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Abstract We reviewa theoreticalapproachfor studyingdefectsandimpurities in wide-band-
gapsemiconductors,focusingon mechanismsthat limit doping. Among nativedefects,vacan-
ciesplaya prominentrole. Theycausecompensation,andalsogiveriseto luminescencebands.
The behavior of gallium and nitrogenvacanciesin GaN is comparedwith cation and anion
vacanciesin other wide-band-gapsemiconductors,including ZnO.

1. Introduction

The Ill-nitride semiconductorsare widely recognizedas excellentmaterials for a wide range
of electronicandoptoelectronicdevices,including light emitters,detectors,andtransistorsfor
high-temperature,high-power,andhigh-frequencyapplications.The ability to control doping
is crucial for all of theseapplications;wide-band-gapsemiconductorssuchas GaN havelong
sufferedfrom lack of control of p-type and/or n-type doping. In this paper we discusshow a
theoreticalapproachfor native defectsanddopantimpurities, combinedwith state-of-the-art
first-principles calculations,canbe usedto understandthe variousfactorsthat governdoping.

Among the various types of native point defects,only vacanciesare low enoughin energy
to form in significant concentrations.Nitrogen vacanciesare not responsiblefor the n-type
conductivityof as-grownGaN;however,theydo actasdonorsandcompensatep-type GaN.We
will discusssimilaritiesanddifferenceswith anionvacanciesin otherIll-V andTI-VT compounds,
including ZnO. Gallium vacanciesact as acceptorsandform a sourceof compensationin n-
type GaN.Furthermore,we haveproposedthe galliumvacancyto be the sourceof the “yellow
luminescence”. Again, we will draw comparisonswith other wide-band-gapsemiconductors,
including ZnO, wherewe suggestZn vacanciesto be the causeof the “green luminescence”.

Section2 containsa brief descriptionof the theoreticalapproach.In Section3 we will discuss
resultsfor anion vacancies:VN in the nitrides, andVo in ZnO. Section4 containsour results
for cationvacancies: VGa or ~ in the nitrides,andVz,~in the TI-VI compounds.

2. Theoretical approach

The key parametersin our approachare obtainedfrom first-principles calculationsthat do
not requireany adjustableparametersnor any input from experiment. The computationsare
founded on density-functionaltheory, using a supercellgeometryand soft pseudopotentials.
Details of the computationalapproachcan be found in Refs. [1] and [2].



A key quantity describingthe behaviorof defectsandimpurities is their formation energy,E~.
Theformation energydeterminesthe equilibrium concentrationof impuritiesor nativedefects
accordingto the expressionc = Nsjtesexp(—E1/kBT), whereNsites is the numberof sitesthe
defector impurity canbe incorporatedon, kB the Boltzmannconstant,andT the temperature.
It is clearthat defectswith ahigh formation energywill occur in lowconcentrations.

Theformationenergyis not aconstantbut dependson thegrowth conditions.For example,the
formation energyof anoxygendonoris determinedby the relativeabundanceof 0, Ga, andN
atoms,asexpressedby the chemicalpotentials/~o,PGa and ,UN, respectively.If the0 donoris
charged(asis expectedwhenit hasdonatedits electron),theformation energydependsfurther
on the Fermi level (EF), which acts as a reservoir for electrons. Forming a substitutional0
donorrequiresthe removalof oneN atomandthe addition of one0 atom:

E~(GaN:O~)= Et0t(GaN:O~)— fLo + ~N + qEF (1)

whereEt0t(GaN:O~)is the total energyderivedfrom a calculationfor substitutional0, andq
is the chargestateof the 0 donor. EF is the Fermi level. Similar expressionsapply to other
impurities andto the variousnative defects.We refer to Refs. [1] and [3] for amore complete
discussionof formation energiesandtheir dependenceon chemicalpotentials.

The Fermi level EF is not an independentparameter,but is determinedby the condition of
chargeneutrality. However, it is informative to plot formation energiesas a function of EF

in order to examinethe behaviorof defectsand impurities when the doping level changes.
Resultsrelevantfor the presentdiscussionare depictedin Figure 1. For easeof presentation,
we haveset the chemicalpotentialsequalto fixed values;however,a generalcasecanalwaysbe
addressedby referringbackto Eq. (1). The fixed valueswe havechosencorrespondto Ga-rich
conditions [/tGa = ttGa(bulk)], and to maximum incorporation of the various impurities, with
solubilitiesdeterminedby equilibrium with Ga203,Si3N4, andMg2N3. For eachdefectwe only
show the line segmentcorrespondingto the chargestate that gives riseto the lowestenergy
at a particularvalueof EF. The changein slopeof the lines thereforerepresentsa changein
the chargestateof the defect [seeEq. (1)], andthe Fermi-levelposition at which this change
occurscorrespondsto a transition level that canbeexperimentallymeasured.

3. Anion vacancies

3.1 Nitrogen vacanciesin GaN

Our first-principlesresultsfor nativedefectsshow that seif-interstitialsand antisitesarehigh-
energydefectsin GaN, andare thus unlikely to occur [1, 4]. Nitrogen vacancies(VN) behave
as donors,as seenin Fig. 1: the formation energyof VN exhibits a slopeof +1 [seeEq. (1)].
The formation energyof VN is very high in n-type material; VN are thereforeunlikely to form
in n-type GaN, andhencethey cannotbe responsiblefor n-type conductivity.

We haveproposedthat unintentionalimpuritiessuchasoxygenandsilicon arethe actualcause
of the observedunintentional n-type doping [5]. Figure 1 shows that 0 and Si are shallow
donorswith formation energiesmuch lower than VN; they will thereforereadily incorporate
during growth. Supportfor this assignmenthascomefrom SIMS studies[6] as well as from
high-pressurestudies [7]. The latter haveshown that oxygen (but not Si) behavesas a DX
centerin GaN under pressure[81, in agreementwith theoreticalpredictions[9].

Figure 1 showsthat theformationenergyof VN is significantly loweredin p-type GaN, making
it a likely compensatingcenterin caseof acceptordoping. Compensationby VN is suppressed
whenhydrogenis present[10], i.e., in growth techniquessuchas MOCVD or HyPE. Figure 1
alsoshowsthat VN canoccurin a3+ aswell asa + chargestate,with a transition levelwithin



0.5 eV of the top of the valenceband. VN may thereforebe responsible[11, 12] for the blue
linescommonlyobservedby photoluminescencein Mg-dopedGaN [13, 14, 15, 16].

Nitrogenvacanciesmay also be responsiblefor the persistentphotoconductivityeffectsthat
have often beenobservedin p-type GaN [13]. The +/3+ transition of VN is characterized
by a large lattice relaxation [4]. Such large differencesin relaxationare usually indicative
of metastability,which can producepersistentphotoconductivity. Here the metastability is
associatedwith thedifferent positionof the A1 statenearthevalencebandin the 1+ and3+
chargestates;this stateis occupiedwith two electronsthe1+ chargestate,andemptyfor the
3+ chargestate. The2+ chargestateis alwayshigher in energythaneither 1+ or 3+, and
thus thermodynamicallyneverstable;this is characteristicof a so-called“negative-Udefect”.

Finally, wenotethat theappearanceanddisappearanceof photoluminescence(PL) linesduring
post-growthannealingof Mg-dopedlayersgrown by MOCVD [17, 18] may be relatedto the
interactionsof H with VN. Complexesbetweenhydrogenandnitrogenvacanciescanform during
growth [12]; the calculatedbindingenergyof the (VN-H)2~complex,expressedwith respectto
interstitial H~,is 1.56 eV. Dissociationof this complex,producingisolatednitrogenvacancies,
mayexplainthebehaviorof PL lines duringannealingfor acceptoractivation.

3.2 Nitrogen vacanciesin A1GaN

The behaviorof VN in A1N is qualitatively very similar to GaN [19]. However,the +13+ level
occursat ahigherpositionin thebandgap in thecaseof A1N (around1 eV, consistentwith a
roughlyconstantpositionof this deeplevel acrosstheGaN/A1N interface,assuminga valence-
bandoffset of 0.7 eV). Becausetheformationenergydecreasesmuchfasterwith decreasingEF
in the 3+ chargestate,VN becomesmuchmorefavorablefor low Fermi-levelpositionsin A1N.

3.3 Anion vacanciesin other compounds

Anion vacanciesin compoundsemiconductorstend
to behaveasdonors,and thus compensatep-type
material. The negative-Ucharacterand largelat-
tice relaxationhavealsobeenobservedfor theAs
vacancyin GaAs [20]. Onemay wonderwhy VN
in GaN behavesas a shallow donor, while VA~in
GaAs only gives rise to deeplevels. The expla-
nation lies in the significantly smaller latticecon-
stantof GaN. Whenan anion vacancyis formed,
four deeplevels are introducedin the band gap
which arisefrom the four dangling bondson the
neighboringcations. In the neutralchargestate,
threeelectronsneedto beaccommodatedin these
levels (since eachGa dangling bond contributes
3/4 electron). In GaAs, the Ga neighborsare far
enoughapart to only weakly interact;but in GaN,
the Ga atomsaremuchclosertogether,and their
strong interactionleadsto a largesplitting of the
defect levels [1]: threestates(occupiedwith one
electron) are pushedabovethe conduction-band
minimum(giving rise to theshallow-donorcharac-
ter),while thesymmetricA1 state,occupiedwith
two electrons,is pushedcloseto thevalenceband.

0 1 2 3

E~(eV)

Figure 1: Formationenergyvs. Fermi
energyfor importantnativedefectsand
impurities in GaN. The zero of EF is
locatedat thetop of thevalenceband,
and Ga-richconditions areassumed.



Thenegative-Ubehavioris alsoobservedfor anion vacanciesin II-VI compounds,e.g., for the
Sevacancyin ZnSe[21]. Here,however,eachdanglingbondon the neighboringZn atomsonly
contributes1/2 electron,leading to a total of two electronsto be accommodatedin the defect
levels;both of theseareaccommodatedin the A1 state.This picture immediatelymakesclear
why the oxygenvacancyin ZnO doesnot behaveas ashallowdonor, contraryto what hasoften
beenassumed.Recentfirst-principles calculations[22] haveindeedshownthat V0 hasa 2+/0
transition level deepin the bandgap. Again, the 1+ chargestateis unstable,characteristicof
anegative-Ucenter.

4. Cation vacancies

4.1 Gallium vacanciesin GaN

Figure 1 shows that gallium vacancies(Vt) haverelatively low formation energiesin highly
dopedn-type material; they could thereforeact as compensatingcenters.Yi andWessels[23]
foundevidenceof compensationby a triply chargeddefectin Se-dopedGaN.

We haveproposedthat gallium vacanciesare responsiblefor the “yellow luminescence”(YL)
in GaN, a broad luminescencebandcenteredaround2.2 eV [24]. The most direct evidence
for involvement of Ga vacanciesin YL was provided by positron annihilation measurements
[25], showing that the concentrationof VGa correlateswith the intensity of the YL. Here we
briefly reviewotherevidencesupportingthe assignmentof the YL to VGa; further referencesto
experimentcan be found in Ref. [26].

Positionof the defectlevel. Figure 1 showsthat the Ga vacancyhas a deeplevel (the 2-/3-
transition level) about 1.1 eV abovethe valenceband. Transitionsbetweenthe conduction
band(or shallow donors)and this deeplevel thereforeexhibit the correct energyto explain
the YL. Variousexperimentshavelinked the YL with a deeplevel locatedabout 1 eV above
the valenceband [27, 28]. In addition, the calculatedpressuredependenceof this level is also
consistentwith experiment[27]. It is noteworthy that the absorptioncorrespondingto this
defect level occursat a significantly higher energythan the emission;in photoluminescence
excitationa broadabsorptionpeakaround2.8 eVwasobserved[29].

n-type vs.p-type. The formation energyof V~shownin Fig. 1 indicatesthat the defectwill
mostly form in n-type material. Experimentshaveindeedindicateda suppressionof the YL in
p-type material [30].

Complexingwith donor impurities. Figure 1 showsthat the formationenergyof VGa~ONcom-
plexesis lower thanthat of theisolatedVGa. We thereforeexpectan increasein the YL when
oxygenis present.The YL intensityindeedincreasesin the neighborhoodof the interfacewith
a sapphiresubstrate[29], wherethe oxygenconcentrationis alsoknownto behigher [6].

4.2 Cation vacanciesin A1GaN

The formation energyof cation vacanciesin A1N is lower than in GaN [19]; thesevacancies
thus form an increasinglyimportant sourceof compensationin Al~Gai_~Nalloys with higher
x. This compensationmechanismcompeteswith DX-center formation [9]: oxygenbecomesa
deeplevel (and effectivelybehavesas anacceptor)whenx > 0.3. WhetherSi formsaDX level
at high x is still controversial;if it doesnot, thencompensationby cationvacancieswill be the
dominantcompensationmechanismin the absenceof oxygen.

As might beexpected,the 2-/3- transitionlevel alsoshifts higher in the bandgap in A1N [31],
in agreementwith the observed“violet luminescence”[32].



4.3Role of cation vacanciesin diffusion

Phaseseparationin InGaN quantumwells hasbeena topic of intensedebate.McCluskeyet
al. [33] observedthat In0~27Ga0.73Nquantumwells exhibitedsignificantphaseseparationafter
annealingat 950°Cfor 8 hours. A broadoptical absorptionpeakaround2.65 eV was found
in the annealedmaterial. This peak is reminiscentof the absorptionfound in Ref. [29] in
sampleswith strongYL, which weattributedto Gavacancies.We interpretthepeakobserved
in Ref. [33] asevidencefor thepresenceof cation vacancies,which aremediatingthe diffusion
processleadingto phaseseparation.

4.4 Cation vacanciesin II- VI compounds

Metal vacanciesand their complexeswith donor impurities (the so called SA (self-activated)
centers)arewell known in Il-VI compounds(e.g., ZnS, ZnSe); similar to cationvacanciesin
Ill-nitrides, they act as compensatingcentersin n-typematerial. Thesedefectsalso exhibit
featureswhich are strikingly similar to the YL: recombinationbetweena shallow donor-like
stateand a deepacceptorstate,and a broadluminescencebandof Gaussianshape[34, 35].

Our calculationsfor ZnO [22] show that Vz~behavesasanacceptorwith a 1-/2- leveloccurring
around0.8 eV abovethe valenceband. Transitionsfrom electronsin theconductionbandto
the 1~

Znlevel may thereforebe responsiblefor the “green luminescence”which is frequently
observedin ZnO,and is centeredbetween2.4 and 2.5 eV [36].
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