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The role of extended and point defects, and key impurities such as C, O, and H, on the electrical and
optical properties of GaN is reviewed. Recent progress in the development of high reliability
contacts, thermal processing, dry and wet etching techniques, implantation doping and isolation, and
gate insulator technology is detailed. Finally, the performance of GaN-based electronic and photonic
devices such as field effect transistors, UV detectors, laser diodes, and light-emitting diodes is
covered, along with the influence of process-induced or grown-in defects and impurities on the
device physics[S0021-897€9)00613-1]
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With respect to electronic devices for microwave power
|. INTRODUCTION applications, the main process improvements needed are in

the areas of lowR: n-ohmic contactgthe requirements are
Current GaN-based device technologies include lightyhore stringent than for photonic devices, WitRc
emitting diodes(LEDs), laser diodes, and UV detectors on <107 () cm™2 being desirable stable and reproducible
the photonic side and microwave power and ultrahigh powegcnottky contacts, and low damage dry etching that main-
switches on the electronics sidi@he LED technology is by  tains surface stoichiometry. For the proposed high power
switches(capable of 25 kA with 3 kV-voltage standpthere
dElectronic mail: spear@mse.ufl.edu are a number of possible device structures, including thyris-
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tprs and Several_ types of power metaI'OXiqe'semicondUthflG. 2. Compilation of published results for Schottky barrier heights on
field-effect transistofMOSFET). A schematic of a lateral GaN (after Refs. 18, 28, and 8

GaN MOSFET is shown in Fig. 1. In this case, critical tech-

nologies include high implant activation efficiency, gate in-

sulator, trench etching for capacitor formation, and stable . 1516
high temperature/high current stable ohmic contacts. promise.™ ™ For Schottky contacts Pt appeared to be stable

Recent progress in the development of dry and wet etch® approximately 400°C for 1 h, while PtSi is somewhat

ing techniques, implant doping and isolation, thermal pro-mgrg es\t/able(500°C, 1 h, and also has barrier heights of

cessing, gate insulator technology, and high reliability con- R  revi d studi ¢ Schottk tact
tacts is first reviewed. Etch selectivities up to 10 for InN over . ecent reviews and stu 'eszgo Cchottky contact proper-
es on GaN have appeartd?® The measured barrier

AIN are possible in inductively coupled plasmas using . ) . . ;
Cl,/Ar chemistry, but in general selectivities for each binar;llﬂ'e'ghts In most cases are a function of the d|ffere_nt_:e be-
nitride relative to each other are log=2) because of the tween the metal_ worciunctonand .the elg ctron aff_mlty of
high ion energies required to initiate etching. ImprovedGaN' Some typical values for barrier he|ghtol;?r different
n-type ohmic contact resistances are obtained by selecti eta_lszzare 1.1 eV for F3E0.931—1.15_ ev for_ALf,' .0'6 ev
area S implantation followed by very high temperature or Ti, ™ and 9'94 eV for P&’ For Ni tr_]ere Is afairly large
(>1300 °Q anneals to minimize the thermal budget and AIN d'sggepancy n r.e_ported values, rang"}g fr93m 6466, o._99
encapsulation which prevents GaN surface decompositio .V' Eor deposition ontcn-GaN'(~ 10*"em ), rectifying .
Implant isolation is effective in GaN, AlGaN, and AlInN, but ehav!or was observed for Pt, Ni, Pd, A_u, C.O’ cu, Ag, ohmic
marginal in InGaN. Candidate gate insulators for GaN in_beh_awor_for So, HT' _Zn, Al, and V.’ while |ntermgd|ate be-
clude AIN, AION, and G&d)O,, but interface state densi- havior (?nghtly r_ectlfylnl%) was obtained for Nb’ i, Cr, W,
ties must still be decreased to realize state-of-the-art metaflnd MO' Schmitzet al.= calculated from their data that the
insulator-semiconductaiMIS) devices. density of surface states on GaN was-1.8

3am—2 a1 : .
Many outstanding reviews on GaN materials and device 10.1 C;n. ﬁ;/ I suq{aestgg;he ?}egret(:] of plfnnmg tO]; trée
have appeared previoudiy**so we will focus on processing arer neigntis less than S where the surface state den-

and the influence of defects and impurities on devices. sity is roughly an order of njagnitu.de higher. .
A comparison of barrier height data from various

sources is shown in Fig. ©:2°=33|n the early days of form-
ing rectifying contacts on GaN it was often believed the
A. Ohmic and Schottky contacts Fermi level at the surface and at the metal—nitrides interface
was unpinned. The data of Fig. 2 shows that indeed the bar-
rier height does vary with metal work function. The strategy
There are still large variations in barrier heights reporteds then to use a metal with a large work function on GaN
by different workers for standard metals on GaN. Pt appearésuch as Btto form a Schottky barrier, while a metal with a
to produce the highest consistent valged.0-1.1 eV with low work function(such as Tji should be selected for ohmic
Ti producing the lowes{0.1-0.6 eV. The variability ap- contacts.
pears to result from the presence of several transport mecha- The influence of the surface cleanliness is obviously
nisms, and to materials and process factors such as defect®st important in determining the quality of the Schottky
present in these films, the effectiveness of surface cleansontact. In situ deposition of Ga, followed by thermal
prior to metal deposition, local stoichiometry variations, anddesorption under ultrahigh vacuum conditions is found to
variations in surface roughness which could affect unifor-produce clean GaN surfac&s® while in situ N, ion
mity of the results. New work on silicides shows sputtering can also remove native oxides’ Liu and Lad?®,

Il. PROCESSING

1. Schottky contacts
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Liu et al,® and Mohney and La8 have reviewed surface allization during this reaction. The model system for this
cleaning processes for GaN. A number of different acid sotype of contact is AuGeNil-GaAs. A promising approach is
lutions, including HNQ/HCI, HCI/H,O, and HF/HO, have to reduce the band gap through usepetfpe InGaN on the
been examined for removing the native oxidend superior  top of the GaN. To date there have been reports of achieving
current—voltage characteristics are observed for the resultaptdoping (~ 10" cm™3) in compositions up to~15% In.
rectifying contact§® As with other IlI-=V compound semi- The Ill nitrides pose a problem however, in the develop-
conductors, HCI and HF can significantly reduce the oxidement of low resistance ohmic contacts because of their wide
on GaN!'*? while the bases NJOH and NaOH can also band gaps. Most of the work done in the area has been fo-
dissolve the oxidé® To this point, there has been no clear cused onn-type GaN. Au and Al single metal contacts to
demonstration of the effect of the polarity of the epilayer onn*GaN and nonalloyed Au/Ti and Al/Ti were found to have
the barrier height. contact resistances of 10" to 10 4 Q cnP. 4652758 A
Mohney and Latf have also commented on the fact that containing contacts perform best when oxidation is mini-
there can be significant spatial differences in the quality oimized. Lin et al>® reported the lowest contact resistance to
Schottky barrier contacts onraGaN, with diodes showing n*GaN, with Ti/Al contacts after annealing at 900 °C for 30
ideality factors ranging from<1.1 to=1.3 on the same wa- s in a rapid thermal annealeR{=8x10°Q cn?). They
fer. While thermionic emission is clearly the dominant cur- suggested the formation of a TiN interface as important in
rent transport mechanism in most diodes, tunneling and genhe formation of the low resistance contact. Most of the tran-
eration recombination may also be present. In many casestion metal elements, including Ti, V, and Sc react with
the high dislocation density in material used to date are prob&aN to form nitrides, gallides, and metal-Ga—N ternary
ably responsible for most of the spatial variations. phases? Thermodynamic calculation indicate that the met-
The thermal stability of Schottky contacts on GaN is als themselves are not in equilibrium with GaN under normal
critically important for practical device operation. The ther- processing conditions, with the consequent probability of in-
mal limits of most of the metal/GaN combinations are be-terfacial reactions occurrifiy. Both Ti and TiN have been
tween 300 and 600 °C, specifically 300 °C for P#00°C  shown to produce ohmic contacts orGaN 82 with Ti
for Pt*> 575 °C for Au;® and 600 °C for Ni:® As mentioned  consuming GaN during reactida few hundred angstroms at
earlier, the silicides of Pt and Ni display greater thermal—1000 °C for 30 5to form TiN.?% Three phase equilibria for
stability than the pure metafS These contacts however may the Ti—Ga—N (and V-Ga-N and Cr—Ga-Nsystems at
not be in thermodynamic equilibrium with the GaN, leadinggop °C have been reported by several groifp& The an-
to the formation of metal gallides and silicon nitride upon nealing ambient plays a strong role, since if the partial
prolonged annealing. . _ pressure is greater than that in equilibrium with a metal/GaN
There is little information on barrier heights grGaN  contact during reaction, there is a driving force to incorpo-
due to the general difficulty in growing high qualit/type rate nitrogen from the gas phaeMoreover, there is quite
material and the low hole mobility. A barrier height of 2.38 gifferent behavior observed for deposited TiN/GaN contacts

47
eV was reported for Au op-GaN: relative to those formed by reaction of Ti with GaN in a N
_ ambient. In the former case, thermionic emission appears to
2. n-ohmic contacts be the dominant conduction mechanism whereas in the latter

The commonly accepted ohmic contactrteGaN is Ti/  tunneling seems to be most importaht.
Al, which is generally annealed to produce oxide reduction  Modification of the GaN surface by high temperature
on the GaN surface. Multilevel Au/Ni/Al/Ti structures ap- annealin§’ or reactive ion etchirty*®® to produce preferen-
pear to give wider process windows, by reducing oxidatiortial loss of N, can improven-type ohmic contact resistance
of the Ti layer?® R¢ values of<107° Q) cn? have been pro- by increasing electron concentration in the near-surface re-
duced on heterostructure field-effect transisidFET) de-  gion.
vices using Ti/Al annealed at 900 °C for 26%. Many other metals can be employed to form bilayer Al/

Both W and WSj on n* epi-GaN layers f  metal/GaNn-ohmic contacts, including P8;"° Ta,”* Nd,"
~10%cm 3 produce reasonable contacts Re~8  Scl®and Hfl8 All of these form good ohmic contacts, with
x107%Q cn?), but extremely stable behavi8—annealing  specific contact resistances in the 2@ cn? range.
at 1000 °C led to shallow reacted regions<0f00 A, and in A particularly attractive method for reducirig. on de-
junction field-effect transistor structures these contacts cawice structures is self-aligned implantation of"So heavily
withstand implant activation anneals at 1100°®QReaction  dope source/drain ohmic contact regions. This approach has
with the GaN is relatively limited, althougB-W,N interfa-  been employed to achieve high quality contacts on hetero-
cial phases are found after 800 °C anneals, and this appeassucture field-effect transistdHFET) structures® W was
to be a barrier to Ga out-diffusidii. found to produce low resistance ohmic contacts1ta@GaN

By contrast to the-metal systems, the standgrhmic  (Rc=8X10 6Q cn?) with little interaction between the
contact to GaN is Ni—Au, withRc values=10"2() cn?. semiconductor and the metal up to 800°“CWSi, on
Efforts to find a superior alternative have proved fruitless ton* GaN was found to be stable to 800°C as well, with a
date®! even though strong efforts have been made on multicontact resistance of 10~ ° Q) cn. Graded contact layers to
component alloyed contacts where one attempts to extra&aN have been formed with both IAifNand InGaN using
one of the lattice elements, replace it with an acceptor dopwWSi, metallization. Nonalloyed Ti/Pt/Au on InN produced
ant, and simultaneously reduce the “balling-up” of the met- specific contact resistand®.=1.8x 10"’ Q cn?.”* Graded
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In,Ga _,As/InN contacts have been employed on GaAs/ FoT T
AlGaAs heterojunction bipolar transistors, wig. as low as ~10°. [_o-w InGaN
5x10° 7 Q cn?.”® F | —m— WSy

For high temperature electronics applications, or for high —A— Ti/Al
reliability, it would be preferable to employ refractory metal
contacts such as W and WSiMoreover, the contact resis-
tance could be reduced if lower band gap In-containing al-
loys (or InN) were used as contact layers on GaN, much as in
the case of InGaAs on GaAs. However, the In-based nitrides
are less thermally stable than GaN, and we need to establish
the trade off between contact resistance and poorer tempera-
ture stability.

Recent experiments on formation of W, Wgj and
Ti/Al  contacts deposited on n*IngeGa N (n
~10%cm™3), n*InN (n~107°cm™3), and n~Ing 75Al 5 oN
(n~10%¥cm™%) have been reported:® The electrical, Anneal Temperature (°C)
structural, and chemical stability of these contacts were ex-
amined after anneals up to 900 °C. It was found that InGa
allows achievement of excellent contact resistance
(<10 ¢ Q cnP), with stability up to~ 600 °C for W metal-
lization.

The 2000-A-thick InGaN, InN, and InAIN samples were resistance did not degrade unti600 °C. Au_ger electron
grown using metal organic molecular beam epitaxyspect_rosc_op;(AES) showed that the degradation was due to
(MOMBE) on semi-insulating(100) GaAs substrates in an out-diffusion of In aT‘d N. . .
Intevac Gen |l system as described previod&i{/. The InN, The contact resistance for ohmic contacts of W, yySi

In and | | were highlv autodoped tvpe and Ti/Al to InN as a function of annealing temperature is
( 3.;50%90 'igj\llolg anrg'éifgl%\lcmfs regpeyctively dﬂe toy'f)he shown in Fig. 4. As-deposited samples had similar contact

presence of native defects. rgsistance_s to InGaN, indicating a similar conducti_on mecha-
The samples were rinsed in,8:NH,OH (20:1) for 1 nism. WSj con.tacts showed the mqst degradation at low
min just prior to deposition of the metal to remove nati\,etempoerature, with the resistance rising a factor of 5 after
oxides. The metal contacts were sputter deposited to a thicl?i00 C anneallng 'and then remaining constant. T/Al de\_/"
ness of 1000 A in the case of W and Wi (film composi- a_lted little from initial values, alth<o)ugh t_here was severe pit-
tion), and then etched in SFAr in a plasma-therm reactive ting on samples anonealed at 500 °C while W resistance began
ion etcher(RIE) to create transmission line meth¢8LM) to degra_de at 500 °C. . . .
patterns. For the Ti/Al contacts, 200 A of Ti and then 1000 A In Fig. 5 the contact resistance is shown for W, WSi
of Al was deposited and the TLM pattern formed by lift-off and Ti/Al ohmic contact; to In_AIN as a function of annealing
of the resist mask. The nitride samples were subsequent _mperature. As-depqsned T'/ﬂ had the lowest contact re-
etched in CJ/CH,/H,/Ar in an electron cyclotron resonance istance on this materigR~10"* Q cnv’. Tungsten had the
(ECR) etcher to produce the mesas for the TLM pattéfns.
The samples were annealed at temperatures from 300 to
900 °C for 15 s under a nitrogen ambient in a rapid thermal 10° .
annealing(RTA) system(AG-410). i oW InN
The contact resistance for W, WSiand Ti/Al ohmic
contacts to InGaN as a function of annealing temperature is
shown in Fig. 3. All contacts had similar contact resistance
as deposited, 2—410’ Q cm 2. Above 600 °C, the Ti/Al
contacts degraded rapidly, and the W$ontinued to de-
grade, while Rc for both samples increased up to
~10"°Q cn? at 900°C. The error in these measurements
was estimated to be-10% due mainly to geometrical con-
tact size effects. The widths of the TLM pattern spacings
varied slightly due to processirighaximum of+5%) as de-
termined by scanning electron microsco{8EM) measure-

106 |

Contact Resistance (ohm-cm2
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IG. 3. Contact resistance for W, WS3j, and Ti/Al ohmic contacts to
nGaN as a function of annealing temperature.

Contact Resistance (ohm-cmz)

ments, which were taken into account when calculating the 107 | ' . ' . ' .

contact resistances. 0 100 200 300 400 500 600
SEM micrographs of W and Ti/Al contacts on InGaN as °

grown and annealed showed the W was still quite smooth Anneal Temperature (°C)

even after 900 °C anneal, while the Ti/Al had significant pit- ;g 4. contact resistance for ohmic contacts of W, WSind Ti/Al to InN
ting at the lowest anneal of 500 °C even though the contacis a function of annealing temperature.
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10" oy function (the band gap of GaN is 3.4 eV, and the
] electron affinity is 4.1 eV, but metal work functions
&; 100 | : zVVSi InAIN ] ) are typicgllysS eVv). . _
° N Ti/Ai‘ (i)  The relatively low hole concentrations ppGaN due
E ; ] to the deep ionization level of the Mg accepterl70
S q0l 1 meV).
2 : : (i) The tendency for the preferential loss of nitrogen
ﬁ 102 from the GaN surface during processing, which may
é E produce surface conversion tetype conductivity.
g 108 | ] In the search for improved contact characteristics, a wide
5 E variety of metallizations have been investigated mGaN
o . ] besides the standard Ni/&;% including Ni828386
104 Au 82858788 py82 pg/Ay888Y pyAudt  Au/Mg/Au b1’

1 | N 1

200 400 600

T AU/C/INi,*° Ni/Cr/Au,g°t and Pd/Pt/AG* Typically Ni, Pd,

800 1000 or Pt is the metal in direct contact with the GaN, and the
Anneal Temperature (°C) structure is annealed at 400—750 °C. This produces contact
resistances in the 16—10 2 Q cn? range. For higher tem-
peratures severe degradation in contact morphology is ob-
served, usually resulting from the formation of the metal

o+

FIG. 5. Contact resistance for W, WSiand Ti/Al ohmic contacts to InAIN
as a function of annealing temperature.

gallides.

To examine thermal stability of contactpstype (Na
highest initial contact resistand@c~102Q cn®. The con-  =108cm3), Mg-doped GaN layers Am thick were grown
tacts showed morphological stability up to 400 fG/Al) on Al,O5 substrates by molecular beam epitdMBE) using
and to 800 °C(W). solid Ga and radio-frequencyrf) plasma-activated N2

SEM micrographs of InAIN contacted with W, WSi  Strong cathodoluminescent was observee-885 nm, with
and Ti/Al as-grown and annealed at 800, 700, and 400 °Cvery little deep level emission, indicative of high quality ma-
respectively, were examined. The W on InAIN remainedterial. Undoped GaN layers-3 um thick were grown on
smooth until 800 °C, and then began to form hillocks, as didal,0; by metal organic chemical vapor deposition, with
the WSj contact at 700°C. The Ti/Al began pitting at similar cathodoluminescent properties to the MBE material.
400 °C. The pitting in the Ti/Al contacts was due to diffusion These samples were implanted with 100 keV &ins at a
of the Al through the Ti into the sample. Hillocks appear to dose of 5< 10°cm™2, and annealed with AIN caps in place
be formed from diffusion of In from the nitride sample into to 1400 °C for 10 §° This produced a peak-type doping
the contact layer. concentration of ~5x10°%cm™3. W or WSk s layers

In summary, W, WSi, and Ti/Al were found to produce ~1000 A thick were deposited using an MRC501 sputtering
low resistance ohmic contacts ariinGaN and INNWcon-  system. The sample position was biased at 90 V with respect
tacts proved to be the most stable, and also gave the lowess the Ar discharge. Prior to sputtering, the native oxide was
resistance to InGaN and InNRc<10"7 Q cn¥ after 600°C  removed in a 201 KD:NH,OH solution. Transmission line
anneal, and X10 "Qcn? after 300°C anneal, respec- patterns were defined by dry etching the exposed metal with
tively. Significant interdiffusion of In, N, and Al, as well as SF;/Ar, and forming mesas around the contact pads using
Ti and W, were found after annealing. The contact resistancBCl;/N, dry etching to confine the current flow. For com-
stability varies for each material and degraded at tempergparison, on the-GaN, Au (1000 A/Ni (500 A) was depos-
tures>400 °C on InN,=500 °C on InAIN, and=600 °C on ited by e-beam evaporation, defined by lift-off and mesas
InGaN. Only W contacts remained smooth at the highestormed by dry etching. Botm- and p-type samples were
anneal temperature. annealed for 60 $in some experiments this was varied for

30-300 % at 300—1000 °C under flowing N
From Fermi—Dirac statistics we can calculate the Fermi
3. p-ohmic contacts level positionE for p-GaN containing 18 acceptors cm?

One of the life-limiting factors in GaN laser diodes to &S @ function of absolute temperature T, from
date has been thg-ohmic contacf® Due to the relatively
" ; : 1

poor specific contact resistancBd) achievable, the metal- Na
lization will heat-up as current flows across {hen junction, 1+2 exd(Eq—Ep)/KT]
leading to met_al mlgrathn doyvn threading d|slocayons andWhere N, is the acceptor concentratiofi,=171meV for
eventual shorting of the junctioif.Removal of the disloca- ) : :
i . o . Mg in GaN, andN, is the valence band density of states.
tions, such as in epitaxial lateral overgrowth structures, will " = : . o o
o Using this relation, we calculated the ionization efficiency
greatly extend the device lifetim/® There are a number of . -
o X for Mg as a function of sample temperature, as shown in Fig.
contributing factors to the higR. values for contacts on . S .
. o 6. Since the hole concentration in tpeGaN will increase
p-GaN, including: : . .
rapidly with temperature, we would expect better ohmic con-
(i) The absence of a metal with a sufficiently high work tact properties at high temperatures.

= NV eXF[ _(EF_ E\/)/kT],
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Figure 7 shows annealing temperature dependence of the
current—voltage (V) characteristics of the Ni/Au, W, and
WSi on p-GaN, with the measurements made at 25 °C in allFIG. 7. Annealing temperature dependencé-e¥ characteristics of WSi,
cases. Note that for the optimum anneal temperature¥. and Ni/Au contacts op-GaN (60 s anneal timgs
(700 °C for Ni/Au and W, and 800°C for Wgi, the con-
tacts are not ohmic, but are more accurately described dgcts become more rectifying for longer times, probably due
leaky Schottky diodes. In the case of W and WSi, we assumt9 the onset of metal-semiconductor reactions.
that annealing above the optimum temperature produces loss As a comparison to-type GaN, Fig. 11 shows the an-
of N, and poorer contact properties. nealing temperature dependenceRy for W contacts on

The contact morphology on the W and WSi metalliza- Si-implanted(n type) GaN. The specific contact resistance
tion remained featureless to the highest temperature we irimproves with annealing up te-950 °C, which appears to
vestigated. This is in sharp contrast to the case of Ni/Au, asorrespond to the region where tgeW,N interfacial phase
shown in Fig. 8. For the latter metallization, islanding is is formed. Coleet al*® reported that W and WSi contacts on
quite severe after 700 °C annealing due to reaction of the NiGaN annealed in the range of 750-850 °C showed the mini-
with the GaN+%° mum degree of metal protrusion in the interfacial regions

From the earlier discussion, we would expect the contacgontaining thes-W,N phase, whereas at lower annealing
properties to improve at elevated temperatures because of tt@mperatures the horizontal spatial extent of this phase was
increased hole density and more efficient thermionic holemaller and allowed more protrusions to develop. Excellent
emission across the metal-GaN interface. Figure 9 shows ttgiructural stability of the W on GaN was shown in SEM
|-V characteristics for the 70(0Ni/Au and W) or 800°C  micrographs, where a sharp interface was retained after
(WSi) annealed samples, as a function of the measuremer50 °C annealing.
temperature(25—300 °Q. For the Ni/Au, the contacts be- In summary, one of the emerging applications for GaN is
come ohmic at=200 °C, while for W and WSithis occurs in ultrahigh power electronic switches, where thermal stabil-
at 300°C. Table | shows thB; values at 300°C are 9.2 ity of the contact metallization will be of paramount impor-
X 1072 (Ni/Au), 6.8x10°2 (W), and 2.6<10 ?Qcn? tance. Tungsten-based contacts on hwttand p-type GaN
(WSi). The TLM measurements showed that the substrateffer superior thermal stability to the standard metallization
sheet resistance is reduced from >3®* O/ at 200°C, used in photonic devices, TiAl and Ni/Au, respectively.
to 847Qd)/ at 250 °C, and 46Q0/] at 300 °C, indicating ) )
that the increased hole concentration plays a major role iff- R@pid thermal processing
decreasingRc . 1. Surface protection

There was not a strong dependence of the room tempera- The usual environment for high-temperature annealing
ture |-V characteristics on annealing time. An example isof Il nitrides is NHs, ’® but this is inconvenient for processes
shown in Fig. 10 for Wg-GaN, annealed at 700 °C. There is such as rapid thermal annealing for implant activation, con-
little change in the characteristics for 30—120 s, but the contact annealing for implant isolation. In those situations we

Voltage (V)
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hU-NI 4868 DEG

W 488 DEG

FIG. 8. SEM micrographs of Ni/Au contacts gaGaN after 60 s anneals at either 4@0p left) or 700 °C(top right, or W contacts after similar annealing
at 400(bottom lef) or 900 °C(bottom righ}.

would like to provide some form of Noverpressure to mini- It would be convenient for GaN device processing if
mize loss of nitrogen from the semiconductor surface at higtflevelopment of a similar process for rapid thermal process-
temperaturd® With conventional ll-V materials such as ing of lll nitrides occurred, in which an overpressure ofil
GaAs and InP this is achieved in several wa§$°namely  supplied to a susceptor. In this section we compare use of
by two methods(i) placing the sample of interest face down powdered AIN or InN as materials for use in the susceptor
on a substrate of the same tyl¥&1%" so that the onset of reservoirs, and compare the results with those obtained by
preferential As or P loss quickly suppresses further loss. Theimple proximity annealing.
disadvantages of this method include the fact that some The GaN, AIN, InN, InGaN, and InAIN samples were
group V atoms are lost from the near surface. There is algrown using metal organic molecular beam epitaxy on semi-
ways a possibility of mechanical abrasion of the face of thénsulating,(100 GaAs substrates or 4D; c-plane substrates
sample of interest, and contamination can easily be trangn an Intevac Gen Il system as described previod3ly.The
ferred from the dummy wafer to the one of interest. Thegroup-Ill sources were triethylgallium, trimethylamine alane,
second method involvedii) placing the wafer in a SiC- and trimethylindium, respectively, and the atomic nitrogen
coated graphite susceptd?,*'°which either has had its in- was derived from an electron cyclotron resonance Wavemat
ternal surfaces coated with As or P by heating a sacrificiabource operating at 200 W forward power. The layers were
wafer within it, or in which granulated or powdered GaAs or single crystal with a high density (38-102cm™?) of
InP is placed in reservoirs connected to the region in whiclstacking faults and microtwins. The GaN and AIN were re-
the wafer is contained. In both cases subsequent heating sfstive as-grown, and the InN was highly autodopetype
the susceptor produces an As or P vapor pressure above the 10°°cm™3) due to the presence of native defects. InAIN
surface of the process wafer, suppressing loss of the group &d InGaN were found to contain both hexagonal and cubic
element. forms. The I 75Alg 2N and Iy Gay sN were conductingn

The former approach is widely used in lI-V researchtype as grown {10?°°cm™3) due to residual autodoping by
and is known as the proximity geometry. The latter approacmative defects.
is widely used in industry for anneal processes for GaAs and The samples were annealed eithgr face down on
to a lesser extent InP. samples of the same type, i.e., GaN when annealing GaN,
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FIG. 10. Annealing time dependence at 700 °G-e¥ characteristics from
W contacts omp-GaN.

WSi/p-GaN

Loo° s
ax10°Lat . . L . ] . etry is shown at the top of Fig. 12. The InN begins to de-
04 02 0.0 0.2 04 grade above 500 °C, while AIN roughness at 1000 °C at the
Voltage (V) surface is as smooth as the as-grown material. The GaN re-

mains smooth across the entire annealing range investigated.
Similar results are shown for the ternaries at the bottom of
Fig. 12. The InAIN morphology degrades above 800 °C, and
In droplets are visible on the surface by 900 °C. At 1000 °C,
InN for InN, etc., or(ii) within a SiC-coated graphite sus- however, the In droplets also evaporate, leading to an appar-
ceptor in which the reservoirs were filled with either pow- €ntly better morphology as measured by AFM. The InGaN
dered AIN or InN (average particle size-10 um).*** An-  had fairly similar behavior. .

nealing was performed for 10 s at peak temperatures between A comparison of the annealing temperature dependence
650 and 1100 °C in flowing Ngas. The sheet resistance was©f nitride rms surface roughness for sample processed in the
measured at room temperature on a van der Pauw Hall sy§raphite susceptor with either AIN or InN powder in the
tem with 1:1 InHg alloyed contact&00 °C, 3 min on the reservoirs is shown in Fig. 13. One would expect the InN
corners. An atomic force microscofdFM), operated in Powder to provide higher vapor pressure of & equivalent
tapping mode with Si tips, was used to measure the roofemperatures than AMN?113and this appears to be evident in
mean-squarérms roughness of the samples. The surfacethe rms data for InN, where the surface roughens dramati-
morphology was examined with a scanning electron micro-

FIG. 9. Measurement temperature dependencé-&f characteristics of
Ni/Au, W, or WSi, contacts orp-GaN.

scope(SEM). Energy dispersive x-ray spectroscaiBsDAX) 10° -
was used to analyze the surface composition of some ] e W/Si-implanted GaN
samples. Auger electron spectrosco®ES) was used to ] 30 second anneals
investigate near-surface stoichiometry before and after an-
neal. 10+ -
The rms surface roughness of binary nitrides measured g
by AFM after annealing face down in the proximity geom- g
o
MQ 10-5 -
TABLE |. Temperature-dependent contact datageGaN.
Measurement Specific contact  Contact resistivity
Contact temperaturé®°C)  resistancg() cn) (Q mm) 10% 4 ®
: —
e
Ni/Au 300 0.092 205.9 Anneal Temperature (°C)
w 300 0.682 758.4
WSi 300 0.026 1728.3 FIG. 11. Annealing temperature dependenceRgffor W contacts on Si-

implanted GaN.
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FI(la. 12. R(;ot—m_ean-?quare lsurface roughfnes;lgogmal\lllzeddt(:;he az—grovy_qG. 13. Root-mean-square surface roughness of nitrides normalized to the
value, as a function of anneal temperature for » GaN, and(boly) an as-grown value, as a function of anneal temperature using either AIN pow-

INAIN and InGaN (botton) annealed in the proximity geometry. der (top) or InN powder(bottom) in the susceptor reservoirs.

cally above 600 °C with AIN powder while the roughening is
less obvious with InN powder. The data in Fig. 13 need to beng (RTA) system instead of pure ;Nwe noticed that the
considered in the light of the results from the other materialstemperature at which surface dissociation was evident by ei-
For example, the GaN and AIN rms values are consistentlyher AFM or SEM was lowered by 100—200 °C for each of
higher for the InN powder annealing. These results clearljthe nitrides. A similar effect was observed it @as present
indicate large-scalg~1 um) roughness evident on the in the annealing ambient, and thus, it is critical to avoid
samples annealed with the InN powder. Similar results wereesidual Q or H, in RTA systems during annealing of the
evident for the AIN and InAIN samples, with large-scale nitrides. Second, under optimized ambient conditigmsre
roughness detectable by AFM on the ones annealed with thid, purge gas, and use of either the proximity geometry or
InN powder. powdered AIN in the susceptor reservjrBES was able to
SEM examination of all the samples revealed the causdetect N loss from the surface of GaN even after 1000 °C
of this roughening. After 1000 °C annealing with AIN pow- anneals, and from InAIN and InGaN after 800 °C annéHis.
der there is no change in morphology from the controlHowever, N loss from AIN was detectable only after an-
samples. By sharp contrast, metallic droplets are visible omeals at 1150 °C, emphasizing the extremely good thermal
samples annealed with InN powder even at 800 °C. Similastability of this material. Indeed Zolpest al'*® have re-
droplets were observed in all materials after annealing wittcently reported use of sputtered AIN as an encapsulant for
INN powder at=750°C. EDAX measurements identified annealing GaN at temperatures up to 1100 °C for@iMg*
these droplets as In in each case. Therefore, it is clear that then implant activation. The AIN could be selectively re-
InN powder initially provides good surface protection for moved with KOH solutions after the annealing procESs.
annealing temperatures750 °C through incongruent evapo- The loss of N from binary nitride surfaces during an-
ration of N,. Above this temperature, however, evaporationnealing produced thif{<0.5 um as determined by subse-
of In from the powder leads to condensation of droplets omuent dry etching and remeasuremérighly conductingn™
the samples contained within the reservoir. At temperaturegegions. These were evident for annealing temperatures
approaching 1100 °C, these droplets evaporate from the suabove ~600°C in InN and at~1125°C in GaN. For ex-
face of GaN or AIN, leading to an apparent surface smoothample, the sheet resistance increased by 2—4 orders of mag-
ing when measured by AFM. nitude in both materials. This agrees with the theoretical pre-
Some other features of the annealing are salient withiction of Maruska and Tietjeh' that N vacancies create a
respect to implant activation processes. First, if we employegdhallow donor state in binary nitrides, and the temperatures
90%N,:10%H, as the purge gas in the rapid thermal annealto which the materials are stable are in general agreement
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with the published vapor pressure and melting point data foidly heat up the semiconductor waféf§ However, this type
the binary nitrideg!?114118-120|n the ternary materials, of lamp-based RTP system suffers from many problems such
however, the sheet resistance of the epitaxial layers increased their point heat source nature, fluctuating lamp tempera-
with annealing temperature, suggesting that simple nitrogeture during processing and only modest temperature capacity
vacancies are not the only cause of the residugipe con- (<1100°Q. Recent interest in developing wide band gap
ductivity in these samples, since at the highest temperature®mpound semiconductors has pushed the processing tem-
there is clear loss of nitrogen. The annealing, in this caseperature requirements to much higher val(gsto 1500 °G.
appears to create compensating acceptors, or else annealidgesently, there are no specific RTP systems that can operate
of the native donors is occurring. The nature of the defectat such high temperatures. In the study of annealing of GaN
present in as-grown and annealed nitrides is currently undarp to 1400 °Ct?’ a custom systentbased on MOCVD sys-
investigation with IR absorption and variable temperaturetem) that employed rf heating was built and utilized. There is
Hall measurements. an urgent need in GaN and SiC technology to develop new
In summary, several approaches to rapid thermal proRTP systems which can provide uniform heating to very
cessing of binary and ternary nitrides have been investigatethigh temperatureé>1500 °Q.
In the proximity geometry AIN and GaN retain smooth sto- There has recently been development of a unique high
ichiometric surfaces t0=1000°C, InAIN and InGaN to temperature RTP unit called Zapper™. This novel RTP unit
800 °C and InN up to 600 °C. Similar thermal stabilities werehas been specifically designed to achieve very high tempera-
obtained for face-up annealing in graphite susceptors ifures(>1500 °Q with excellent uniformity for high tempera-
which AIN powder provides a Noverpressure. An attempt ture thermal processing of semiconductor materials. In this
to increase this overpressure through use of InN powder wasection, we first give a brief introduction about the Zapper™
unsuccessful because of In droplet condensation on afinit. We then report the implant activation annealing studies
samples at temperaturesr50 °C. This could only be recti- of Si*-implanted GaN thin flmgwith and without an AIN
fied if one could design a two-zone rapid thermal processin@ncapsmation lay®using the Zapper™ unit at temperatures
chamber in which a reservoir of InN powder was maintainedyp to 1500 °C. The electrical analysis and characterization
at =750°C, while the samples to be annealed were sepgesults of such annealed samples are presented and dis-

rately heated to their required temperatures. cussed. Based on these experiments, the significant potential
of the MHI Zapper™ unit in the development of advanced
2. Ultrahigh temperature annealing electronics is summarized.

Recent interest in developing advanced electronic de- Most existing RTP equipment utilized either an array of
vices that operate at high temperature and/or high power hden or more tungsten-halogen lamps, or a single arc lamp as
brought into focus many new challenges for semiconductoheat source¥®> These lamp-based RTP equipment can
materials and the related processing technology. Compourgtchieve only modest processing temperature$100 °Q,
semiconductors such as SiC and GaN have significant advapsimarily because of the point-like nature of the sources and
tages for such device applications because of their widelarge thermal mass of the systems. To realize higher tem-
band gapghigher operating temperatyrdarger breakdown perature capacity, new types of heat sources have to be em-
fields (higher operating voltage higher electron saturated ployed. In the past few years, there has been development of
drift velocity (higher operating current and faster switching novel molybdenum intermetallic composite heaters that may
and better thermal conductivithigher power densify**>*?°  be used in air at temperatures up to 19032 These
Some of the examples of SiC- and GaN-based electronibeaters have high emissivityp to 0.9 and allow heat-up
devices are the SiC power MOSFETand the GaN junction time of the order of seconds and heat fluxes up to 100
field effect transistoJFET).'?2 In the development of ad- Wi/cn?. This novel RTP unit is capable of achieving much
vanced electronic devices, the technology of rapid thermahigher temperatures than the lamp-based RTP equipment.
processing(RTP) plays a critical role at numerous points Figure 14 shows some typical time-temperature fluctuation
such as implant activation of dopant species, implantationto rapidly heat up and cool down the wafer, the Zapper™
induced damage removal, alloying of ohmic contacts, maxiunit relies on wafer movemer{tn/out of furnace horizon-
mization of sheet resistance in implant isolation regions, etctally) to achieve rapid ramp-up and ramp-down rates similar
High annealing temperature and short processing time have those of conventional RTP systems.
been identified as two key requirements in RTP annealing of A variety of undoped GaN layers-3 um thick were
compound semiconductors such as GaN and SiC, especialyrown at~1050 °C by metal organic chemical vapor depo-
for implant activation and damage removél.Ilt has been sition using trimethylgallium and ammonia. Growth was pre-
found in high dose Si-implanted GaN that, although Si do-ceded by deposition of thit~200 A) GaN or AIN buffers
nors can be efficiently activated at 1100 °C, complete re{growth temperature 5309Con the ALO; substrates.
moval of ion implantation-induced damage requires everCapacitance—voltage measurements on the GaN showed
higher annealing temperaturE8.A more recent study has typical n-type background carrier concentrations &f3
shown that implantation-induced damage in GaN can only bex10cm™3.  Si* was implanted to a dose of 5
significantly reduced by using annealing temperatures up tx 10*°cm™2, 100 keV, producing a maximum Si concentra-
1400 °C'% tion of ~6x10°°cm™3 at a depth 0~800 A. Some of the

The existing commercial RTP equipment typically relies samples were encapsulated with 1000-1500 A of AIN de-
on a series of tungsten-halogen lamps as heat sources to rggsited in one of two ways. In the first, AIN was deposited
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FIG. 15. Sheet carrier density and electron mobility in capped and uncapped
Si-implanted GaN, as a function of annealing temperature.

1000
8090,
s00 reaching the annealing temperature was between 4 and 6 s.
To compensate for this heating time lag inside the ampoule,
the dwell time was purposely extended to 15 s. Ramp
rates were 80°Cs from 25-1000°C and 30°C$ from
- '2'0' : ‘4'0' : '6'0‘ t ‘8'0' : '1;0' E— 1000-1500 °C, producing an average ramp-up rate over the
entire cycle of~50°C s L. The typical ramp-down rate was
~25°Cs !t Thermocouple measurements of temperature
uniformity over a typical wafer sizé4 in. diameter were
+8°C at both 1400 and 1500°C. After removal of the
samples from the ampoules they were examined by scanning
electron microscopy (SEM), atomic force microscopy
(AFM), and van der Pauw geometry Hall measurements ob-
tained with alloyed Hgln eutectic contacts.

SEM micrographs of unencapsulated GaN surfaces
annealed at 1200, 1300, 1400, or 1500 °C showed that the
1200°C annealing does not degrade the surface, and the
. samples retain the same appearance as the as-grown material.
ST BTN B SRS B S A SN S S S A A After 1300°C annealing, there is a high density
0 20 40 60 80 o0 120 (108 ecm?) of small hexagonal pits which we believe is

Time, sec due to incongruent evaporation from the surface. The
1400°C annealing produces complete dissociation of the
GaN, and only the underlying AIN buffer survives. Anneal-
ing at 1500 °C also causes loss of this buffer layer, and a
smooth exposed AD; surface is evident.
by reactive sputtering of pure AIN targets in 300 mTorr of By sharp contrast to the results for GaN, both the sput-
20%N,Ar. The deposition temperature was 400 °C. In thetered and MOMBE AIN were found to survive annealing
second method, AIN was grown by metal organic moleculambove 1300 °G?° For the sputtered material we often ob-
beam epitaxy(MOMBE) at 750°C using dimethylamine served localized failure of the film, perhaps due to residual
alane and plasma dissociated nitrodén. gas agglomeration. For the MOMBE films this phenomenon

The samples were sealed in quartz ampoules under Nwvas absent. Also in the sputtered material the root-mean-
gas. To ensure good purity of this ambient the quartz tubsquare(rms) surface roughness tended to go through a maxi-
(with sample inside and one end predopes subjected to mum, due to some initial localized bubbling, followed by the
an evacuation/plpurge cycle for three repetitions before the film densification.
other end of the tube was closed, producing a finaphes- The clear result from all this data is that the implanted
sure of ~15 psi. This negative pressure was necessary t@aN needs to be encapsulated with AIN in order to preserve
prevent blowout of the ampoule at elevated annealing temthe surface quality. We have previously shown that AIN is
peratures. The samples were then annealed at 1100—1500 %&lectively removable from GaN using KOH-based
for a dwell time of~ 10 s(Fig. 14). The time difference for solution!*>** Figure 15 shows the sheet carrier concentra-

Temperature,

400

200

ARRRNRRENANI AN EENE NN NN NN ARR|

lll]lll[lll]lTl[lll]Ill]lll'lll

OO
-
n

1600CT T T T F VvV [ T T I [T 7T T [ T 17

1500 °C #3

1400

1200

°C

1000

800

600

Temperature,

400

200

TTTYTT T I T AT T[T T T [ TeorpeeT

e b v e br e dena ooy elesalias

FIG. 14. Time-temperature profiles for RTP annealing of GaN at 1500 °C.
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s ciency, and linearity®? Figures 16b) and 16c) show two
hmic Chottky

el Gaten approaches that have been taken to reduce the access resis-
MG o P, W T2 tance. One is to selectively etch away the wide band gap
material in the contact regions and then regrow highly doped
(a) planar (b) regrown contacts GaN to improved access resistance; however, the manufac-
onmic  Schottky O Sty turabi_lity of this approach as, with any regrovvth process, is
M;‘;‘\G"“e\ Metal N AjGa questionablé®® The recess gate approach of Fig(déhas
‘a 7 % 77,

&Lk been widely used in other mature compound semiconductors
m such as GaAs and InP. Although this type of structure has
() recessed (d) implanted, self-aligned been demonstrated in GaN-based devices, the unavailability
of controlled wet etching of GaN requires the use of a
FIG. 1dG. ?Omparison of GﬁN-_based HFET Strucffw(?iplzﬂf}h (? fte'd plasma recess etcfi* Use of a plasma etch introduces sur-
L it o s o i st g damage n the semiconductr in the regon unde
required to reduce the transistor access resistance. chottky gate that degrades the rectifying properties of the
gate. Finally, the self-aligned ion implanted structure of Fig.
16(d) is used to create selective areas of highly doped re-
tion and electron mobility in the Siimplanted GaN, for gions for the source and drain contacts in a highly manufac-
both unencapsulated and AIN-encapsulated material, as tarable fashion without any plasma etching of the gate re-
function of annealing temperature. For unencapsulated argion. To date, ion implantation has been used to realize a
nealing we see an initial increase in electron concentrationGaN junction field effect transistqdFET) but has not been
but above 1300 °C the GaN layer disintegrates. By contrasgpplied to AlGaN/GaN HEMTS3® As will be discussed
for AIN-encapsulated samples the *Simplant activation later, one of the key challenges to applying ion implantation
percentage is highe(~90% and peaks around 1400 °C. to AlGaN/GaN HEMTSs is the avoidance of surface degrada-
This corresponds to a peak carrier concentration=d& tion that will negatively impact the Schottky gate formation
X 10?%cm™>. For 1500 °C annealing both carrier concentra-during the high temperature implant activation anneal.
tion and mobility decrease, and this is consistent with Si-site  The first work on implantation in GaN was performed by
switching as observed in Simplanted GaAs at much lower pPankove and co-workers in the earlier 1978<3" They re-
temperature$”® The results in Fig. 15 are compelling evi- ported primarily on the photoluminescence properties of a
dence of the need for high annealing temperatures and thgrge array of implanted impurities in GaN. The work was
concurrent requirement for effective surface protection of theyccessful in identifying Mg as the shallowest acceptor
GaN. found to date for GaN.

There is clear evidence from both ion channeloing and | 1995 Peartort al, reported the first successful use of
TEM measurements that temperatures above 1300 °C are rgy, implantation to realize electrically active and p-type

quired to completely remove implantation damage in GaNdopants in GaN3® In that work, Si was used as thetype
Since the residual damage tends to prododgpe conduc- dopant and Mg, with a coimplantation of P, was used to

tivity, it is even more imperative in acceptor-implanted ma’achievep—type doping. Rapid thermal annealifBTA) at
terial to completely remove its influence. However a Pre-1100°C was employed for the activation anneal. Subse-
mium is placed on prevention of surface dissociation,quently implanted O was shown to also be a donor and
because loss of nitrogen also leads to residesipe conduc- implant;-:-d Ca an acceptor in GaRl. While Mg demon-

tvity mTMGaN. The comblnatlon of RTP annfaallng in the strated some degree of diffusion during these annealing con-
Zapper™ unit at 1400—-1500 °C and high quality AIN encap—ditions all other impurities(Be, C, Zn, Ca, Si, and D

- - 0 73 .
sulants produce metallic doping levels 5x 10°°cm™3) in showed no measurable diffusid?

g
Si*-implanted GaN. Details of ion implanted isolation using either H, He, or

N have also been established. The damage created by H im-
3. Implanted dopant activation plantation was shown to anneal out near 400 °C while He

a. BackgroundThe best example of how ion implanta- and N isolation damage remained intactt800 °C:** From
tion can directly impact the performance of group lll-nitride this work followed the fabrication and performance of the
transistors is illustrated in Fig. 16. The figure shows fourfirst ion implanted JFET fabricated in GaRf.
device structures that could be employed to fabricate AlGaN/  To fully apply ion implantation technology to GaN-
GaN high electron mobility transistoltiEMTs). To date, based electronics, both Schottky and ohmic contacts must be
the majority of the AIGaN/GaN HEMTs transistors have readily fabricated on the semiconductor following the im-
been fabricated in a planar structure as shown in Figa)16 plantation and activation process. For example, for an all ion
where the ohmic source and drain contacts are placed dimplanted GaN metal-semiconductor field effect transistor
rectly on the wide band gap AlGaN layer without any in- (MESFET) to be achieved, a Schottky gate contact must be
creased local doping to reduce the contact or accedermed on the implanted channel regions after the activation
resistancé®! This leads to a high access resistance, reducednneal. When performing the implant activation anneal, the
current capability, and a high transistor knee voltage. This irGaN surface can dissociate by the loss of N. Some of the
turn reduces the transistors power gain, power added effivork on the equilibrium pressure of N over GaN has been
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112 and Porowski and

reviewed by Ambachereta
Grzegory'*?

b. Annealing.Since the activation anneal for GaN was
initially done in the range of 1100 °&813%the formation of
a Pt/Au Schottky contact on-type GaN was studied after
such a high temperature anneal with and without a AIN en-
capsulation layet!* Since AIN has a higher dissociation
temperature it should act to suppress the dissociation of the
GaN. One set of samples wagype as-grown with a back-
ground donor concentration ef5—10x 10cm ™3 (samples
Al, A2). The second set of sampléBl, B2 was semi-
insulating as-grown and was implanted wiftsi (100 keV,
5x10cm ?) to simulate a MESFET channel implan (
~3x10"cm™3). One sample from each set had 120 nm of
AIN deposited in an Ar plasma at 300 W using an Al target
and a 10 sccm flow of N The film had an index of refrac-
tion of 2.1+=0.05 corresponding to stoichiometric AIN. All
samples were annealed together in a SiC coated graphite cru-
cible at 1100 °C for 15 s in flowing N Following annealing,
the AIN was removed in a selective KOH-based etch
(AZ400K developer at 60—70°Ct!® This etch has been
shown to etch AIN at rates of 60—10 000 A/min, depending
on the film quality, while under the same conditions no mea- (b) RMS = 2.51 nm
surable etching of GaN was obser/édl.Ti/Al ohmic con-
tacts were deposited and defined by conventional lift-offriG. 17. Atomic force microscope images of GaN after an 1100 °C, 15 s
technigues on all samples and annealed at 500 °C for 15 snneal eithefa) uncapped otb) capped with reactively sputtered AIN. The
Pt/Au Schottky contacts were deposited and defined by lift2N film was removed in a selective KOH-based etéz400K developer

L . . . . . at 60—70 °C. On both images, the vertical scale is 50 nm per division and
off within a circular opening in the ohmic metal. Electrical e norizontal scale is am per division.
characterization was performed on a HP4145 at room tem-
perature on 4&m diameter diodes. Samples prepared in the
same way, except without any metallization, were analyzed
with Auger electron spectrometfAES) surface and depth is consistent with the Schottky characteristics and suggests a
profiles. The surface morphology was also characterized bghange in the near surface stoichiometry of the GaN result-
atomic force microscopyAFM) before and after annealing. ing from the uncapped anneal as will be discussed below.

Figure 17 shows three dimensional AFM images of the  In an attempt to quantify the change in the GaN surface
surface of samples Aluncappetland A2 (AIN cap) after  resulting from annealing with and without the AIN cap, AES
annealing at 1100 °C. While both of the annealed samplesurface and depth profiles were performed. When comparing
displayed some increase in their root-mean-sq@ane) sur-  the Ga/N ratio for each case an increase was seen for the
face roughnesgA1:4.02 nm, A2: 2.51 nmover the as- sample annealed without the AIN cap (Ga/N ratich34) as
grown samplé1.4 nm the sample annealed without the AIN compared to the as-grown sample (Ga/N ratio73). This
cap (A1) was markedly rougher with a dramatically different was explained by N loss from the GaN during the annealing
surface morphology. These differences were attributed tprocess:*3 The AIN cap prevented this loss. AES depth pro-
more N loss in the uncapped sample as will be discussefiles of the uncapped and annealed sample suggests that the
later. N loss occurred in the very near surface regiers0 A).

Figure 18 shows the reverse current—voltage character- N loss and the formation of N vacancies was proposed as
istics of the Pt/Au Schottky diodes for the four samples studthe key mechanism involved in changing the electrical prop-
ied. Samples Al and B1, annealed without the AIN capgerties of the Schottky diodes and ohmic contacts. Since N
demonstrated very leaky reverse characteristics with roughlyacancies are thought to contribute to the backgrautype
a 3 to 4 order-of-magnitude increase in leakage current ovezonductivity in GaN, an excess of N vacancies at the surface
the samples annealed with the AIN cap. In fact, sample Akhould result in am™ region (possibly a degenerate regjon
approached ohmic behavior. Samples A2 and B2, on that the surfacé'® This region would then contribute to tun-
other hand, demonstrated very good rectification with reneling under reverse bias for the Schottky diodes and explain
verse breakdown voltages in excess of 40 V where the breakhe increase in the reverse leakage in the uncapped samples.
down voltage is taken at &A/um of diode perimeter cur- Similarly, an™ region at the surface would improve the
rent. Figure 19 shows the current—voltage characteristics fashmic contact behavior as seen for the uncapped sartffiles.
adjacent Ti/Al ohmic contacts for the two unintentionally The effectiveness of the AIN cap during the anneal to sup-
doped samples Al and A2. In this case, the samples annealpdess N loss is readily understood by the inert nature of AIN
without the AIN cap demonstrated improved ohmic behaviorand its extreme thermal stability thereby acting as an effec-
as compared to the samples annealed with the AIN cap. Thigve diffusion barrier for N from the GaN substrate.
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FIG. 18. Reverse current—voltage characteristics for Pt/Au Schottky con- V{V)

tacts on GaN annealed at 1100 °C, 15 s either uncafgaedples A1, Blor L ) )

capped with AIN(samples A2, B2 (@) is for unintentionally doped GaN FIG. 19. Curr(—znt—voltage chara_cterlstlcs for Ti/Al ohmic conta_cts on GaN

with an as-grown donor concentration of 5-x100'6cm™2 and (b) is for "’_‘“ef an 1100°C, 15 s anneal eitiey uncapped otb) c_apped with reac-

initially semi-insulating GaN implanted with?%Si (100 keV, 5 tively sputtered AIN. The6as-9£own GaN wastype with a background

% 108cm2) to simulate a MESFET channel implant. co_ncentratlon of 5-1810°cm™3. Note the change in scale for the current
axis between the two plots.

In summary, the viability of using reactively sputtered
AIN films as an encapsulating layer for GaN during 1100 ocelements. As expected, this dose is lower than that reported
annealing was demonstrated. The AIN cap was selectivelfor Si-implanted GaN of X10'°cm™? due to the higher
removed in a KOH-based etch. By employing an AIN cap,Mass of Ca and Ar as compared to'€iln the same study,
Pt/Au Schottky barriers with reverse breakdown voltages it was determined that for a Ca dose as low as 3
excess of 40 V were realized on samples annealed af 10'*cm™2an amorphous component to the x-ray diffrac-
1100 °C. Samples annealed uncapped under the same conHn spectra is create@ee Fig. 21 This suggests that local
tions have 3 to 4 orders-of-magnitude higher reverse leakageockets of amorphous materigleak A are formed prior to
than the capped samples while also displaying improve&he complete amorphization of the implanted region. Further
ohmic contact performance. These results are explained p3fudy of the removal of such an amorphous material during
the formation of an™ layer at the surface created by N-loss
and N-vacancy formation in the uncapped samples. The AIN
encapsulation, on the other hand, effectively suppressed N

® 100 -

loss from the GaN substrate. The use of AIN capping should = .
allow the realization of all ion implanted GaN MESFETSs. £ 80
c. Damage accumulatiorRrevious work on damage ac- > .
cumulation during implantation had been limited to Si- = 60
implanted GaN at 77 K or room temperatdfé!*® That 2 ]
work demonstrated that the amorphization dose +dr00 £ 404
keV Si implantation was-2x10%cm™2 Recent work has £ ]
addressed the damage accumulating during Ca, Ar, and In I 20 3
implants in GaN at 77 KCa and Ay and room temperature E ]
(In).147148 Additional work has also been reported from the 2

LRMRLULL SRR RERL RS IR LLL SRR AL B K]

damage annealing characteristics for high dose Si 10 10" 10" 10% 10

implantation*® Figure 20 shows the change in the Ruther- 2
ford backscatteringRBS) minimum channeling yield Xmm) lon dose (cm )

Versus QOS_e for Ca and Ar |mpla_nted GaN at 7#'KThe  [ig. 20 Change in the RBS minimum channeling yiejd,{) vs implant
amorphization dosex(mm=100%) is 6<10'°cm™2 for both  dose for 180 keV Ca and Ar implanted GaN at 77 K.
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FIG. 22. Channeling Rutherford backscatterit@-RBS spectra for as-
FIG. 21. X-ray diffraction spectrum and its fitting results for GaN implanted grown (random and aligned, unimplantednd Si-implanted(90 keV, 6
with Ca (180 keV, 3x 10" cm™2). The inset table shows the fitting results: x 10 cm™2) GaN (as-implanted and after a 1100 °C, 30 s anneghe
the position(26) and the FWHM of each peak. Peak A, expanded GaN implants were performed at room temperature.
(0002; peak B, amorphous component; peak C, undamaged Gan?
after implantation; and peak D the cubic G&NL1) peak.

removal of implantation-induced damage to electrical activa-

annealing will be important to optimizing the annealing pro-tion of implanted Si donors. _ _
cess. To better understand the removal of implantation-

The In-implantation study examined the local lattice en-Nduced damage, annealing experiments were performed in
vironment after implantation and subsequent annealing using’ MOCVD growth reactor capable for reaching 1400 °C.
the emission channeling technique and perturpgdingular hllg the anneal was per_formed in fIOW|_n_g ammonia to help
correlation™*® Ronning and co-worket& found that the ma- stabilize the surface against decomposition, AIN encapsula-
jority of the In atoms were substitutional as-implanted but
within a heavily defective lattice. A gradual recovery of the
damage was seen between 600 and 900 °C with about 50%
of the In atoms occupying substitutional lattice sites with
defect free surroundings after to 900 °C anneal. Results for
higher temperature annealing were not reported. It remains to
be determined at what point complete lattice recovery is
achieved as determined by this technique.

Additional work on Si implantation had demonstrated
significant implantation-induced damage remains in GaN
even after a 1100 °C activation anneal that produces electri-
cally active donorg?®*°Thjs is shown in the RBS spectra
of Fig. 22 and the cross sectional transmission electron mi-
croscopy (XTEM) images of Fig. 23. The RBS spectra
shows that even after a 1100 °C anneal the high channeling
yield is evidence of significant damage in the crystal. This is
confirmed by the XTEM images before and after annealing
of Fig. 23 where, despite some coarsening of the damage, no
significant reduction in the damage concentration has oc-
curred. In the following section, work on complete removal
of the implantation damage by annealing up to 1500 °C is
presented.

As discussed in the previous section, an annealing tem-
perature well above 1100°C is needed to remove the
implantation-induced damage in GaN. However, since GaN
will readily dissociate at these temperatures, special precau-
tions must be taken. The approaches used to maintain the
GaN stoichiometry at up to 1500 °C were either to use an
encapsulating overlayer such as the AIN described above or
e e s meniic 22 s s s kton o) o S

pp p @hplanted GaN(90 keV, 6x10cm 2): (a) as-implanted andb) after a
and structural data are presented to correlate the effect of theoo °C, 30 s anneal. The implants were performed at room temperature.
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T Y ' TABLE Il. Summary of annealing conditions.
. 310” [ AIN //\ GaN 4 Anneal
'?E temperature
L r 7 Samples (°C)/time(s) Reactor Ambient
o
(=) ]
£ a0® | ] 4,8 1100/15 RTA N
k 3,7 1100/30 MOCVD N/NH;
5 a3 ] 2,6 1300/30 MOCVD N/NH,
2 3.6x10™ cm™
5 : 1,5 1400/30 MOCVD N/NH,
(5]
& 110 [ ]
3 4.6x10" cm™ ]
_ calibrated by the melting point of Ge at 934 °C. The pressure
0 1000 2000 3000 4000 in the MOCVD reactor was 630 mTorr with gas flows of 4
slm of N, and 3 sIm of NH. The encapsulated and unencap-
depth (A) sulated sample for a given temperature were annealed to-
(a) gether.
610 Figures 2%a) and 2%b) shows the sheet electron concen-
i ' tration and electron Hall mobility versus the annealing con-
g s
5 ] 2.5x10 —— : — 60
=] C 7
2 . ~@-n
g 20 $ 4 50
= 3x107 - B
O [ r —‘.“u —
2 [ e 140 2
3 . ] < NE
- E 4
” L 1sxa0® 130 =
r ] =" 1 =3
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0 ] 1 1 11 B
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(b) 0.5x10" : ol . 0
FIG. 24. Calculated Si-implantation profiles usitgme2 code(a) 210 keV, O O 3
5% 10" cm™2 Siin AIN/GaN and(b) 100 keV, 5x 10 cm™2 Si in GaN. - - iy
[ [ (=
— — o

temperature (°C)/time (s)
tion was also studied to further suppress N 8<% The
first set of samples was encapsulated with 120 nm of sputter

deposited AIN. Si implantation was performed through the T ‘ 1 60
AIN at an energy of 210 keV and a dose ok80"°cm™2. 6x10° [ 150
The results of Monte CarloriM calculations, shown in Fig.

24(a), predict that~7% of the Si ions come to rest in the 3 la0 &
AIN film with a dose of 4.6<10°cm 2 being placed in the & 3 =
GaN®*'3The Si peak range from the GaN surface is esti-  § : 130 §
mated to be approximately 80 nm. The second set of samples &=  3x10° | _
was unencapsulated and implanted with Si at an energy of 420
100 keV and dose of 810'°cm™2. This also gives a range

from the GaN surface of 80 nm as shown in Fig(l84 A . 110
sample from each set was annealed under one of four condi- :

tions as shown in Table II. One pair of samples was annealed 0 0

in a rapid thermal anneal€RTA) inside a SiC coated graph-
ite susceptor and processed in flowing $ince this proce-
dure was used previously to activate implanted Si in G&N.
The remaining samples were annealed in a custom built
metal organic chemical vapor deposititdOCVD) system
that employed rf heating with the samples placed on a mo- (b)

lybdenum holder on a SiC coated graphite susceptor. Th IG. 25. Sheet electron concentration and electron Hall mobility vs anneal-

stated temperatu_res were measured with a _ ACCUﬁbQFlg treatment foxa) unencapsulated ar(t) AIN encapsulated Si-implanted
Model-10 or a Minolta Cyclota-52 pyrometer which were GaN.

1100 °C/15 s

1100°C/30 s |
1300 °C/30's |
1400 °C/30s -

temperature (°C)/time (s)

Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al. 17

crystalline quality. No data is given in Fig. @ for the
unencapsulated sample annealed at 1400 °C since the GaN
film completely sublimed or evaporated during this anneal.
This was confirmed by C-RBS data for this sample that
showed only the substrate Al and O peaks with a slight Ga
surface peak.

Now turning to the data for the AIN encapsulated
sampleqdFig. 25b)]. There is increasing sheet electron den-
sity with increasing thermal treatments for the encapsulated
samples including the highest temperature anneal. The RTA
sample has a lower activity than the comparable unencapsu-
lated samplg3.6% vs 13.6% however, all the other AIN
encapsulated samples have higher electron concentrations
than the comparable unencapsulated sample. The 1300 °C
sample has a sheet electron concentration of 5.2
X 10°cm ™2 that is 113% of the Si dose that should have
been retained in the GaN layer (X80'°cm ?). The excess
electron concentration may be due to small uncertainties in
the Hall measurement due to the nonideal contact geometry
(i.e., ideal point contacts were not ugedhe error in the
Hall measurement is estimated to bel0%. The apparent
excess electron concentration may also be due to indiffusion
of the Si from the AIN encapsulant into the GaN substrate or
to the activation of other native donor defects in the GaN
layer such as N vacancies. The sample annealed at 1400 °C
has a still higher free electron concentration (6
X 10'%%cm™?) that may also be partly due to measurement
errors or to activation of native defects. This sample had
visible failures in the AIN layercracks and voidsthat al-
lowed some degree of decomposition of the GaN layer. This

FIG. 26. SEM micrograph oftop) 1100 and(bottom) 1300 °C annealed was confirmed by the scanning electron mICI’OSCﬁi M)

unencapsulated sample showing degradation of the surface after the 1300 @icrographs in Fig. 27 that show regilons of GaN I(m:_sn- _
anneal. firmed by AES. Therefore, the formation of N vacancies in

this sample is very likely and may contribute to the electron

concentration. This would also contribute to the observed
ditions for the unencapsulated and AIN encapsulatededuction in the electron mobility. The failure of the AIN
samples, respectively* An unimplanted sample annealed at film may be due to nonoptimum deposition conditions result-
1100°C for 15 s in the RTA remained highly resistive with ing in nonstoichiometric AIN or to evolution of hydrogen
n<1x10®cm 2 after annealing. The mobility of this un- from the GaN epitaxial layer that ruptures the AIN during
doped film could not be reliably measured with the Hallescape. If the failure is due to nonoptimum AIN properties,
effect due to the low carrier concentration. this can be rectified by examining the AIN deposition param-

First looking at the data for the unencapsulated samplesters. If hydrogen evolution is the cause of the failure an

[Fig. 25a)], the sample annealed at 1100 °C for 15 s in theanneal(~900 °C for 5 mir) to drive out the hydrogen prior
RTA has a sheet electron concentration ob61®*cm 2 or  to AIN deposition should rectify this problem.
13.6% of the implanted dose. This activation percentage isin  Figure 28 shows a compilation of the C-RBS spectra for
the range reported for earlier Si-implanted GaN samples arthe unencapsulated samples along with the aligned spectrum
nealed in this way*®% After the 1100°C, 30 s MOCVD for an unimplanted sample. The as-implanted sample shows
anneal the number of free electrons goes up to 40% of ththe damage peak near 100 nm with an additional peak at the
implanted dose before decreasing to 24% for the 1300 °Gurface. The surface peak may be due to preferential sputter-
anneal. The decrease for the 1300 °C sample was accompiag of the surface during Si implantation and has been re-
nied by a degradation of the surface of the sample as deteported in earlier implantation studié€:'** The sample an-
mined by observation under an electron microscope asealed in the RTA has improved channeling and an apparent
shown in the SEM micrographs of Fig. 26. This point will be reduction in the implant damage. It should be noted, how-
revisited when discussing the channeling Rutherford backever, that the surface peak is also diminished in the RTA
scattering(C-RBS spectra later, but it is believed that the sample and it has previously been reported that the change in
GaN layer has started to decompose during this anneathe surface peak can account for the apparent reduction in the
Therefore, the reduction in the electron concentration may bamplantation damage peak* Upon annealing at higher tem-
due to loss of material. The Hall mobility increased with peratures or longer times in the MOCVD reactor, the chan-
increasing thermal treatment and is suggestive of improvedeling continues to improve and approaches, but does not
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FIG. 27. SEM micrographs of Si-implanted and annedted) 1100, (bot-
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FIG. 28. Channeling Rutherford backscatteri(@RBS spectra for Si-
implanted(100 keV, 5< 10'*cm™?) GaN either as-implanted or annealed as
shown in the legend.

RTA anneal with a further reduction with increasing thermal
processing.

Table Il summarizes the values for the minimum chan-
neling yield (vmin) Of the GaN layer for the sample studied.
The dechanneling for an unimplanted sample was estimated
to be 2.5% and is close to the theoretical lifiit.For the
AIN encapsulated samples the valuexgf, has had the ef-
fect of the AIN overlayer subtracted out based on spectra of
unimplanted, unannealed AIN on GaN. The unencapsulated
samples show a continuous reductionyip, with increasing
annealing temperature. This reduction is at least partly due to
removal of a surface damage peak as previously

tom) 1300, andbottom) 1400 °C AIN-encapsulated GaN. The anneals were discussed®* The Xmin Value at 1300°C of 6.7% may be

performed in flow N/NH;. Craters have started to form on the 1300 °C

sample and enlarged on the 1400 °C sample in regions where the AIN e

capsulant failed.

n-

anomalously low due to sublimation of the damaged region
In this sample(see Fig. 26 The 1400 °C annealed encapsu-
lated sample shows a significant reductionyif,, from the
as-implanted value of 38.6% to 12.6%. Since the RBS analy-
sis was performed on regions of the sample with the lowest

reach, the unimplanted aligned spectra. The 1300 °C sample,
however, appeared to show evidence of material loss as dem-
onstrated by the change in position and abruptness of the
substrate signal as well as the observation of surface rough-
ing. Therefore, the reduction in the implantation damage
peak in this sample may be due to sublimation or evapora-
tion of the implanted region and not recovery of the original
crystal structure. The loss of at least part of the Si-implanted
region is consistent with the reduction in the free electron
concentration in this sample shown in Fig.(25

Figure 29 shows a compilation of the C-RBS spectra for
the AIN encapsulated sample. The as-implanted sample has a
damage peak a+80 nm with no additional surface peak as
seen in the unencapsulated sample. The lack of surface peak
in this samples supports the hypothesis that this peak on the
unencapsulated sample is due to preferential sputtering since
the GaN surface of the encapsulated sample is protect

1200 — : —e— as implanted, aligned
[ —*—1100 °C, RTA
1000 [ —©—1100 °C, MOCVD
—&— 1300 °C, MOCVD
800 - —£— 1400 °C, MOCVD
2 [
= L
3 600+
400 [ 4
200 [
1.6 1.2 0.8 0.4
depth (um)

qQG. 29. Channeling Rutherford backscatteri(@RBS spectra for Si-

from sputter loss during implantation. A significant reductionimplanted(210 kev, 5< 10 cm™2), GaN encapsulated with 120 nm of AIN
in the implantation-induced damage peak occurs after theither as-implanted or annealed as shown in the legend.
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TABLE lIl. Summary of C-RBS results for Si-implanted AIN-encapsulated 400 ——— — : —
and unencapsulated GaN annealed under the conditions shown. All 30 s 350 b —®— 1500 °C, 15.26 kbar (222%) ||
anneals were done in an MOCVD reactor under flowingNM; and the 15 E —A— 1400 °C, 10 kbar (4.56%)
s anneals were done in a RTA under flowing N 300 - ~—— 1250 °C, 10 kbar (14.28%) |-
Anneal *2 250
(temperature/time  x.,, for GaN GaN thickness § 200
Sample (°C) (%) (um) 150
GaN as-grown none 2.5 112 100
AIN/GaN as- None 38.6 1.36
implanted 50 M
1 1400, 30 17.2 1.23 0
3 1100, 30 20.2 1.23 1.5
4 1100, 15 23.6 1.29 depth (um)
GaN as-implanted None 34.1 0.90
5 1400, 30 a FIG. 30. Aligned C-RBS spectra for Si-implantedl00 keV, 5
6 1300, 30 6.7 0.90 X 10 cm™?) GaN annealed for 15 min under the conditions show. In pa-
7 1100, 30 17.2 0.98 renthesis is the minimum channeling yielg.,) for each sample.
8 1100, 15 20.8 0.94
“The GaN layer completely evaporated during the anneal. The samples of Fig. 30 were also characterized by the

Hall technique, by photoluminescence, and by secondary ion

mass spectroscop§SIMS). Hall data suggest 46% electric
density of craters, thigm, value should be characteristic of activity of the implanted Si at 1250 °C with increasing activ-
the GaN that has not decomposed during the anneal. Whil®y t© 88% at 1500 °C. However, the SIMS data show high
the reduction iy, demonstrated partial recovery of the |€vels of oxygen in the samples, therefore, the free donor
crystal lattice, the original channeling properties were noffoncentration may also have agcigyponent due to O which is
realized. This suggests still higher temperature anneals ma§neWn to act as donor in Gal: ~"The source of the O is
be required. This would be consistent with a 2/3 rule forunclear, however, it may have diffused out from the sapphire
relating the melting point T,,,) of a semiconductor to the _substrate or in from the annealing amb.|ent. The Hall mobil-
implantation activation temperatureéT ) since for GaN Ity of the 1250 °C was-100 cnf/V's and is very re_sépectable
Tmp=2500°C and therefor& ¢, should be~1650 ocl3s T,  for such a high donor levebn the order of 1®cm3). The

reach this temperature in a controllable manner will requirdn©Pility was roughly constant for the higher annealing tem-

development of new annealing furnaces. Preferably, such Beratures. _

furnace should operate in a rapid thermal processing mode 1 ne photoluminescence spectra of samples as-grown and
(i.e., with rapid heating and cooliigo minimize the thermal ~ &fter implantation and annealing is shown in Fig. 31. The
budget of the anneal process. This will require new equip-as'""”pIanted ;ample(snot shown had no appreciable lumi-
ment designs such as has been reported in the previous sé€scence while the annealed samples had both near band
tion. The following section presents results for annealing ug?d9€ and donor/acceptor-like emission peaks. The 1500°C

to 1500°C in high N pressure that supports the need for gnnealed sample has a stronger band edge luminescence in-

much higher temperature anneal to restore the crystal lattice.

d. Extreme annealing conditionsligh pressure, high- — , T T
temperature annealing was used to study the fundamental 1250 c : ? ]
limits of implantation induced damage removal in G&N. 6x10° “ Tasgrowni
By employing high N-overpressurésp to 15 kbay sample r - ~-1500 °C
decomposition is suppressed and the damage removal can be i
uncompromisingly examinet?”*®Figure 30 shows aligned L 1400°C |7 1400°C | |
C-RBS spectra for GaN implanted with 100 keV Si at dose . o
of 5X 10™°cm 2 and annealed under the conditions shown in ¥ 20 e
the legend. Included in the legend in parentheses is the mini-
mum channeling yield X, for each sample. An as-
implanted sampléspectra not showrhad ayn, of ~34%, k 1500 °C
therefore significant damage removal has occurred for the
1250°C (ymin=14.28%) sample with continuing improve- b B2 B0
ment with increased temperature. The 1500 °C sample has a y(
channeling yield equivalent to an unimplanted sample and ot T
demonstrated no macroscopic surface decomposition. This 200 300 400 500 600 700 800 900 100C
result suggests that implantation damage can in fact be re-
moved in GaN given a high enough annealing WAVELENGTH (nm)
temperaturé?’e The next s'tep will be to find altematlv? We}ys, FIG. 31. The photoluminescence spectra of samples as-grown and after
besides the extremely high N overpressure, to maintain thgpjantation (si: 100 kev, 5<10%cm2) and annealing as listed in the
sample stoichiometry. legend.

3x10°

INTENSITY

o o
)

e
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tensity than the as-grown material by a factor of three, but 100% act]

was worse than the 1250 and 1400 °C samples. This may 10| _g_g; 4
result from indiffusion of contaminants. The exact nature of ——Ar
this enhancement is under study, but an enhanced donor/
acceptor recombination associated with the Si doping along
with removal of nonradiative centers during the annealing
process was postulated.

Additional work on Zn implantation in GaN by Strite
and co-workers has also demonstrated the benefits of anneal-
ing the implanted samples near 1500 °C at high N pressures :
to recover, and even enhance, the overall luminescEfice. : 1
Suski et al. also showed that annealing unimplantéc., IOSF AR
as-grown samples at such a high temperature and pressure 1012 10 10"
can improve the luminescence efficiency of the matéfial. dose (om?)
At this point the details of the improvement in luminescence
after such annealing is not understood by it may be due tBIQ. 32. Sheet electron density vs impolantation dose of each_ion for Si- and
Stress relief or to defect annifilation. jsoenteq Gan smnedld at 1400/ fr 13 . e op ine represen

e. Dose dependenc®/hile n- and p-type implantation
doping of GaN was previously reported with the use of Si

and O omn type and Mg and Ca fap type, further work was  10% of the implanted Si ions were ionized at room tempera-
needed to optimize the implantation and annealingure, corresponding to 94% of the implanted Si forming ac-
process**'¥In particular, the limits on achievable doping tive donors on the Ga sublattice assuming a Si-donor ioniza-
levels via ion implantation are of interest. Along these linesgion energy of 62 meV**® The absence of free electrons for
the dose dependence of damage formation in Si-implanteghe lower dose Si-implanted samples in this study may have
GaN at 90 keV and 77 K has been reported as discussésken due to compensation by background carbon in the as-
above!*®'**|n that study, GaN was shown to have a Si-dosegrown GaN, as was postulated to exist based on the photo-
threshold for amorphization at 77 K of2x10°cm 2 that  Juminescence spectra. For the two highest dose Si-implanted
is much larger than the amorphization dose for GaAs (4samples5 and 10 10°cm 2) 35% and 50%, respectively,
x10%cm ) but closer to the level for AlAs {8  of the implanted Siions created ionized donors at room tem-
X 10*°cm™?) at this temperature. Since for other compoundperature. The possibility that implant damage alone was gen-
semiconductors the upper limit on the practical implantatiorerating the free electrons can be ruled out by comparing the
dose is generally determined by the onset of amorphizatiopr-implanted samples at the same dose with the Si-
and the impurity solubility level, this result suggested thatimplanted samples which had over a factor of 100 times
very high implantation doses, and therefore high doping levmore free electrons. If the implantation damage was respon-
els, may be possible via implantation in GaN. sible for the carrier generation or for enhanced conduction by
The electrical properties of Si-implanted GaN up toa hopping mechanism then the Ar-implanted samples, which
doses of X10%cm 2 were investigated to ascertain the would have more damage than the Si-implanted samples as a
dose dependence of electrical activation on implantatiomesult of Ar's heavier mass, would have demonstrated at least
dose. Implantation of Ar which should be a neutral impurity as high a concentration of free electrons as the Si-implanted
in GaN, was also studied to better understand the electricalamples. Since this is not the case, implant damage cannot be
nature of the implantation-induced daméage. the cause of the enhanced conduction and the implanted Si
Si ions were implanted at 100 keV at doses from 5must be activated as donors. The significant activation of the
x 10" to 1xX 10'®cm™2. Ar ions were implanted at 140 keV implanted Si in the high-dose samples and not the lower-
and over the same dose range to place its peak range at tHese samples is explained by the need for the Si concentra-
equivalent position as the Si. All samples were annealed aton to exceed the background carbon concentratietd (
1100 °C for 15 s in flowing Bl with the samples in a SiC- x10"®cm™3) that was thought to be compensating the lower-
coated graphite susceptor. This annealing sequence has pdose Si samples.
viously been shown to activate implanted dopants in  Recent work has shown that implanted Si is almost
GaN 13 3lthough it was found not to completely restore 100% substitutional on the Ga site for doses up to at least
the crystal latticé?® Following annealing the samples were 7x10"*cm 2 and annealing at 1100 2 The lattice loca-
electrically characterized at room temperature by the Haltion was determined by a combination of ion channeling,
technique with evaporated Ti/Au ohmic contacts at the corparticle-induced x-ray emission, and nuclear reaction analy-
ners of each sample. sis. This directly ties the observadtype conductivity to
Figure 32 shows the room temperature sheet carrier conncorporation of Si donors in the GaN lattice.
centrations versus implant dose for the Si- and Ar-implanted  In summary, although low dose samples do not show Si
samples after the 1100°C anneal. For the Si-implantedctivation, possibly due to a background carbon level in the
samples, there appears to be no significant donor activatiosample, a Si dose of>410cm™2 demonstrated 50% acti-
until a dose of 5 10*°cm™2 is achieved. This is in contrast vation. The possibility that implantation damage alone is re-
to earlier results at a dose obBLO*cm 2 where roughly  sponsible for the enhanced conductivity was discounted by

104¢E
b 100% activation

10"

sheet electron conc. (cm'z)

1016 1017
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FIG. 34. Sheet electron concentration for unimplanted and Si-implanted
(100 keV) AlGaN (15% AIN) at the doses shown vs annealing temperature.

FIG. 33. Photoluminescence spectra from Er-implanted GaN coimplanted
with O and annealed at 700 °C.
Wilson that Er-doped GaN maintained most of its low tem-

perature luminescence at room temperatfifé®
comparing the Si-implanted samples to Ar-implanted  Since both of these studies used implant activation an-
samples. nealing temperatures ¢£900 °C, significant implantation-

f. Rare-earth implantationEr implantation is an addi- induced damage will still exist in the samples and degrade
tional area of research related to GaN. The introduction of Ethe luminescence efficiency. When more optimum, higher
into a host 1l1-V semiconductor is of interest as a potentialtemperature annealing is applied to this technology, signifi-
source of optical emission at 1.24n for use in telecommu- cant improvement in the 1.54m luminescence should re-
nications via optical fiber link$$® The optical emission is a sult.
result of the E¥* atomic transition, in the presence of the g. Activation in alloysAlGaN layers will be employed
local semiconductor field, that has the required energy levein heterostructure transistors to realize a two dimensional
This is the transition presently used in Er-doped fiber ampli€lectron gag2-DEG) and to increase the transistor break-
fiers (EDFA).1%4-168|f this transition can be efficiently acti- down voltage. As discussed in the introduction, implantation
vated within a semiconductor laser cavity, this would pro-can be used to reduce the transistor access resistance of the
duce an effective source for optical fiber communications a\lGaN barrier. One would anticipate that the addition of Al
1.54 um 163 to the GaN matrix will increase the damage threshold as is

One of the first reports of the luminescence properties ofhe case for AlGaAs as compared to GaAsbut little work
Er-implanted GaN was by Wilsoet al,'®” with subsequent has been reported in this area. Recently the first implantation
confirmation of the results by Qiat al1®® The Er was im-  doping studies have been reported for AIGER{!"
planted along with O which has been shown to enhance the For the work by Zolpeet al,'!® the AlGaN layer used
Er luminescence intensity in other semiconductors. The enrfor the Si implantation was nominally 1.,0m-thick grown
hancement by dor F) codoping has been attributed to the on a c-plane sapphire substrate. The Al composition was
impurity atoms forming ligands with the Er atoms and con-estimated to be 15% based on x-ray and photoluminescence
verting the local bonds into a more ionic sta?&:'’* The  measurements. The as-grown minimum backscattering yield
Er-implanted GaN was annealed between 650 and 700 °@easured by channeling Rutherford backscattering was 2.0%
and the luminescence spectrum shown in Fig. 33 with mangnd is comparable to a high quality GaN layer.
of the characteristic Er-emission lines was achieved under The AlGaN samples were implanted with Si at room
optical excitation using an Ar-ion laser at a wavelength oftemperature at an energy of 100 keV at one of two doses, 1
457.9 nm*®’ In addition, the luminescence intensity was or 5x10*°cm 2. The higher Si dose has previously been
nearly as strong at room temperature as at 77 K. This ishown not to amorphize GaN and produce an as-implanted
contrast to reports of thermal quenching of the Er emission athanneling yield of 34% in GaRP.
room temperature in narrower band gap semiconductors. Itis Samples were characterized by channeling Rutherford
this suppression of the temperature dependence of the ErbackscatteringC-RBS with a 2 MeV beam with a spot size
luminescence in GaN that makes a wide band gap host sof 1 mn? at an incident angle of 155°. Aligned spectra are
attractive for this applicatioff® taken with the beam parallel to tleeaxis of the GaN film.

The work by Qiuet al. compared Er/O implanted GaN Random spectra are the average of five off-axis, off-planar
to similarly implanted sapphire and found only a 5% reduc-orientations. Electrical characterization was performed using
tion in the Er-related emission between 6 and 380 K comthe Hall technique at room temperature.
pared to an 18% reduction for the sapphire. In that study the Figure 34 shows the sheet electron concentration and
samples were implanted at Er dose of 1 okI@*cm 2 (O  versus the annealing temperature for the Si-implanted Al-
dose of 1X10'®cm™?) and annealed at 900°C for 30—60 GaN sample. Data for an unimplanted sample is included as
min in flowing NHs.'% The work confirmed the results of a control. First of all, it is clear that the unimplanted samples
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600 — e ] TABLE V. Comparison of GgO; and SiQ.

—{+— unimplanted ]
—a— 1x10" cm® H Oxide G0, Sio,

—— 5¢10" em™?

500 -

400 & —&— annealed: 1100 °C, 30 sec!] Melting point (°C) 1850 1600
Q Dielectric constant 10.2-14.2 3.9
2 300 Energy gapeV) 4.4 9
© Dielectric strength(V/cm) 3.5x10° 10°

200 [0

100 |

e e, =t a ) WO work is needed to develop a manufacturable annealing pro-

0 100 200 300 400 500 cess between 1300 and 1500 °C at reproducible N pressures.
channel number The role of native defects, particularly dislocations, on the

FIG. 35. Channeling Rutherford backscatteri@RBS spectra for as- activation of |m.planted dopan.ts Can, now be addressed with
grown, unimplanted, Si-implanted00 keV, 1 or 5 10%cm 2), and im-  the demonstration of nearly dislocation free GaN formed by
planted(100 keV, 5% 10'5cm™2) annealed at AlGaN. lateral epitaxial overgrowtiLEO).}”4717 This defect free
material is likely to make the study gf-type implantation
more reproducible. Areas of interest for implant isolation

have sianificant donors produced by the annealing pr include demonstration of truly thermally stable isolation, un-
ave signiticant donors produced by the annealing p .Ocestferstanding the nature of hydrogen implant isolation, deter-
alone. This may be due to the activation of unintentional

imouriti has Si or O. in the film. O mav b ricul rmination of the behavior of deeps levels such as Cr and Fe,
purities, such as i or 4, € -0 May DE a particuiar, 4 1he effect of implant isolation on the properties of wave-
suspect due to the tendency of O to incorporate in Al-_ .
S . g . guide losses.
containing material. At the highest temperature, the hlghg

dose Si-implanted sample has four times higher free eIectroEln The possibilities are extensive for the application of jon
o . lantation to group lll-nitride semiconductor devices. A
concentration (1.%10%cm 2 than the unimplanted P group

sample. This corresponds to 34% activation of the im Iantef w examples would be the use of selective area implantation
S pie. Thi P o activatl Imp oping to improve the contact resistance of 1lI-N laser or

. . . FET structures or using ion implantation isolation to realize
Figure 35 shows aligned C-RBS spectra for 15% Al in g P

: . - . an electrically injected vertical cavity surface emitting laser
AlGaN either as-growrfunimplanted, after Si implantation : o :
' ; or to produce light-emitting devic&ED) arrays.
at a dose of 1 or 810cm 2, and for the higher dose b 9 9 4ED) array

. With continued improvements in the quality of group
6

sampsles ?;ter annealirig” AS.WT’J‘S the case for_ GaN, _the 1 III-N materials, ion implantation doping and isolation can be

X 10'%cm ™2 sample shows limited dechanneling while the

) - expected to play an enabling role in the realization of many
higher dose sample shows a marked damage peak. The mi ldvanced device structures. As reviewed in this section, sig-

mum channeling yield for the high dose sample was 26'670%ificant progress has been made in proof-of-principle dem-

\t’)Vht'Ch IS I30A\r/:)//er th(;agStg}a_t selentf%r GZN \f[\;]h'Ch Sho“ﬁﬁﬁdh i onstration. However, significantly more effort is needed on
elween oan o Impianted under the same conditiong, . starting material and the process technology to make im-

.Th's means the addition of 15% alum|num fo the GaN ma.lt.m:g)lantation of group lll-nitride semiconductors the same
increases its damage thre7szhold as is the case for Al additionis -0 technology it is in an other, more mature semi-
to GaAs to form AlGaAs’? The spectra for the annealed :
. : . __conductor material systems.

sample shows limited damage removal, again consistent wnﬁ
that seen for GaN at this temperatdf@There is evidence,
however, of improvement in the near surface as seen by th
reduction in the first surface peak. This peak has been sug- Work in this area for power MOSFETs and gate turn-off
gested to be due to preferential sputtering of nitrogen fronthyristors is just commencing and some preliminary results
the film surfacé® The reduction of this peak via annealing are becoming available for AIN, AION, and G&d)O,, the
suggests the surface stoichiometry is restored during the atatter producing excellent characteristics on GaAs and In-
neal. Further study is needed to better understand this effedgaAs and now being applied to GaN. Channel modulation

The redistribution of implanted Si, Mg, and C in has been demonstrated for AIN and(Gd)O, , but interface
Alg1Ga N was studied by Polyakov and co-workéfs. state densities appear well above“idin~2 at this point and
While Si and C demonstrated no measurable diffusion bymuch future effort is required to reduce this level. Table IV
SIMS after at 1140 °C1 h anneal, Mg did show appreciable shows a comparison of the properties of,Ga(which is the
profile broadening and indiffusion under these conditionsmajor component of the dielectii@and SiQ.1?° While the
Activation of a modest Si dose (610" cm 2 was also latter is superior in terms of breakdown strength,@gs an
achieved by annealing at 1140 °C with a resulting peak elecattractive option.

0

. Gate dielectrics

tron concentration of 1210 cm 3. More work is needed A number of GaN field effect transistol§ET9 and
on the affect of Al composition on the implantation proper- AIGaN/GaN heterostructure FETs have been reported, show-
ties of AlGaN. ing excellent device breakdown characteristics'’® How-

Although significant progress has been reported for iorever, the conventional low resistaneé-cap layer structure
implantation doping and annealing of GaN and AlGaN, therdor the GaAs technology cannot be applied in the nitride
are still many areas for further research. For example, furthebased material system to reduce the parasitic resistance, ow-
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s

ing to no adequate gate recess technology being available 193 ,
The Il nitrides are chemically very stable and few wet etch-
ing recipes exist. GaN may be etched by molten KOH of
NaOH at=400 °C, while laser enhanced HCI or KOH solu- <
tions produce etch rates of a few hundred angstroms pei”
minute at room temperatuté® Virtually all of the nitride
devices reported to data have employed dry etching for pat-
tern transfer and ion bombardment induced low gate break-
down voltages were observéd:'®1Both of these problems
(gate recess and surface degradatioray be overcome by
using a MOSFET approach. :, . 4

Recently, interface properties of @&x(Gd,0,)/GaAs 103 . . . S .
structures fabricated using situ multiple-chamber molecu- “ 2 ° 2 4
lar beam epitaxy have been investigated. The oxide films Diode Voltage (V)
were deposited on clean, atomically orde(&d0) G_aAS Sl.JI’- FIG. 36. Comparison of thé—V characteristics of Schottky gate and
faces at~550°C by electron-beam evaporation using ags0,(Gd,0.)/GaN diode.

GdyGa0,, single crystal source. A midgap surface state

density of 2<10*°%cm2eV ! was obtained, several orders

of magnitude lower than with most other dielectrtééBoth  Ga,0,(Gd,0,) was deposited on the GaN using e-beam
n- and p-GaAs based enhancement-mode MOSFETs wergvaporation at a substrate temperature of 55¢%°C.

also demonstrateld3-185 For the AIN growth, a MOMBE system was used. The

Aluminum nitride has been proposed as a potential reGaN oxides were thermally desorbed at 700°C undgr N
placement for silicon dioxide in high temperature MIS basedylasma, and AIN was grown with trimethylamine alane and
silicon carbide device applications. AIN is a wide band gapnitrogen generated from a Wavemat ECR Nasma at
semiconductok6.2 eV) but if made undoped, its properties ~400 °C.
are most like those of an insulator. A high relative dielectric  After the AIN or Ga0O3(Gd,03) deposition, a metalliza-
constant(8—9 alleviates the problem of high fields in the tion of Pt/Ti/Pt/Au (50 A/50 A/200 A/2000 A was directly
dielectric in high voltage application. The breakdown elec-deposited on the insulator layer again through the shadow
tric field, however, is not yet well determined. Moreover, themask with different diameters to complete the diode forma-
thermal conductivity of AIN is high, making this material a tion.
potential high temperature stable gate dielectric. One diffi-  The development of a suitable insulator for GaN MOS-
culty associated with this material may be its tendency ta~ET structures is a critical step. Conventional dielectrics
deposit as a polycrystalline layer rather than an amorphousuch as Si@and SiN, have generally failed on IlI-V ma-
one. This allows more rapid diffusion of impurities and is terials because of high interface state densities. We believe
highly undesirable. that AIN or GaO4(Gd,O;) layers offer the best opportunities

Ga03(Gdi03) has recently been applied to make GaNfor sustaining high fields at low defect densities.
diodes and MOSFETs. We also used a MOMBE system t@&a05(Gd,O3) had recently been developed as an excellent
grow the aluminum nitride for the alternative diode insulator.insulator on GaAs$® The same approach can be extended to
The MIS diodes using these two insulators were then fabriGaN.
cated and characterized witk-V and capacitance—voltage As shown in Fig. 36, thel-V characteristics of a
(C-V) measurements. The dielectric thickness and interfac&a0;(Gd,O3)/GaN diode shows a very low leakage current
roughness were measured with x-ray reflectiVi§/ 8’ on both forward and reverse bias. The forward breakdown

The GaN layer structure was grown @niAl,O5; sub-  voltage (defined at 10uA of diode currentis 6 V. The
strates prepared initially by HCI/HN@H,O cleaning and an charge modulation of the MOS diode was clearly demon-
in situ H, bake at 1070 °C. A GaN buffer300 A thick was strated from the change from accumulation mdpesitive
grown at 500 °C using trimethylgallium and ammonia, andbiag to depletion modénegative biasat different frequen-
crystallized by ramping the temperature to 1040 °C within 2cies. The typical inversion phenomena exhibited in 38D
min. The same precursors were again used to gr@dwyum  diode is not observed, which might be due to the nature of
of undoped GaNrf<1x10*cm 3% and a 2000 A Si-doped ionic bonding of nitride-based materials which have long
(n=2x10"cm3) active layer:® minority carrier lifetime.

The diode fabrication started with ohmic contact forma- From x-ray reflectivity measurements, the thickness of
tion by depositing In on the edge of the GaN samples bythe GgO5(Gd,05) and the root-mean-square roughness of
using shadow mask and heat up to 500 °C. Then, the sampléise GaO5(Gd,03)/GaN interface were estimated to be 195
were transferred to growth chamber for insulator growth. Forand 3 A, respectively. The slope of the x-ray reflectivity is a
the GaO5(Ga0;) growth, the sample was loaded into a function of the oxide thickness and the roughness of the
solid source MBE chamber and the native oxides of GaNGa05(Gd,O5)/GaN interface as well as the air/
were thermally desorbed at a substrate temperature d@®a03(Gd,05) interface will determine the widths of oscilla-
700°C. After oxide desorption, the wafer was transferredion periods. With the 195-A-thick G&3(Gd,03) and the 6
under vacuum (10'°Torr) into a second chamber and the V forward breakdown, the breakdown field of the oxide is

10_8 Au/Pt/Ti/Pt/GaN

Au/PYTi/Pt/Oxide/GaN

Diode Curren
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FIG. 37. Comparison of thé—V characteristics of a Schottky gate and
AIN/GaN diode.

>12 MV/cm. The atomic level3 A) smoothness for the
Ga0;(Gd,05)/GaN interface can provide a higher carrier
mobility in the channel for a MOSFET.

For the AIN/GaN material system, the diotleV char-
acteristics also show a very low leakage current on both for-
ward and reverse bias. A forward breakdowin5oV was
obtained, as shown in Fig. 37. Fro@+V data the charge
modulation of the MIS diode was also clearly demonstrated
from accumulation mode to depletion mode at different fre-
guencies.

The thickness of the AIN and the root-mean-square
roughness of the AIN/GaN interface were determined to be
345 and 20 A, respectively. The 20 A roughness of the AIN/
GaN interface may be due to the interdiffusion between Al
and Ga, however, more detailed study is needed to confirrﬁ'G' 38. GaN D-MOSFET -V characteristics measured at different tem-
this. With the 345 A-thick AIN and @ 5 V forward break- oo 'e®
down, the breakdown field of the oxide is around 1.4 MV/
cm. The lower breakdown field may be caused by the rough
AIN/GaN interface or the crystallinity of the AIN. two supply voltages, with relatively high power consump-

In summary, GaN MIS diodes were demonstrated usingion. In particular it is desirable to have available
MOMBE grown AIN and MBE evaporated G@;(Gd,0O3) as  enhancement-mode MOSFETSs to reduce circuit complexity
the insulators. The breakdown fields of AIN and and power consumption.

Ga05(Gd,05) diodes are 1.4 and 12 MV/cm, respectively. Using the G&Gd)O, , we have recently fabricated deple-
From the C—V measurement, both kinds of diodes showtion mode GaN MOSFETSs on-type (~3x 10" cm™3) ep-
good charge modulation from accumulation to depletion ailayers grown on AJO;. Figure 38 showd -V characteris-
different frequencie$100 kHz—10 MH2z. Extremely smooth tics at 25 and 250 °C. The characteristics are affected by the
Ga05(Gd,05)/GaN interfaces are achieved and the rms ofrelatively high source/drain contact resistance, but improve
the interface roughness B3 A which is the atomic range. at higher temperature§ig. 39. We have tested these de-
However, the rms roughness AIN/GaN interface is around 2@ices to >400 °C where the characteristics continue to im-
A which may be caused by interdiffusion by Al and Ga, prove.

more detailed study is needed to confirm this. For future = While G&Gd)O, (where Ga is predominantly in th€3
studies, the surface cleanifig situ or ex sity wet/dry pro-  oxidation state, Gd is the electropositive stabilizer element
cesses, including thermal oxide desorption, ozone cleaninfpr stabilizing Ga in the 3 oxidation state, and is high

of HF vapor, and thermal stability of the diodes are the keyenough to satisfy the requirement that Ga and Gd are essen-
to the realization of the GaN based MISFET technology. tially fully oxidized) has been the oxide that has worked best

The advantages of MOSFETS relative to MESFETSs areon compound semiconductors to date, there are many other
well established, but due to the absence of a suitable dielepossible dielectrics that might have a low enough interface
tric for compound semiconductors, GaAs-based integratedtate densityi.e., <10'*cm ?eV ! to successfully produce
circuits use MESFETSs. This means that the circuits requirddOSFETs on GaN.
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40 T - T . - KOH-based solutions, such as AZ400K developer, produce

a5 | 4 reaction-limited etching with an activation energy e15.5

wl " GaN/TIWSITiAu | kCalmol! (Fig. 40. The rates are a strong function of ma-
Annealed at 450°C terial quality, with higher quality AIN etching at a slower

25 ] rate.

20| 4 In this section, we report on an examination of the wet

etching of AIN and IpAl;_,N in KOH solutions as a func-

°r ’ tion of crystal quality, etch temperature, and composition.

Transfer Resistance (ohm-mm)

o 1 AIN sample prepared by reactive sputtering on Si substrates
s| e . i at ~200°C were annealed at temperatures from 400 to
N 1100 °C and as expected, the etch rate decreased with anneal
0 50 100 150 200 250 300 temperature, indicating improved crystal quality. We found
Chuck Temperature (C) that InAIN on Si substrates had higher wet etch rates com-

pared to the same material on,85. Both AIN and InAIN
samples had an increase in etch rate with etch temperature.

2 T T T T T
10 i The etch rate for the InAIN increased as the In composition
n-GaN/Ti/WSi/Ti/Au increased from 0% to 36%, and then decreased to zero for
I Annealed at 450°C | InN. Finally, th effect of doplng concentration in I_nAIN
10% : samples of similar In concentratiof*~3%) was examined

and much higher etch rates were observed for the heavily
I doped material at solution temperatures above 60 °C, due to
10k \_\ 4 the Fermi-level dependent etch mechanism.
: - The AIN was reactively sputter deposited on a Si sub-
strate to a thickness ef1200 A using a Ndischarge and a
10 | o pure Al target. This type of AIN film has been shown to be
0 50 100 150 200 250 300 an effective annealing cap for GaN at a temperature of
Chuck Temperature (C) 1100°C. The InAIN samples were grown using metal or-
ganic molecular beam epitaxyMOMBE) on semi-
insulating,(100) GaAs substrates qrtype (1 2 cm) Si sub-
strates in an Intevac Gen Il system. The group Il sources
were triethylgallium, trimethylamine alane, and trimethylin-
dium, respectively, and the atomic nitrogen was derived
] from an ECR Wavemat source operating a 200 W forward
D. Wet etching power. Both AIN and InAIN layers were single crystal with a
Under normal conditions, only molten salts such ashigh density (18" to 10?cm™?) of stacking faults and mi-
KOH or NaOH at temperatures above250 °C have been crotwins. InNAIN samples were found to contain both hexago-
found to etch GaN at practical rates, and the difficulty ofnal and cubic forms. The JAl;_,N films were either con-
handling these mixtures and the inability to find masks thatlucting n-type as-grown {10'8cm™3) for x=0.03 due to
will hold up to them has limited the application of wet etch- residual autodoping by native defects or fully depleted for
ing in GaN device technology. We have found that AIN andx<<0.03. The compositions examined were 100%, 75%,
Al-rich alloys can be wet etched in KOH at temperatures 0f36%, 29%, 19%, 3.1%, 2.6%, and 0% In.
50-100°Ct® The Adesida group has recently published The AIN samples were annealed in a RTA system
several reports on photochemical etchingmfGaN using (AG410T) face down on a GaAs substrate for 10 s at tem-
365 nm illumination of KOH solutions near room peratures between 500 and 1150 °C in aalnosphere. For
temperaturé?? following on the work of Minskyet all”®  wet etching studies, all samples were masked with Apiezon
Rates of 3000 A min' were obtained for light intensities of wax patterns. Etch depths were obtained by Dektak stylus
50 mW/cnf, and the etch reaction was assumed to be profilometry after the removal of mask with an approximate
N 5% error. Scanning electron microsco{8EM) was used to
2GaNt 6h+—2Ga" +N, . examine the undercutting on the etched sample. AZ400K
The etching was generally diffusion limited, with somewhatdeveloper solution, with an active ingredient KOH, was used
rough surfaces. Intrinsic angtGaN do not etch under these for the etch, and etch temperatures were between 20 and
conditions, and undercut encroachment occurred in som&0 °C.
small-scale features due to light scattering and hole diffusion  Figure 41 shows the etch rate of the sputtered AIN as a
in the GaN itself. This process looks very promising and mayfunction of etch temperature for samples as grown or an-
be useful for several different fabrication steps in both elecnealed at 500, 700, 900, 1000, and 1100 °C. The etch rates of
tronic and photonic devices, as well as for defect counting.both the as-deposited and 500 °C annealed sample increase
A compilation of etch results for binary and ternary ni- sharply as the etch temperature increases from 20 to 50 °C,
trides is shown in Table V. These results are for nonlight-and then level off; the rate drops by approximately 10% with
assisted conditions. For single crystal AIN we find thata 500 °C anneal. The samples annealed at 700, 900, and

Spec. Contact Resistivity (ohm-cmz)

FIG. 39. Temperature dependence of contact properties for T{/AVBAuU
onn-GaN.
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TABLE V. Compilation of etching results in acid and base solutions, performed at room tempé&g81i® unless otherwise noted.

Pearton et al.

GaN InN AIN InAIN InGaN
Citric acid (75 °Q 0 0 0 0 0
Succinic acid(75 °Q 0 0 0 0 0
Oxalic acid(75 °O) 0 Lifts off Lifts off Lifts off Lifts off
Nitric acid (75 °C) 0 Lifts off Lifts off Lifts off Lifts off
Phosphoric acid75 °C) 0 0 Oxide removed Oxide removed 0
Hydrofluoric acid 0 Lifts off 0 0 Lifts off
Hydriodic acid 0 0 0 0 0
Sulfuric acid(75 °C) 0 Lifts off 0 0 0
Hydrogen peroxide 0 0 0 0 0
Potassium iodide 0 0 0 0 0
2% Bromine-methanol 0 0 0 0 0
n-Methyl-2-pyrrolidone 0 0 0 0 0
Sodium hydroxide 0 Lifts off Lifts off Lifts off Lifts off
Potassium hydroxide 0 Lifts off 22,650 A mih 0 0
AZ400K Photoresist developé&r5 °C) 0 Lifts off ~60-10,000 A min'  Composition dependent 0
Hydriodic acid/hydrogen peroxide 0 0 0 0 0
Hydrochloric acid/hydrogen peroxide 0 0 0 0 0
Potassium triphosphat@5 °C) 0 0 0 0 0
Nitric acid/potassium triphosphat&5 °C) 0 Lifts off 0 0 0
Hydrochloric acid/potassium triphosphgi#s °C) 0 0 0 0 0
Boric acid (75 °C) 0 0 0 0 0
Nitric/boric acid (75 °C) 0 Lifts off 0 0 Lifts off
Nitric/boric/hydrogen peroxide 0 Lifts off 0 0 Removes oxide
HCI/H,0,/HNO; 0 Lifts off 0 Lifts off Lifts off
Potassium tetraborat@5 °C) 0 Oxide removal Oxide removal Oxide removal Oxide removal
Sodium tetraboraté75 °C) 0 0 0 0 0
Sodium tetraborate/hydrogen peroxide 0 0 0 0 0
Potassium triphosphat@5 °C) 0 0 0 0 0
Potassium triphosphate/hydrogen peroxide 0 0 0 0 0

1000 °C also show similar trends, with a monotonic decrease The activation energy for an etch solution can be deter-
in rate for higher anneal temperatures. The crystal qualitynined from an Arrhenius plot, and is shown in Fig. 42. The
appears to improve significantly with anneal temperature aactivation energies for all samples was the same within ex-
indicated by the drop in the etch rate. The etch rate continuggerimental error, 2.8 0.5 kcal mol'L. This is indicative of a

to drop by ~10% with each successive anneal, to 1000 °Cdiffusion-limited reactiort!® This is much lower than the
After 1100°C the etch rate drops and is less temperaturactivation energy of 15.45 kcal mdl reported by Mileham
dependent. Overall there is an90% reduction in etch rate et al!® for AIN grown by metal organic molecular beam
from the as-deposited AIN film to those annealed at 1100 °C

for etching at 80 °C.
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FIG. 40. Arrhenius plot of etch rate of three different AIN samples in
AZ400K developer solution. The higher the AIN quality, as measured byFIG. 41. Etch rate of AIN as a function of etch temperature for samples
as-deposited or annealed at 500, 700, 900, 1000, and 1100 °C.

XRD, the slower the etch rate.
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FIG. 42. Arrhenius plots of etch rates for as-deposited or annealed AIN as g|G. 44. Etch rate for IpAl,_,N for 0<x<1 at solution temperatures
function of reciprocal etch temperature. between 20 and 80 °C.

epitaxy. The quality of the material in the current experiment ) _ ) )
is much lower though, and the etch may be proceeding apet etch rate on material quality and emphasizes why it has

such a rapid rate that the solution is becoming depleted dproven very difficult to find etch solutions for high quality
reactants near the materials surface. single-crystal nitrides.

The etch rates as a function of solution temperature for ~ Etch rates for IpAl; ,N grown on GaAs for &x<1
In,Al; N (x=0.19) grown on either GaAs or Si is shown &€ shown in Fig. 44, for etch temperatures between 20 and

in Fig. 43. At 20 °C etch temperature there is no difference inP0 °C. Up t0 40 °C the etch rates are very low and show little

etch rate. The etch rates for both materials increase with etcfePendence on In composition. The AN etches much faster
temperature, with the differential in etch rates also increasingt these temperatures than any composition of theoternary
with temperature. As was mentioned previously, the inAIN&lloy INAIN. As the etch temperature increases to 60 °C, the

grown on Si has a greater concentration of crystalline defect§{Ch rates increase, showing a peak for 36% In. This is pre-
as evident from x-ray diffraction and absorption measureSUmably due to a tradeoff between the reduction in average
ments. At 80 °C the etch rate for the film on the Si substrat®0nd strength for InAIN relative to the pure binary AN, and
is approximately three times faster than for film grown onthe fact that the chemical sensitivity falls off at higher In

GaAs. This is another clear indication of the dependence ggoncentrations. Thus the etch rates initially increase for in-
creasing In, but then decrease at higher concentrations be-

cause there is no chemical driving force for etching to occur.
20000 vty rmrs o InN did not etch in this solution at any temperature but was
[ ] occasionally lifted off during long etches because of the de-
] fective interfacial region between InN and GaAs being at-
. tached by the KOH.
] Arrhenius plots of etch rates for JAl;_,N for 0<x
] <1 giving activation energies for the etches are shown in
] Fig. 45. There is substantial scatter in the data, but the acti-
] vation energies are all in the range of 2—6 kcal Mplvhich
] again is consistent with diffusion-controlled etchitt§ This
y is not desirable for device fabrication processes because the
rates are then dependent on solution agitation and the etched
surface morphology are generally rougher than for reaction-
controlled solutions.
Apart from material quality or composition, another fac-
tor which often plays a role in determining etch rates is
- ; sample conductivity. Figure 46 shows a plot of InAIN etch
0 20 0 T 070 a0 so versus etch rate temperature for samples with 2.6% and 3.1%
In, which were depletedn<10'®cm™3) and doped ah~5
Etch Temperature (°C) x 10 cm™3, respectively. Since the autodoping changes

FIG. 43. Etch rates as a function of etch temperature fohlin N grown  rapidly arounq this composition, but there is little change in
on GaAs and Si for 19% In. In concentration, these samples represent a good test of any

16000 |
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SARAE SARRE RARRE AN that are typical of a diffusion-controlled etch mechanism.

® 0% In E =1.84 kcal/mol
InAIN m 19%In E.:s_gs keal/mol The etch rate for the InAIN initially increased as the In com-
A 29% In E,=6.00 kcal/mol position increased from 0% to 36%, and then decreased to
A 4 v v 36% In E =4.34 keal/mol zero for pure InN. Ther-type InAIN etched approximately
10000 L + 75% In E,=2.06 keal/mol two times faster than the undoped material above 60 °C, in-
T ; dicating that electrons play a role in the etch mechanism.
£ Kim et al1*3reported that BPO,, NaOH, and KOH so-
:g lutions were able to remove Mleficient layers in GaN cre-
= ated by processes such as high temperature annealing or dry
& etching. The onset of etching occurred~at60 °C, with rates
1000 L i of ~45 As ™! at 180 °C for defective GaN surface layers.

Stockeret al1% found they could obtain effective crys-
tallographic etching of wurtzite GaN in similar solutions at
~170°C. Use of ethylene glycol rather than®as the di-
L Te lutent enabled them to carry out the etching at temperatures
32 33 34 35 36 up to ~190 °C. Phosphoric acid was able to etch {1612}
and {1013} planes, molten KOH thg€1010} and {1011}

Henius olots of etch oA . . planes, and KOH in ethylene glycol t§&010} plane. Mol-
=xX< - . . . .
FIG. 45. Arrhenius plots of etch rates fordi, N for 0=x=1 as func- o, K OH has been shown previously to reveal dislocations in
tion of reciprocal etch temperature, giving activation energy for etch. G N195 196
aN> =™

Lee et al1®" found that the lowest contact resistivity for

effects related to conductivity. The samples have similar etcf?d/Au onp-GaN was achieved using KOH rinsing prior to
rates at low solution temperatures. Above 60 °C, howevernetal deposition. For example, without this treatmeRry,
the n-type sample etch rate increases more rapidly, approxiwas 2. 10 *Qcm? for a p-doping level of 3
mately two times faster than the depleted sample. These re< 10°cm ™, whereas the KOH treatment reduced this to
sults imply that at temperatures where fast etch rates occuf, X 10 Q cn?. Surface analysis showed that the KOH re-
the electrons in the-type sample are part of the chemical moved the native oxide, which apparently inhibits hole trans-
reaction between the OHons and the Al in the InAIN film. ~ Port from metal-to-GaN.
They may enhance formation of these ions initially and thus
the etch rate is enhanced. E. Dry etching

Etching with KOH-based solution is completely selec- o .
tive for INAIN over GaN or InN. We have discussed that ~ Du€ to limited wet chemical etch results for the group-
annealing of sputtered AIN improved the crystal quality of !l nitrides, a significant amount of effqrt rj%c,zbeen devoted to
the film and decreased the chemical etch rate in KOH solut€ development of dry etch processiig:***Dry etch de-
tions. INAIN etch rates are also seen to increase with decrea¥€loPment was initially focused on mesa structures where
ing crystalline quality. Both AIN and InAIN samples had high etch rates, anisotropic profiles, smooth sidewalls, and

activation energies for etching in KG&B kcal mol ™, values equirate etching of dissimilar materials were required. For
’ example, commercially available LEDs and laser facets for

GaN-based laser diodes were patterned using reactive ion
e e S AN AR etch (RIE). However, as interest in high power, high tem-

1 perature electronié®2%® increased, etch requirements ex-
panded to include smooth surface morphology, low plasma-
induced damage, and selective etching of one layer over
7 another occurred. Dry etch development is further compli-
1 cated by the inert chemical nature and strong bond energies
of the group-lll nitrides as compared to other compound
semiconductors. GaN has a bond energy of 8.92 eV/atom,
INN 7.72 eV/atom, and AIN 11.52 eV/atom as compared to
1 GaAs which has a bond energy of 6.52 eV/atdln this
| section we will review dry etch processes for the group-lil
nitrides.

! PN ISR [

27 28 29 30 3.1
1000/T (K')

10000 - | _o_ depleted
L | —m— n-5x10" cm®

5000

Etch Rate (A/min)

1. Etch techniques

| | a. Plasma etchingDry plasma etching has become the
vooee b b b e g L b e Lo b uy 1 H 1 _ e
10 20 50 0 T e 70 s a0 dominant patter'nlng .technlque fqr the group [l nitrides dge
. to the shortcomings in wet chemical etching. Plasma etching
Etch Temperature (°C) proceeds by either physical sputtering, chemical reaction, or
FIG. 46. Etch rate fon type (3.1% In and depleted INAIN2.6% In asa & combmatpn of the_two often _refe_rred to as ion-assisted
function of solution temperature. plasma etching. Physical sputtering is dominated by the ac-
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FIG. 47. Schematic diagram ¢#) RIE, (b) ECR, and(c) ICP etch platforms.

celeration of energetic ions formed in the plasma to the subwith minimal damage can be realized and optimum device
strate surface at relatively high energies, typical®00 eV. performance can be obtained.
Due to the transfer of energy and momentum to the substrate, b. Reactive ion etchingRIE utilizes both the chemical
material is ejected from the surface. This sputter mechanisrand physical components of an etch mechanism to achieve
tends to yield anisotropic profiles; however, it can result inanisotropic profiles, fast etch rates, and dimensional control.
significant damage, rough surface morphology, trenchingRIE plasmas are typically generated by applying radio fre-
poor selectivity, and nonstoichiometric surfaces thus mini-quency(rf) power of 13.56 MHz between two parallel elec-
mizing device performance. Pearton and co-workers mearodes in a reactive gasee Fig. 47a)]. The substrate is
sured sputter rates for GaN, InN, AIN, and InGaN as a funcplaced on the powered electrode where a potential is induced
tion of Ar™ ion energy?® The sputter rates increased with and ion energies, defined as they cross the plasma sheath, are
ion energy but were quite slow;600 A/min, due to the high typically a few hundred eV. RIE is operated at low pressures,
bond energies of the group IlI-N bond. ranging from a few mTorr up to 200 mTorr, which promotes
Chemically dominated etch mechanisms rely on the for-anisotropic etching due to increased mean free paths and
mation of reactive species in the plasma which adsorb to theeduced collisional scattering of ions during acceleration in
surface, form volatile etch products, and then desorb fronthe sheath.
the surface. Since ion energies are relatively low, etch rates Adesidaet al. were the first to report RIE of GaN in
in the vertical and lateral direction are often similar thusSiCl,-based plasma®? Etch rates increased with increasing
resulting in isotropic etch profiles and loss of critical dimen-dc bias, and were=500 A/min at —400 V. Lin et al. re-
sions. However, due to the low ion energies used plasmasorted similar results for GaN in Bgland SiC} plasmas
induced damage is minimized. Alternatively, ion-assistedwith etch rates of 1050 A/min in Bglat 150 W cathode
plasma etching relies on both chemical reactions and physiarea 250 irf) rf power2%® Additional RIE results have been
cal sputtering to yield anisotropic profiles at reasonably highreported for HBr2° CHF,-, and CC}F,-based'! plasmas
etch rates. Provided the chemical and physical componentsith etch rates typically<600 A/min. The best RIE results
of the etch mechanism are balanced, high resolution featurder the group-lll nitrides have been obtained in chlorine-
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based plasmas under high ion energy conditions where thglasma uniformity over a wider area, and lower cost-of-
[1I-N bond breaking and the sputter desorption of etch prod-operation. The first ICP etch results for GaN were reported in
ucts from the surface are most efficient. Under these condia ClL/H,/Ar ICP-generated plasma with etch rates as high as
tions, plasma damage can occur and degrade both electrical6875 A/min?2622 Etch rates increased with increasing dc
and optical device performance. Lowering the ion energy obias and etch profiles were highly anisotropic with smooth
increasing the chemical activity in the plasma to minimizeetch morphologies over a wide range of plasma conditions.
the damage often results in slower etch rates or less anis@aN etching has also been reported in a variety of halogen-
tropic profiles which significantly limits critical dimensions. and methane-based ICP plasrm#s?’
Therefore, it is necessary to pursue alternative etch platforms MRIE is another high-density etch platform which is
which combine high quality etch characteristics with low comparable to RIE. In MRIE, a magnetic field is used to
damage. confine electrons close to the sample and minimize electron
c. High-density plasma etchinghe use of high-density loss to the walf*®-24°Under these conditions, ionization ef-
plasma etch systems including electron cyclotron resonandiiencies are increased and high plasma densities and fast
(ECR), inductively coupled plasm#&CP), and magnetron etch rates are achieved at much lower dc bidtess dam-
RIE (MRIE), has resulted in improved etch characteristicsage as compared to RIE. GaN etch rates-68500 A/min
for the group-Ill nitrides as compared to RIE. This observa-were reported in BGlbased plasmas at dc biases-100
tion is attributed to plasma densities which are 2 to 4 orderd.?*° The etch was fairly smooth and anisotropic.
of magnitude higher than RIE thus improving the IlI—-N bond d. Additional plasma etch platform&€hemically assisted
breaking efficiency and the sputter desorption of etch prodion beam etchingCAIBE) and reactive ion beam etching
ucts formed on the surface. Additionally, since ion energy(RIBE) have also been used to etch group-lll nitride
and ion density can be more effectively decoupled as comfilms.292241-245|n these processes, ions are generated in a
pared to RIE, plasma-induced damage is more readily corhigh-density plasma source and accelerated by one or more
trolled. Figure 47b) shows a schematic diagram of a typical grids to the substrate. In CAIBE, reactive gases are added to
low profile ECR etch system. High-density ECR plasmas arg¢he plasma downstream of the acceleration grids thus en-
formed at low pressures with low plasma potentials and iorhancing the chemical component of the etch mechanism,
energies due to magnetic confinement of electrons in thehereas in RIBE, reactive gases are introduced in the ion
source region. The sample is located downstream from theource. Both etch platforms rely on relatively energetic ions
source to minimize exposure to the plasma and to reduce thH200—2000 eY and low chamber pressuré¢s’5 mTorr to
physical component of the etch mechanism. Anisotropicachieve anisotropic etch profiles. However, with such high
etching can be achieved by superimposing an rf (l&56 ion energies, the potential for plasma-induced damage exists.
MHz) on the sample and operating at low pressi&  Adesida and co-workers reported CAIBE etch rates for GaN
mTorr to minimize ion scattering and lateral etching. How- as high as 2100 A/min with 500 eV Arions and CJ or HCI
ever, as the rf biasing is increased the potential for damage @mbient£%?41-243Rates increased with beam current, reac-
the surface increases. tive gas flow rate, and substrate temperature. Anisotropic
Pearton and co-workers were the first to report ECRprofiles with smooth etch morphologies were observed. GaN
etching of group-IIl nitride film<2213Etch rates for GaN, etch rates of~500 A/min have been obtained in a RIBE-
InN, and AIN increased as either the ion eneftdg biag or  generated GVAr plasma at beam voltages of 600°%.RIBE
ion flux (ECR source powerincreased. Etch rates of 1100 etch profiles were anisotropic with slight trenching at the
A/min for AIN and 700 A/min for GaN at-150 V dc bias in  base of the feature.
a ChL/H, plasma and 350 A/min for InN in a G#H,/Ar Low energy electron enhanced etchifige4) of GaN
plasma at-250 V dc bias were reported. The etched featuredas been reported by Gillis and co-work&t$246-248 E4 is
were anisotropic and the surface remained stoichiometrian etch technique which depends on the interaction of low
over a wide range of plasma conditions. GaN ECR etch datanergy electron$<15 eV) and reactive species at the sub-
has been reported by several authors with etch rates as higirate surface. The etch process results in minimal surface
as 1.3um/min?14-22% damage since there is negligible momentum transferred from
ICP offers another high-density plasma etch platform tothe electrons to the substrate. GaN etch rates530 A/min
pattern group-lll nitrides. ICP plasmas are formed in a di-in a Hy-based LE4 plasma ang2500 A/min in a pure Gl
electric vessel encircled by an inductive coil into which rf LE4 plasma have been report®d?*® GaN has also been
power is appliedsee Fig. 4%)]. The alternating electric etched using photoassisted dry etch processes where the sub-
field between the coils induces as strong alternating magnetigtrate is exposed to a reactive gas and ultraviolet laser radia-
field trapping electrons in the center of the chamber and gertion simultaneously. Vibrational and electronic excitations
erating a high-density plasma. Since ion energy and plasmiaad to improved bond breaking and desorption of reactant
density can be effectively decoupled, uniform density andoroducts. Leonard and Bedair reported GaN etch ratg8
energy distributions are transferred to the sample while keepd/min in HCI using 193 nm ArF excimer lasef?®
ing ion and electron energy low. Thus, ICP etching can pro- GaN etch rates are compared in Fig. 48 for RIE, ECR,
duce low damage while maintaining fast etch rates. Anisotand ICP C}/H,/CH,/Ar plasmas as well as a RIBE QAr
ropy is achieved by superimposing a rf bias on the sampleplasma. CH and H, were removed from the plasma chem-
ICP etching is generally believed to have several advantagestry to eliminate polymer deposition in the RIBE chamber.
over ECR including easier scale-up for production, improvecdEtch rates increased as a function of dc bias independent of
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FIG. 48. GaN etch rates in RIE, ECR, ICP, and RIBE-B4sed plasmas as FIG. 49. GaN etch rates as a function of pressure in an ICP-generated
a function of dc bias. BCI;/Cl,/Ar plasma at 32 sccm Gl 8 sccm BG), 5 sccm Ar, 500 W ICP
source power, dc-bias250 V, and 10 °C electrode temperature.

etch technique. GaN etch rates obtained in the ICP and ECR
plasmas were much faster than those obtained in RIE anigr desorption of reactive species from the surface before the
RIBE. This was attributed to higher plasma densitigs4  reactions occur. This is often referred to as an adsorption
orders of magnitude highewhich resulted in more efficient limited etch regime. In Fig. 51, SEM micrographs are shown
breaking of the I1I-N bond and sputter desorption of the etcHor (a) —50, (b) —150, and(c) —300 V dc bias. The etch
products. Slower rates observed in the RIBE may also be dugrofile became more anisotropic as the dc bias increased
to lower operational pressurg®.3 mTorr compared to 2 from —50 to —150 V dc bias due to the perpendicular path
mTorr for the ICP and ECRand/or lower ion and reactive of the ions relative to the substrate surface which maintained
neutral flux at the GaN surface due to the high source-tostraight wall profiles. However, as the dc bias was increased
sample separation. to —300 V, a tiered etch profile with vertical striations in the
sidewall was observed due to erosion of the resist mask edge.
The GaN may become rougher at these conditions due to
mask redeposition and preferential loss of N

In Fig. 52, GaN etch rates are shown as a function of

Etch characteristics are often dependent upon plasma pgep-source power while the dc bias was held constant at
rameters including pressure, ion energy, and plasma density.o50 \v. GaN etch rates increased as the ICP source power
As a function of pressure, plasma conditions including th@ncreased due to higher concentrations of reactive species
mean free path and the collisional frequency can change reghich increases the chemical component of the etch mecha-
sulting in changes in both ion energy and plasma densitynism and/or higher ion flux which increases the bond break-

GaN etch rates are shown as a function of pressure for &g and sputter desorption efficiency of the etch. Etch rates
ICP-generated BGICI, plasma in Fig. 49. Etch rates in-

creased as the pressure was increased from 1 to 2 mTorr and

then decreased at higher pressures. The initial increase ir — T T T
etch rate suggested a reactant limited regime at low pressure [
however at higher pressures the etch rates decreased due € 8000
ther to lower plasma densitié®ns or radical neutralsre-
deposition, or polymer formation on the substrate surface. At -
pressures<10 mTorr, GaN etches were anisotropic and
smooth, while at pressure10 mTorr the etch profile was
undercut and poorly defined due to a lower mean free path,
collisional scattering of the ions, and increased lateral etch-
ing of the GaN.

GaN etch rates are plotted as a function of dc bias
(which correlates to ion energyfor an ICP-generated [
BCI;/Cl, plasma in Fig. 50. The GaN etch rates increased ol e 1
monotonically as the dc bias or ion energy increased. Etch 0 100 20 300 400 300
rates increased due to improved sputter desorption of etch de-Bias (-V)
products from the surface as well as more efficient breaklnQIG. 50. GaN etch rates as a function of dc bias in an ICP-generated
of the Ga—N bonds. Etch rates have also been observed i@ ci,/Ar plasma at 32 sccm gl 8 sccm BC, 5 sccm Ar, 500 W ICP
decrease under high ion bombardment energies due to spuburce power, 2 mTorr pressure, and 10 °C electrode temperature.

2. Dry etch plasma parameters: Pressure, ion energy,
and plasma density

)

n

6000

4000 -

I ICP Power: 500 W
Pressure: 2 mTorr
CIZ: 32 scem

BCIX: 8 sccm
Ar: 5 scem

=

Etch rate (A/m

2000
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2 um

(a) (b) ©

FIG. 51. SEM micrographs for GaN etched(at —50, (b) —150, and(c) —300 V dc bias. ICP etch conditions were 32 sccrp Blsccm BC), 5 sccm Ar,
500 W ICP source power, 2 mTorr pressure, and 10 °C electrode temperature.

have also been observed to stabilize or decrease under higites for all three films increased with increasing cathode rf
plasma flux conditions due either to saturation of reactivgpower or dc bias due to improved breaking of the I11-N
species at the surface or sputter desorption of reactive spbonds and more efficient sputter desorption of the etch prod-
cies from the surface before the reactions occur. The etchcts. Increasing InN etch rates were especially significant
profile was anisotropic and smooth up to 1000 W ICP powesince InC}, the primary In etch product in a Cl-based
where the feature dimensions were lost and sidewall mor-

phology was rough due to erosion of the mask edge under

high plasma flux conditions. . ; : :

In addition to etch rates, etch selectivity or the ability to 7000 - - AN 1
etch one film at higher rates than another can be very impor- oo L AN ° -
tant in device fabrication. For example, optimization of etch - —@ -GN LA

Lo . . . = 5000 L e |
selectivity is critical to control threshold voltage uniformity g o--_o”
for high electron mobility transistofd-H{EMTS), to accurately < 400 b P i
stop on either the emitter or collector regions for metal con- @ & i A
tacts for heterojunction bipolar transistatdBTs), and for g w0 @ Va T
low resistivity n-ohmic contacts on InN layers. Several stud- &m0l Vs .
ies have recently reported etch selectivity for the group-lli _A
nitrides 33236250251 example, Fig. 53 shows GaN, InN, 1000 1= 1
and AIN etch rates and etch selectivities as a function of ok , ) . , J

cathode rf power in an ICP-generated, Ir plasma. Etch 0 100 200 300 400 500
Cathode rf-Power (W)
8000 —F———— ]
L E 10 T T T T
E 1 —l GaN:AIN
7000 y
_ 3 ] 8 —aA -GaN:InN
€ e000f .
E N |
I 2 6 A
ot L ] &
~ 5000 | ] E=]
% I ] (b) 2
; [ de bias: -250V ] R 4r A B
o 4000 Pressure: 2 mTorr ~
m [ C12: 32 sccm i A\
3000 L BCl,: 8 sccm ] zr ~ 1
- Ar: 5 sccm 1 A — —aA— — A
I b 0 i 1 1 1
wol o vy ] 0 100 200 300 400 500
1
200 400 600 800 000 Cathode rf-Power (W)
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FIG. 53. GaN, InN, and AINa) etch rates an¢b) GaN:AIN and GaN:InN
FIG. 52. GaN etch rates as a function of ICP source power in an ICPetch selectivities as a function of dc bias in g @I ICP plasma. Plasma
generated BGUCI,/Ar plasma at 32 sccm Gl 8 sccm BC), 5 sccm Ar, conditions were: 25 sccm £15 sccm Ar, 2 mTorr chamber pressure, 500 W
—250 V dc bias, 2 mTorr pressure, and 10 °C electrode temperature. ICP-source power, and 25 °C cathode temperature.
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6000 T T T T T T T TABLE VI. Boiling points for possible etch products of group-Ill nitride
films etched in halogen- or GHH,-based plasmas.
5000 EI\E//E'——__Q\\E i Etch products Boiling point$°’C)
~ ~
=) s A
‘2 000 | e 4 AICI, 183
2 - AlF; na
= om b e | Allg 360
2 A __ ‘/,—A AlBr, 263
= - ICP - 500 W
= dc-bigl?:w-erO v (CHy)Al 126
L 2000 gniesszuzre: 2mTorr ] GaCk 201
m :22.5 sccm
- GaN H; 2.5 soom GaFk }OOO
1000 7 _ o 1N Ar: 5 scem ] Gak sublimes 345
- GaBy 279
i | (CHy)4Ga 55.7
0 e InCl5 600
20 40 60 80 100 120 140 160 180 InF3 >1200
Inl5 na
0,
Temperature (°C) InBr, sublimes
_ (CHg)qIn 134
FIG. 54. GaN and InN etch rates as a function of temperature for an ICP- NCI <71
generated GVH,/Ar plasmas. ICP etch conditions were 22.5 sccy Cl NE s ~129
2.5sccm H, 5 sccm Ar, 500 W ICP source power,250 V dc bias, and 2 NBig na
mTorr pressure. N explodes
NH; -33
) N . N, -196
plasma, has a relatively low volatility. However, under high (CHg)sN -33

dc-bias conditions, desorption of the In@tch products oc-
curred prior to coverage of the etch surfa&ckThe GaN:InN
and GaN:AIN etch selectivities were8:1 and decreased as

the cathode rf power or ion energy increased. Smith angroup-il halogen etch product. For Ga- and Al-containing
co-workers reported similar results in a,Ar ICP plasma  fiims, chlorine-based plasmas typically yield fast rates with
where GaN:AIN and GaN:AlGaN selectivities decreased agnisotropic, smooth etch profiles. Ghil,-based plasma
dc bias increase#® At —20 V dc bias, etch selectivities chemistries have also yielded smooth, anisotropic profiles for
of ~38:1 were reported for GaN:AIN and-10:1 for  Ga-containing films, however at much slower rates. Based
GaN:AlGaN. only on a comparison of etch product volatility, slower etch
rates in CH-based plasmas is unexpected since the
3. Temperature dependent etching (CHg);Ga etch product has a much lower boiling point than

Temperature dependent etching of the group-lI| nitride<GaCh. This observation demonstrates the complexity of the
have been reported in ECR and ICP etch syst@fires237 etch process where redeposition, polymer formation, and

Etch rates are often influenced by the substrate temperatu%‘s'ph"’Ise kinetics can mfluepce the rgsult;. As shown above,
which can effect the desorption rate of etch products, th&!Ch rates for In-containing films obtained in room tempera-
gas-surface reaction kinetics, and the surface mobility of relure chlorine-based plasmas tend to be slow with rough sur-
actants. Substrate temperature can be controlled and maifac® morphology and overcut profiles due to the low volatil-
tained during the etch process by a variety of clamping andy ©f the InCk and preferential loss of the grOEp'V etch
backside heating or cooling procedures. GaN and InN etcRroducts. However, at elevated temperatures30 °O, the
rates are shown in Fig. 54 as a function of temperature in 4'Cls volatility increases and the etch rates and surface mor-
Cl,/H,/Ar ICP plasma. GaN etch rates were much fastePN0l09Y improve:t> 22237 Significantly better room
than InN due to higher volatility of the Gagétch products temperature etch results_ are obtained m@-llj—based plas-

as compared to Ingland showed little dependence on tem- M3s duelgozsftihe formation of more volatil€Hy)sin etch
perature. However, the InN etch rates showed a considerabRJOdUCtsz' '

temperature dependence increasing at 150 °C due to higher The source of reactr;ve ﬁ)lasma Species ancrjl the addition
volatilities of the InC} etch products at higher substrate ©f S€condary gases to the plasma can vary etch rates, anisot-
temperatures. ropy, selectivity, and morphology. The fragmentation pattern

and gas-phase kinetics associated with the source gas can
have a significant effect on the concentration of reactive neu-
trals and ions generated in the plasma thus affecting the etch
Several different plasma chemistries have been used tcharacteristics. Secondary gas additions and variations in gas
etch the group-lll nitrides. As established above, etch ratestios can change the chemical: physical ratio of the etch
and profiles can be strongly affected by the volatility of themechanism. The effect of Ar, $FN,, and H additions to
etch products formed. Table VI shows the boiling points ofCl,- and BCk-based ICP and ECR plasmas for GaN etching
possible etch products for the group-ll nitrides exposed tchas been reported® In general, GaN etch rates were faster
halogen- and hydrocarbon-based plasmas. For halogen-basedCl,-based plasmas as compared to 8@le to higher
plasmas, etch rates are often limited by the volatility of theconcentrations of reactive Cl. The addition of, H\,, or SF;

4. Plasma chemistry
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FIG. 55. GaN etch rates in an ICP and ECRHGI/Ar plasma as a function
of %H,.

FIG. 57. GaN etch rates as a function of %f¥r ICP-generated Gl and
BCls-based plasmas.

to either C}- or BCly-based plasmas changed the relativether, GaN etch rates decreased, the Cl concentration
concentration of reactive Cl in the plasma which directlydecreased, and the HCI concentration increased presumably
correlated to the GaN etch rate. For example, in Fig. 55, GaMue to the consumption of reactive Cl by hydrogen. In the
etch rates are shown as a function of %déncentration for |CP reactor, GaN etch rates were slow and decreased as hy-
ECR- and ICP-generated £H,/Ar plasmas. GaN etch rates drogen was added to the plasma up to 80%wHere a slight
in the ECR and ICP increased slightly as Was initially  increase was observed.
added to the GlAr plasma indicating a reactant limited re- Another example of plasma chemistry dependent etching
gime. Monitoring the ECR plasma with a quadrupole massf GaN is shown in Fig. 57 for GIN,/Ar and BCL/N,/Ar
spectrometryfQMS) showed that the Cl concentrati¢indi-  |CP-generated plasmas. In the,®hsed plasma, GaN etch
cated bym/e=35) remained relatively constant at 10%.H rates decreased as the % iNcreased, presumable due to a
As the H, concentration was increased above 10%, the Cleduction in reactive Cl. In the BCl-based plasma GaN etch
concentration decreased and a peak corresponding to H@tes increased up to 40% bind then decreased at higher N
increased. GaN etch rates decreased atcéhcentrations concentrations. This observation has also been reported for
>10% in both the ECR and ICP, presumably due to theeCR and ICP etching of GaAs, GaP, and In-containing
consumption of reactive Cl by hydrogen. In Fig. 56, \Mas  films.?°°-252 Ren and co-workers first observed maximum
added to BG}based ECR and ICP plasmas. In the ECRetch rates for In-containing fim@nGaN and InGapin an
plasma, the GaN etch rate increased at 109edtrespond- ECR discharge at a gas ratio of 75/25 for BiI,.2%° Using
ing with an increase in the reactive Cl concentration as obpptical emission spectroscoffDES, Ren reported maxi-
served by QMS. As the JHconcentration was increased fur- mum emission intensity for atomic and molecular Cl at 75%
BCl; as well as a decrease in the BGhtensity and the
appearance of a BN emission line. The authors speculated
that N, enhanced the dissociation of BG@ésulting in higher
concentrations of reactive Cl and Cl ions and thus higher
etch rates. Additionally, the observation of BN emission sug-
gested that less B was available to recombine with reactive
VRN Cl. This explanation may also be applied to the peak GaN
etch rates observed at 40% M the ICP BCL/N,/Ar plas-
1000 L EIN mas. However, OES of the BGN,/Ar ICP discharge did
not reveal higher concentrations of reactive Cl nor a BN peak
- emission. In Fig. 58, OES spectra are shown (#r100%
soo0 L i BCl, (b) 75% BCk—25% N, (c) 25% BCk—75% N,, and
ICP (d) 100% N, ICP plasmas. As Nwas added to the BgI
plasma, the BGlemission(2710 A) and Cl emission(5443
and 5560 A decreased while the BN emissi¢8856A4) was
not obvious.

BCl;/Cl, plasmas have shown encouraging results in the
etching of GaN film$223° The addition of BCJ to a Ch,
plasma can improve sputter desorption due to higher mass
ions and reduce surface oxidation by getteringHrom the

2000 T T T T T T

Pl

1500

~ ECR -1
- ~H._

GaN Etch Rate (A/min)

0 L I 1 1 1 L
0 20 40 60 80 100

% H2 Concentration in BC13/H2 Plasma

FIG. 56. GaN etch rates in an ICP and ECR Bl /Ar plasma as a
function of %H.
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FIG. 58. Optical emission spect(®ES for an ICP-generated BEIN, plasma as a function of BEpercentage.

chamber. In Fig. 59, GaN etch rates are shown as a functioradical density were the greatest as measured by OES and a

of % Cl, in a BCL/CI,/Ar ICP plasma. As the % Glin-

Langmuir probe.

creased, GaN etch rates increased up to 80% due to higher In general, GaN:AIN and GaN:InN etch selectivities are
concentrations of reactive Cl. OES showed the Cl emissior<10:1 as a function of plasma chemistry for ,Clor
intensity increased and the BCI emission intensity decreaseBCl,-based plasmas. GaN:AIN and GaN:InN etch selectivi-
as the % Gl increased. Slower GaN etch rates in a purg Cl ties were higher for Gibased ICP plasmas as compared to
plasma were attributed to less efficient sputter desorption o8Cl,-based ICP plasmas due to higher concentrations of re-
etch products in the absence of BCBimilar results were active Cl produced in the Gbased plasmas thus resulting in
reported by Leeet al”?® The fastest GaN etch rates were faster GaN etch ratéS* Alternatively, InN and AIN etch
observed at 10% BgMhere the ion current density and Cl rates showed much less dependence on plasma chemistry
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FIG. 59. GaN etch rates in an ICP B@CI, plasmas as a function of %Ll

and were fairly comparable in £and BCk-based plasmas.
An example of etch selectivity dependence on plasma chem-
istry is shown in Fig. 60. GaN, AIN, and InN etch rates and
etch selectivities are plotted as a function of %g$6t an
ICP CL/SK;/Ar plasma. GaN and InN etch rates decreased
as Sk was added to the plasma due to the consumption of Cl
by S and therefore lower concentrations of reactive Cl. The
AIN etch rates increased with the addition of ;S&nd
reached a maximum at 20% SFAs Sk was added to the
Cl, plasma, slower AIN etch rates were expected due to the
formation of low volatility AlF; etch products. However, due
to the high ion flux in the ICP, the sputter desorption of the
AIF ; may occur prior to passivation of the surfé@éThere-
fore, the GaN:AIN selectivity decreased rapidly fron6:1
to <1:1 with the addition of S The GaN:InN selectivity
reached a maximum of 4:1 at 20% SF

Other halogen-containing plasmas including ICI/Ar, IBr/
Ar, BBr3/Ar, and Bk/Ar have been used to etch GaN with
promising resultg?1:259.263-265yartyli and co-workers re-
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FIG. 60. GaN, InN and AIN@) etch rates andb) GaN:AIN and GaN:InN
etch selectivities as a function of %@ a ClL/SF;/Ar ICP plasma.

ported GaN, InN, AIN, InN, InAIN, and InGaN etch rates
and selectivities in ECR ICI/Ar and IBr/Ar plasm&®. In

Appl. Phys. Rev.: Pearton et al.

GaN, and GaN:InAIN selectivities<6:1, however, etch se-
lectivities >100:1 were obtained for InN:GaN and InN:AIN
in Bl3/Ar plasmas>>?2°1:263-26 4t etch rates obtained for
INN were attributed to the high volatility of the Inletch
products as compared to the gand All; etch products
which can form passivation layers on the surface. Maximum
selectivities of~100:1 for InN:AIN and~7.5 for InN:GaN
were reported in the BBfAr plasmaZ®®

Pearton and co-workers were the first to etch group-lli
nitride films in an ECR-generated GHH,/Ar plasmas®
Etch rates for GaN, InN, and AIN werec400 A/ min at
~—250 V dc bias. Vartulet al. reported ICP GaN, InN, and
AIN etch rates approaching 2500 A/min in GHi,/Ar and
CH,/H,/N, plasmas?® Etch rates increased with increasing
dc bias or ion flux and were higher in GHH,/Ar plasmas.
Anisotropy and surface morphology were good over a wide
range of conditions. As compared to Cl-based plasmas, etch
rates were consistently slower which may make the
CH,/Hx-based processes applicable for devices where etch
depths are relatively shallow and etch control is extremely
important.

Vartuli and co-workers compared etch selectivities in
CH4/H,/Ar and CL/Ar plasmas in both RIE- and ECR-
generated plasma&st For CH,/H,/Ar plasmas, InN:GaN
and InGaN:GaN etch selectivities ranged freni:1 to 6:1
whereas etch selectivities of 1:1 or favoring GaN over the
In-containing films was reported for gAr plasmas.

5. Etch profile and etched surface morphology

Etch profile and etched surface morphology can be criti-
cal to postetch processing steps including the formation of
metal contacts, deposition of interlevel dielectric or passiva-
tion films, or epitaxial regrowth. Figure 61 shows SEM mi-
crographs of GaN, AIN, and InN etched in.t&lased plas-

general, etch rates increased for all films as a function of dmas. The GaNFig. 61(a)] was etched at 5 mTorr chamber
bias due to improved IlI-N bond breaking and sputter depressure, 500 W ICP power, 22.5 sccm,@.5 sccm H, 5
sorption of etch products form the surface. GaN etch ratesccm Ar, 25 °C temperature, and a dc bias-d280+ 10 V.
>1.3 um/min were obtained in the ICI/Ar plasma at a rf Under these conditions, the GaN etch rate w&880 A/min

power of 250 W?! (bias of —200 V) while GaN etch rates
were typically <4000 A/min in IBr/Ar?%* Cho et al. re-
ported GaN etch rates typicallx2000 A/min in ICP-
generated BY/Ar and BBR/Ar plasmas’® ICI/Ar and
IBr/Ar ECR plasmas yielded GaN:InN, GaN:AIN, GaN:In-

GaN 2um —

(a) (b)

with highly anisotropic, smooth sidewalls. The sapphire sub-
strate was exposed during a 15% overetch. Pitting of the
sapphire surface was attributed to defects in the substrate or
growth process. The AINIFig. 61(b)] and InN[Fig. 61(c)]
features were etched at 2 mTorr chamber pressure, 500 W

FIG. 61. SEM micrographs of(a
GaN, (b) AIN, and (c) InN etched in
Cl,-based ICP plasmas.

(c)
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InN

As-grown

f=65W
FIG. 62. SEM micrographs of GaN etched in a Bfl,-based ICP
plasmas.

(©)

ICP power, 25 sccm Gl 5 scem Ar, 25 °C temperature, and
a cathode rf power of 250 W. Under these conditions, the

f=275W

AIN etch rate was~980 A/min and the InN etch rate was
~1300 A/min. Anisotropic profiles were obtained over a
wide range of plasma chemistries and conditions, with side-
wall striations present.

Sidewall morphology is especially critical in the forma-
tion of laser mesas for ridge waveguide emitters or for buried

. . .- . F1G. 63. AFM micrographs fofa) GaN and InN as-grown(b) GaN and
planar devices. The vertical striations observed in the Ga N etched at a ri-cathode power of 65 W, &l GaN and InN etched at a

sidewall in Fig. 61a) were due to striations in the photoresist rt-cathode power of 275 W in an ECR-generated/B}/CH,/Ar plasma.
mask which were transferred into the GaN feature during th@&he Z scale is 100 nm/division.

etch. The sidewall morphology and in particular the vertical
striations were improved in an ICP ZBCl; plasma at-150 i ) ) i
V dc bias. In Fig. 62, a SEM micrograph of GaN etched inchemm:_al and sputtering effect of th_ls plasma chemistry to
an ICP C}/BCl; plasma shows highly anisotropic profiles maintain smooth surface morphologies.
and smooth sidewall morphology. The etch conditions were ]
at 2 mTorr chamber pressure, 500 W ICP power, 32 sccr§ Plasma—induced damage
Cl,, 8 sccm BCJ, 5 sccm Ar, 25°C temperature, and a dc Plasma-induced damage often degrades the electrical
bias of —150*+ 10 V. Renet al. have demonstrated improved and optical properties of compound semiconductor devices.
GaN sidewall morphology etched in an ECR using a,SiO Since GaN is more chemically inert than GaAs and has
mask?®’ Vertical striations in the Si@mask were reduced higher bonding energies, more aggressive etch conditions
by optimizing the lithography process used to pattern thehigher ion energies and plasma fluxay be used with po-
SiO,. The SiQ was then patterned in a §RAr plasma in  tentially less damage to the material. Limited data have been
which a low temperature dielectric overcoat was used to proreported for plasma-induced damage of the group-lll
tect the resist sidewall during the etch. nitrides?®8-2"1 pearton and co-workers reported increased
In several studies atomic force microscof~M) has plasma-induced damage as a function of ion flux and ion
been used to quantify the etched surface morphology as roognergy for InN, InGaN, and InAIN in an EC®® The au-
mean-squarérms) roughness. Rough etch morphology oftenthors also reportedia more damage in InN films as com-
indicates a nonstoichiometric surface due to preferential repared to InGaN(b) more damage in lower doped materials,
moval of either the group-lll or group-V species. For ex-and(c) more damage under high ion energy conditions due
ample, in Fig. 63, GaN and InN rms roughnesses are showto formation of deep acceptor states which reduced the car-
for as-grown samples and for samples exposed to an ECRer mobility and increased resistivity. Postetch annealing
Cl,/H,/CH4/Ar plasma as a function of cathode rf power. processes removed the damage in the InGaN while the InN
The rms roughnesses for as-grown GaN and InN was 3.2damage was not entirely removed.
+0.56 and 8.3%0.50nm, respectively. The GaN rms Ren and co-workers measured electrical characteristics
roughness increased as the cathode rf power was increastt InAIN and GaN FET structures to study plasma-induced
reaching a maximum of-85 nm at 275 W. The rms rough- damage for ECR BG) BCl3/N,, and CH/H, plasmag®®
ness for InN was greatest at 65 W cathode rf power implyingrhey reported(a) doping passivation in the channel layer in
that the ion-bombardment energy is critical to balance thehe presence of hydrogefh) high ion bombardment ener-

85nm Hm um 39nm
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FIG. 65. Reverse leakage currents in GaNl-n diodes etched with differ-
ent dc biases in GIBCl;/Ar.

created by preferential loss of one of the lattice constituents.
This may be attributed to higher volatility of the respective
etch products, leading to enrichment of the less volatile spe-
cies, or preferential sputtering of the lighter element. Auger
electron spectroscoplAES) can be used to measure surface
stoichiometry. Figure 64 shows characteristic Auger spectra
for (a) as-grown GaN samples and samples exposed to an
ECR plasma at 850 W applied microwave power and cath-
ode rf powers of(b) 65 and(c) 275 W. For the as-grown
sample, the Auger spectrum showed a Ga:N ratio of 1.5 with
normal amounts of adventitious carbon and native oxide on
the GaN surface. Following plasma exposure, the Ga:N ratio
increased as the cathode rf power increased with some re-
sidual atomic Cl from the plasma. Under high ion energy
conditions, preferential removal of the lighter N atoms was
observed resulting in Ga-rich surfaces.

Figures 65 and 66 show the influence of dc self-bias and
ICP source power on the reverse leakage current of GaN
p-1-n mesa diodes in which the mesas were created by dry

gies can create deep acceptor states that compensate the r@ghing. Clearly both ion energy and ion flux can influence

terial; and(c) preferential loss of N can produce rectifying

the diode characteristics.

gate characteristics. Ping and co-workers studied Schottky

diodes for Ar and SiGIRIE plasmag’® More damage was
observed in pure Ar plasmas and under high dc-bias cond
tions. Plasma-induced damage of GaN was also evaluated
ICP and ECR Ar plasmas using photoluminesceKieg)

measurements as a function of cathode rf power and source
power?’! The peak PL intensity decreased with increasing
ion energy independent of etch technique. As a function of

source power or plasma density the results were less consi
tent. The PL intensity showed virtually no change at low ICP
source power and then decreased as the plasma density

creased. In the ECR plasma, the PL intensity increased by
~115% at low ECR source power and improved at higher
ECR source powers but at a lower rate. The effect of

postetch annealing in Ar varied depending on initial film
conditions, however, annealing at temperatures above 400 °
resulted in a reduction in the PL intensity.

. 10° 4000
I__ GaN p-n Junction
In
102 -
—_ - 3000 =
1 4 ~—
§ 10 P
S - 2000 &
= =
in- = 10° - &
32C1/8BCl,/5Ar
-100V dc L
10+ - 2mTorr 1000
T ¥
c 0 400 800 1200
ICP Power (W)

Surface stoichiometry can 5_“50_ be l_Jsed to evaluat@|c. 6. Reverse leakage currents in Gadi-n diodes etched with differ-
plasma-induced damage. Nonstoichiometric surfaces can h@t source powers in €IBCl,/Ar.
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7. Conclusions 1010 S

Reliable, well-controlled patterning of the group-Ill ni- “m-p-type
trides can be achieved by a variety of dry etch platforms. In 10°L |_e- n-type ]
particular, high-density plasma ECR and ICP etch processes . -
have yielded, smooth, highly anisotropic, etch characteristics O 108 ]
with rates often exceeding 1.2m/min. These results are =}
attributed to high ion and neutral flux which improves e 7
the IlI-N bond breaking efficiency and the sputter desorp- 107 3
tion of etch products formed on the surface. Halogen-based
plasma chemistries, in particular CI-, I-, and Br-based plas- 10%; E
mas, yield high quality etch characteristics. The choice of
source gasCl,, BCl;, ICI, IBr, Bls, BBr3, etc) and second- 10° ey
ary gasesH,, N,, SF;, Ar, etc) change the concentration of 300 400 500 600 700 800 900 1000
reactive neutrals and ions in the plasma which directly cor- annealing temperature (°C)

relates to etch rate. Very smooth, ansiotropic pattern transfer

was obtained over a wide range of plasma etch platforms;IG. 67. Sheet resistance vs annealing temperature for N implanted initially
chemistries, and conditions. Fast etch rates, high resolutiof a1dp-type GaN. The N was implanted at multiple energies to give an
features, and low damage are obtained when the Chemicgﬁ)proxmately uniform ion concentration 040" cm™~2 across~500 nm.
and physical components of the etch mechanism are bal-

anced.

ported to effectively isolate-type GaN'*! with the material
remaining compensated to over 850°C. Interestingly,
H-implanted compensation oktype GaN is reported to an-

Implant isolation has been widely used in compoundneal out at~400 °C*! with an anomalous dependence on
semiconductor devices for interdevice isolation such as inmplant energy. The reason for this is presently not known.
transistor circuits or to produce current channeling such as iim light of this result, however, H implantation in GaN will
lasers’’>=2"*The implantation process can compensate theequire further study as H is often the ion of choice for pho-
semiconductor layer either by a damage or chemical mechdenic device isolation applications that require deep isolation
nism. For damage compensation, the resistance typicallgchemes. Moreover, both the He and N isolation appear to
goes through a maximum with increased postimplantatiomely solely on implantation damage without any chemical
annealing temperature as the damage is annealed out andmpensation effects analogous to those in the O/Al/GaAs
hopping conduction is reduced. At higher temperatures thease?’>2">2"®However, the implantation-induced defects in
defect density is further reduced below that required to com&aN are more thermally stable than other 11—V semiconduc-
pensate the material and the resistivity decreases. For chentér materials, such as GaAs or InP, where the damage levels
cal compensation, the postimplantation resistance again ifbegin to anneal out below 700 %2 This may be a result of
creases with annealing temperature with a reduction irthe higher band gap of GaN or the more polar nature of the
hopping conduction but it then stabilizes at higher temperalattice causing more stable defects. Further work is still re-
tures as a thermally stable compensating deep level iquired to understand the nature of the implantation damage
formed. Typically there is a minimum dogdependent on in GaN.
the doping level of the sampleequired for the chemically Implant isolation of the In-containing nitridednN,
active isolation species to achieve thermally stablednGaN, and InAIN was first reported using F
compensatioR’® Thermally stable implant isolation has been implantation?’® That work showed that InN did not demon-
reported fom- andp-type AlGaAs where an Al-O complex strate significant compensation while the ternaries increased
is thought to form’>?’®and for C-doped GaAs and AlGaAs in sheet resistance by roughly an order-of-magnitude after a
where a C—N complex is postulatéd. With this back- 500°C anneal. Data from a more extensive study of
ground, the implant isolation properties of the IlI-N materi- In,G; _,N implant isolation for varying In composition using
als are reviewed. N and F implantation is summarized in Fig. 88.The In-

As shown in Fig. 67, N implantatiofat doses of 1%  GaN ternaries only realize a maximum of a 100 fold increase
—10%cm ) effectively compensates botp- and n-type  in sheet resistance independent of ion species after a 550 °C
GaN. For both doping types the resistance first increasesnneal. Pure InN shows a higher increase of 3 orders-of-
with annealing temperature then reaches a maximum befomaagnitude but still only achieves a maximum sheet resis-
demonstrating a significant reduction in resistance after #&ance of 16 Q/00. This may be high enough for some pho-
850 °C anneal fom-type and a 950°C anneal fgr-type  tonic device current-guiding applications but is not sufficient
GaN. This behavior is typical of implant-damage compensafor interdevice isolation in electronic circuits. The damage
tion. The defect levels estimated from Arrhenius plots of thelevels created by N implantation are estimated from an
resistance/temperature product are 0.83 eV for initiallyArrhenius plot of the resistance/temperature product to be a
n-type and 0.90 eV for initiallyp-type GaN. These levels are maximum of 390 meV below the conduction barid The
still not at midgap, but are sufficiently deep to realize a sheetlefect level is high in the energy gap, not near midgap as is
resistance>10° /0. The implantation has also been re- ideal for implant compensation. The position of the damage

F. Implant isolation
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10° ' ' T ' n,p GaN
n-InGaN n-InAIN
107 (47% InN)  (75% InN)
n: 830 meV
(He 760 meV)
108 | I_ -
napGaAs n&pinp  y73%0meV 580 meV -
10° -
L]
S~
G 10t}
Q 403 |

\ e e
Eg/2_ T_. _— -

T ~Eg/2 Wp: 900 meV

10? | [-@—as-grown
10" -5 F-isolation Ey
. —A— N-isolation Eg= 1426V 1358V ~25eV ~25eV 3.39eV
10 It 1 L.a 1
0 20 40 60 . . L
80 100 FIG. 70. Schematic representation of the position in the energy gap of
percent In compensating defect levels from implant isolation in GaAs, InP,

. . . In , In | , and GaN.
FIG. 68. Maximum sheet resistance vs percent In for InGaN either as-grown 0.47G%.5N. INo.7Al0 2N

or implanted with F or N and annealed at the temperature for maximum

compensation for each compositiion concentration~5x 10" cm™3). . . )
the formation of an O—Al complex as is thought to occur in

O-implanted AlGaAg/>276

. o . Figure 70 schematically summarizes the present knowl-

level is analogous to the defect position reported for implant e .
compensatedi-type InP and InGa&8° but different from edge of the position in the band gap of the compensating
the damage-associated. midaanp states created in GaAs |m0planted defect levels in IlI-N materials and compares
AlGaAs 27?,275 ' gap Afese to those in GaAs and InP. Although the levels are not
As shown in Fig. 69, Ig;sAls N, in contrast to InGaN, at midgap, as is ideal for optimum compensation as occurs in

can be highly compensated with N or O implantation with G3AS andp-type InP, with the exception of InGaN, the lev-

over a 3 order-of-magnitude increase in sheet resistance aftglrS are sufficiently deep to produce high resistivity material
9 Very effective isolation of AlGaN/GaN heterostructure

a 600-700 C_a””e?" while F_mplantathﬂ_pg)ﬁC%tgfs only ]Tield effect transistoHFET) structures has been achieved
order-of-magnitude increase in sheet resist .~ The : : 4 82
using a combined FHe" implant proces®? The groups of

cqmpensatlng level in InAIN is also high in _the band 98P Asbeck and Lau at UCSD demonstrated that a dual energy
with the deepest level estimated from Arrhenius plots as be:. Lo 1
. . e 75/180keV P" implant (doses of 10 and 2
ing 580 meV below the conduction band edge in high dos o 5 : .
! . o - . 10*2cm™2, respectively, followed by a 75 keV Hé im-
N-isolated material, however it is sufficiently deep to achieve 3. 5 .
. 281 -~ "“plant (6x 10"¥cm~?) was able to produce sheet resistance of
highly compensated materi&* The enhanced compensation 2 . . .
; . ) CUF ~10'20/0 in AlGaN/GaN structures with em-thick un-
for N and O implantation, as compared to F implantation, in

INAIN suggests some chemical component to the compensg-.Oped GaN buffers. The temperature dependence of the re-

tion process. For N implantation a reduction in N vacanciess"stlvIty showed an activation energy of 0.71 eV, consistent

that are thought to play a role in the as-growype con- Wwith past measurements of deep states induced in GaN by

; 38
duction, may explain the enhance compensation. For O iml_mplant damage:

plantation, the enhanced compensation may be the result of
Ill. ROLE OF IMPURITIES

The properties of virtually all bulk and epitaxial GaN are

0 still strongly influenced by residual impurities such as O, Si,
C, and H and by point and extended defects such as nitrogen
--0 . . . . .
1091 =N vacancies and threading dislocation. The role of these enti-
& F ties has been reviewed previoudfy,?*3and in this section
10%L . we will focus on H, O, C, and structural defects.
5 1071 ] A. Hydrogen
<} 1050 | Hydrogen is a component of most of the gases and lig-
a’ uids used in the growth, annealing, and processing of semi-
10° S—Qfgm i conductors and a great deal of attention has been focused on
the effects of hydrogen incorporation in Si, GaAs, SiC, and
104} : other material€®*=2%|t is fairly well established that k(or
s larger aggregatesare basically electrically and optically in-
10200 ' 4(')0 ' 6(')0 ' 8(')0 '1000 active in all semiconductors, and that the diatomic species

has low diffusivity once formed inside the semiconductor.
By contrast, atomic hydrogefwhich may exist as j H*,
FIG. 69. Sheet resistance vs annealing temperature for O-, N-, oPf H™ depending on the position of the Fermi lepdiffuses
F-implanted 1g 7sAl 5 ,dN (ion concentration~5x 10 cm ™). rapidly even at low temperaturé35—250 °Q and can attach

annealing temperature (°C)
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FIG. 71. Resistivity change of GdMg) layer after low energy electron FIG. 72. Resistivity of GakMg) layers as a function of annealing tempera-
beam irradiation, as a function of depth from the surfaaféer Ref. 306. ture in either NH or NH, ambients(after Ref. 308.

to dangling or defective bonds associated with point or linghole concentration of % 10®cm™2 and a mobility of 3
defects, and can also form neutral complexes with dopantsm/V's were obtained by this method.

ie. Subsequently, Nakamuret al3°6=3% showed that low
D*+H—(DH)° resistivity p-type QaN _With uniform carrier_ densities
throughout their entire thickness could be obtained by post-
A~ +H™ —(AH)° growth thermal annealing in Nat temperatures=700 °C.

h D" and A~ ionized shallow d q Once again the resistivity was observed to drop frer(®
where D" and A are ionized shallow donor and acceptor, 5 () ¢ Deep level emission at750 nm sharply de-

dopants, respectively. These reactions manifest themselv%?eased with annealing, while the blE50 nm emission

as increases in resistivity of the semiconductor, and an iN%/as maximized at 700 °C. To elucidate the mechanism re-
crease in carrier mobility as ionized impurity scattering issponsible for these changés Nakameiral 3°6-3%annealed

reduced. A typical signature of an unintentional hydroge type GaNMg) in either N, or NHs. As shown in Fig. 72,

passivation process is a reduction _in 0,'°p”,‘9 density ip th hile there was no change in the resistivity with &hneal-
near-surface regio<1 um) due to in-diffusion of atomic ing, above~500°C the GaN returned to high resistivity

hydrogen from the liquid or gas in which the sample is im'when NH; was the annealing ambient. Subsequent annealing

mersed. d related (Al | in N, returned these films to their low-resistivity condition,
Al InNGgl\rl1 anbre atfe n:jatﬁ”a(:‘ '(\jl InN, I'nGaN, INAIN, | and these changes correlated well with changes in the pho-
GaN) it has been found that hydrogen is present in re atoluminescence spectrum from the samplEfy. 73. NH,

tively high concentrations in as-grown samples, especialI)Gecor.nposes above200°C from N, and H, (99.9% disso-
p-type GaN, and that hydrogen is readily incorporated during '

many device process steps such as plasma etching, plasma-
enhanced chemical vapor deposititfECVD), solvent boil-
ing, and wet chemical etchirij? 100 p—

For many years it was not possible to achigve/pe =
doping in GaN, due partially to the often high residodlype
background(resulting from nitrogen vacancies or Si or O
impuritie9 and the high ionization energy level of most ac-
ceptor dopants. However even in Galg) in which the Mg
concentration was easily sufficient to prodysety/pe conduc-
tivity, the material was generally resistive.

Amanoet al3% found that when the electron beam in a
scanning electron microscope was focused on these samples -
blue emission was evident, and the resistivity of the exposed 0 L
area had dramatically decreased. Nakanatral >°6-3%8|ater 400 500 600 700 800
found low p-type conductivity in as-grown GaNIig). Fur- Wavelength (nm)
ther treatment in a low-energy electron beam irradiation fa-

- . . FIG. 73. PL spectra of GalNlg) layers after sequentigl) N, ambient
cility reduced the resistivity from % 10* to ~3 Q.cm in the annealing at 800 °C(b) subsequent Nilambient annealing at 800 °C;)

top 0.5u of the surface, as shown in Fig. 71. A maximum subsequent Nambient annealing at 800 °@fter Ref. 308.

50 =

Relative Intensity (%)
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ciation at 800 °¢;>%° and dissociation of the hydrogen can be 10? »
catalyzed by the presence of the GaN surface. Thus there is ¢ °
sizable flux of atomic hydrogen available for indiffusion into - Mg before annealing .
the GaN film, where it can form neutral complexes with the Fysmoommoccemmoo RS e
Mg after annealing o

Mg acceptors through the reactions

Mg~ +H"—(Mg—H)".

19
10
.
. .
R NN H before annealing
T .
18 ' LRV R
10 s, 0 a8 MO o""&” W00 b Tl v,
& e e 0 0 8% 8,488 5 )
8, 258 oA

This produces compensation of the holes from the acceptors
and leads to high resistivity. The reaction can be driven in

.
. .
PRIC AR MO IR Rt IR AR
* - e,
By, b8

.
24 b8 & L] .
s 8a8, & &
' % 28"y 8 ¥ °
I o6 25 &

A7 88 asaa
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Atomic concentration (cm’

the reverse direction by either annealing or injection of mi- 107 K H afier annealing * e
nority carrier (electron$ through the low energy electron °°°°°%‘°d=%n°‘*@°m‘°nu°u°owd’°§f%%w T
beam irradiation or by shining above band gap light onto the 10 ° oAl ) o °
sample, or by forward biasing of p-n junction structure. 0.0 0.5 L0 Ls 20
One usually observes a decrease in blue emission from Depth (um)

samples annealed abower00 °C, unless special precautions .

are taken, because of the onset of surface dissocifffon. FIG. 74. SIMS depth profile of MOCVD grown GdNg) before and after
Amanoet al3° reported that the intensity of Zn-related blue /20 60 min annealin N

emissions in GakZn) was enhanced by electron injection,

suggesting thatZn—H)° complexes also form in this mate- 5 gependence of apparent material resistivity on the measure-
rial. ment current in Hall measurements because of minority-

In as-grown GaN there are numerous potential sourcegyrier reactivation of passivated acceptors.
of hydrogen, since the growth reaction by metal organic  Figyre 75 shows the hydrogen concentration in undoped,
chemical vapor depositioMOCVD) proceeds as lightly Mg-doped and heavily Mg-doped GaN as a function

(CHy)sGark NHy—GaN+ CHy 1 +Ha1. of annealing time at 700 °C under & l:sirr_1bient'.328 The hy-

drogen concentration is reduced with time, but saturates at

In some cases 4is also employed as a carrier gas for the~2x10cm™3; it is not clear if this represents the back-
trimethylgallium. Previous work in other semiconductor sys-ground sensitivity of the SIMS apparatus, or is a real con-
tems grown with metal-organic precursors has shown that attentration. After the anneal, the heavily Mg-doped @)
three of the components of the growth chemistry, i.e., group< 10*°cm™3) sample remained highly resistive. A problem
Il source, group V source, and carrier gas, can contribute tgvith continuing to increase the Mg concentration is the onset
dopant passivation. Even the dopant sources,Mgpand  of cracking of the GaN films, and conversion of the conduc-
Si,Hg are the most common for GaNre potential supplies tivity to n type. The reasons for this are as yet unclear, and
of hydrogen in the GaN films. There is a direct correlation ofthe presence of Mg interstitials acting as shallow donors or
H and Mg concentrations in MOCVD GaN, suggesting thatformation of Mg-defect complexes with donor nature are just
there is trapping of hydrogen at the accepfdts®*Further  two of the possibilities. As found by Nakamue al. the
implication of hydrogen passivation as the hole reductionchanges in resistivity are accompanied by strong changes in
mechanism comes from the fact thptGaN has been the PL spectrd®’2%®328Figure 76 show 5 K spectra in
achieved by Mg doping in molecular beam epitaxy materiaheavily Mg-doped (Mg 6x 101°cm™3) GaN before and af-
without postgrowth annealint}® In this case Nis derived  ter different annealing times at 700 °C. The peak at 3.285 eV
from as plasma source and solid Ga is the group Ill sourcehas been ascribed to a free-to-bound Mg transition, corre-
hence no hydrogen is present in the growth environment. sponding to a binding energy for Mg of 155 mé%? while

In most IlI-V semiconductors it is found that atomic
hydrogen diffuses more rapidly jjtype material where it is
likely in a positive charge statéH"), and bonds more

% 10 T - T - T vy
strongly to acceptors than it does to dondrs>*Figure 74 ,\g
shows a SIMS depth profile of GAMg) grown on ALO; by S 80 k -@- Undoped GaN(A) 4
MOCVD—the as-grown material contains-5.5x 10° % -y Lightly Mg doped GaN(B)
Mg cm™3, and this remains stable upon annealing at 700°C. £ A~ Heavily Mg doped GaN(C)
The hole concentration in the material was-6 £ sor 1
X 10Y"cm™3. Note that there is- 10*cm™2 hydrogen in the g
as-grown sample, more than enough to compensate all the 5 40 ’
holes. Postgrowth annealing at 700 °C for 60 min reduces the = o-
hydrogen concentration to 1510 cm™3, which is below g 20 | —3, 1
the hole concentration and hence thdype conductivity i L
returns32°-327 = 00 : — - :

0 20 40 60

An interesting point from Fig. 74 is that a substantial
amount of hydrogen remains in the material, probably bound
aF defems or internal surfaces. This !'eS|d'U5}| hydro'gen May|G. 75. Hydrogen concentration in undoped or Mg-doped GaN as a func-
give rise to effects such as current gain drift in transistors, ofion of annealing time at 700 °C in a,Nmbient(after Ref. 328

Annealing Time (minutes)
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1.0 T y v y T T T While the H clearly originates from the ammonia and the
L 3455ev - 60min amneal metal organic sources, it appears that the purified Hhe
5 08F ] 32856V ———- 20min anneal ) source of oxygen. The reduction in carbon with Nftbow
R | — manneal probably results from H scavenging reactigis.
z20or ) Johnsoret al 3% performed a series of MBE growth ex-
§ '-” NS periments in which GalMg) was grown with either pure N
= 04T FE ] plasmas or mixed NH, plasmas in order to understand the
[ 3.446 i ") effect of hydrogen under controlled conditions. However PL
02 eV ! s 1 examination showed only minor differences in some cases
i A e e due to Mg compensation. No measurements of H concentra-
0'03.6 34 32 3.0 28 tions were reported, and it is likely under the particular
Photon Energy (eV) growth conditions used there was little H incorporation.

Sotc™® reported that GaN grown by plasma-assisted
FIG. 76. Low temperaturg5 K) PL spectra from heavily Mg-doped ~ \MOCVD using triethylgallium and N radicals was highly
%%Ziiz;f?;rcgef)sggl\l as a function of annealing time at 700 °CiNAN  oqisiive and attributed to the high density of C and H
' (10— 10?°cm3) incorporated into the films. The H signal
intensity was linearly related to the C signal, suggesting
that at 3.445 eV has been identified as a transition involvingomplexing of the C and H. Annealing at 900 °C did not
as exciton bound to M&° Annealing for 20 min at 700°C affect the resistivity.
shifts this latter peak to 3.446 €331 et al3?® attributed Lee and Yong®’ grew hydrogenated AIN by rf magne-
the 3.45 eV peak to a transition associated with an excitoitron sputtering in a BVAr/N, gas mixture. The addition of H
bound to the Mg acceptor. For 60 min annealing, observatiomwas found to reduce the oxygen background in the material,
of a 3.465 eV peak was found in lightly Mg-doped GaN, and the activation energy for the evolution of Has from
consistent with a previous assignment of an exciton bound tthe AIN was found to be 0.5 eV/atom as determined by gas
a nitrogen vacancy’° Therefore, loss of land compensa- chromatography. A variety of N-H IR peaks were found
tion of the p-type doping by introduction of the shallow do- between 2074 and 3532 cih—these bonds may hinder for-
nor N, states appears to be another reason it is difficult to gebation of N—O bond€*’ The value of 0.11 eV/atom for
strongp-type conductivity. hydrogen evolution is consistent with hydrogen bound at N

Piner et al3*? found that the hydrogen concentration in atoms>®
MOCVD In,Gg _,N was a strong function of Hand NH;
flow rates during growth, and also had a strong effect on the.. Dopant passivation
backgrounq C gnd 0] concgntrgtions. Therefore, the overall \ye have recently reported that atomic hydrogen passi-
compensation in the material is affected by the hydrogenaies hoth Mg and Zn, but a number of reports have shown
flow. Figure 77 shows H, C, and O relative concentrations irbassivation of C3%° C3% and C*! Theoretical consider-
InGaN grown at 730°C, as a function of NHlow rate.  aiions initially suggested that Ca might be a shallower accep-
tor in GaN than Mg**? Zolper et al**° realizedp-type dop-

- ing of GaN using implantation of Ca alone, or a

[ Hydrogen (@ coimplantation of Ca and P, followed by rapid thermal

- annealing at=1100 °C. While the activation efficiency of Ca

in both implant schemes was-100%, temperature-
dependent Hall measurements showed that the ionization
level of Ca was~168 meV, similar to that of Mg. The Ca
atomic profile was thermally stable to temperatures up to
1125°C. Since Mg has a substantial memory effect in stain-
less steel epitaxial reacto(sr in gas lines leading to quartz
chamber systemsCa may be a useful alternatiyedopant

for epitaxial growth of laser diode or heterojunction bipolar
transistor structures in which junction placement, and hence
control of dopant profiles, is of critical importance.

In considering Ca-doped GaN for device applications it
is also necessary to understand the role of hydrogen, since
there is always a ready supply of atomic hydrogen available
from NH;, the metal organic group Il sourcgypically
(CH3)3Gal or from the gaseous dopant source when using
chemical vapor deposition techniques. We have also found
that Ca acceptors in GaN are also readily passivated by
atomic hydrogen at low temperatu(®50 °O, but they can

FIG. 77. H, C, and O relative concentrations as a function of Rbw in l?e reactivated by thermal annealing<&00 °C for _1 min in
MOCVD InGaN (after Ref. 372 lightly doped (3x 10'”cm™3) samples. As the carrier density

Impurity Concentration (a.u.)

[ R R ,
L L R L *
0 1 2 3 4 5 6

Ammonia Flow Rate; (slm)
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FIG. 78. Annealing plot of sheet hole density in Ca-implanted GaN. The

activation energy is 16912 meV. FIG. 79. Sheet hole density at 300 K in hydrogenated &aNas a function

of subsequent annealing temperature.

is restored by such annealing treatments, there is a true pas-

sivation and not just compensation of the Ca acceptors by thgnserved in the He-plasma treated samples, showing that
hydrogen. _ pure ion bombardment effects are insignificant and the
a Cise study: Ca.Nominally undoped <3  chemical interaction of hydrogen with the Ca acceptors is
x10%cm™3) GaN was grown on double-side polished yesponsible for the conductivity changes. Posthydrogenation
c-Al20; substrates prepared initially by HCI/HN®H,0  annealing had no effect on the hole density up to 300 °C,
cleaning and arin situ H, bake at 3070 C. A GaN buffer \hile the initial carrier concentration was essentially fully
<300 A thick was grown at-500°C and crystaliized by restored at 500 °C. Assuming the passivation mechanism is
ramping the temperature to 1040 °C where trimethylgalliumine formation of neutral Ca—H complexes, then the hole mo-
and ammonia are again used to grow therg-thick epitax- ity should increase upon hydrogenation. This is indeed the
ial Ia}yer. Thgﬁrsr;?terlgls properties have been dlsgussed 'Base, as shown in Fig. 80. Note that the mobility decreases to
detail ea_rller3, ““'but in brief the double x-ray full-width at jis injtial value with posthydrogenation annealing. If the car-
half-maxima are~300 arcsec and the total defect densityjer reduction were due to introduction of compensating de-
(threading dislocations, stacking fayltapparent in plain  fects or impurities, then the hole mobility would decrease
view transmission electron microscopy was typically 2‘4upon hydrogenation, which is not observed.
x 10° cm~2 The as-grown films are featureless, transparent, In otherp-type 1lI-V semiconductors it is generally ac-

and 42ave. strong band ed¢&47 eV} luminescence. cepted that atomic hydrogen is predominantly in a positive
4Ca 'ons were implanted at 180 keV and a dose of Scharge state with the donor level being around midgap. If a
x10'cm 2 In some cases, a coimplant of Ro the same  gimilar mechanism exists in GaN then the initial Coulombic

dose at an energy of 130 keV was performed to try t0 eNytraction between ionized acceptor and hydrogen leads to
hance a substitutional fraction of Ca upon subsequent aryrmation of a neutral close pair, i.e.,

nealing in analogy to the case of Mg implantation in GaN.
For the case of Ca we found there was little additional acti-
vation as a result of the coimplant. After rapid annealing at

1150°C for 15 s under Nin a face-to-face geometry we 28

measured sheet carrier densitiepef1.6x 102cm 2 with a ﬁﬁaﬁfz 0.5h 250°C
mobility at 500 K of 6 cnd/V's. Arrhenius plots of the hole 20 + 60sec anneals
density showed an ionization level of 169 meV for the Ca in @

GaN (Fig. 78. Samples with alloyed Hgln ohmic contacts Z 15

were exposed to an electron cyclotron resonai@R) H, g

or He plasma with 850 W forward power and a pressure of i

10 mTorr. The exposure time was 30 min at 250 °C, and the "% 10 +

temperature was lowered to room temperature with the =

plasma on. The sheet carrier density and hole mobility at 300 5"

K were obtained from Van der Pauw geometry Hall mea- —B— before hydrogenation
surements. Posthydrogenation annealing was performed be- 0 —A— after hydrogenation

tween 100 and 500 °C for 60 s under flowing With the
ohmic contacts already in place. . .
The initial H, plasma exposure caused a reduction in annealing temperature (°C)

sheet h0|e_ depsity of apprOXima'_[eW an (_)rder of ma_gnitUdeFlG. 80. Hole mobility at 300 K in hydrogenated G@l¥) as a function of
as shown in Fig. 79. No change in electrical properties wereubsequent annealing temperature.

T T i T T
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Ca +H+<—>(Ca— H)O. TABLE VII. pdopants found to be passivated by atomic hydrogen in GaN.

Dopant Comments Refs.

The existence of the neutral complex should be verified by

. R . . . residual hydrogen in growth ambient 305-307, 328
observation of a vibrational barit but to obtain the sensi- yerod g

leads to high resistivity in as-grown

tivity needed for such a measurement will require a relatively GaNMg)
thick epilayer of Ca-doped GaN. Our present implanted zn electron injection increases Zn-related 310
samples do not have a sufficient Ca density-times-thickness emissions in Gaken)
product to be suitable for infrared spectroscopy. c H, plasma exposure decreases hole 339
. . . h . density by a factor of 3—thermally

If the dissociation of the Ca—H species is a first-order reversible
prOCGSS then the I’eaCtlvatIOl’l energy fl’0m the data Il’l F|g 79 Ca HZ p|asma exposure decreases hole 338
is ~2.2 e\®® assuming a typical attempt frequency of density by a factor of 10—thermally
10*s™? for bond breaking processes. This is similar to the reversible

Cd formation of Cd—H complexes seen by 338

thermal stability of Mg—H complexes in GaN which we pre-
pared in the same mann@mplantation with similar doping
levels. In thicker, more heavily doped samples, the apparent

thermal stability of hydrogen passivation is much higher be-

cause of the increased probability of retrapping of hydrogerior hydrogen-acceptor complexes in GaN. To this point there
at other acceptor sité8® This is why for thick, heavily —have not been any direct observations of donor dopant pas-
doped p>10%cm %) GaNMg), a postgrowth anneal of at sivation in any of the nitrides, although this is fairly typical
least 700 °C for 60 min is employed to ensure complete deef what has occurred previously in other semiconductor sys-
hydrogenation of the Mg. True reactivation energies can onlyems. For example, in Si, acceptor passivation was first re-
be determined in reserve-biased diode samples where thmrted in 198347 and it was only in 1986 that reports of
strong electric fields present sweep the charged hydrogen outeak donor passivation were seéfiSubsequently in 1988,

of the depletion region and minimize retrapping at thethe first unambiguous observations by IR spectroscopy were
acceptors™ made3**~*Iput only after realizing that because of the lower

In conclusion we have found that hydrogen passivatiorbinding energies for donor dopant-hydrogen complexes, the
of acceptors in GaN occurs for several different dopant imtemperature at which the hydrogen was unincorporated
purities and that postgrowth annealing will also be requiredshould be lowered! Once the plasma injection temperature
to achieve full electrical activity in Ca-doped material pre-was reducedto 120 °C from the usual 200 °C fgrtype S),
pared by gas-phase deposition techniques. The thermal stdenor passivation efficiencies over 90% were realiZ8d.
bility of the passivation is similar for Ca—H and Mg—H com- Another feature of dopant passivation by hydrogen is that it
plexes, with apparent reactivation energies~e2.2 eV in  depends on the characteristics of the plasma used for injec-
lightly doped (~10'"cm3) material. tion, i.e., the relative fluxes of 51 H,, H°, H*, and associ-

b. Case study: C, Cdhbernathyet al3**reported carbon ated excited states, the average ion energy, and the Fermi
doping of GaN using CGlin metal organic molecular beam level at the semiconductor surfaté.For example, we have
epitaxy, with maximum hole concentrations of-3 seen that increasing the ion energy 5100 eV in a H
X 10'"cm 3. The total carbon concentration in these films isplasma increases the incorporation depth of hydrogen in
somewhat higher than thid—2 orders of magnitudebut  p-type GaAs by up to 509* and somewhat smaller effects
the reason for the low doping efficiency is not known at thishave been observed in Sf€* This may be due to more
point3*® The activation energy of acceptor ionization was efficient transfer of hydrogen across surface potentials.
reported to be~26 meV, but this may be due to impurity
band conductiori*®

Exposure of the Ga{C) samples to an electron cyclo- Typical SIMS profiles of?H in p-type GaN with[ Mg]
tron resonance fplasma at 250 °C reduces the hole concen—~2x 10*°cm™2 and hole concentration 1 X 10" cm ™3, and
tration by approximately a factor of thré& with an accom- in n-type GaN, with Si-2.5x 10*¥cm™ and electron con-
panying increase in hole mobility. Annealing of the centration 2<10*°cm™3, are shown in Figs. 81 and 82, re-
hydrogenated material restored the initial hole concentratiospectively, for samples exposed téHaplasma for 30 min at
at ~450°C. It is well established in other dopant-hydrogen250 °C. Note in thep-type material the’H follows an in-
complexes that the apparent thermal stability is a strongliffusion profile where’H is trapped at Mg or defects, and
function of the doping level and sample thickness because dhere is a very high concentration shallow feature extending
hydrogen retrapping effects. to ~0.1 um from the surface. This is deeper than the usual

There have also been studies on the formation kineticpeak due to nonequilibrium sputtering effects in SIMS, and
Burchard et al**! studied the formation and properties of may result from extendedH clusters or platelets. In the
Cd—H pairs in GaN using radioactivé'Cd and perturbegy  n-type material there is basically no measurable deuterium,
angular correlation spectroscopy. The H was incorporated bguggesting thatH is not readily trapped at donor dopants.
100 eV implantation, and formation of two different Cd—H However, as pointed out above, this may simply be due to
complexes(different configurationswith dissociation ener- nonoptimized plasma conditions employed thus far.
gies of 1.1 and 1.8 eV, respectively, were found. A number of reports have shown that hydrogen can in-

Table VII summarizes the information reported to datedeed pair with positively charged native donors in InN,

PAC—dissociate a&350 °C

2. Diffusion and reactivation mechanisms
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FIG. 83. Dependence of absorption coefficient squared on photon energy
before and after hydrogenation of AlIGaN samples of various Al contents.

Polyakov et al®® found that hydrogen plasma exposure at
200°C for 1 h led to a substantial decrease in carrier concen-
tration accompanied by an increase in electron mobility. The
passivation efficiency appears to be higher for AlGaN than
for pure GaN, and there was little change in electrical prop-
erties for the closely compensated GaN sample with initial
carrier concentration of 810%“cm 3. By sharp contrast,
changes in AlGaN carrier concentration still occur even
when the starting concentration is low. Polyakewal3%®
suggested that passivation of native donors in AlGaN pro-
ceeds via pairing with negatively charged hydrogen s,

InGaN, InAIN, and AIGaN®®>*® Frequently undoped and that the efficiency of passivation drops rapidly as the
Al,Ga _,N films with x<0.4 show electron concentration in Fermi level crosses the hydrogen acceptor level. This would
the 16°-10cm™® range and mobilities on the order 10 place the H level in GaN somewhere abo — 0.2 eV and
eV s 13973840 addition, many groups have observed much shallower than that in AlGale.g., in Al 1.Ga g it

very strong tails at optical absorption near the band edgeshould be close t&,—0.5eV). Measurements of the tem-
High carrier concentrations and strong band tailing in AlGaNperature dependence of carrier concentration in high resistiv-
make it difficult to use such layers in most applications.ity AIGaN samples after hydrogen treatment yield the same
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FIG. 82. SIMS profiles ofH and Si in GaNSi) exposed to &H plasma for
30 min at 250 °C.

activation energies as before treatmef®.3 eV in

Alg 1 GagdN, 0.22 eV in Al /Ga 3dN), indicating that no
deeper compensating centers have been introduced, and that
the decreased carrier concentration is a result of passivation
of the existing electrically active centers.

The effect of hydrogen plasma passivation on the ab-
sorption spectra near the fundamental absorption edge in
AlGaN and AIN samples is shown in Fig. 83. Prior to pas-
sivation, the magnitude of the band tailifmanifested in
deviation of the squared absorption coefficient versus photon
energy from a straight lings substantial. This band tailing is
suppressed by the hydrogen plasma treatment. The origin of
the band tails may be related to fluctuations of local electric
fields due to fluctuations of the density of charged defects.
The hydrogenation treatment reduces the concentration of
these defects, reducing the near band edge absorption. For
AIN no measurements of electrical properties could be per-
formed because of its high resistivity. The near band edge
absorption observed in that case could come from local fields
associated with deep levels, and suppression of such absorp-
tion could be related to the suppression of electrical activity
of these deep centers. PL measurements on these samples
showed a decrease in deep level emission and an increase in
band edge emission as a result of the hydrogenation.

The thermal stability of native donor-hydrogen com-
plexes was measured by isochronal annealing as shown in
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gies. This may be due to nitrogen vacancies with different
numbers of specific group Il neighbors surrounding them
(i.e., two In and two Al versus one In and three) AAssum-

ing a Gaussian distribution of energies, we obtained values
of 1.4 eV for the activation energy for donor reactivation,
with a full-width at half-maximum of~0.3 eV.

In both SP®-3"4and GaA3"*~*"8injection of minority
carriers either by forward biasing of a diode structure or
illumination with above band gap light produces dissociation
of neutral acceptor-hydrogen or donor-hydrogen complexes
at temperatures at which they are normally thermally stable.
While the details of the reactivation process are not clearly
Annealing Temperature (°C) established, it is expected that for an acceptor A the reactions

FIG. 84. Dependence of the fraction of unannealed native donor-hydroge”kew can be described by
complexes in AlGaN. 0 _ _
(AH)%=A~+H

Fraction of unannealed complexes

0.0 T | A S SN RENL R BN R T

T T
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Fig. 84. The fraction of unannealed complexes is defined as H +e —H"
N;—N;/N,— Ny whereN; is the electron concentration be-
fore hydrogenationN,, the electron concentration after hy-
drogenation, andNt is the electron concentration after hy-

drogenation and subsequent annealing at tempera&turbe

The neutral hydrogen most likely forms diatomic or larger
clusters with other neutral or charged hydrogen species. The
mechanism for acceptor activation during the e-beam irradia-

. . tion process has not been studied in detail to date. To estab-
thermal stability of the donor-hydrogen complexes increaseg.p, ‘that minority-carrier-enhanced debonding of Mg—H

with AI.N mole fraction in _bOth MBE and MOCVD matenial, complexes in GaN is responsible for this phenomenon, we
_and th!s may play a_role_ in the frequently observed Qecr_easgxamined the effect of forward biasing in hydrogengted

n camer Cor‘.ce”gg"z}t;gﬁ In as-grown AlGaN layers with hlghjunctions. We find that the reactivation of passivated accep-
Al mole fractions?®*

. . . tors obeys second-order kinetics and that the dissociation of
Lower thermal stabilities were found for In-containing

_ . . ) the Mg—H complex is greatly enhanced under minority-
nitrides. Figure 85 shows the fraction of passivated donor?ﬁarrier injection conditions. The details are given below.
remaining in I1g sAlgsN and Iy »5Alg 25Gay N initially hy-

o : . The sample was grown astAl,O; by MOCVD using a
drogenated at 250°C for 30 min, as a function of pOSthydro'rotating disk reactor. After chemical cleaning of the substrate

genation annealing temperature. Both samples displayed iR both acids (HSO,) and solventgmethanol, acetoneit

decrease in carrier concentration of approximately an Orde\R/as baked at 1100°C under,HA thin (<300 A) GaN
of magnitude after hydrogen plasma exposure. The PaSS tter was grown at 510°C, before growth ofL um un-

vated donors begin to reactivate around 400°C and b}ﬁ : ; . .
N . : oped material. 0.wm of GaNMg) with a carrier density of
500°C 78% of the lost carriers were restored in INAIN andp~1.5>< 10" cm2 after 700 °C annealing and 0am GaN

66% in the InAlGaN. The recovery of the donor activity Si) with a carrier density of 510®cm 3. Some of the
occurred over a broader temperature range than general mple was hydrogenated by annealing'under o 30
observed for other passivated dopants, and is consistent wi in at 500 °C. This produces passivation of thg Mg accep-
the presence of a Gaussian distribution of activation eNelis (~90%) but has little effect on the Si donoss1%

passivation
Mesap-n junction diodes were processed by patterning
7 T ' ! ' 500-um-diam. TiAl ohmic contacts on the-GaN by liftoff
: and then performing a self-aligned dry etch with an electron
cyclotron resonance B@IAr plasma to exposure of the
p-type GaN. The e-beam evaporated NiAu was patterned by
7 liftoff to make ohmic contact to the-type material. The
carrier profiles in thep-type layer were obtained from 10
kHz capacitance—voltage measurements at room tempera-
7 ture. Anneals were carried out in the dark at 175 °C under
two different types of conditions. In the first, the diode was
in the open-circuit configuration, while in the second the
7 junction was forward biased at 9 mA to inject electrons into
the p-type GaN. After each of these treatments the samples
were returned to 300 K for remeasurement of the net electri-
cally active acceptor profile in this layer.
Figure 86 shows a series of acceptor concentration pro-

FIG. 85. Fraction of passivated donors remaining in InAIN or InGaN afterf”es_measured on the sanpen junc_tion sam_ple, after an-
deuteration at 250 °C and subsequent annealing at different temperaturesnealing at 175 °C under forward bias conditions. After the
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FIG. 86. Carrier concentration profiles in hydrogenated @&\ after an- FIG. 87. Plot of inverse net active Mg concentration determined from Fig.
nealing for various times at 175 °C under forward bias conditions. 86 at a depth of 0.Jum from the junction, as a function of forward bias

annealing time.

NH; hydrogenation treatment the electrically active acceptor

density decreased from 80 to ~6-7x10%%cm™3. If  value is consistent with those obtained in Si and GaAs where
the subsequent annealing was carried in the open-circuit comrinority-carrier-enhanced dopant reactivation has also been
figuration, there was no change in the carrier profile-at1  reported.

um for periods up to 20 h at 175 °C. By sharp contrast Fig.  The rate of reactivation of passivated acceptors is depen-
86 shows that for increasing annealing times under minoritydent on the injected minority-carrier density. Moreover, for
carrier injections conditions there is a progressive reactivashort annealing times it was found that the dopant reactiva-
tion of the Mg acceptors with a corresponding increase in thdion occurred at a faster rate than predicted by the second-
hole concentration. After 1 h, the majority of these acceptororder equation for very short annealing times, and that the
have been reactivated. Clearly therefore, the injection ofinnealing process was rate limited by the formation of
electrons has a dramatic influence on the stability of thestable, electrically inactive diatomic H species. At this point
MgH complexes. The Mg reactivation has a strong depenthere have not been enough studies of the various states of
dence on depth into thetype layer, which may result from hydrogen in GaN as determined by infrared spectroscopy,
the diffusion distance of the injected electrons prior to re-channeling or secondary-ion-mass spectrometry for us to
combination. We rule out heating of the sample during for-conclude anything about the ultimate fate of the atomic hy-
ward biasing as being a factor in the enhanced dissociatioeirogen once it has dissociated from the Mg—H complex, but
of the neutral dopant-hydrogen complexes. The samplei is likely that it then reacts with other hydrogen atoms to
were thermally bonded to the stainless-steel stage and tHerm diatomic or larger clusters. A strong dependence of
junction temperature rise measured to be minifs10°C).  reactivation rate on injected minority-carrier density would
Moreover, from separate experiments we found that reactiindicate the presence of a charge state for hydrogen and
vation of the Mg did not begin until temperatures abovetherefore influence the conversion ofHnto the neutral
~450 °C under zero-bias conditions. state and then into the final hydrogen complexes.

Previous experiments on minority-carrier-enhanced reac- The fact that the MgH complexes are unstable against
tivation of hydrogen passivated dopants ifA’Sand GaAs’”  minority-carrier injection has implications for several GaN-
have found that for long annealing times the kinetics can bdased devices. First, in a laser structure the high level of
described by a second order equation carrier injection would rapidly dissociate any remaining

Mg—H complexes and thus would be forgiving of incomplete
dINA—N(D)1/dt=C[NA—N(®)T*, removal of hydrogen during the postgrowth annealing treat-
where N, is the uniform Mg acceptor concentration in the ment. In a heterojunction bipolar transistor the lower level of
nonhydrogenated sampl(t) is the acceptor concentration injected minority carriers would also reactivate passivated
in the hydrogenated GaN after forward bias annealing foMg in the base layer, leading to an apparent time-dependent
timet, andC is a second-order annealing parameter. decrease in gain as the device was operated.

In order to quantitatively analyze the reactivation kinet- In summary, we have shown that hydrogen-passivated
ics of the Mg—H complexes in GaN, we measured the inacMg acceptors in GaN may be reactivated at 175 °C by an-
tive acceptor concentrationsNy—N(t) using the nealing under minority-carrier injection conditions. The re-
capacitance—voltage measurements at a depth ofud.in  activation follows a second-order kinetics process in which
the p-GaN layer. Figure 87 shows that there is a linear relathe (MgH)° complexes are stable 8450 °C in thin, lightly
tionship betweeriN,—N(t)]"! and annealing timé, con-  doped GaN layers. In thicker, more heavily doped layers
firming that the reactivation process can be described by @here retrapping of hydrogen at the Mg acceptors is more
second-order equation witlC=4x10 2°cm®s . This prevalent, the apparent thermal stability of the passivation is
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higher and annealing temperatures up to 700 °C may be re-
quired to achieve full activation of the Mg. Our results sug-
gest the mechanism for Mg activation in e-beam-irradiated
GaN is minority-carrier-enhanced debonding of the hydro-
gen.

The diffusion and trapping behavior of hydrogen in de-
vice structures is more complicated than in single-layer
structures. For example, light-emitting diodes or laser diodes
contain bothn- and p-type GaN cladding layers with one or
more InGaN active regions. The first laser reported by Na-
kamuraet al3"® contained 26 InGaN quantum wells. In other
[1I-V semiconductors the diffusivity of atomic hydrogen is a 7
strong function of conductivity type and doping level since 0 +——F—T—T7— T
trapping by acceptors is usually more thermally stable than 200 300 400 500 600 700 800 900
trapping of hydrogen by donor impuritié&-383Moreover, ANNEALING TEMPERATURE (°C)
hydrogen is attracted to any region of strain within FIG. 88. Fraction of passivated Mg acceptors remaining in hydrogenated
multilayer structures and has been shown to pile up at he-type GaN after annealing for 20 min at various temperatures in eitper N
erointerfaces in the GaAs/&1#38 GaAs/InP3#438 and  or H, ambients.

GaAs/AIAS® material systems. Therefore it is of interest to

investigate the reactivation of acceptors and trapping of hy-

drogen in double heterostructure GaN/InGaN samples, sinc@rial were then annealed for 20 min at temperatures from
these are the basis for optical emitters. We find that the re500 to 900°C under an ambient of eithep Nf H, in a
activation of passivated Mg acceptors also depends on thgeatpulse 410T furnace. Figure 88 shows the percentage of
annealing ambient, with an apparently higher stability forpassivated Mg remaining after annealing at different tem-
annealing under frather than M Hydrogen is found to peratures in these two ambients. In the case paidbients
redistribute to the regions of highest defect density within thehe Mg—H complexes show a lower apparent thermal stabil-
structure. ity (by ~150°Q than with H, ambients. This has been re-

The double heterostructure sample consisted of 300 Aported previously for Si donors in InGaP and AllnP, and Be
low-temperature  GaN buffer, 3.3um of n"(Si  and Zn acceptors in InGaP and AlInP, respectivéfyand
=10'"%cm 3)GaN, 0.1 um undoped InGaN, and 0.m  most likely is due to in-diffusion of hydrogen from the,H
p* GaN (p=3x10"cm 3 Mg doped. In the immediate ambients, causing a competition between passivation and re-
vicinity of the n-GaN/ALO; interface the defect density was activation. Therefore, an inert atmosphere is clearly preferred
high (10*cm™2) but was reduced with increasing film thick- for the postgrowth reactivation anneal pfGaN to avoid
ness. However after growth of the InGaN active layer theany ambiguity as to when the acceptors are completely ac-
threading dislocation density increased, due to thermal detive. Previous experimental results by Brarettal *° and
composition of the top of the InGaN upon raising the tem-total energy calculations by Neugebauer and Van de \#4lle
perature to grow th@-GaN .8’ suggest that considerable diffusion of hydrogen in GaN

XTEM of the DH-LED showed dislocations as dark might be expected a&600 °C.
lines propagating in the direction normal to the substrate. Other sections of the double-heterostructure material
Most of the dislocations appeared to traverse the entirevere implanted with?H* ions (50 keV, 2x10%cm?)
double heterostructure, while some appeared to bend and falrough a SiN cap in order to place the peak of the implant
low the interface for a short distance before threading out talistribution within thep* GaN layer. Some of these samples
the surface. The nature of the threading dislocations wasere annealed at 90 °C for 20 min undes. s shown in the
studied by conventional XTEM using thg b=0 criteria. = secondary ion mass spectrometBIMS) profiles of Fig. 89,
The dislocation will be invisible wheh lies in the reflecting the ?H diffuses out of thep™ GaN layer and piles up in the
plane. Some of the dislocations were invisible bothgih  defective InGaN layer, which as we saw from the TEM re-
=(0002) andg5=(1101) and becausk was common to sults, suffers from thermal degradation during growth of the
both reflectionsp was found to be 1/2120]. Assuming p*GaN. There is a strong attraction of H for crystal defects.
that the growth is the same as the translation vector of thélote that there is still sufficient?H in the p*GaN
dislocation, these defects would be pure edge type in naturé~10"2cm3) to passivate all of the acceptors present, but
The average threading dislocation density was also foundlectrical measurements show that fhdoping level was at
along the plane normal to the growth direction. The dislocaits maximum value of~3X 10 cm™3. These results con-
tion density was found to be 8x 10°cn?. firm that as in other llI-V semiconductors hydrogen can

The double-heterostructure sample was exposed to aexist in a number of different states, including being bound
electron cyclotron resonance, khlasma(500 W of micro- at dopant atoms or in an electrically inactive form that is
wave power, 10 mTorr pressyrtor 30 min at 200°C. The quite thermally stable. We expect that after annealing above
hole concentration in the-GaN layer was reduced from 3 700 °C all of the Mg—H complexes have dissociated, and the
X 107 to ~2x 10*cm™2 by this treatment, as measured by electrical measurements show that they have not reformed.
capacitance voltaged—V) at 300 K. Sections from this ma- In other IlI-Vs the hydrogen ip-type material is in a bond
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80 -
60 -
40 -

i

20 {_@— H, AMBIENT
{—=— N, AMBIENT

PERCENTAGE OF PASSIVATED

Mg REMAINING (%)

Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



50

J. Appl. Phys., Vol. 86, No. 1, 1 July 1999

Appl. Phys. Rev.: Pearton et al.

- - .
1108 1010 ,9 N
’
TU 108 )
107 e— SiNg ——}-p-GaN—+{InGaN] n-GaN g £
o — Ga- jio* E g 106 ¢'A-~6‘a-
s 2 2 &
g/ 10k H /?NNEALED é E 108 ,/ i
= N ot & g
Z . Z § 102 -
) 0 l1 o ® He, Sample #1
A 10 | - . A He, Sample #2
Z | "HASIMPLANTED \3fy| | % 10° |- OH, Sample #1
= . 02 2 A H, Sample #2
< \] : Z 2 - v il I NP | PP S
103 , 9 10
i b Q 1016 10V 1018 10" 10%
Ll 2 Concentration (cm™)
10" il ' 10
- U“ FIG. 90. As-implanted GaN resistivity for He- and H-implanted material, as
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A 1 A PR P RPN W G T B ST
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DEPTH(MICRON) and/or hole trap&*39The thermal stability of this effect is

an important consideration for designing the device process-
FIG. 89. SIMS profiles of’H in an implanted(50 kev, 2<10°cm™  ing sequence. High resistivity material is produced by im-
it:m:tggoeg soi’?‘f‘(’)";‘@zg?r‘]ii‘:e'haeros”“‘”ure sample, before and after annealp|antation of any ion, but annealing at a sufficiently high
g ' temperature will remove the trap states, and the resistivity of
the material will revert to its original value. If the implanted
centered position forming a strong bond with a nearby NSPecies has a chemical deep level in the band gap, then the
atom, leaving the acceptor threefold coording®dnneal-  Material W|II92rema|n resistive even at high annealing
ing breaks this bond and allows the hydrogen to make &emperatures?
short-range diffusion away from the acceptor, where it prob- A number of reports have discussed implant isolation in
ably meets up with other hydrogen atoms, forming molecule§3aN using H, He, N, or O implantatiofi****Binari et al**
or larger clusters that are relatively immobile and electricallyfound that higher doses of implanted hydrogen were needed
inactive. This seems like a plausible explanation for the rein comparison with He in order to isolate” GaN (Fig. 90.
sults of Figs. 88 and 89, where the Mg electrical activity is This is expected on the basis of the number of stable defects
restored by 700 °C, but hydrogen is still present in the |ayepreated by the two different species. The H-implanted mate-

at 900 °C. In material implanted with hydrogen, there is al-fi! moaintained higho resistivity ¥10°Q cm) only to
most certainly a contribution to the apparently high thermal~250 °C, and by 400 °C all samples had resistivity of only
stability by the hydrogen being trapped at residual implant~10° cm. In Fig. 91 we compare the thermal stability of

damage. This is evident by the fact that theprofile retains

proton implant isolation im-GaN and GaAs. The stability is

a Pearson IV type distribution even after 900 °C annealingSUrPrisingly higher in GaAf, but hi%&er stabilities for GaN
The other important point from Fig. 88 is that as in othercan be obtained with N O", or F".* The maximum in-
defective crystal systems, hydrogen is attracted to regions &rporation depth of implanted protons in GaN+g wum for

strain, in this case the InGaN sandwiched between the ad-
joining GaN layers.

In conclusion, the apparent thermal stability of 10%
hydrogen-passivated Mg acceptorgiGaN is dependent on
the annealing ambient, as it is in other compound semicon- 107 -
ductors. While the acceptors are reactivated=&00 °C for T
annealing under )\ hydrogen remains in the material until é 10° -
much higher temperatures and can accumulate in defective }1
regions of double-heterostructure samples grown oOAl = 10° -
It will be interesting to compare the redistribution and ther- 2
mal stability of hydrogen in homoepitaxial GaN in order to & 10° 1 H' implant
assess the role of the extended defects present in the cur- 5 ® GaN
rently available heteroepitaxial material. 101 ® Gaas
A} 1
) . 100 T—— . : :
3. Ro.le of. hyd'rogen dur'lng {Jroceésmg . 0 100 200 300 400
Light-ion implantation is typically used in Ill-V tech- Anneal temperature (°C)

nology to produce high resistivity material through the intro-

duction of point defects and complexes which are electrorFiG. 91. Thermal stability of proton implant isolation inGaN or GaAs.
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and subsequently annealed at different temperature.
FIG. 93. Profiles ofH" implantedn-type GaN, subsequently annealed at
different temperatures.

a typical 200 kV implanter. While the deep levels in
H-implanted GaN anneal out at200°C, temperatures
above 800 °C are needed to cause most of the hydrogen toally simulated capacitangebut the temperature depen-
actually leave the materid?>3% dence of conductivity yields only the dominant states. As the

We find substantial differences in the thermal stability ofimplanted samples are annealed, quite different behavior was
resistivity changes depending on the initial conductivity typeobserved for the two conductivity types. For théype GaN,
of hydrogen-implanted GaN and a strong Fermi-level depenthe resistance initially increases with annealing, reaching a
dence of hydrogen diffusivity. In samples implanted with maximum at~200 °C. At higher annealing temperatures the
2H* ions under two different conditions—for diffusion ex- resistance decreases back to the original value. This is the
periments the samples received a single endidpp ke\) same behavior typically observed in implanted compound
implant at a dose of 2 10"°cm™2, whereas for measurement semiconductors, and is usually ascribed to an initial reduc-
of the effect on electrical properties of the layers, they werdion of hopping conduction as annealing of some of the
implanted with a multiple-energ§20, 50, 100, and 150 keV implant-induced defect states occylsading to an increase
for the p-type; 20, 50, 100, 150, 200, 250, and 300 keV forin resistancg followed by a decrease in resistance as the trap
the n-type) scheme, at a dose of210**cm™2 for each en-  density falls below the electron concentration and electrons
ergy. The redistribution of the implanted deuterium for an-are returned to the conduction band. Similar behavior has
neals up to 1200 °@60 s duration was measured by SIMS been reported previously by Binai al1**in 'H* implanted
using a C$ ion beam. The sheet resistance of the multiplyn-GaN.
implanted sampled was obtained after different anneals using The implantedd-GaN shows an initial decrease in resis-
Van der Pauw geometry Hall measurements. In theséance up to~400 °C, but then the resistance again increases
samples alloyed Hgln ohmic contacts were fabricated prioand remains high even at 600 °C. This behavior is consistent
to implantation. with an initial annealing for the implant-induced deep level

Figure 92 shows the ratio of the sheet resistances aftestates, followed by the onset of hydrogen passivation of the
implantation and annealing to that before implantation, forMg acceptors. In these bullelectric-field-fre¢ layers, the
both n- and p-type GaN. The as-implanted samples showacceptor passivation is stable 26700 °C. In structures with
resistances~3—4 orders of magnitude higher than unim- strong internal electric fields, such as reverse-biased
planted material. This behavior is typical of ion-damagedSchottky diodes, retrapping of the charged back onto the
compound semiconductors, and arises from the creation afegatively charged acceptor is minimized, and reactivation
defect states within the GaN band gap that act as traps faf the passivated Mg occurs at lower temperature.
both the electrons in-type material and the holes mtype To confirm the above discussion, SIMS measurements
material. From separate temperature-dependent conductivityere performed to determine the temperatures at which the
measurements, we find that the Fermi level is~aE,  2H is mobile in the implanted GaN. Figure 93 shows the
—0.8eV in then-type GaN afte’H"* implantation and at results for then-type GaN. There is no detectable motion or
~E,+0.9eV in the implanteg-type GaN. We expect that a loss of?H until ~800 °C, with the deuterium lost by evolu-
variety of different defect levels are created by the nucleation from the surface at higher temperatures. Note that the
stopping process of the implanted deuteréwsich would remnant?H at each temperature decorates the residual im-
be measurable by deep level transient spectroscopy or thgptant damage, which persists even at 1200 °C. The peak of
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1021 107 leased from the crystal, with the residual deuterium decorat-
ing the remaining implant damage. prGaN, diffusion of

the deuterium starts at lower temperature, leading to the for-
mation of Mg—H complexes that control the sample resis-
tance in the temperature range of 500—700 °C.

’H in p-GaN

50keV, 2x10'5cm- 106

1020

No anneal

g 10° ;‘1 In addition to direct implantation of hydrogen, it has
s §00°C & 900°C = been found that it can be unintentionally incorporated during
E 1019 '\ 700c " E many processing steps, including boiling in water, dry etch-
z : = ing, chemical vapor deposition of dielectrics, and annealing
o . - in H, or NH3.>%"3% For example, GaN boiled in O at
= .;,»_.S_nggoc 100 g 100 °C for 30 min showed incorporation #f up to ~1 um
> E in the materiaf®’ It is not known how the columnar nature
41000, 1100 and 1200°C anneals 1?5 of the GaN growth affects the hydrogen incorporation but
% comparisons with bulk crystals or homoepitaxial layers will
107 2 be enlightening. Boiling in water has previously been shown
ot @ to be an effective method of introducing hydrogen intd3i,
and it generally diffuses very rapidly under these conditions
101;0 - 0‘2 *0‘; 0‘6 0'8 1'0 1’2 ' e because the H flux is low enough to avoid the H—H pairing

reactions seen in plasma-exposed material.

KOH-based solutions readily etch AIN selectively over
FIG. 94. SIM profiles ofH" implantedp-type GaN, subsequently annealed GaN, with etch rates that are temperature and material qual-
at different temperatures. ity related*°®4%*Exposure of undoped GaN to a solution of

KOH/D,O for 20 min leads to incorporation éH at a con-

centration of~10"cm ™2 to a depth 0f~0.5 um 3% This
the distribution shifts from the projected range of the implantshows that even at quite low processing temperatures
to the peak of the damage distribution, which is slightly (25 °C), atomic hydrogen can be readily diffused into GaN.
closer to the surface as confirmed by transport-of-ions-in-  Another source of hydrogen incorporation is during
matter(TRIM) calculations:?® Since there is little affinity for PECVD of dielectrics such as Si\and SiQ for masking
hydrogen to passivate donors in GaN, then once the deepnd surface passivation. It is known from GaAs work that
level density falls below the electron concentration, the shedPECVD of these dielectrics using SiMdan cause extensive
resistance of the material returns to its original value. hydrogen passivation effect®4we have previously ex-

The results for thep-type GaN are shown in Fig. 94. ported that ECR-CVD of SiNonto GaN at a rate of 250
Diffusion of the hydrogen begins at 500 °C, leading to theA min~* at 250 °C produceéH incorporation depths of-0.7
creation of a plateau region deeper than the original imum using SiD/N,.**’ Postdeposition annealing of the
planted?H distribution. This concentration is the same asSiN,/GaN structure at 500 °C for 20 min did not produce
that of the Mg acceptoréinterestingly not the hole density, any further indiffusion oPH from the SiN,, indicating that
which is a factor of~10 lower due to the deep ionization the source of the initial incorporation is the exposure of the
level of the Mg, ~180 meV). The ?H concentration in the GaN surface to the silane discharge. Seataréported that
original implanted region continues to decrease with highehydrogen incorporation in GaAs during similar ECR-CVD of
annealing temperatures, and is completely gone by 1000 °Gijlicon nitride could be reduced by employing an initially
a much lower stability than for the-type GaN. By 700°C fast deposition rate to encapsulate the surface as quickly as
there is also a noticeable accumulation of deuterium at thpossible.
episubstrate interface. This is a region of strain, and itis well  There are a variety of dry etch chemistries for GaN and
established in other semiconductor systems that hydrogen iglated alloys, including G BCl;, SiC,, CCLF,, CH,/H,,
attracted to, and trapped, at such places. It is clear that &Br, HI, ICI, and IBr#%4-49°Additives such as Ar, i or H,
annealing temperatures500 °C, hydrogen diffuses out of are often included to enhance sputter-assisted desorption of
the initial implanted regions and is trapped into Mg—H pairsthe etch products, or to balance removal of Ga and N etch
and the episubstrate interface. This behavior is consistemroducts. Eddy and MoIn&E found that ECR Chi/H,/Ar
with the electrical data of Fig. 92, where the presence oflischarges caused-GaN to become more insulating and
acceptor passivatiofand the absence of donor passivation insulating films to become conducting. However these ef-
would explain the results. Note also that the SIMS datdects may have been due to a combination of ion-induced
shows the diffusivity ofH is much faster irp-GaN than in  defects(since the mobility decreased mGaN) and prefer-
n-GaN, consistent with the predictions of Neugebauer anential loss of N from the near-surfac¢g000 A). Annealing at
Van de Wallg**® 800°C for 30 s restored most of the original electrical

In summary, GaN implanted witfH shows substantially properties'®® If elevated sample temperatures are employed
different thermal stability imn- and p-GaN. In the former to enhance desorption of In from In-containing nitrides, then
there is no apparent chemical effect of the deuterium, witthydrogen indiffusion can be very substantial, with incorpo-
the electrical properties controlled by the implant damageration depths of 0.5—2m in 40 s at 170 °C, i.e., diffusivities
related deep level states. Upon annealing, deuterium is r@f 10 °-6x10 cn?V 1s13% Similar results were

DEPTH (um)
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found in AIN and GaN in addition to 4Gz _,N.3**As men-
tioned before, it is not clear what role the extensive defect
density in GaN heteroepitaxial samples plays, but it likely
enhances the hydrogen diffusion substantially. The effect of
H in dry etching of GaN is therefore two-fold—it may dif-
fuse into the bulk of the sample and passivate dopants or
defects, leading to an increased resistivity of the material, or
it may produce preferential loss of N right at the surface,
leading to a thim* layer ~100 A thick. In some cases if the
loss of N is not too severe, annealing at 400—800 °C may be
able to restore the surface stoichiometry, but in In-containing
nitrides the vast difference in volatility of In and N of the

products usually means that In droplets form and the sun‘acgIG 95. Formation energy of H H-
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Formation Energy (eV)

2
E.(eV)

, and H as a function of Fermi level

cannot b_e restored by annealing WlthOlj't fIrSt. r'en.wovm.g t.h%osition. Results are shown from Mg—H complexes anadndleculegafter
droplets in HCI. Room temperature etching minimizes indif-Ref. 415.

fusion of hydrogen from the plasma.
(i)
(i)

4. Theory of hydrogen in nitrides

Brandtet al*'° reported a new PL line at 3.35 eV after

hydrogenation ofp-type and unintentionallyn-type GaN,

suggesting the introduction of a hydrogen-related dono
level. However these same workers created some confusion
by reporting local vibrational modes around 2200 ¢nfor

I(iii)

passivation(an electrical level moves from the gap to
a band.

activation (an electrical level moves from a band to
the gap.

level shifting (a level shifts within the gap, e.g., a
shallow level becomes deep

The latter case may be important in wide gap semiconductors

Mg—H complexes in GaK!! This led to a series of conflict- because energy levels have to shift a lot to disappear from
ing theoretical work that was guided by incorrect experimenthe gap. They found that His bound to N in a BC-like

tal data.

Okamotoet al#*?

position, H is at a BC site with H bound to Géand an
used local density approximation of activation energy for diffusion of1 eV), while H™ is at the

the density functional theory to calculate the stable position#\B g, site (and an activation energy for diffusion of 1.5 gV
of Mg and Mg—H in GaN. Mg was found to occupy a Ga H, molecules were found to be stable at the tetrahedral in-
substitutional site, producing a shallow acceptor level. Theyerstitial (Tg,) site.

found the bond-centere@BC) site between Mg—N was the
most stable site for hydrogen by0.1 eV relative to an an-
tibonding site(AB) near the Mg atom. The N and interven-
ing H were found to form a strong bond with the calculated
bond length(1.02 A) close to that of the Nkimolecule(1.01 .
A), and no bond charge between Mg and H. The distancg')
between Mg and H was 1.96 A, caused by displacement of
the Mg atom from the substitutional site by 0.64 A in the
out-bonding directioriaway from the position of the hydro-
gen. It was to be energetically favorable for the H to form
the Mg—H complex, rather than remain an interstitial. The
calculated vibrational frequency was3490 cm %, similar to

H in NH; molecules(3444 cm'?).

Bosin et al*® used ab initio calculations performed
within local density functional theory to understand the en-,.
ergetics and geometry of H and its complexes in GaN. The)glv)
found H to exhibit negative-U behavior, with thermal ioniza-
tion energies for ij and H; to be EY =0.8eV andE*"° V)
=2.0eV, respectively. They calculated Beto be a rela-
tively shallow impurity level, while ¢ had a deep acceptor
level (Ey+0.40eV). Mg—H complexes were calculated to
have vibrational modes at3000 cm ! for antibonding AR,
sites for H, and at 3600—3900 crhfor BC site hydrogen. It
was found that Bg,, Cy, Cas, and Zn, acceptors would all 0
be susceptible to hydrogen passivation.

Estreicher and Marf¢* employed molecular cluster cal- ..
culations to examine hydrogen in cubic GaN. They consid-E::i))
ered three possibilities for the effect of hydrogen:

0]

(iii)

Neugebauer and Van de W4fte performed density
functional calculations and found the following:

isolated interstitial hydrogen has a large negative-U
energy, 2.5 eV, suggesting’kb unstable.

the hydrogen donor level is near the conduction band
(~Ec—0.1eV) and the acceptor level deefk\(
+0.9eV). ForEg<2eV, the stable state is H
while above that, the stable state is .HFor Ef
=2 eV, H, molecules might form by association of
H* and H.

H* is at the AR, site, with N—-H~ 1 A bond length,
but the BC configuration is only 0.1 eV higher in
energy. The activation energy for diffusion of"Hs

0.7 eV.

H™ is at ABg, site, with an activation energy for dif-
fusion of 3.4 eV.

H—Mg complexes have H at the ABsite (Mg...N—

H), with a N—H stretching frequency of 3360 ¢
and a pair dissociation energy of 1.5 &9 The ener-
getics are summarized in Fig. 95.

Therefore, among theorists there is agreement on the
following:

414

H™ is at the AB;, site, with a large activation energy
for diffusion.

H™ is within ~1 A of N.

H is strongly bound to the N atom in the Mg—H pair.
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There is still some disagreement on the following issues:

(i)  whether H is at the AB;;**~*'®or BC sites’!3

(i) whether H is at the AB, site"®*® or at the BC
site14

(i)  whether in the Mg—H complexes the H is at the AB

:Ga é
side of N¥8°39yith a high N—H stretching frequency, @@
N H

(b)

or at the BC site with a lower frequency.

Van Vechtenet al*!” suggested that hydrogen enables

p-type doping by suppression of native defects, and sug-
gested the incorporatiofand subsequent remoyaif hydro-
gen as a method for improving doping in wide band gap
semiconductors. This was expanded upon by Neugebauer
and Van de Wallé*® who suggested that for this method to
work, hydrogen would need to be the dominant compensat-
ing center, the dissociated hydrogen must have a high diffu-
sion coefficient, and the energy needed to dissociate
H-impurity complexes and remove the H would need to be
lower than the formation energy of native defects.

Gotz et al**® corrected their earlier work covering local
vibrational modegLVMs) of Mg—H complexes in GaN, re-

a
S
W
(e
Mg:
porting a value of 3125 cit for Mg—H and 2321 cm? for g ®gN\®
Mg—2H, which were attributed to stretch modes of these

complexes Their previous wofR? reporting LVMs at  riG. 96. Schematic representations of H-dopant complexes in GaN. The H
~2200 cm?, presumably resulted from other defects. As-occupies either an antibondiriB) or bond-centeredBC) site.

grown materlal was highly resistive (02 cm at 400 K,
while annealing at 800 °C reduced this to(Pcm. Subse-
guent hydrogenation at 600 °C increased the resistivity toG

10° Q) cm at 400 K, due mainly to the fact this is too high a
0|I|ng in solvents, and contact sinterifigietals may act as

temperature to prevent substantial dissociation of the Mg— talvsts f di iatioh. Theref f the sit
complexes. There was a relatively poor correlation of |rCatalysts for H dissociatioh. Therefore one faces the situa-

signal intensity with active Mg concentratibtt The IR gonNth?t hydrog:en ma); bed un_mtefnttl)o_naltly incorporated |:1_t0

stretch frequency is close to that of H in NB444cm?t) | 5: ahmany S a?es ot a device faprica '0?] process, particu-

and similar to the value of N—H complexes in Zn§&495 arly whenp-type layers are uppermost in the struct(Jre.,_

cm 1), 420421 LEDs and laseps The out-diffusion and hydrogen retrapping
Schematics of the possible configurations of hydrogenmh"’“’Ior is more complex in multilayereterostructune

dopant complexes in GaN are shown in Fig. 96. For donof2 mples. Reactivation of passivated acceptors may be ac-
dopants on either the Ga site.g., ) or the N site(e.g., S complished by thermal annealing or minority carrier injec-
the hydrogen is in an antibonding position either attached té'on to dissociate the dopant-hydrogen complexes. It will be
the dopant in the case of group IV donors or attached to th ery interesting to look at hydrogen incorporation in GaN
Ga neighbor in the case of a group VI donor. At this stage ng’UI< ¢rystals with controlled doping Ieve{slsguallysmost of
reports of donor dopant passivation have been made, for tHgese sampbllgsharre] deg:enefratelype,g>1|01 cmb ) mdor_- .
reasons outlined earlier. In acceptor dopants the hydroge ¢r fo establish the role of grain and column boundaries in
may be at a bond-centered site bonded predominantly elthgeteroepltaxml material in assisting hydrogen diffusion.

to the acceptoroa N neighbor, respectively, depending on
whether the acceptor is from column IV or Il of the Periodic
Table, or in the antibonding position creating a N—H bond.1. GaN

Current thinking favors the latter for Mg—H, as outlined It has been shown experimentally that the amount of

above, but more work is needed to definitively establish thi%xygen present during the growth process can have a strong

configuration and to see if the BC site is favored for the othet,q .ance on the backgroumgitype conductivity'5®422indi-
acceptors. '

cating that it is a shallow donor in GaN. The source of oxy-
gen is often the NKlprecursor used in MOCVD growth, the
residual water vapor in MBE chambers or oxygen impurities
Hydrogen plays a particularly prominent role pjrtype  leached from the quartz containment vessel often employed

GaN because of its ability to passivate acceptors, requiringn N, plasma sources. Table VIII shows typical concentra-
postgrowth annealing of MOCVD material in order to elec-tions of O(and C, H, and Si, the other major residual impu-
trically activate the acceptors. Donor passivation is more elurities in Il nitrides) detected by secondary ion mass spec-
sive, but probably occurs under the right conditions. The usérometry (SIMS) in the binary and ternary nitridé4® Under

of deuterated gases has shown that hydrogen readily entesptimized conditions the O background in MOCVD material

aN and related materials during low temperature processes
such as CVD of dielectrics, plasma etching, wet etching,

B. Oxygen

5. Summary

Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al. 55
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TABLE VIII. Impurity densities in 1l nitrides(cm™). 1022 : : : — 107
Nitride Growth H C (e} Si 3
COMMERCIAL GaN Si-DOPED .
GaN MOCVD 5x17 1x17 1x18 5x16 108
(Source A 4x18 7X16 2x18 2x17 1021 - 3
4x18 3x17 4x18 2x16 .
2x19 2x17 5x18 1x16 si Ga— 1
2x19 2x17 6x18 3x16 N — 105 §
7x19 2x19 5x19 4020 [ 1 =
1.5x18  8x17  1x18  5x17 & H B
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2x18  4x18 2519  7X17 E I E 104‘uz’:
GaN MOCVD 3x17 6x15 6x16  1.5x17 & 3 B
(Source B 5x17  3x16  2x17 1.5x17 510 F 1 2
2x17 316 117  3x16 s F 4088
3x18  2.5x17 9x17 5x17 o r E R
2x18  5x16  2x17 < i 1 2
GaN MOCVD 4<18  1.5x18 2x18 8x17 1018 1 2
(Source G 2x19 3x17 5x18 2x17 = 1028
GaN MOCVD <1x17  1x15  1x16  5x10% E
(Source D 2X19 3X17 5X16 B
GaN MOCVD 1x17 3x15 2x16 2x10° 1017 ]
(Source B = 10!
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9x18 1.2x18 2x18 5x17 0 05 1.0 1.5 2.0
GaN LA 1x20  1x21  1x21  1x19 DEPTH (um)
AIN MOCVD 1-2x18 =17 2x18  1.5x19
AIN CVD 3x18 3x15 5x18 3X16 FIG. 97. SIMS profiles of hlgh quality Si-doped MOCVD GaN.
4x20 1x18 5x19 1x19
AIN CVD 1x19 5x18 8x18
AIN CVD 4x18 15«18  8x18  8x17 INnAIN, in contrast to InGaN, can be highly compensated
AlGaN — MOCVD 219 218 518 318 ith N or O implantation with ovea 3 order-of-magnitude
AlGaN  MOCVD 7x18 8x18 2x19 717 . . ) . .
AlINN MOMBE 5%18 318 2%19 1%20 increase in sheet resistance after a 600—700 °C anneal while
InN MOMBE 8%20 7%19 121 2%19 F implantation produces only one order-of-magnitude in-

can be at the detection limit of SIMS, as shown in Fig. 97.
More typical results are shown in Figs. 98 and 99, where the
O concentration is-10'°cm 3. We find that it is usually the

case that high Si concentrations are also present, so that it is

difficult to assign residuah-type conductivity solely to ei-
ther impurity. Indeed it is possible that nitrogen vacancies,
residual oxygen, and residual silicon all play a role in con-
tributing to then-type conductivity of most epiand bulk
GaN.

The work of Chung and GershenZohfound a donor
state for oxygen in GaN dE-—0.078 eV, with banding oc-
curring at high concentrations. Zolpet al13* directly im-
planted O ions into insulating GaN, and activated by an-
nealing at 1000°C. The activation efficiency of the
implanted oxygen was low;-4%, butn-type material was
created and an ionization level 6f29 meV was measured.
The diffusivity was<2.7x 10 ¥cn?s ! at 1125 °C.

Oxygen implantation into initially doped GaN produces
damage-related compensation which is thermally stable to
<750°C, and indicates that oxygen does not have a deep
acceptor or donor state with high concentration in this mate-
rial. InGaN which is initially n type shows less effective
implant isolation characteristics, with a maximum of a 10

fold increase in sheet resistance independent of ion speciefs g9s. siMs profiles of typical undoped MOCVD GaN grown at low
pressure.

after a 500 °C anneal.

108 e——— — T T3 10*
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Ll - 100 ways insulating, with a high activation energy2 eV).*?8In
F Cs SIMS ] AlGaN, isolated oxygen is predicted to have a DX-center
- NEGATIVE SECONDARY IONS - behavior as the O moves from being a shallow donor in GaN
102 8 Ga— ] to a deep electron trap in AIR* Little is known about O in
E ’ InN.
1021 —{ 108
1 2 C. Carbon
& =
gmzo 1 § Carbon can also be a major residual impurity in
e F i z MOCVD nitrides (Table VIIl)—its source is typically the
2 o0 L 102 > metal organic gallium precurs8t>*° It is generally as-
w E 3 74 . . . .
g 2 i 2 sumed that ¢ is the domlna_nt species and thus is an accep-
o - 1l 3 tor, although some calculations suggest carbon is an ampho-
<1018 | 1 8 teric impurity in both GaN and AINE! with ionization levels
c T of 0.2 and 0.4 eV respectively. It was also predicted that
=L 1ot Cn-Cea pair formation was favorable, leading to
T E ] self-compensatiof£! It is also expected that carbon can
- ] complex with defects such as Ga vacanéi$3 Pankove
1016 L ] and Hutchby*®*"reported strong yellow luminescence cen-
F 4 tered at 2.17 eV for C-implanted GaN, and others have also
- | | " linked carbon to the yellow IL_lminescen_‘?:’ié*.‘436 Circum-
10 ¢ 0.1 0.2 03 0.4 05 stantial evidence supporting this contention comes from the
DEPTH (um) fact that there is little yellow PL in GaN grown by halide

vapor phase epitaxy which employs C-free precurs@s,
FIG. 99. SIMS profiles of typical undoped MOCVD grown at atmospheric NH; and HC).437'438IntentionaI carbon-doping actuaIIy pro-
pressure. ducedn™GaN (~4x10®8cm3).4%
The p-type GaN obtained by C doping during MOMBE

8 . . .

crease in sheet resistance. The compensating level in InAIK2S beer; repic;rté@, with & maximum n?hOI,el cE)Pcentratlon of
is also high in the band gap with the deepest level estimated 3% 10" cm ', and mobility~100 cnf V==s™~ There was
at 580 meV below the conduction band edge in high dosé'ttle change_ln hole (_:oncentratlon with _pongrovvth anneal-
N-isolated material, however it is sufficiently deep to achievelNd: Suggesting that little hydrogen passivation was present.
highly compensated material. The enhanced compensation S@rasitic etching by the Cgprecursor employed for C dop-
N and O implantation in INAIN may result from a reduction N9 réduced the growth rate compared to undoped material.
in N vacancies for N implantation or the formation of an _ We find that InGa, _,N and InAl; N alloys grown by
O-Al complex for O implantation. An O—Al complex is MOMBE are stronglyn type for x=0.15 (InGaN and for
thought to also be responsible for thermally stable implan¥=0-3 (INAIN), with steadily decreasing conductivity as the
isolation in O-implanted AlIGaA%’® In concentration is decreased. High electron concentrations

Mattila and Nieminef?* performed arab initio study of ~have also been reported for InN grown by other metH8ds,
oxygen point defects in both GaN and AINy@ GaN was and are usually ascribed to the presence of N vacancies, al-
determined to be a shallow donor, for basically all positiondhough this seems less likely in I|ght4(<))f trends observed in
of the Fermi level. They found under Ga-rich conditions the!"N grown using various 1II/V r_at|o§. Furthermore, ion
formation energy of §) was much lower than ¥ (by about channeling and AES do not indicate nitrogen deficiency in
2 eV) and also Q This is consistent with the SIMS data these films. _ , _ ,
discussed above, which shows large concentrations of oxy- Another possible explanation for the electrical behavior
gen in GaN, and also with other calculatidR&The fact that in In-containing nitrides is the presence of unintentionally
O is isoelectronic with N has been suggested as a reason f§fcorporated carbon. Though carbon has been shown capable
its surprising affinity for being incorporated into GaN. The f producingp-type GaN, the bole_goncentratlons obtained
formation energies for g, were always much larger than,0 Nave been limited to low- 10'7cm™* even though carbon

2063 ar hi
and thus these defects should not play an important*fble. |€vels are measured to be fom or higher. It has been
found in other 1lI-V materials that the maximum hole con-

centration which can be obtained using carbon is related to
2. AIN the difference in bond strength between the group Ill site and
Concentrations of O up to several percent have beenacts as a donor resulting mtype material. Based on this

reported in AIN??” but high quality epimaterial typically simple model, it is expected that carbon will be a donor in
contains levels in the $cm™3 range(Table VIII). Theoret-  InN and high In concentration alloysee Fig. 100 Thus at

ical work has suggested thatGs the favored state, with a least some of the conduction observed in these ternary films
relatively low formation energy. The related ionization levelsmay be due to carbon. Further, as the composition is reduced
are deep in the gap for both acceptory)Cand donor (Q) in In, the tendency for carbon to act as an acceptor rather
states'?® Experimentally it is found that AIN is almost al- than a donor increases, thus possibly explaining the reduc-
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FIG. 100. Maximum reported carrier concentration for materials with vari- Depth (microns)
ous group lll carbon and group V carbon bond strengths, as a function of the . .
difference between the two bonds. FIG. 102. SIMS profile of Mg in GaN HBT structure.

tion in electron concentration observed with increasing Ga or
Al concentration. Clearly more work is needed in this area inin high power, high frequency transistors has been well
order for the role of carbon to be fully understood. documented?!~**4This potential is due to the advantageous
We also implanted C into GaN and annealed at temperamaterials properties summarized in Table IX along with the
tures up to 1100 °C, but did not obtartype conductivity.  existence of the AlGaN/GaN heterostruct(ft&*3The lat-
Based on the results to date we find that C probably displayter allows modulation doping to form a high mobility two
amphoteric behavior in the nitrides, with acceptor formationdimensional electron gd@DEG) and, equally important, the
under some condition@OMBE-grown GaN and possible formation of piezoelectronically induced sheet carriers. The
donor action in other caséenplantation in GaN; growth of piezoelectronic effect is at least three times stronger in these
In-containing alloys materials than GaA&see values foes; andess in Table X)
To give some idea of the effect of impurities on GaN and contributes to the realization of high sheet electron den-
device performance, SIMS measurements were performed aities (sheet electron densities up tox30cm2 are pre-
an MOCVD heterojunction bipolar transistor structfég.  dicted for an AIN/GaN interfage in AlGaN/GaN
101). SIMS profiles of the Mg employed as a base dopantHEMTs 46462
and the Al marker representing the AlGaN emitter are shown To realize high performance field effect transistors the
in Fig. 102. Note that residual hydrogen decorates the Mgfollowing material and doping properties must be repeatably
doped base region even after annealing of the stru¢kige  achieved:(1) High resistivity (noncompensateduffer lay-
103. This can lead to gain decreases as the device is opeers,(2) controllablen-type doping betweenr- 1 X 10'7 (chan-
ated, since the Mg—H complexes will be dissociated by minel doping and >1x10Y° (contact doping (3) abrupt
nority carrier injection.

IV. DEVICES
A. AlGaN/GaN electronics 10% g 710
. : 3 MOCVD E
1. Materials requirements ' GaN/AlGaN HBT ]
a. Transistors.The potential of the wide band gap, _ 10*' - Si {10
. - - o L o 3
nitride-based, semiconductof&aN, AIN, and InN for use < v H £
£ ' 4 >
g 1020 : 410* 8
500 nm GaN Si-doped (>5x10"cm’3) ‘é’ 3 5
20 nm AIGaN graded to GaN Si-doped (>101%cm) B 10 1102 §
1= <
80 nm AlGaN Si-doped (>10%cm and Al = 0.2) ?é’ 3 §
20 nm GaN undoped 3 107 ] 10° @
220 nm GaN Mg-doped (5x10"cm3)
400 nm GaN Si-doped (10%¢cm™) 1
0
500 nm GaN Si-doped (>10Y%m™) 107 5 0
GaN Buffer Layer Depth (microns)
FIG. 101. Schematic of GaN HBT structure. FIG. 103. SIMS profiles of Si, H, C, and O in GaN HBT structure.
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TABLE IX. Nitride parametergafter B. E. Foutz; see http://iiiv.tn.cornell.edu/www/foutz/nitride.html

Units GaN AIN InN
Crystal structure Wurtzite Wourtzite Wurtzite
Density g/lcm 6.15(447) 3.23 (447) 6.81 (447
Transverse constanC() dynicn?  4.42x<10' (447 4.42x 10" (447 4.42x 10 (447
Longitudinal constant;) dyn/cn? 2.65x 10 (447 2.65x 10! (447 2.65x< 10 (447
Transverse sound velocity cm/s 2:680° 3.70x 10° 2.55x 10°
Longitudinal sound cm/s 6.5610° 9.06x 10° 6.24x 10°
velocity
Static dielectric constant 8.4448 8.5 (447) 15.3 (448
High frequency dielectric 5.3%448,46) 4,77 (447) 8.4 (448
constant
Energy gap(G valley) eV 3.39 (458 6.2 (459 1.89 (460
Electron effective mass me 0.20 (448 0.48 (447 0.11 (448
(G valley)
Deformation potential eV 8.3447) 9.5 (447) 7.1 (447
Polar optical phonon meV 91.M447) 99.2 (447) 89.0 (447)
energy
Piezoelectric constars, , C/m? 0.375 (447 0.92 0.375(447)
Piezoelectric constarg;s Cin? —0.58 (449
Piezoelectric constargs; C/n? —0/48 (449
Piezoelectric constargs; Cim? 1.55 (449
Intervalley coupling eV 91.2 99.2 89.0
coefficient
Intervalley deformation eVicm 110° 1x10° 1x10°
potential
Lattice constanta A 3.189 (454 3.11 (459 3.54 (454)
Lattice constantg A 5.185 (454) 4.98 (4549 5.70 (4549
Electron mobility criiVs 1000 bulk 135(456) 3200 Bulk
2000(2D-gas
(459
Hole mobility cntiV's 30 (4549 14 (454
Hole lifetime ns ~7
Hole diffusion length m ~0.8x10°8
(300 K)
Nonparabolicity constant (ev) ! 0.189 ‘e 0.419
Saturation velocity cm/s 2X610° (455 1.4x 10" (456) 2.5x 10" (466
Peak velocity cm/s 310" (459 1.7xX 10" (456) 4.3x10° (466
Peak velocity field kV/cm 150455 450 (456) 67 (466
Breakdown field Vicm >5x10° (454
Light hole mass me 0.259 (454) 0.471 (454
Thermal conductivity W/cmK 1.5454) 2 (454
Melting temp °C >1700 (454 3000 (454 1100 (459

AlGaN/GaN interfaces(4) modulation doping of AlGaN, and issues related to fabricating devices with buried
and(5) low trap densities. p-regions(e.g., how to etch down to thetype layer without

In addition for bipolar devices, such as heterojunctioncreating an-type surface region due to etch damgageed to
bipolar transistors(HBTs), to be produced in the nitride be addressed.
semiconductors improvements mtype doping is needed These points will be addressed in the following sections.

TABLE X. Summary of key material parameters for AlGaAs/GaAs, 4H-SiC, and AlGaN/GaN transistors
(after Refs. 444-446

Metric AlGaAs/GaAs 4H-SiC AlGaN/GaN

Maximum sheet electron densitgm 2 2-3x10% na 1-5<10'
Breakdown field(V/cm) (X 10°) 4 20 33

2 Dimensional electron mobilitgcn?/V s) 8500 na 2000
Saturated electron velocityx(10” cm/s) 1.0 2.0 2.2
Thermal conductivity(W/cm K) 0.53 4.9 1.2
Piezoelectric coefficient (Clgh ez, 0.093 —0.36

€33 —-0.185 0.2 1.0

This is for undoped SiC. Doped or semi-insulating SiC has a thermal conductivity of 3.3 W/cm K.
bThis is for highly dislocated GaN. Theory predicts 1.7 W/cm K for low dislocation matg@alA. Slack, J.
Phys. Chem. Solid34, 321(1973].
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b. DetectorsSolid state photodetectors that are sensitive 5 ——r— T
only to radiation with a wavelength less than 400 nm are | e lnN
desirable for detection of photons from high temperature 4 o~
sources without saturation occurring from lower energy pho-
tons. This interest stems from the need to monitor furnace
flames or to detect missile plumes without the detector being
saturated by solar radiation which is characteristicai400
nm. Al,Ga _,N is an ideal candidate semiconductor for fab- 213 &© 1
rication of such detectors since its spans band gaps from 3.45 o -
to 6.2 eV or wavelengths from 350 to 200 nm. 1 o i

The first task for realizing AlGa, _,N-based photodetec- o
tors is developing suitable epitaxial processes to realize the
requisite compositions. Once this is achieved, and the desir- 30300
able absorption characteristics are demonstrated, defects and Electric Field ( kV/cm )
their role on detector leakage and response time become
paramount. FIG. 104. Velocity curves for InN and Gatéfter Ref. 466.

Drift Velocity { 107 cm/s )
o]

2. Transport properties b. Mobility versus impurities/phononé. very thorough
Th mier mobility and saturation velocity are the pri theoretical treatment of the effect of ionized impurity scat-
€ carrier mobiiity and saturation velocity are the p iering, polar optical scattering, piezoelectric scattering, and

mary determinants of transs_tor_perfo_r mance. The nature g coustic scattering on electron transport in GaN and AlGaN/
the electron saturated velocity is reviewed below followed

by the elect bility and its d ) . GaN heterostructures is given by Shetral*%® Figure 105
y the electron mobility and its dependence on various scaly, s the results of Shur for the electron mobility in bulk
tering mechanisms.

a Electron saturation velocithe electron velocity de- GaN as limited by polar optical, piezoelectric, and acoustic
pendénce on appIiL:ad flieldvand Ilc):/_v field deper:/dencleyof elefiscattering versus temperature. Polar optical scattering is seen
o , o 0 play a dominant role at temperatures greater than 200 K
tron mobility for GaN was first calculated by Littlejohet al. piay P 9

in 1976 Littlejohn included electron scattering from due to the large optical phonon energy of GaN of 91.2 meV,

acoustic bhonons. polar optical phonons. ionized im uritieswhile acoustic, and to lesser extent piezoelectric scattering,
P ' P P P ' P tominates at lower temperatures.

Zn'?t plelzo_elect:clczihfgge a/nd ptredl;_:telg afpig\k/ /|n theTiIectron Figure 106 shows the calculated dependence of electron
rift velocity o chis at a meld o cm. 1he mobility versus temperature as limited by ionized impurity

\évtogl( 4g‘ftol_'lr:t(i(|ejgznth;v§fe::l£?er i):pz?lzeg 'nbi/hchilrr:joT- scattering for four electron and donor concentrations. It is
! Inciu Uppervaiieys | UC clear that the mobility increases with electron densities

tion _band and account for mtervalley scattering using & COMhich is due to increase screening of the impurities. This is
duction band valley separation of 1.5 eV. Gelmont predlcte%/

a peak electron velocity at 300 K of 210 cm/s for an | arti;tgeérg true fom> Nt which approximates the situation

electron concentration of tbem 3 and a field of 150 ' & '

kV/cm.*%* To date, this high electron velocity has not been

demonstrated in AlIGaN/GaN HEMTs. The best estimate of 1,000,000 ¢ \

the saturated electron velocity in present 048 HEMTs E \'polar optical

with an f, for ~65 GHz is~1.5x 10’ cm/s*%® This may be : \\

due to scattering at charged dislocations or to ineffective r \ /

carrier injection in the lateral HEMT structure. 100,000 | \
The peak electron velocity of InN has also been calcu- 3

lated by O’Learyet al,*®® as shown in Fig. 104. The calcu-

lation predicts an electron peak velocity for InN of 4.3

x 10" cm/s at a field of 60 kV/cm or2 times the peak

electron velocity of GaN® The saturated velocity of InN,

however, was predicted to be equivalent to that of GaN or -

~2.5x 10’ cm/s. Therefore, InN-based transport layers will 1,000

have increased frequency performance if ballistic transport :

can be achieved. I
When considering the potential for ballistic transport and 100

velocity overshoot effects in transistors it is important to

know the distance over which such effects may occur. This

has been calculated for InN and GaN for a field twice that for Temperature (K)

the pe_ak VEIOCIMW At these fl_eldS significant velocity O\./er- FIG. 105. Contributions to electron mobility in GaN from polar optical,

shoot is expected to occur with InN calculated to achieve &jezqelectric, and acoustic scattering, as a function of temperéaier

peak velocity of 810’ cm/s at a distance 6£0.1 um. Ref. 453.

10,000 |

Mobility (cm?2/Vs)

n=5x1017 cm3
] 1 L L ]

100 200 300 400 500
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a small angle(this may not be strictly true for growth on SiC
but appears to be true for growth on sapphiséth disloca-
tions propagating vertically between the columns. The dislo-
cations were then treated as charged lines with the depen-
dence of electron mobility calculated and measured
experimentally. The increase of mobility with increased free
electron concentration with a maximum near*&@n 3 is

due to increased screen of the charged dislocation core. This
treatment suggests that transport in vertical devieas., la-
sers, LEDs, and HBTswill be unaffected by the dislocations
due to the repulsive band bending around the dislocations
and the directional dependence of the scattetifig.

d. Negative differential resistance, Gunn effddtvices
based on negative differential resistan@¢DR) such as
Gunn or IMPATT diodes are attractive for high frequency
oscillators. GaN is an attractive material for these devices

17500 ¢

(cm2/ Vs)

15000 E
12500
10000

7500

5000 |

Impurity Scattering Mobility

2500

150 200 250 300 350 400 due to its high breakdown field and high saturated electron
velocity. There has been one report of the transferred-
Temperature (K) electron or NDR effect in GaN by Haures al*’* The mea-

o . . I sured current versus applied electric field between interdigi-
FIG. 106. Effect of ionized impurity scattering on electron mobility in GaN d | d lightly d d=a0%cm=3) GaN
for total ionized impurity concentration of 75610 cm™2, and carrier den- ta_'te electrodes on lightly doped=(0"cm™) a_
sities of (1) 5x10Y, (2) 2x10Y, (3) 7.5x 10, (4) 2x10cm 2 (after ~ displayed a threshold for NDR at 1.910° V/icm. This
Ref. 469. threshold level is much higher than that in GaAs (3
x10*V/cm) or InP (1.Xx10%*V/cm) which is consistent
_ o ) ) _with the larger band gap and intervalley separafib® eV)
The combined effect of ionized impurity scattering, in GaN. The threshold value is also close to that predicted
where mobility increases with temperature, and polar opticakneoretically by Littlejohnet al*®3 and by Gelmonet al*%*

piezoelectric, and acoustic scattering, where mobility de-  practical GaN NDR diodes will also require develop-
creases with temperature, has been calcuféfeBoth the  ment of low resistance- and p-type ohmic contacts. Pres-
bulk case and 2DEG case are included in Fig. 107 for hexantly the p-type contact required for the IMPATT diode is
agonal and cubic GaN. At 300 K, a 2DEG mobility near jimjted by marginalp-type doping levels due to deep accep-
2000 cnf/Vs was measured for a AlGaN/GaN structure yor jonization energies and acceptor solubility limits in GaN.
grown on 6H-SIC with a sheet electron density of 1.3pyrther work is also needed to characterize the impact ion-
X 10" cm 2% At 10 K the measured mobility increased 0 jzation rates for both holes and electrons in GaN so proper

10250 crﬁ/_\( S. _ . _ diode designs can be produced.
c. Mobility versus dislocationsA model addressing the

role of dislocations on electron transport perpendicular to the;, pjezoelectric effect

dislocation direction has been developed by Weimann . . i o

et al*’® This is a critical consideration for GaN material The strong p|ezoelectr|c.coeﬁ.‘luents of the lil-nitride
grown on sapphiréa 12% lattice mismatotor SiC (a 3.5% semiconductors are _summarlz_ed in Ta_ble X. The fact that
lattice mismatchsince dislocation densities are typically be- GaN_grown on sapphire and SiC forms in the noncentrosym-
tween 5% 107 and 1x 10°cm™2. They assumed the GaN metric wurtzite structure, as opposed to the cubic phase, re-

grew as hexagonal columns rotated relative to each other b lts in large piezoelectric |r_1duced charge across lll-nitride
eterostructures due to strain at the interf®éelhis effect

has been known for th@.11) orientation of cubic zincblende

semiconductors but it is both not as large in magnitude and
2d-gas of opposite sign as in the llI-nitride materidi€~#"*The fact
that the polarization field is in the opposite direction for the
Il nitrides as compared to other IlI-Vs is due to the greater
ionicity of the nitrides. This causes the dipole moment aris-
ing from the rigid displacement of the atomic core to in-
crease in importance relative to the strain-induced changes in
the charge distribution along the bond direction and within
the atomic core$/24"®

Figure 108 shows the calculated and experimental re-

sults for the piezoelectrically induced sheet charge in an
AlGaN/GaN heterostructure versus Al composition in the
AlGaN.*"? The dashed curve in Fig. 108 assumes a Schottky
FIG. 107. Electron mobilities in cubidashed linesand hexagonalsolid barrier at the AlGaN surface while the solid curve is for an
lines) GaN (after Ref. 468. unpinned Fermi level at the AlGaN surface. While it is clear

6000 1

4000 |

(cm2/ Vs)

2000 |

mobility
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2x10° g two-dimensional hole gas in the base of HBTs opdype
..... Schottky barrier N contacts to increase th(_a effectipetype doping level at in-
3 unpinned AlGaN terfaces of these materials.
E MOCVD- _ _
E " grown 4. Properties of AlGaN/GaN transistors
A MBE-grown

a. dc performanceAlGaN/GaN transistor development
has followed the materials improvements driven by photonic
devices such as LEDs and laser diodes. Table XI outlines the
key historical results for this technology.

As seen in Table XllI, the first reports of GaN based
transistors were by Khaat al. with the demonstration of a
GaN MESFET and an AlGaN/GaN HEMF®°%"Both tran-

w0?  E

n, (cm™)

T L sistors had gate lengths ofidn with the MESFET having a
0 04 02 03 0.4 Om Of 23 mS/mm and pg(max) of ~180 mA/mm (@Vgs
Al mole fraction =0V, Vps=20V). The AlGaN/GaN HEMT achieved g,

FIG. 108. Sheet electron density vs Al mole fraction in nominally undopedof 28 mS/mm at 300 K46 mS/mm at 77 Kandl pg(max) of
Al,Ga _,N/GaN HFET epitaxial layer. Points are from Hall measurements.~50 mA/mm (@Vgs=0.5V, Vps=25V). The HEMT
The dashed line is t'he calculqted variat'ion assuming aSchc_)ttky barrier_ at ”‘@tructure had a 2DEG mobility of 563 éMY s at 300 K and
AIGaN surface while the solid curve is calculated assuming an unplnnec{LSl7 cnV's at 77 K. The first microwave results were pub—
Fermi level at the AlGaN surfac@fter Ref. 468. 3 > .
lished by Binariet al, for a GaN MESFET with a demon-
stratedf; of 8 GHz and & 5 Of 17 GHz for a gate length of
that the nature of the surface plays an important role in th@.7 um.>*
absolute sheet carrier concentration, the presence of the pi- Since the early results, significant improvements have
ezoelectrically induced charge is clear and on the order obeen made in material quality and device processing.
2.5x 10'% X, electrons/crh*? AlGaN/GaN 2DEG mobilities up to 2019 &V s have been
The piezoelectric effect can also be employed to accureported for growth on 6H-SIiC substrates ard600
mulate free holes when the nature of the strain is compresn?/V s for growth on sapphire substraf®8 The saturation
sive as opposed to tensile in the case of AlGaN oncurrent has been pushed to 1.6 A/mm and the transconduc-
GaN#"247® This is illustrated in Fig. 109 where a buried tance has reached 340 mS/i#f.
AlGaN layer is included below an AlGaN/GaN heterostruc-  b. Microwave small and large signal performandm-
ture. As seen in the figure, a second buried channel is inprovements in the small signal microwave performance of
duced at the first AIGaN/GaN interface and the concentratioAlGaN/GaN HEMTSs has tracked the dc improvements. The
of induced electrons in the upper channel is reduced to agresent state-of-the-art for unity current cut-off frequency
count for the charge balance across the buried AlGaN laye(f,) is 75 GHz; and for the maximum frequency of oscilla-
The reduction in the induced electron concentration at theion (f,,,,) is 140 GHz by Eastman and co-workers at Cor-
upper AlGaN/GaN interface was confirmed By-V profil-  nell University>*? Large signal power results for HEMT on
ing for structures with and without the buried AlGaN SiC substrates include total power of 4 (&*mm-wide gatg
layer?’® This same mechanism may be useful to enhance that 10 GHz with 10 dB of gain with a power density of 6.8
W/mm (4.1 W/mm at 16 GHg measured on smaller
devices’®® At 18 GHz a power density of 3.1 W/mm has
been achieved on a sapphire substtatdotal power results
have also been pushed up with 7.6 W achieved at 4 GHz for
HEMTs grown on sapphire and flip-chip mounted on AIN
" %: carriers>® These large signal results, however, are still not
up to the level one would predict from the dc characteristics
and the small signal performance of up+d0 W/mm at 10
GHz. In some cases, the performance short fall is evident in
current and gain compression at high applied volta§es?’
Pz This compression is due to traps in the band gap, possibly at
the surface, in the AlGaN barrier, or in the GaN buffer. Pres-
ently, the origin of the traps is still being studied, however, a
similar phenomena was observed in the early GaAs device
work and later overcome. In the GaAs case, the traps were
FIG. 109. lllustration of the effect of a buried AGaN layer on the piezo- due to surface states but this may not be the same in the
electronically induced electron concentration at the upper AlGaN/GaN in-AlGaN/GaN system.
Lerfficde-f) SChema“IC diag(gmcf’fzdfiPEd%ﬁngoBs’\‘/GaNdHFET With ® c. Elevated temperature performancghe group Ili-
B e e " nitide Semiconductors have been considered an deal candi-
matic of piezoelectronically induced charge,f) and free-carrier charge date for high temperature electronic devices due to their
(oapeq) (after Ref. 472 large band gap and resulting low thermal carrier generation

(a)

g

et

i
300A n-Alg.15Gap.asN
100A und.-Alg 15Gag gsN

500A und.-GaN

1000A
und.-Alp 15Gag.gsN

und.-GaN
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TABLE XI. Historical development of GaN-based electronfeslapted from Ref. 13

Appl. Phys. Rev.: Pearton et al.

Year Event Authors Ref.
1969 GaN by hydride vapor phase epitaxy Maruska and Tietjen 16
1971 MIS LEDs Pankovet al. 433
GaN by MOCVD Manaseviet al. 477
1974 GaN by MBE Akasaki and Hayashi 478
1983 AIN intermediate layer by MBE Yoshidzat al. 479
1986 Specular films using AIN buffer Amarei al. 480
1989 p-type Mg-doped GaN by LEEBI and Amarsed al. 305
GaN p-n junction LED
1991 GaN buffer layer by MOCVD Nakamura 481
1992 Mg activation by thermal annealing Nakamaetaal. 482
AlGaN/GaN two-dimensional electron gas Khenal. 483
1993 GaN MESFET Khaet al. 52
AlGaN/GaN HEMT Khanet al. 484
Theoretical prediction of piezoelectric effect in Bykhovsiial. 485
AlGaN/GaN
1994 InGaN/AIGaN DH blue LED$1 co) Nakamuraet al. 486
Microwave GaN MESFET Binaret al. 54, 487
Microwave IIFET, MISFET Binariet al; Khanet al. 487, 488
GaN/SiC HBT Pankovet al. 489
1995 AlGaN/GaN HEMT by MBE Ozguet al. 490
1996 Doped channel AlIGaN/GaN HEMT Kha al. 491
lon-implanted GaN JFET Zolpest al. 134
340 V Vgp AlGaN/GaN HEMT Wauet al. 492
1st blue laser diode Nakamura and Fosal 8
1997 Quantification of piezoelectric effect Asbeekal. 462
AlGaN/GaN HEMT on SIC Binaret al,; Pinget al. 493, 494
Gaskaet al. 495
1.4W @ 4 GHz Thibeaultet al. 496
0.85 W @ 10 GHz Siramet al. 497
3.1 W/mm at 18 GHz Wt al. 498
1998 33W @ 10 GHz Sullivanet al. 499
p/n junction in LEO GaN Kozodoyet al. 500
HEMT in LEO GaN Mishraet al. 501
6.8 W/mm(4 W) @ 10 GHz HEMT on SiC Sheppaet al. 502
10™* Hooge factor for HEMT on SiC Levinshteiet al. 503
1st AIGaN/GaN HBT McCarthet al. 504
Renet al. 505
1st GaN MOSFET Reet al. 505

rate>*® For this potential to be realized, defect levels in thecations where ultrawide bandwidth and linearity are desired.
band gap must be reduced since they will enhance undesitherefore, IlI-nitride based heterostructure bipolar transistors
able dark and shunt currents. This can be seen in the tenfHBTS) are now being studied since, in GaAs and InP, HBTs
perature dependence of conduction reported by Khahave demonstrated improved linearity over the FET counter-
et al,®*® where a AlGaN/GaN HEMT demonstrated a large part. The first AlIGaN/GaN HBTs have been reported, how-
shunt current apparently resulting from defect assisted corever, the current gain was only 3—10. The initial results were
duction in the GaN buffer layer already at 200 °C. Subsedimited by a high base resistant¥:°*>Key issues remain to
quently a GaN MESFET with an improved semi-insulatingbe resolved for group IlI-nitride HBTs. First among these is
buffer was shown by Binarét al, to maintain reasonable how to overcome the high ionization energy of MgsaN
pinch-off characteristics at 400 ®° When taken to 500 °C, that causes a high base resistance. A potential solution in-
the MESFET gate electrode began to interact with the GaMludes invoking the piezoelectric field to induce free holes
surface and irreversibly degrade the transistor operation. And thereby reduce the base resistance. A second concern is
AlGaN/GaN HEMT has been further pushed to operate atichieving sufficiently long minority carrier lifetimes in the
750 °C by achieving a 1.0 eV activation energy for conduc-base to realize good current gain.
tion in the buffer layer and employing a thermally stable
Pt—Au gate contact® More work is needed to optimize
such elevated temperature operation and device packagir‘?_g
will also need to be considered. Minority carrier lifetime is a critical parameter in the

d. Future direction for GaN electronic§he progress in  frequency response and detectivity of detectors, the gain of
field effect AlIGaN/GaN transistors has been impressive bubipolar transistors, and the conductivity modulation of thy-
they may not meet the linearity requirements of some futureistors. Lifetime is also a critical measure of material quality
electromagnetic systems, particularly for the military appli-as it relates to traps and recombination centers. Several re-

Minority carrier lifetime
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TABLE XII. AlGaN/GaN HFET device results in reverse chronological ordefter B. E. Foutz, http://
iiiv.tn.cornell.edu/www/foutz/ganhfet.html and Refs. 506—p41

Gate
length Lsp fr f max Lgg rf power O Mgy Refs.
micron micron GHz GHz A/mm W/mm at GHz mS/mm
0.15 65 80 1.300 1.8 at 4 300 Unpublished
3 5 0.800 140 509
0.45 28 114 0.680 6.8 ato0 200 502
0.7 2 15 42 1.100 2.82 at 10 270 499,510
0.4 26 51 0.85 511
1.4 3.6 0.475 220 512,513
0.15 67 140 0.700 155 at 3 230 514
0.25 2 28 40 0.750 120 515
0.25 2 53 58 1.430 229 516
0.5 2 33 41 1.400 221 516
1 3 15 24 1.220 205 516
0.7 2 175 44 1.050 2.84 at 8 220 517
2.57 at 10
0.9 2 15 35 1.000 255 517
0.25 2 45 1.020 1.71at 8.4 220 518
15 5 0.950 142 495
0.25 1.6 52 82 1.130 3.3 atl8 240 519
0.2 1.6 50 92 0.806 1.7 atl0 240 520
0.12 46.9 103 0.550 120 521
0.25 2-3 1.710 222 522
0.25 2 1.000 130 523
4 6 1.000 130 523
2 6 11 0.260 15 at 4 105 524
0.25 2 37 81 1.000 152 525
0.5 2 21 53 0.880 525
0.7 2 14 44 0.850 525
1.0 3 11 31 0.740 122 525
1 3 9.6 27.2 0.700 1.57at 4 160 526
15 3 1.100 270 527
0.12 46.9 103 0.560 80 528
0.25 2 37.5 80.4 1.020 220 529
0.25 2 27 80 0.420 120 530
1 5 6 11 0.200 70 493
15 4 0.275 142 531
0.15 2 29.8 97.4 0.600 0.27at10 120 532
1 4 6 15 0.340 120 533
15 >2.5 0.695 222 534
15 3 0.330 130 492
1 3 0.310 140 492
2 4 0.490 186 535
1 5 .0350 120 536
1 5 18.3 0.600 110 491
0.25 >1 21.4 77.5 0.150 40 537
0.25 2 36.1 70.8 0.200 90 538
1 5 0.333 23 539
3 5 0.300 120 490
0.23 1.75 22 70 0.050 24 540
0.25 1.75 11 35 0.060 27 541
4 10 0.500 28 484

ports exist for measurement of recombination lifetimes intime on the order of 2—7 ns. These values can be expected to
GaN with dislocation densities>1x 10" cm 2. While the  improve as the dislocation density and point defect concen-
lifetime will depend on sample doping and surface qualitytration is reduced.

(i.e., the surface recombination velogitghere are three re-

ports on the minority hole diffusion length inrtype GaN 6. Impact of reduced dislocation via lateral epitaxial

giving values of 0.1-0.3m for n-type layers in the range of overgrowth

1-10<10”cm® and dislocation densities in the To this point the discussion has dealt with GaN material
~10° cn?. 547951582 hjs corresponds to a minority hole life- grown on SiC or sapphire that has dislocation densities of
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7. Summary of electronics issues

' 10°
107 | 10! < Progress in GaN-based electronics has been remarkably
10° } . 5 rapid due to several factors. One of these is that the experi-
2 o 107 < ence gained in GaAs/AlGaAs HEMTs has been quickly ap-
s r \ 10° 2 plied to the GaN/AlGaN system. At one time it was thought
§1o‘° - W L, © that MBE and related techniques would be the best choice
5 Ma 10* A . . ; .
S0t | T S for growth of electronic device structures, and this may still
2 | — LEOGaN \\;\ 10° £ be the case if GaN substrates become available. However for
107 ' ——- Dislocated GaN ‘\\\ 1408 © heteroepitaxial growth there is still a need to grow thick
10" b L buffer or ELO structures, which are best done with MOCVD.
-100 -80  -60 -40  -20 0

The rapid advances in material purity, ohmic contact quality,
and gate contact stability have fueled the progress in HFETs
in the GaN/AlGaN system. Much work remains to be done
on vertical device structures such as thyristors and HBTS,
where minority carrier lifetime, interface quality, and doping
control are important factors. As with GaAs electronics,
much of the impetus for nitride electronics is coming from
defense applications and there is as yet no commercialization
of these devices.

Voltage (V)

FIG. 110.1-V characteristics fronp-n junction on defective or low dislo-
cation GaN(after Ref. 556.

>1x10"cm 2, however the use of lateral epitaxial over-
growth (LEO) had lead to GaN material with threading dis-
location densities below the detectable limit of TEM {

X 10% cm™2).553-555The effectiveness of the LEO technique B. Ultrahigh power switches

to limit threading dislocation propagation into the overgrown  There js a strong interest in developing wide band gap
regions is clearly seen in TEM micrographs. This approacthower devices for use in the electric power utility
has been applied to blue laser diodes to extend the roofqystry558-561\wyith the onset of deregulation in the indus-
temperature lifetime out t0>3000 h of continuous-wave try, there will be increasing numbers of transactions on the
(cw) operatiorf An explicit understanding of the reason for power grid in the US, with different companies buying and
the laser diode lifetime improvement has not been put forse|ling power. The main applications are in the primary dis-
ward, but it may be due to a reduction in contact metal spiktripution system(100-2000 kVA and in subsidiary trans-
ing down dislocations, reduced optical scattering at dislocamjssjon systemgl—50 MVA). A major problem in the cur-
tions thereby reducing the lasing threshold, or improvedent grid is momentary voltage sags, which affect motor
doping efficiency(particularlyp type) in the absence of dis- drives, computers, and digital controls. Therefore, a system
location also reducing the lasing threshold. More work isfor eliminating power sags and switching transients would
needed to understand the laser operation in the LEO matgramatically improve power quality. For example it is esti-
rial. mated thaa 2 soutage at a large computer center can cost
LEO material is also being developed for transistor ap-$600 000 or more, and an outage of less than one cycle, or a
p”CEitiOﬂS to improve carrier mObI'Ity and device rellablllty Vo|tage sag of 25% for two Cyc|es] can cause a microproces_
The first electrical data for low dislocation material com- sor to malfunction. In particular, computerized technologies
pared directly to “conventional” high dislocation material have led to strong consumer demands for less expensive
was reported by Kozodogt al,>*® for p/n junction diodes. electricity, premium quality power, and uninterruptible
Small area diodes (220um?) were fabricated in adjacent power.
regions of overgrown low dislocation GaN and GaN grown  The basic power electronics hierarchy would include the
over the mask opening. In this way variations between wause of widegap devices such as gate turn-off thyristors
fers could be eliminated and the two material regions couldGTOs, MOS-controlled thyristoréMCT), or insulated gate
be more closely compared. Figure 110 shows the reversipolar transistor$lGBTs) combined with appropriate pack-
current voltage characteristics of the two diodes with theaging and thermal management techniques to make sub-
diode in the LEO material having-4 orders-of-magnitude systems(such as switches, rectifiers or adjustable speed de-
less leakage current than the conventional material. Initialices which then comprise a system such as flexible ac
results for HEMTs on the LEO material show a large reductransmission§FACTS). A schematic of a typical layout for
tion in gate leakage but still have trap induced current comsuch a system is shown in Fig. 111. Common power elec-
pression. Therefore, the defects alone are not the cause of th@nics systems, which are inserted between the incoming
traps, although they most likely do degrade the electron mopower and the electrical load include uninterruptible power
bility. Work is underway to characterize the mobility in the supplies, advanced motors, adjustable speed drives and mo-
LEO material either by growing large overgrowth regions fortor controls, switching power supplies, solid-state circuit
Hall measurement or implementing a micro-Hall patt&'n. breakers, and power conditioning equipment. About 50% of
The reduced leakage should translate to improved transistdine electricity in the US is consumed by motors. Motor re-
breakdown characteristics and mobility enhancement will repairs cost~$5B each year and could be dramatically re-
sult lower on resistance and thereby better power perforduced by high power electronic devices that permit smoother
mance. switching and control. Moreover, control electronics could

Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al. 65

Transmission

“Flexible AC Transmission
ystem” (FACTS) Devices

STATCOM
. (provides stability control)

FIG. 111. Schematic of power flow
control system utilizing power elec-
precise pow)ar tronics.
_flow control

\” | ‘
um:

(exploits unused ~ /
line capacity)

dramatically improve motor efficiency. The other end uses
include lighting, computers, heating, and air-conditioning.

The FACTS concept employed in electricity transmis-
sion aims for the following:

solid-state transfer switcHSSTS, solid-state circuit
breaker(SSCB, dynamic voltage restorédDVR), static
compensator (DSTATCOM), advanced transformer,
fault current limiter.

Power electronics interconnection technologies/dc
inverters, frequency changetbat enable wider applica-
tion of low- and no-emission systems for energy genera-
tion and storage including fuel cells, wind power, pho-
tovoltaics, batteries and superconducting magnetic
energy storage.

)

(1) Precisely regulate power flow on particular lines.

(2) Better system stability by instantly counteracting tran-
sients.

(3) Load transmission lines closer to their thermal linfits
crease capacipyusing:

(@ Thyristor controlled series capacit@hanges line im-  (4) Advanced motor speed controllers that reduce or elimi-
pedancg nate the significant power disturbances produced by ex-
(b) Static compensatdSTATCOM based on GTO thyris- isting adjustable speed drive.
tors) provides voltage support on lines by generating or(5) power management technologies for electric vehicles
absorbing reactive power without need for large exter-  hat reduce pollution and dependence on imported oil.
nal reactors or capacitor banks and mitigates distur-
bances. Other high-power electronics applications include hybrid
(¢) United power flow controllefcomprehensively con- drivetrain(electrig vehicles, next generatidfiall-electric™ )

trols power flow, reduces line impedance, shifts phasédattleships and the “more-electric” airplane for both mili-
angle, provides voltage suppprt tary and commercial deployment.

On the distribution side there is a need to precisely Some desirable attributes of next generation, widegap
manage power quality and flow for variable loads ThePower electronics include the ability to withstand currents in
components include the dynamic static compensato?xc_ess c_>f 5. KA anq vc_>ltages N excess Of..50 kV.’ provide
(DSTATCOM), which protects the line from a “dirty” load rapld switching, maintain good thermal stability Whlle ope.r—
(and generally involves Si IGBTsthe dynamic voltage re- ating at temperatures above 250 °C, have small size and light

storer, which protects a sensitive load from line disturbance¥/€ight, and be able to function without bulky heat-
(and also employs Si IGBTsind solid-state breaker/transfer dissipating systems. _ _
switches, which prevent black-out&nd employ semi- The primary limits of Si-based power electronics are:
conductor-controlled rectifiers and GTOs (i) Maximum voltage ratings<7 kV

Thus the technology drivers for high power semiconduc- « Multiple devices must be placed in series for
tor devices from the utility viewpoint are: high-voltage systems.

(1) FACTS (flexible ac transmission systéndevices that (i)  Insufficient current-carrying capacity

2

allow power grids to be tuned for maximum perfor- .

mance like low-power integrated circuits, increasing as-
set utilization.
Distribution system components that enable precise sub-
cycle regulation of voltage and power flow, including

(iii)

Multiple devices must be placed in parallel for
typical power grid applications.
Conductivity in one direction only

» Identical pairs of devices must be installed in
anti-parallel for switchable circuits.

Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



66 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.

(iv)  Inadequate thermal management pressed contacts for both electrical and thermal p&fits®
* Heat damage is a primary cause of failure andin the classical package the IGBTs and control diodes are
expense. soldered onto ceramic substrates, such as AIN, which pro-
(V) High initial cost vide electrical insulation, and this in turn is mounted to a
+ Applications are limited to the highest-value heat sink(typically Cu). Thick Al wires (500 um) are used
settings. for electrical connections, while silicone gel fills the
(vi)  Large and heavy components package?®’ In the newer presspack style, the IGBT and di-

+ Costs are high for installation and servicing, andgde are clamped between Cu electrodes, buffered by materi-
equipment is unsuitable for many customers. i such as molybdenum or composif&svhose purpose is

For these reasons, there is a strong development effol account for the thermal expansion coefficient differences
on widegap power devices, predominantly SiC, with lessePetween Si and Cu. The package is again filled with gel for
efforts in GaN and diamond, which should have benefits thaglectrical insulation and corrosion resistance.

Si-based or electromechanical power electronics cannot ag | aser diodes

tain. The higher stand-off voltages should eliminate the need

for series stacking of devices and the associated packaging The achievement of continuous wave GaN-InGaN laser
difficulties. In addition these widegap devices should havediodes has tremendous technological significance. For com-
higher switching frequency in pulse-width-modulated rectifi-mercially acceptable laser lifetimetypically =10000 b,

ers and inverters. there is immediate application in the compact disk data stor-

The current state-of-the-art in Si power devices includesige market. The recording and reading of data on these disks
6 in. diam. light-triggered thyristors rated at 8 kV, 3.5 kA are currently performed with near-infrar¢et 780 nm) laser
average currert?5%3GTO thyristors rated at 6 kV and 2 kA diodes. The switch to the much shorter wavelengt#00
in practical application3®® and press-pack reverse-con- nm) GaN-based laser diodes will allow higher recording den-
ducting IGBTSs rated at 2.5 kV and 1 K&? Light triggering  sities[by ~(780/4007 or almost a factor of # There is also
is often needed in stacked devices to ensure all of thera large potential market in projection displays, where laser
turn-on at the same time. This might be used to advantage igiodes with the three primary colofsed, green, and blye
power grid applications in another way, namely that controlould replace the existing liquid crystal modulation system.
signals could be carried on the extensive optical fiber netThe laser-based system would have advantages in terms of
work that accompanies the power grid, and could be used tgreater design simplicity, lower cost, and broader color cov-
trigger GaN-based devices. Moreover, Er-doped GaN emiterage. The key development is the need to develop reliable
ters could be used to send status signals back through “y?een InGaN laser diodes. The high output power of GaN-
same network. based lasers and fast off/on times should also have advan-

The absence of Si devices capable of application to 13.8;ges for improved printer technology, with higher resolution
kV distribution lines(a common primary distribution motle  {han existing systems based on infrared lasers. In underwater
opens a major opportunity for widegap electronics. Howeveryjiiary systems, GaN lasers may have application for covert

cost will be an issue, with values of $200-2000 per kV A ;ommunications because of a transmission passband in water
necessary to have an impact. It is virtually certain that SiG)onveen 450 and 550 nm

switches will become commercially available within 3-5 While a number of groups have now reported room-

years, and begin to be applied to the 13.8 KV lines. MOS0 ature lasers in the InGaN/GaN/AIGaN heterostruc-
turn-off-thyristors involving a SiC GTO and SiC MOSFET ture system under puls®d-5%° and cw operatiofi®-58?

are a promising approacf An inverter module can be con- . )
) : the field has been completely dominated by Nakamura
structed from an MOS turn-off thyristqiMTO) and a SiC et al S0-5745T6STISBI-589The  growth is performed by

power diode. ) . i
Bandicet al% predict thaa 5 KV stand-off voltage can MOCVD, generally at atmospheric pressure. I.nltlal struc
tures were grown orc-plane (0001) sapphire, with a low

be supported by a 2Qum Al N layer doped at )
Nlolﬁsr?rs. Oney of th?quest(;gsaorhgarks i;bout ?he Ga,\UtemperatureéSSO °Q GaN buffer, a thickn* GaN lower con-

) R e .
AlGaN system is whether because they are direct gap maté"fllCt rgglc;n, ann I!nSaN .sFram-re.Ilef Iaflyer, amh AlGaN "
rials and have extremely short minority-carrier lifetimes, thatc!2dding layer, a light-guiding region of GaN, then a multi-

thyristors will not be possible due to an inability to build up duantum well region consisting of Si-doped, 1558 gsN
sufficient charge in thick drift layers. At Al concentrations WellS separated by Si-dopedlGa.od\ barriers. Thep
>0.5, the AlGaN is indirect, but little information is avail- Side of the device consisted of sequential layers-81GaN,
able on lifetimes in the material. As a first step to building P GaN light-guiding,p-Alo ofGa oN cladding andp™ GaN
these devices, Rest al®® recently demonstrated a GaN/ contact. A ridge geometry was fabricated by dry etching in
AlGaN HBT capable of operation &300 °C. most casesmaterial removed down to the-Alg odGay o N
Packaging and thermal management will be a key part ofayen, followed by dry etching, cleaving or polishing to form
future power devices. For current Si IGBTS, there are twaga mirror facet. These facets are coatedth TiO,/SiO, in
basic package types—the first is a standard attached die, witbe Nichia caseto reduce laser threshold, while Ni/Ayp
bond package utilizing soft solder, and wire bonds as contype) and Ti/Al (n type) were employed for ohmic metalli-
tacts, while the second is the presspack, which employs dryzation. The typical Nichia structure is shown in Fig. 112.

| 566
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Mult-Quantum-Well Structure (MQW)

p-Aly isGa, N
p-Aly,GagsN p-GaN
p.ele;t:;:; E‘Lz =) InGag.gN
- X=U. y
p'Alo.os;Ga&?zg n-GaN FIG. 112. Schematic of GaN/InGaN/
p-Al, ‘()}-ao?;N I_ AlGaN laser diodes grown on AD;
2, ‘
InGaN MOW n- Alo.osGao,gzN X (after Ref. 569.
n-GaN n-electrode

n-Al, 16Gag N
n-Ing, GagosNT— n-GaN

GaN buffer layer

Energy

(0001) sapphire substrate

For this type of structure, threshold current densities arevalues. Output power-400 mW, and lifetime>160 h at 30
typically =4 Kacm 2 with an operating voltage 0£5 V at mW constant output power has been reporféd.
the threshold current. The emission mechanism is still the  Subsequent work from Nichia has focused on growth of
subject of intense study, but may be related to localization ofhe laser diodes on quasi-GaN substraf&s®® The thick
excitons at compositional fluctuatiorfieading to potential (100—-200um) GaN is grown on ELOG structures by either
minima in the band structuren the InGaN well$®°°%2  MOCVD or hydride VPE. The sapphire substrate is then
These devices display relatively short lifetimes under cwremoved by polishing, to leave a free-standing GaN sub-
operation, typically tens to hundreds of hours. The failurestrate. The mirror facet can then be formed by cleaving. The
mechanism is most commonly short circuiting of then ~ GaN substrate has better thermal conductivity than sapphire.
junction, a result ofp-contact metallization punch through. The mixed group V nitrides, such as GaAsN, InAsN,
It is not that surprising that in this high defect density mate-AlAsN, GaPN, InPN, AIPN, GalnAsN GaAlAsN, and so on,
rial that the metal can migrate down threading dislocationsare of interest for infrared laser and detector appli-
or voids under high drive-current conditions. The thresh-cations°®®7%% The addition of N into InGaA¥’ and
old carrier density of the laser diodes on sapphire are typitnAsP®® improves the temperature characteristics of long
cally ~10°cm 3 well above the theoretical values wavelength lasers, both quantum well diode structures, and
(~10%cm3).593-5% vertical cavity surface-emitting diodé8% The use of Galn-

A major breakthrough in laser diode lifetime occurred NAs allows for growth on GaAs substrat®¥®s,and produces
with two changes to the growth. The first was replacement o& large conduction bond discontinuity0.5 e\). This leads
the AlGaN cladding layers with AIGaN/GaN strained-layerto better electron confinement at high operation tempera-
superlattices, combined with modulation doping. Thesdures. Moreover, the large bowing properties of the band gap
changes had the effect of reducing formation of cracks thaas nitrogen is added to both GaAs and InP and means that it
often occurred in the AlGaN, and also to reduce the diodenay be possible to produce a zero band gap at relatively low
operating voltagé® The second was the use of epitaxial (<10%) concentration§%° These features indicate the possi-
lateral overgrowth ELOG).5%3°885%| this technique GaN bility of fabricating strain-compensated, quantum-well struc-
is selectively grown on an SiOmasked GaN/AlO; struc-  tures with lasing wavelengthr1.55 um. A potential problem
ture. After ~10 um of GaN is deposited over the SiO
stripes, it coalesces to produce a flat surféd=or a suffi-

ciently wide stripe width, the dislocation density becomes P'e'“‘g":’
. . —2 . . p-Gal
negllg|ble, comp_ared te=10° cm 2 in the window regions. Al 3 fGog s N/GaN MIMSLS
A typical laser diode structure grown by the ELOG method p-GaN
is shown in Fig. 113. The laser itself is fabricated slightly P-Aly;Gagg N

Ing ,Gag o Ny,  Ga g gsN MQW
n-GaN
n-Al y ,,Ga, o N/GaN MD-SLS

off-center from the mask regions, due to gaps that occur
there due to imperfect coalescence of the GaN. These de

n-electrode

vices have lower threshold current densitgd kA cm?) n-In ,GaggN n-GaN
and operating voltagét—6 V), and much longe(10 000 h Si0, !
room-temperature lifetime$&°89The reduction in threading GaN buffer layer

. . . . . . A (0001) sapphire substrate
dislocation density dramatically changes the lifetime, since

the p metal no longer has a direct path for shorting out the

junction during operation. The carrier density at threshold isg, 113. schematic of GaN/InGaN/AIGaN laser diodes grown on ELOG
also reduced te-3x10°cm™3, not far above the expected substrategafter Ref. 587.
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is a shift from type | heterostructure band line-up to type Il — ohmic = n-GaN @ i-GaN
behavior as the nitrogen concentration incred%&ghere is transparent Schottky £33 n-AlGaN
of course, a large miscibility gap for the arsenides and phos =2 Schottky = pGaN
phides with the nitrides, so that continuous alloy composi- ) e o 7
tions over the entire range are not possible. ‘ % :
hot ducti transparent p-n junction optoelectronic HFET
photoconductive  genottky contact
D. Light-emitting diodes GeN
GaN-based LEDs operating in the green to violet range == PR
of the visible spectrum are commercially available. The tota , _ p-i-n junction
ket f h devi Idwide i $200|\/| photoconductive Metal-Semiconductor-Metal
market for these devices worldwide is over per year AIGaN

divided between Nichia, Cree, Toyota Gosei, and Hewlett—
Packard. The blue Nichia diodes emitting at 470 nm hav{
luminous intensities of 2 cd with radiant flux 3 mwW and
spectral half-width 30 nm, while the green diodes emitting at
525 nm have intensity 6 cd, radiant flux 2 mW, and spectral
half-width 40 nm. Single quantum well devices emitting in (high misfit dislocation density and thermal mismatch be-
the yellow and even retand hence requiring large In con- tween the InGaN active region and the AlGaN cladding lay-
tents in the InGaN active regiprare also soon to be avail- erg. Moreover the InGaN had to be Zn doped to produce
able. efficient blue and green emission. These drawbacks can be
Currently the AlinGaP system is employed for yellow, overcome by use of a single InGaN quantum well, whose
red, and orange LEDs, with efficiency superior to unfilteredthickness is below the critical value for dislocation introduc-
incandescent lamps. Typical visible LEDs now have effi- tion. This has been the standard structure for high-brightness
ciencies above 10 lumensW extremely good lifetimes LEDs, with colors ranging from blue to réd®-61°
(>5 years, rapid response times. This makes them the light  Extensive investigations of the emission characteristics
source of choice for applications ranging from color outdoorof the blue/green InGaN single quantum well have been car-
displays and signs, interior automotive lighting, exterior run-ried out>®+®2°The electroluminescence is found to originate
ning lights on trucks and traffic lights. The energy savingsfrom carrier recombination at deep localized states, which
and cost efficiency of LEDs relative to tungsten-filament in-are equivalent to three-dimensionally confined quantum dots.
candescent lamps has been the main impetus behind thefihis explains the blue shift of the emission wavelength with
success. current density in the green LEDs, as these states are filled.
The availability of the primary colors raises the possibil- The InGaN layers show spatial inhomogeneity of the band
ity of white light sources. There are two basic options—thegap, due to compositional fluctuations. Phase separation in
first is color conversion through use of a phosphor or organi¢nGaN has been reported by a number of gradtfps?’even
dye inside the package to convert the blue light from a GaNat relatively low InN mole fraction§<0.2). The potential
LED into white light. The second method would be color minima have been examined by monochromatic cathodolu-
mixing through integration of red, blue, and green LEDs inminescence mapping, and found to vary from 60 to 300 nm
the same package. Nichia produced white light LED prod-in lateral size.
ucts based on combining a blue GaN LED with a yttrium—
aluminum-garnetYAG) fluorescent layer. The efficiency of
this approach is less than that of the color-mixing techniqueE' UV photodetectors
since the phosphor efficiency is less than 100%, but it has The AlGaN system, spanning band gaps of 3.4-6.2 eV,
substantial savings in terms of cost. There is also a prograiis ideal for fabrication of solar-blind UV detectors. Smaller
underway to develop this technology for fluorescent tubegjap materials also are sensitive to visible and infrared radia-
for lighting applications, because of the much longer lifetimetion. The applications for the nitride devices include missile
and reduced energy consumption relative to incandescepiume detection, flame sensing, ozone monitors, laser detec-
and conventional fluorescent lamps. A similar approach idors, and pollution monitoring. By varying the Al content,
being taken by Siemer§® the responsivity cut-off wavelength can be varied from 365
The GaN-based LEDs evolved from simglen junction  to 170 nm. Since the quantum efficiencies are high due to the
devices comprising only GaN to single quantum well InGaNdirect gap of the Ga-rich alloys, there is the ability to form
structures. The GaNod-n junction LED emission wave- heterojunctions and high temperature operation is possible,
lengths were in the range of 370—390 nm, together with deepl,Ga,_,N appears to be ideally suited to UV detector
level emission at-550 nm®10611:3%By employing InGaN/  fabrication®?8-48SjC p-n junction photodiodes are also op-
AlGaN double heterostructures, the output power was inerable at high temperatures, but they lack the other advan-
creased due to improved carrier confinement and the widthages of AlGaN devices. However one drawback with Al-
of the spectral peak was roughly half that of the homostrucGaN is the presence of deep states that store charge.
ture GaN LEDS?-%15A |imitation of these double hetero- Figure 114 shows a schematic representation of different
structure devices was the limited wavelength range due ttypes of AIGaN photodetectoP4® N-type material is gener-
rapidly degrading InGaN material quality at high In contentsally used because of its higher carrier mobility. The standard

IG. 114. Schematic of different types of AlGaN photodetectafter Ref.
29.
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