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Phosphorusandarsenicimpuritieshavebeenintroducedinto single crystalthin films
of gallium nitride by ion implantation.New luminescencebandsareobservedat2.85 eV
for thephosphorusimplantandat2.58 eV for thearsenicimplant.There is someevi-
dencefor chargecarriercompensation.A bandat 2.2 eV is associatedwith implantation
damageandhigh temperatureannealing.

1. Introduction

Gallium nitride is a Ill—V semiconductorwith awurtzite structure.It hasahigh

directbandgap, 3.50eV at 1.6 K [1,2,3], andhasbeenthesubjectof extensive
investigationasapossiblematerial for theconstructionof light emitting devicesto
extendthe rangeof coloursavailablefrom currentlight emitting diodes [4—7].

The most successfulgrowth techniquesusevapourtransport[5,6,7], andyield
n-typematerial.Electronconcentrationsnormally lie within therangefrom 1017

cm3 to 1020 cm3, andthe residualdonoris thoughtto be thenitrogenvacancy
[8]. Insulatingmaterialhasbeengrown by compensatingthedonorswith groupI
or groupIIB impurities [9—15],leadingto theconstructionof MIS-type light
emitting diodes.Attempts to grow p-typematerialhavebeenunsuccessful.Possible
reasonsfor this areover-compensationby the nativedonorsandthe formation of
complexcentreswith other impurities or defect.Acceptordopantsdo in fact form
deepcomplexes[13—17] andthesearethe effective compensatorsin thegrowth

of insulatingmaterial.
Diffusion coefficientsof impurities in GaNarelow [18] so that doping is nor-

mally carriedout by including theimpuritiesin thesourcechemicalsof thegrowth
process.Ion implantationis an alternativetechniquewith which impurity concen-

trationsthat arewell abovenormal chemicalequilibrium valuesareobtained.It has
beenusedto implant Zn into GaN [19,20,21] ;thedamagein theimplantedlayer
quenchesluminescence,but this can be recoveredby high temperatureannealing.
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This paperdescribestheeffect of the implantation of possibleisoelectronicgroupV
impurities,phosphorusandarsenic,upon the luminescencefrom GaN.

2. Experiment

(a) Preparationofsamples

GaN wasgrown in the form of epitaxial layerswith (2131)orientationon (1120)
sapphiresubstratesby the vapourtransportmethod describedby Wickendenet al.
[22].

Single crystallayerswere formed,about 10 jim thick and 1 cm square.They were
transparentthroughoutthe visible spectrum,but showedslip bandsparallel to the
basalplaneintroducedby thermalstressbetweenthe sampleandthesubstrateon
cooling.

Eachsamplewascutinto four parts.Onewasreservedfor electricalconductivity
measurementsby theVan derPauwtechnique,andasa referencein luminescence
measurements.The sampleusedfor P implantation hadan initial electronconcen-

tration of4.0 )< l019 cm
3 at room temperature,and the sampleusedfor As im-

plantation hadaninitial electronconcentrationof 3.4 X 1019 cm

(b) Implantation

Ion implantationwascarriedout with a Danfysic98000machine.P andAs were
introducedinto the sourcechamberasP

205 andAs2 S3 vapourandwere ionised by
a helicalbeamof electrons.TheP~or As~ions wereselectedby a massspectrom-
eterand acceleratedonto theGaNlayers.The beamwasinclinedat 70 to thenormal
to theGaNlayersto preventchannelingalongpreferredcrystallographicdirections.
The sampleswereat room temperature.

Onthe theoryof Lindhardt,Scharff,andSchiott [21] theconcentrationN~of
an implanted speciesfollows a Gaussianprofile with thedepthof penetrationx,
givenby:

N~ N0 exp [(x-~R~)2}

whereR~is themeanprojectedrangeand LiR~thestandarddeviation in R~.The
valuesof R~and~ dependon the incident ion energy,andon the massand

atomic numberof the implantedand target atoms.Table 1 summarisesthe implan-
tation data calculatedfrom information givenby Dearnaly[211 . The maximum

acceleratingpotential in the systemwas82 kV, andthis was usedfor theAs~ions,
giving a meanprojectedrangeof 23 nm. The lighter P~ions were acceleratedto give

thesamemeanprojectedrange.The ion flux rateswere variedfor eachspecimen,to
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Table 1
Implantationdatacalculatedfrom reference1211

Im- Initial elec- Implanted Mean Stan- Calculatedpeakconcentra-
planted tron con- ion pro- dard tions
ion centration energy jected devia-

in unim- range tion
planted
samples
n (cm3) E (keY) R~(nm) ~R~(nm) N

0 (cm
3)

4 xio~ 40 23 11 l.6x1020 1.6x10’9 1.6X10t8

As4 3.4X1019 82 23 9.5 1.11<1020 i.ixio’9 i.1x1o18

give N
0 valuesspanningthe initial electronconcentrationsin eachsample.Implanta-

tion datacalculatedfrom [21] are given in table 1.

(c)Annealing

Each nuclearcollision producesa knockedon targetatom,whichin turn pro-
ducesa cascadeof secondarycollisions,giving rise to a small,highly damagedvol-
umewhich may be amorphousinnature [22,23]. However,much of the damage
appearsto beremovedby self-annealing,assistedby chargestrappedat defect
centres[21]. LEED measurementson GaN implantedwith Zn~at similar energies
showno evidenceof amorphousmaterial [24] and it is assumedthat somecrystal-
line order is preserved.However, residualdamageis still high enoughto quench
luminescence,which is recoveredby annealingat elevatedtemperaturesin NH3 to
preventN lossfrom theGaN [8].

(d) Cathodoluminescence(CL)

Luminescence was excited by an electron beam from an electrostatically focused
GECT984 electron gun giving accelerating potentialswithin the rangefrom 8 kV
to 20 kV. The sample was mounted on the cold finger of an Oxford Instruments

CF 100 continuousflow cryostatwith conductingsilver paste.The sample chamber

was kept at pressures below l0~Torr. Temperaturesdownto 8 K couldbe achieved
with liquid helium and 73 K with liquid nitrogen.Temperaturesweremonitoredon
an Oxford Instruments CLTS resistance thermometer and could be held steady at
±0.1 K between 8 K and 40 K and ±2K from 40 K to 300 K, using an Oxford Instru-

ments PID temperaturecontroller.Measurementswere madeat 8 kV, with a beam
current of 300 nA on a spot size of 0.5 mmdiameter, or at 15 kV giving a beam
currentof 1 j.tA on a 0.5 mmspot.

Electron beam penetration in solids follows an approximate dependence of the
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form [25]

R~= 8.5 X 10_2 E
312/p,

whereR~= projectedmaximumrangein jim
E = electronbeamenergy in keV
p = targetdensityin g

which gives

R~ 0.3 jim at 8 keV,

and

R~~1.0pmat 15 keV.

The regionin which luminescenceis excitedby the electronbeamis determined
by theenergyloss from theincident beam,andthe diffusion of the excesscharge
carriersproducedby the beam.The maximumrateof energylossfrom thebeam
occursat abouta half of the projectedmaximumrange.Diffusion of the excess
chargecarriersfrom this regionbeforerecombinationincreasestherangeof depths
from which luminescenceoriginates.The diffusion lengthsof excesscarriersin the
implantedlayersandsub-layersarenot known,but taking typical valuesof about
0.6jim for holesin n-type GaAsat electronconcentrationsof 3 X 1018 cn~3[26]
asa basis for argumentit would appearthat a largepart of the luminescencegener-
atedby the 8 kV beamshouldoriginatewithin the implantedlayer,with somecon-
tribution from the GaN below the implantedlayer,but the relativecontribution
from the implantedlayershoulddropsignificantly for the 15 kV beam.

The spectrawereanalysedandrecordedusing a Barr and StroudVL1 mono-
chromatorwith quartzprisms.This hasa reciprocaldispersionat the exit slit of
0.25mm/nm at 360 nm and0.05 mm/nm at 720 nm. Preliminarymeasurements
hadindicatedthe broadnatureof the luminescencefeatures,and the slits were set
to an energybandwidth of 30 meV at 360 nm to allow for adequatelight intensi-
tiesat the EM! 9558 Q photomultiplier.

The detectionand monochromatorsystemwas calibratedfor intensity response
over the requiredspectralrange with a standardisedtungstenfilament lamp. The
resultsfor variousslit widthswere incorporatedinto a generalcorrectionprogramme
which was appliedto the recordedspectra.

The intensityof luminescencevariedwith the position of the beamon the sample,
andareasof maximumluminescenceefficiency were selectedfor the measurements,
by a preliminaryscanovereachsample.

3. Luminescenceresults

(a) UndopedGaN

The unimplantedGaN specimensgaveCL spectrawhichweredominatedby two
featuresidentified by previousworkers.



R.D.Metcalfeet al. / Cathodoluminescencefrom implantedgallium nitride 409

(i) The A-band, which occurs between 3.4 and 3.5 eV and has been associated
with bandto bandrecombination.The observedbandsshowedthesameproperties
asthosereportedpreviously [27] with peakenergiesdependingon the penetration
of the Fermilevel into the conductionband,anddecreasingwith increasingtemper-
ature,following the energygap decrease.

(ii) The B-band,extendingfrom 3.3 eV into thevisible range.At low carrier con-
centrationsit hasbeenidentified with donor—acceptorpair recombination,but at
highercarrierconcentrationswherethe donorlevels are degeneratewith the con-
duction banda conductionbandto acceptorlevel transitionhasbeenproposed[161.
As the carrierconcentrationincreasesthe relativestrengthof the A to B band
increases,andthis effect is illustrated in fig. I. B-bands are rapidly quenchedat tem-
peraturesabove80 K, and are notobservedat room temperature.

The sharppeaksbelow 2 eV havebeenidentified asimpurity luminescencefrom
thesapphiresubstrates.

(b)PhosphorusimplantedGaN

Figure 2 showsCLspectrafrom GaN: Psamplesat 77 K, afterpostimplantation
annealingat900°C.A previously unreported feature appearsasa clearly resolved
bandat 2.85 eV in the~~1019cm3 and,~.1020cm3 implantsandasa low energy

lOll

.~lDO

~~O2~52.O~
Photon energy leO)

Fig. 1. Unirnplanted GaN. Cathodoluminescenceat 77 K. Electronenergy 15 keY. (a) carrier
concentration= 3.4 X 1019cm3 (b) carrier concentration= 1.1 X 1019 cm3.
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Fig. 2. Cathodoluminescenceof P implantedsamplesat 77 K. Electronenergy= 8 keY, anneal-
ing temperature 900°C.

shoulderin the ~l018 cm3 implants.A yellow bandat 2.2eV is also obtained.
The A bandshaveshifted to lower energiesthan thoseof theunimplantedmaterial
andappearto be less intense.At 294 K (fig. 3) the2.85 eV bandis resolvedin the
..~..1019cm3 and~.~l020cm3 implants.No significant shift of peakenergywith
temperatureis observedfor this band.Intensitiesare lower than for the77 K spectra.

Figure 4 showsthedependenceof the CL spectraon electronbeamenergyat 73
K. At the higherenergy,the A bandincreasesin intensity,the2.85 eV bandto a
lesserextent,andthe2.2 eV showsno significant change.

The developmentof the luminescencewasfollowed throughthepost-implanta-
tion annealingprocess.Thesampleswereannealedat600°Cfor 6 hours,745°Cfor
30 minutes,770°Cfor 30 minutes,900°Cfor 15 minutes,920°Cfor 15 minutes
and930°Cfor 15 minutes.Luminescencespectrawere takenaftereachanneal.The
2.85eV and2,2 eVbandswere first observedafter the 745°Canneal,andtheir inten-
sity relativeto theA-bandincreasedat eachannealup to 900°C.Abovethis temper-
aturethe relativeintensity of the2.85 eV banddecreased,but that of the2.2 eV

bandincreased.
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Fig. 3. Cathodoluminescenceof P implantedsamplesat 294K. Electronenergy= 8 keY, anneal-

ing temperature= 900°C.
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Fig. 4. Cathodoluminescenceof P implanted (1020cm3) samplesat 73K. Annealingtempera-
ture= 900°C.
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(c) ArsenicimplantedGaN

Figure 5 showsCL spectra from GaN:As samples at 73 K annealedto 900°C.A
newbandappearsat 2.58eV. The A-bandintensitydecreaseswith increasingion
doseandthe B-bandbecomesresolved.The 2.2 eV emissionappearsas a low energy
shoulderon the2.58eV band.At 295 K (fig. 6) thenewbandshifts to a peak
energy of 2.53 eV andits intensity relativeto tile A-banddecreases.The intensities
observedfrom this bandare generallyweakerthanthoseobservedfor the new
bandin the GaN:P samples.

The A bandluminescenceincreasesin intensity with beamenergy.andthe B
bandis no longerresolved.The newbandat 2.58 eV increasesin intensity,but its
intensity relativeto the A bandfalls (fig. 7).

The annealinghistory of thesesamplesis slightly differentfrom the GaN: P
samples,but further experimentshaveindicatedthat the differencesare not signifi-

cant.Sampleswereannealedat 600°Cfor 6 hours,745°Cfor 15 minutes,770°Cfor
15 minutes,900°Cfor 15 minutes,920°Cfor 15 minutesand930°Cfor 15 minutes.
The 2.58 eV band appeared after annealing at 900°Cand the 2.2 eV shoulderat

745°C.Annealingabove900°Ccauseda decreasein the intensitiesof theB-band
andthe2.58 eV bandrelative to the A band,but the 2.2 eV increasedin intensity
andwasresolvedfrom the2.58 eV band.

1000
Unimpianted

10”
100

10”

g 10
102~

3.5 3.0 25 2.0
Photon energy I eV I

Fig. 5. Cathodolunsinescenceof As implanted samplesat 73 K. Electronenergy= 8 keV, anneal-
ing temperature= 900°C.
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Fig. 6.Cathodoluminescenceof As implanted samplesat 295 K. Electronenergy= 8 keY, anneal-
ing temperature= 900°C.
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Fig. 7. Cathodoluminescenceof As implanted (1020cm3) samplesat 73 K. Annealingtemper-
ature= 900°C.
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4. Discussion

This work is part of a generalprogrammestudying the luminescencefrom a wide
rangeof ion-implantedimpurities in GaN. The CL bandsnear2.53eVand2.85eV
only appearedwith implantedAs~andp~impurities respectively,androust he
associatedwith the presenceof theseimpurities in the system.However, thesepie-

liminary experimentalresultsdo not allow a detaileddescriptionof the natureof
theimpurity centresor the radiativetransitions.The energiesindicateimpurity
levelsabout1.0 and0.65 eV from thebandedges,ratherthan the shallowisoelec-
tronic trapsobservedin GaPfor example[28]. Theundopedsampleshavehigh A-

bandto B-bandratios; this is normal in materialwith high initial electronconcentra-
tions,andtheratio is often takenas an approximateindication of theelectroncon-
centration.Thereis anoticeablereductionin the ratio for the GaN : As material,
indicatinga significant reductionin theelectronconcentrationwith the impurity
centresactingas compensatingcentres.However,the reductionof the A-bandinten-
sity becauseof competingnon-radiativetransitionsat residualdamagecentresis
anotherpossibility whichis supportedby an approximateproportionality between
the initial damageandthe reductionin the A-bandintensity.

The evidencefor carrier compensationin GaN:Pis inconclusivealthoughthe
luminescenceof the2.85 eVbandis strong.This band appearsat lower anneal-
ing temperaturesthan theGaN:As band,anddisappearsmore rapidly on anneal-
ing above900°C.The smallerphosphorusions could be more mobile and causeless

lattice strainthanthe arsenicions, leadingto out-diffusionat higherannealing
temperatures.

The half-widthsandtemperaturedependencesof thesetwo groupV bandsare
similar to thatof a 2.89 eV bandobtainedfrom zinc implantedGaNgrown by the
sameprocess[19]. It hasbeensuggestedthat thezinc bandsaredueto tunnelling-
assistedconductionbandto acceptortransitions,but more detailedwork upon the
lifetime andtemperaturedependencesof theseGroupV bandsis requiredbefore
any detaileddescriptioncould be given to their mechanism.

The 2.2eV bandis associatedwith initial damagecausedby ion implantation
andwith high temperatureannealing.It is locatednearerthe surface(i.e.excited
by lower energyelectrons)than the impurity emission.It appearsin all implanted
andannealedmaterial,andin someunimplantedsamplesafterhigh temperature
annealing,and couldbe associatedwith defectsformedduringhigh temperature
dissociationof GaN.

During thepreparationof this paper,newresults from PankoveandHutchby
[30] of photoluminescencefrom a wide rangeof ion implantedGaN samples
becameavailable.The resultson samplesdopedwith As andP show substantial
agreementwith our cathodoluminescenceresults.
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