalculateoffsetsatan arbitrary interface,by usinginformation
aboutthestrainsandthe deformationpotentials.More informationaboutdeformationpotentialswaspublishedin
Ref. 39.

The naturalbandlineupsfor the nitrides are illustratedin Fig. 3. the valence-bandoffset betweenMN andGaN
(for which thelatticemismatchis relativelymodest)is about0.7eV, consistentwithotherrecentdeterminations.40~2

For GaN/InNwe find asurprisinglysmalloffset, 0.3 eV. Atomic relaxationsplay an importantrole at thisinterface,
driving the valence-bandoffset towardlower values. The low valueof this offset implies a lack of hole confinement
in GaN/InGaNquantumwells.
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Figure 3. Naturalvalence-bandlineupsbetweenMN, GaN, andInN, obtainedfrom first-principlescalculationsfor
zincblende(110) interfaces.

7. CONCLUSIONS
The rapid progressin developmentof nitride-baseddevicesrequiresa fundamentalunderstandingof the materials
properties,includingbehaviorofpoint defects,dopants,andinterfaces.First-principlescalculationscangreatlyassist
in providing aframeworkfor understandingdopingproblems.Specific resultsfor donorand acceptordopinghave
beenpresentedin this paper.The main conclusionsfor n-typeGaNare:

• Nitrogen vacanciesarenot responsiblefor unintentionaln-typeconductivity.

• Silicon and oxygen donors can be incorporatedin large concentrations,likely causingunintentionaln-type
doping.

• Oxygen (but not silicon) behavesas aDX centerin GaN underpressureand in AIGaN alloys.

• Galliumvacanciesare the likely sourceof the yellow luminescence.

For p-typeGaNwe found that:

• Magnesiumis still the acceptorof choice.

• The resultingholeconcentrationis limited dueto Mg solubility.

• Incorporationof Mg on interstitial sitesor antisitesis not a problem.

• Hydrogenhasa beneficialeffect on p-typedoping becauseit suppressescompensationandenhancesacceptor
incorporation.

• Compensationby nitrogenvacanciesmayoccur, likely causingtheobservedpersistentphotoconductivity.

• Compensationby nitrogenvacanciesbecomesworseasz increasesin Al~Ga,_,N alloys.

Finally, we have investigatedinterfacesbetweenthe Ill-V nitrides andreportedresultsfor naturalband lineups.
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