
JOURNAL OF APPLIED PHYSICS VOLUME 86, NUMBER 1 1 JULY 1999
APPLIED PHYSICS REVIEWS

GaN: Processing, defects, and devices
S. J. Peartona)

Department of Materials Science and Engineering, University of Florida, Gainesville, Florida 32611

J. C. Zolper
Office of Naval Research, Arlington, Virginia 22217

R. J. Shul
Sandia National Laboratories, Albuquerque, New Mexico 87185

F. Ren
Department of Chemical Engineering, University of Florida, Gainesville, Florida 32611

~Received 16 October 1998; accepted for publication 3 March 1999!

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.@S0021-8979~99!00613-1#
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I. INTRODUCTION

Current GaN-based device technologies include lig
emitting diodes~LEDs!, laser diodes, and UV detectors o
the photonic side and microwave power and ultrahigh po
switches on the electronics side.1 The LED technology is by

a!Electronic mail: spear@mse.ufl.edu
1
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now relatively mature, with lifetimes of blue and green em
ters apparently determined mostly by light-induced degra
tion of the polymer package that encapsulates the devic2

The main trends in this technology appear to be optimizat
of optical output efficiency and solving the polymer packa
degradation issue. For the laser diodes one of the main
time limiters isp-ohmic contact metal migration along dis
locations which short out the GaNp-contact layer by spiking
all the way to then side of the junction.3,4 This is exacer-
bated by the generally high specific contact resistance (RC)
of thep-ohmic contact and the associated heating of this a
during device operation. The advent of lower threshold
vices and dislocation-free GaN overgrowth of SiO2-masked
regions has allowed achievement of laser lifetimes o
10 000 h.5 Facet formation on the laser has been achieved
dry etching, cleaving, polishing, and selective/crystal
graphic growth. In structures grown on Al2O3 both contacts
must be made on the top of the device and hence dry etc
is necessary to expose then side of the junction. Fabrication
of UV detectors is relatively straightforward and the ma
issue seems to be one of improving material purity a
quality.

With respect to electronic devices for microwave pow
applications, the main process improvements needed ar
the areas of lowRC n-ohmic contacts~the requirements are
more stringent than for photonic devices, withRC

<1027 V cm22 being desirable!, stable and reproducible
Schottky contacts, and low damage dry etching that ma
tains surface stoichiometry. For the proposed high pow
switches~capable of 25 kA with 3 kV-voltage standoff! there
are a number of possible device structures, including thy
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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2 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
tors and several types of power metal-oxide-semicondu
field-effect transistor~MOSFET!. A schematic of a latera
GaN MOSFET is shown in Fig. 1. In this case, critical tec
nologies include high implant activation efficiency, gate
sulator, trench etching for capacitor formation, and sta
high temperature/high current stable ohmic contacts.

Recent progress in the development of dry and wet e
ing techniques, implant doping and isolation, thermal p
cessing, gate insulator technology, and high reliability c
tacts is first reviewed. Etch selectivities up to 10 for InN ov
AlN are possible in inductively coupled plasmas using
Cl2 /Ar chemistry, but in general selectivities for each bina
nitride relative to each other are low~<2! because of the
high ion energies required to initiate etching. Improv
n-type ohmic contact resistances are obtained by selec
area Si1 implantation followed by very high temperatur
~.1300 °C! anneals to minimize the thermal budget and A
encapsulation which prevents GaN surface decomposit
Implant isolation is effective in GaN, AlGaN, and AlInN, bu
marginal in InGaN. Candidate gate insulators for GaN
clude AlN, AlON, and Ga~Gd!Ox , but interface state dens
ties must still be decreased to realize state-of-the-art me
insulator-semiconductor~MIS! devices.

Many outstanding reviews on GaN materials and devi
have appeared previously,6–14so we will focus on processing
and the influence of defects and impurities on devices.

II. PROCESSING

A. Ohmic and Schottky contacts

1. Schottky contacts

There are still large variations in barrier heights repor
by different workers for standard metals on GaN. Pt appe
to produce the highest consistent values~;1.0–1.1 eV! with
Ti producing the lowest~0.1–0.6 eV!. The variability ap-
pears to result from the presence of several transport me
nisms, and to materials and process factors such as de
present in these films, the effectiveness of surface cle
prior to metal deposition, local stoichiometry variations, a
variations in surface roughness which could affect unif
mity of the results. New work on silicides show

FIG. 1. Schematic of an ultra high breakdown voltage GaN pow
MOSFET.
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promise.15,16 For Schottky contacts Pt appeared to be sta
to approximately 400 °C for 1 h, while PtSi is somewh
more stable~500 °C, 1 h!, and also has barrier heights o
;0.8 eV.

Recent reviews and studies of Schottky contact prop
ties on GaN have appeared.15–28 The measured barrie
heights in most cases are a function of the difference
tween the metal work function and the electron affinity
GaN. Some typical values for barrier height for differe
metals are 1.1 eV for Pt,19 0.91–1.15 eV for Au,20,21 0.6 eV
for Ti,22 and 0.94 eV for Pd.23 For Ni there is a fairly large
discrepancy in reported values, ranging from 0.6624 to 0.99
eV.25 For deposition onton-GaN (;1017cm23), rectifying
behavior was observed for Pt, Ni, Pd, Au, Co, Cu, Ag, ohm
behavior for So, Hf, Zn, Al, and V, while intermediate be
havior ~slightly rectifying! was obtained for Nb, Ti, Cr, W,
and Mo.16 Schmitzet al.16 calculated from their data that th
density of surface states on GaN was;1.8
31013cm22 eV21, suggesting the degree of pinning of th
barrier height is less than GaAs where the surface state
sity is roughly an order of magnitude higher.

A comparison of barrier height data from variou
sources is shown in Fig. 2.16,29–33In the early days of form-
ing rectifying contacts on GaN it was often believed t
Fermi level at the surface and at the metal–nitrides interf
was unpinned. The data of Fig. 2 shows that indeed the
rier height does vary with metal work function. The strate
is then to use a metal with a large work function on Ga
~such as Pt! to form a Schottky barrier, while a metal with
low work function~such as Ti! should be selected for ohmi
contacts.

The influence of the surface cleanliness is obviou
most important in determining the quality of the Schott
contact. In situ deposition of Ga, followed by therma
desorption under ultrahigh vacuum conditions is found
produce clean GaN surfaces,34,35 while in situ N2

1 ion
sputtering can also remove native oxides.36,37 Liu and Lau15,

r

FIG. 2. Compilation of published results for Schottky barrier heights
GaN ~after Refs. 18, 28, and 68!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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3J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
Liu et al.,38 and Mohney and Lau18 have reviewed surface
cleaning processes for GaN. A number of different acid
lutions, including HNO3/HCl, HCl/H2O, and HF/H2O, have
been examined for removing the native oxide,39 and superior
current–voltage characteristics are observed for the resu
rectifying contacts.40 As with other III–V compound semi-
conductors, HCl and HF can significantly reduce the ox
on GaN,41,42 while the bases NH4OH and NaOH can also
dissolve the oxide.43 To this point, there has been no cle
demonstration of the effect of the polarity of the epilayer
the barrier height.

Mohney and Lau18 have also commented on the fact th
there can be significant spatial differences in the quality
Schottky barrier contacts on an-GaN, with diodes showing
ideality factors ranging from,1.1 to>1.3 on the same wa
fer. While thermionic emission is clearly the dominant cu
rent transport mechanism in most diodes, tunneling and g
eration recombination may also be present. In many ca
the high dislocation density in material used to date are pr
ably responsible for most of the spatial variations.

The thermal stability of Schottky contacts on GaN
critically important for practical device operation. The the
mal limits of most of the metal/GaN combinations are b
tween 300 and 600 °C, specifically 300 °C for Pd,44 400 °C
for Pt,45 575 °C for Au,46 and 600 °C for Ni.18 As mentioned
earlier, the silicides of Pt and Ni display greater therm
stability than the pure metals.45 These contacts however ma
not be in thermodynamic equilibrium with the GaN, leadi
to the formation of metal gallides and silicon nitride up
prolonged annealing.

There is little information on barrier heights onp-GaN
due to the general difficulty in growing high qualityp-type
material and the low hole mobility. A barrier height of 2.3
eV was reported for Au onp-GaN.47

2. n-ohmic contacts

The commonly accepted ohmic contact ton-GaN is Ti/
Al, which is generally annealed to produce oxide reduct
on the GaN surface. Multilevel Au/Ni/Al/Ti structures ap
pear to give wider process windows, by reducing oxidat
of the Ti layer.48 RC values of<1025 V cm2 have been pro-
duced on heterostructure field-effect transistor~HFET! de-
vices using Ti/Al annealed at 900 °C for 20 s.15

Both W and WSix on n1 epi-GaN layers (n
;1019cm23) produce reasonable contacts (RC;8
31025 V cm2), but extremely stable behavior49—annealing
at 1000 °C led to shallow reacted regions of<100 Å, and in
junction field-effect transistor structures these contacts
withstand implant activation anneals at 1100 °C.50 Reaction
with the GaN is relatively limited, althoughb-W2N interfa-
cial phases are found after 800 °C anneals, and this app
to be a barrier to Ga out-diffusion.49

By contrast to then-metal systems, the standardp-ohmic
contact to GaN is Ni–Au, withRC values>1022 V cm2.
Efforts to find a superior alternative have proved fruitless
date,51 even though strong efforts have been made on mu
component alloyed contacts where one attempts to ex
one of the lattice elements, replace it with an acceptor d
ant, and simultaneously reduce the ‘‘balling-up’’ of the me
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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allization during this reaction. The model system for th
type of contact is AuGeNi/n-GaAs. A promising approach is
to reduce the band gap through use ofp-type InGaN on the
top of the GaN. To date there have been reports of achiev
p-doping (;1017cm23) in compositions up to;15% In.

The III nitrides pose a problem however, in the develo
ment of low resistance ohmic contacts because of their w
band gaps. Most of the work done in the area has been
cused onn-type GaN. Au and Al single metal contacts
n1GaN and nonalloyed Au/Ti and Al/Ti were found to hav
contact resistances of;1023 to 1024 V cm2.46,52–58 Al-
containing contacts perform best when oxidation is mi
mized. Lin et al.59 reported the lowest contact resistance
n1GaN, with Ti/Al contacts after annealing at 900 °C for 3
s in a rapid thermal annealer (RC5831026 V cm2). They
suggested the formation of a TiN interface as important
the formation of the low resistance contact. Most of the tra
sition metal elements, including Ti, V, and Sc react w
GaN to form nitrides, gallides, and metal–Ga–N terna
phases.18 Thermodynamic calculation indicate that the me
als themselves are not in equilibrium with GaN under norm
processing conditions, with the consequent probability of
terfacial reactions occurring.60 Both Ti and TiN have been
shown to produce ohmic contacts onn-GaN,61,62 with Ti
consuming GaN during reaction~a few hundred angstroms a
;1000 °C for 30 s! to form TiN.63 Three phase equilibria fo
the Ti–Ga–N ~and V–Ga–N and Cr–Ga–N! systems at
800 °C have been reported by several groups.64–66 The an-
nealing ambient plays a strong role, since if the N2 partial
pressure is greater than that in equilibrium with a metal/G
contact during reaction, there is a driving force to incorp
rate nitrogen from the gas phase.18 Moreover, there is quite
different behavior observed for deposited TiN/GaN conta
relative to those formed by reaction of Ti with GaN in a N2

ambient. In the former case, thermionic emission appear
be the dominant conduction mechanism whereas in the la
tunneling seems to be most important.18

Modification of the GaN surface by high temperatu
annealing67 or reactive ion etching48,68 to produce preferen-
tial loss of N2 can improven-type ohmic contact resistanc
by increasing electron concentration in the near-surface
gion.

Many other metals can be employed to form bilayer A
metal/GaNn-ohmic contacts, including Pd,69,70 Ta,71 Nd,72

Sc,18 and Hf.18 All of these form good ohmic contacts, wit
specific contact resistances in the 1025 V cm2 range.

A particularly attractive method for reducingRC on de-
vice structures is self-aligned implantation of Si1 to heavily
dope source/drain ohmic contact regions. This approach
been employed to achieve high quality contacts on hete
structure field-effect transistor~HFET! structures.73 W was
found to produce low resistance ohmic contacts ton1GaN
(RC5831026 V cm2) with little interaction between the
semiconductor and the metal up to 800 °C.49 WSix on
n1GaN was found to be stable to 800 °C as well, with
contact resistance of;1025 V cm2. Graded contact layers to
GaN have been formed with both InN74 and InGaN using
WSix metallization. Nonalloyed Ti/Pt/Au on InN produce
specific contact resistanceRC51.831027 V cm2.74 Graded
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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4 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
InxGa12xAs/InN contacts have been employed on GaA
AlGaAs heterojunction bipolar transistors, withRC as low as
531027 V cm2.75

For high temperature electronics applications, or for h
reliability, it would be preferable to employ refractory met
contacts such as W and WSix . Moreover, the contact resis
tance could be reduced if lower band gap In-containing
loys ~or InN! were used as contact layers on GaN, much a
the case of InGaAs on GaAs. However, the In-based nitri
are less thermally stable than GaN, and we need to esta
the trade off between contact resistance and poorer temp
ture stability.

Recent experiments on formation of W, WSi0.44 and
Ti/Al contacts deposited on n1In0.65Ga0.35N (n
;1020cm23), n1InN (n;1020cm23), and n2In0.75Al0.25N
(n;1018cm23) have been reported.74,75 The electrical,
structural, and chemical stability of these contacts were
amined after anneals up to 900 °C. It was found that InG
allows achievement of excellent contact resistan
(,1026 V cm2), with stability up to; 600 °C for W metal-
lization.

The 2000-Å-thick InGaN, InN, and InAlN samples we
grown using metal organic molecular beam epita
~MOMBE! on semi-insulating,~100! GaAs substrates in a
Intevac Gen II system as described previously.76,77 The InN,
In0.65Ga0.35N, and In0.75Al0.25N were highly autodopedn type
(;1020, ;1019, and 831018cm23, respectively! due to the
presence of native defects.

The samples were rinsed in H2O:NH4OH ~20:1! for 1
min just prior to deposition of the metal to remove nati
oxides. The metal contacts were sputter deposited to a th
ness of 1000 Å in the case of W and WSi0.44 ~film composi-
tion!, and then etched in SF6/Ar in a plasma-therm reactive
ion etcher~RIE! to create transmission line method~TLM !
patterns. For the Ti/Al contacts, 200 Å of Ti and then 1000
of Al was deposited and the TLM pattern formed by lift-o
of the resist mask. The nitride samples were subseque
etched in Cl2 /CH4/H2/Ar in an electron cyclotron resonanc
~ECR! etcher to produce the mesas for the TLM pattern78

The samples were annealed at temperatures from 30
900 °C for 15 s under a nitrogen ambient in a rapid therm
annealing~RTA! system~AG-410!.

The contact resistance for W, WSix , and Ti/Al ohmic
contacts to InGaN as a function of annealing temperatur
shown in Fig. 3. All contacts had similar contact resistan
as deposited, 2 – 431027 V cm22. Above 600 °C, the Ti/Al
contacts degraded rapidly, and the WSix continued to de-
grade, while RC for both samples increased up
;1025 V cm2 at 900 °C. The error in these measureme
was estimated to be610% due mainly to geometrical con
tact size effects. The widths of the TLM pattern spacin
varied slightly due to processing~maximum of65%! as de-
termined by scanning electron microscopy~SEM! measure-
ments, which were taken into account when calculating
contact resistances.

SEM micrographs of W and Ti/Al contacts on InGaN
grown and annealed showed the W was still quite smo
even after 900 °C anneal, while the Ti/Al had significant p
ting at the lowest anneal of 500 °C even though the con
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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resistance did not degrade until>600 °C. Auger electron
spectroscopy~AES! showed that the degradation was due
out-diffusion of In and N.

The contact resistance for ohmic contacts of W, WSx ,
and Ti/Al to InN as a function of annealing temperature
shown in Fig. 4. As-deposited samples had similar con
resistances to InGaN, indicating a similar conduction mec
nism. WSix contacts showed the most degradation at l
temperature, with the resistance rising a factor of 5 a
300 °C annealing and then remaining constant. Ti/Al de
ated little from initial values, although there was severe p
ting on samples annealed at 500 °C while W resistance be
to degrade at 500 °C.

In Fig. 5 the contact resistance is shown for W, WSx ,
and Ti/Al ohmic contacts to InAlN as a function of annealin
temperature. As-deposited Ti/Al had the lowest contact
sistance on this material,RC;1024 V cm2. Tungsten had the

FIG. 3. Contact resistance for W, WSi0.44, and Ti/Al ohmic contacts to
InGaN as a function of annealing temperature.

FIG. 4. Contact resistance for ohmic contacts of W, WSix , and Ti/Al to InN
as a function of annealing temperature.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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5J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
highest initial contact resistance,RC;1022 V cm2. The con-
tacts showed morphological stability up to 400 °C~Ti/Al !
and to 800 °C~W!.

SEM micrographs of InAlN contacted with W, WSix ,
and Ti/Al as-grown and annealed at 800, 700, and 400
respectively, were examined. The W on InAlN remain
smooth until 800 °C, and then began to form hillocks, as
the WSix contact at 700 °C. The Ti/Al began pitting a
400 °C. The pitting in the Ti/Al contacts was due to diffusio
of the Al through the Ti into the sample. Hillocks appear
be formed from diffusion of In from the nitride sample in
the contact layer.

In summary, W, WSix , and Ti/Al were found to produce
low resistance ohmic contacts onn1InGaN and InN.W con-
tacts proved to be the most stable, and also gave the lo
resistance to InGaN and InN,RC,1027 V cm2 after 600 °C
anneal, and 131027 V cm2 after 300 °C anneal, respec
tively. Significant interdiffusion of In, N, and Al, as well a
Ti and W, were found after annealing. The contact resista
stability varies for each material and degraded at temp
tures.400 °C on InN,>500 °C on InAlN, and>600 °C on
InGaN. Only W contacts remained smooth at the high
anneal temperature.

3. p-ohmic contacts

One of the life-limiting factors in GaN laser diodes
date has been thep-ohmic contact.79 Due to the relatively
poor specific contact resistance (RC) achievable, the metal
lization will heat-up as current flows across thep-n junction,
leading to metal migration down threading dislocations a
eventual shorting of the junction.79 Removal of the disloca-
tions, such as in epitaxial lateral overgrowth structures, w
greatly extend the device lifetime.79 There are a number o
contributing factors to the highRC values for contacts on
p-GaN, including:

~i! The absence of a metal with a sufficiently high wo

FIG. 5. Contact resistance for W, WSix , and Ti/Al ohmic contacts to InAlN
as a function of annealing temperature.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
,

d

est

e
a-

st

d

ll

function ~the band gap of GaN is 3.4 eV, and th
electron affinity is 4.1 eV, but metal work function
are typically<5 eV!.

~ii ! The relatively low hole concentrations inp-GaN due
to the deep ionization level of the Mg acceptor~;170
meV!.

~iii ! The tendency for the preferential loss of nitrog
from the GaN surface during processing, which m
produce surface conversion ton-type conductivity.

In the search for improved contact characteristics, a w
variety of metallizations have been investigated onp-GaN
besides the standard Ni/Au,80–85 including Ni,82,83,86

Au,82,85,87,88 Pd,82 Pd/Au,88,89 Pt/Au,84 Au/Mg/Au,61,87

Au/C/Ni,90 Ni/Cr/Au,88,91 and Pd/Pt/Au.84 Typically Ni, Pd,
or Pt is the metal in direct contact with the GaN, and t
structure is annealed at 400–750 °C. This produces con
resistances in the 1021– 1023 V cm2 range. For higher tem-
peratures severe degradation in contact morphology is
served, usually resulting from the formation of the me
gallides.

To examine thermal stability of contacts,p-type (NA

51018cm23), Mg-doped GaN layers 1mm thick were grown
on Al2O3 substrates by molecular beam epitaxy~MBE! using
solid Ga and radio-frequency~rf! plasma-activated N2.

92

Strong cathodoluminescent was observed at;385 nm, with
very little deep level emission, indicative of high quality m
terial. Undoped GaN layers;3 mm thick were grown on
Al2O3 by metal organic chemical vapor deposition, wi
similar cathodoluminescent properties to the MBE mater
These samples were implanted with 100 keV Si1 ions at a
dose of 531015cm22, and annealed with AlN caps in plac
to 1400 °C for 10 s.93 This produced a peakn-type doping
concentration of ;531020cm23. W or WSi0.45 layers
;1000 Å thick were deposited using an MRC501 sputter
system. The sample position was biased at 90 V with resp
to the Ar discharge. Prior to sputtering, the native oxide w
removed in a 201 H2O:NH4OH solution. Transmission line
patterns were defined by dry etching the exposed metal w
SF6/Ar, and forming mesas around the contact pads us
BCl3 /N2 dry etching to confine the current flow. For com
parison, on thep-GaN, Au ~1000 Å!/Ni ~500 Å! was depos-
ited by e-beam evaporation, defined by lift-off and mes
formed by dry etching. Bothn- and p-type samples were
annealed for 60 s~in some experiments this was varied f
30–300 s! at 300–1000 °C under flowing N2.

From Fermi–Dirac statistics we can calculate the Fe
level positionEF for p-GaN containing 1018 acceptors cm23

as a function of absolute temperature T, from

NA

1

112 exp@~Ea2EF!/kT#
5NV exp@2~EF2EV!/kT#,

where NA is the acceptor concentration,Ea5171 meV for
Mg in GaN, andNv is the valence band density of state
Using this relation, we calculated the ionization efficien
for Mg as a function of sample temperature, as shown in F
6. Since the hole concentration in thep-GaN will increase
rapidly with temperature, we would expect better ohmic co
tact properties at high temperatures.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Figure 7 shows annealing temperature dependence o
current–voltage (I –V) characteristics of the Ni/Au, W, an
WSi on p-GaN, with the measurements made at 25 °C in
cases. Note that for the optimum anneal temperatu
~700 °C for Ni/Au and W, and 800 °C for WSix), the con-
tacts are not ohmic, but are more accurately described
leaky Schottky diodes. In the case of W and WSi, we assu
that annealing above the optimum temperature produces
of N2 and poorer contact properties.

The contact morphology on the W and WSi metalliz
tion remained featureless to the highest temperature we
vestigated. This is in sharp contrast to the case of Ni/Au
shown in Fig. 8. For the latter metallization, islanding
quite severe after 700 °C annealing due to reaction of the
with the GaN.94,95

From the earlier discussion, we would expect the con
properties to improve at elevated temperatures because o
increased hole density and more efficient thermionic h
emission across the metal–GaN interface. Figure 9 shows
I –V characteristics for the 700~Ni/Au and W! or 800 °C
~WSi! annealed samples, as a function of the measurem
temperature~25–300 °C!. For the Ni/Au, the contacts be
come ohmic at>200 °C, while for W and WSix this occurs
at 300 °C. Table I shows theRC values at 300 °C are 9.2
31022 ~Ni/Au!, 6.831022 ~W!, and 2.631022 V cm2

~WSi!. The TLM measurements showed that the subst
sheet resistance is reduced from 1.393104 V/h at 200 °C,
to 8470V/h at 250 °C, and 4600V/h at 300 °C, indicating
that the increased hole concentration plays a major role
decreasingRC .

There was not a strong dependence of the room temp
ture I –V characteristics on annealing time. An example
shown in Fig. 10 for W/p-GaN, annealed at 700 °C. There
little change in the characteristics for 30–120 s, but the c

FIG. 6. Ionization efficiency of Mg acceptors in GaN and Fermi level p
sition for GaN containing 1018 cm23Mg acceptors, as a function of temper
ture.
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tacts become more rectifying for longer times, probably d
to the onset of metal-semiconductor reactions.

As a comparison ton-type GaN, Fig. 11 shows the an
nealing temperature dependence ofRC for W contacts on
Si-implanted~n type! GaN. The specific contact resistanc
improves with annealing up to;950 °C, which appears to
correspond to the region where theb-W2N interfacial phase
is formed. Coleet al.49 reported that W and WSi contacts o
GaN annealed in the range of 750–850 °C showed the m
mum degree of metal protrusion in the interfacial regio
containing theb-W2N phase, whereas at lower annealin
temperatures the horizontal spatial extent of this phase
smaller and allowed more protrusions to develop. Excell
structural stability of the W on GaN was shown in SE
micrographs, where a sharp interface was retained a
750 °C annealing.

In summary, one of the emerging applications for GaN
in ultrahigh power electronic switches, where thermal sta
ity of the contact metallization will be of paramount impo
tance. Tungsten-based contacts on bothn- and p-type GaN
offer superior thermal stability to the standard metallizati
used in photonic devices, TiAl and Ni/Au, respectively.

B. Rapid thermal processing
1. Surface protection

The usual environment for high-temperature anneal
of III nitrides is NH3,

79 but this is inconvenient for processe
such as rapid thermal annealing for implant activation, c
tact annealing for implant isolation. In those situations

FIG. 7. Annealing temperature dependence ofI –V characteristics of WSi,
W, and Ni/Au contacts onp-GaN ~60 s anneal times!.

-
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FIG. 8. SEM micrographs of Ni/Au contacts onp-GaN after 60 s anneals at either 400~top left! or 700 °C~top right!, or W contacts after similar annealin
at 400~bottom left! or 900 °C~bottom right!.
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aN,
would like to provide some form of N2 overpressure to mini-
mize loss of nitrogen from the semiconductor surface at h
temperature.96 With conventional III–V materials such a
GaAs and InP this is achieved in several ways,97–110namely
by two methods:~i! placing the sample of interest face dow
on a substrate of the same type,101,107 so that the onset o
preferential As or P loss quickly suppresses further loss.
disadvantages of this method include the fact that so
group V atoms are lost from the near surface. There is
ways a possibility of mechanical abrasion of the face of
sample of interest, and contamination can easily be tra
ferred from the dummy wafer to the one of interest. T
second method involves:~ii ! placing the wafer in a SiC-
coated graphite susceptor,109,110which either has had its in
ternal surfaces coated with As or P by heating a sacrifi
wafer within it, or in which granulated or powdered GaAs
InP is placed in reservoirs connected to the region in wh
the wafer is contained. In both cases subsequent heatin
the susceptor produces an As or P vapor pressure abov
surface of the process wafer, suppressing loss of the grou
element.

The former approach is widely used in III–V resear
and is known as the proximity geometry. The latter appro
is widely used in industry for anneal processes for GaAs
to a lesser extent InP.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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It would be convenient for GaN device processing
development of a similar process for rapid thermal proce
ing of III nitrides occurred, in which an overpressure of N2 is
supplied to a susceptor. In this section we compare us
powdered AlN or InN as materials for use in the suscep
reservoirs, and compare the results with those obtained
simple proximity annealing.

The GaN, AlN, InN, InGaN, and InAlN samples wer
grown using metal organic molecular beam epitaxy on se
insulating,~100! GaAs substrates or Al2O3 c-plane substrates
in an Intevac Gen II system as described previously.76,77The
group-III sources were triethylgallium, trimethylamine alan
and trimethylindium, respectively, and the atomic nitrog
was derived from an electron cyclotron resonance Wave
source operating at 200 W forward power. The layers w
single crystal with a high density (101121012cm22) of
stacking faults and microtwins. The GaN and AlN were r
sistive as-grown, and the InN was highly autodopedn type
(.1020cm23) due to the presence of native defects. InA
and InGaN were found to contain both hexagonal and cu
forms. The In0.75Al0.25N and In0.5Ga0.5N were conductingn
type as grown (;1020cm23) due to residual autodoping b
native defects.

The samples were annealed either~i! face down on
samples of the same type, i.e., GaN when annealing G
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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InN for InN, etc., or~ii ! within a SiC-coated graphite sus
ceptor in which the reservoirs were filled with either po
dered AlN or InN ~average particle size;10 mm!.111 An-
nealing was performed for 10 s at peak temperatures betw
650 and 1100 °C in flowing N2 gas. The sheet resistance w
measured at room temperature on a van der Pauw Hall
tem with 1:1 InHg alloyed contacts~400 °C, 3 min! on the
corners. An atomic force microscope~AFM!, operated in
tapping mode with Si tips, was used to measure the ro
mean-square~rms! roughness of the samples. The surfa
morphology was examined with a scanning electron mic
scope~SEM!. Energy dispersive x-ray spectroscopy~EDAX!
was used to analyze the surface composition of so
samples. Auger electron spectroscopy~AES! was used to
investigate near-surface stoichiometry before and after
neal.

The rms surface roughness of binary nitrides measu
by AFM after annealing face down in the proximity geom

FIG. 9. Measurement temperature dependence ofI –V characteristics of
Ni/Au, W, or WSix contacts onp-GaN.

TABLE I. Temperature-dependent contact data forp-GaN.

Contact
Measurement

temperature~°C!
Specific contact

resistance~V cm2!
Contact resistivity

~V mm!

Ni/Au 200 0.125 415.7
Ni/Au 250 0.121 319.5
Ni/Au 300 0.092 205.9
W 300 0.682 758.4
WSi 300 0.026 1728.3
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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etry is shown at the top of Fig. 12. The InN begins to d
grade above 500 °C, while AlN roughness at 1000 °C at
surface is as smooth as the as-grown material. The GaN
mains smooth across the entire annealing range investiga
Similar results are shown for the ternaries at the bottom
Fig. 12. The InAlN morphology degrades above 800 °C, a
In droplets are visible on the surface by 900 °C. At 1000 °
however, the In droplets also evaporate, leading to an ap
ently better morphology as measured by AFM. The InG
had fairly similar behavior.

A comparison of the annealing temperature depende
of nitride rms surface roughness for sample processed in
graphite susceptor with either AlN or InN powder in th
reservoirs is shown in Fig. 13. One would expect the I
powder to provide higher vapor pressure of N2 at equivalent
temperatures than AlN112,113and this appears to be evident
the rms data for InN, where the surface roughens dram

FIG. 10. Annealing time dependence at 700 °C ofI –V characteristics from
W contacts onp-GaN.

FIG. 11. Annealing temperature dependence ofRC for W contacts on Si-
implanted GaN.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



is
b

al
nt
r

e
e
le
t

us
-

ro
o

ila
it
d
t
or
-
on
o
re
s
th

it
ye
a

ei-
of

id
e

or

°C
.
-

mal

for

-

-
-

res

ag-
re-
a
res
ent

ro o the
ow-

9J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
cally above 600 °C with AlN powder while the roughening
less obvious with InN powder. The data in Fig. 13 need to
considered in the light of the results from the other materi
For example, the GaN and AlN rms values are consiste
higher for the InN powder annealing. These results clea
indicate large-scale~;1 mm! roughness evident on th
samples annealed with the InN powder. Similar results w
evident for the AlN and InAlN samples, with large-sca
roughness detectable by AFM on the ones annealed with
InN powder.

SEM examination of all the samples revealed the ca
of this roughening. After 1000 °C annealing with AlN pow
der there is no change in morphology from the cont
samples. By sharp contrast, metallic droplets are visible
samples annealed with InN powder even at 800 °C. Sim
droplets were observed in all materials after annealing w
InN powder at >750 °C. EDAX measurements identifie
these droplets as In in each case. Therefore, it is clear tha
InN powder initially provides good surface protection f
annealing temperatures>750 °C through incongruent evapo
ration of N2. Above this temperature, however, evaporati
of In from the powder leads to condensation of droplets
the samples contained within the reservoir. At temperatu
approaching 1100 °C, these droplets evaporate from the
face of GaN or AlN, leading to an apparent surface smoo
ing when measured by AFM.

Some other features of the annealing are salient w
respect to implant activation processes. First, if we emplo
90%N2:10%H2 as the purge gas in the rapid thermal anne

FIG. 12. Root-mean-square surface roughness normalized to the as-g
value, as a function of anneal temperature for AlN, GaN, and InN~top! and
InAlN and InGaN~bottom! annealed in the proximity geometry.
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ing ~RTA! system instead of pure N2, we noticed that the
temperature at which surface dissociation was evident by
ther AFM or SEM was lowered by 100–200 °C for each
the nitrides. A similar effect was observed if O2 was present
in the annealing ambient, and thus, it is critical to avo
residual O2 or H2 in RTA systems during annealing of th
nitrides. Second, under optimized ambient conditions~pure
N2 purge gas, and use of either the proximity geometry
powdered AlN in the susceptor reservoirs!, AES was able to
detect N2 loss from the surface of GaN even after 1000
anneals, and from InAlN and InGaN after 800 °C anneals114

However, N2 loss from AlN was detectable only after an
neals at 1150 °C, emphasizing the extremely good ther
stability of this material. Indeed Zolperet al.115 have re-
cently reported use of sputtered AlN as an encapsulant
annealing GaN at temperatures up to 1100 °C for Si1 or Mg1

ion implant activation. The AlN could be selectively re
moved with KOH solutions after the annealing process.116

The loss of N2 from binary nitride surfaces during an
nealing produced thin~,0.5 mm as determined by subse
quent dry etching and remeasurement! highly conductingn1

regions. These were evident for annealing temperatu
above;600 °C in InN and at;1125 °C in GaN. For ex-
ample, the sheet resistance increased by 2–4 orders of m
nitude in both materials. This agrees with the theoretical p
diction of Maruska and Tietjen117 that N vacancies create
shallow donor state in binary nitrides, and the temperatu
to which the materials are stable are in general agreem

wnFIG. 13. Root-mean-square surface roughness of nitrides normalized t
as-grown value, as a function of anneal temperature using either AlN p
der ~top! or InN powder~bottom! in the susceptor reservoirs.
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10 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
with the published vapor pressure and melting point data
the binary nitrides.112,114,118–120In the ternary materials
however, the sheet resistance of the epitaxial layers incre
with annealing temperature, suggesting that simple nitro
vacancies are not the only cause of the residualn-type con-
ductivity in these samples, since at the highest temperat
there is clear loss of nitrogen. The annealing, in this ca
appears to create compensating acceptors, or else anne
of the native donors is occurring. The nature of the defe
present in as-grown and annealed nitrides is currently un
investigation with IR absorption and variable temperat
Hall measurements.

In summary, several approaches to rapid thermal p
cessing of binary and ternary nitrides have been investiga
In the proximity geometry AlN and GaN retain smooth st
ichiometric surfaces to>1000 °C, InAlN and InGaN to
800 °C and InN up to 600 °C. Similar thermal stabilities we
obtained for face-up annealing in graphite susceptors
which AlN powder provides a N2 overpressure. An attemp
to increase this overpressure through use of InN powder
unsuccessful because of In droplet condensation on
samples at temperatures>750 °C. This could only be recti
fied if one could design a two-zone rapid thermal process
chamber in which a reservoir of InN powder was maintain
at >750 °C, while the samples to be annealed were se
rately heated to their required temperatures.

2. Ultrahigh temperature annealing

Recent interest in developing advanced electronic
vices that operate at high temperature and/or high power
brought into focus many new challenges for semiconduc
materials and the related processing technology. Compo
semiconductors such as SiC and GaN have significant ad
tages for such device applications because of their w
band gaps~higher operating temperature!, larger breakdown
fields ~higher operating voltage!, higher electron saturate
drift velocity ~higher operating current and faster switching!,
and better thermal conductivity~higher power density!.119,120

Some of the examples of SiC- and GaN-based electro
devices are the SiC power MOSFET121 and the GaN junction
field effect transistor~JFET!.122 In the development of ad
vanced electronic devices, the technology of rapid ther
processing~RTP! plays a critical role at numerous poin
such as implant activation of dopant species, implantati
induced damage removal, alloying of ohmic contacts, ma
mization of sheet resistance in implant isolation regions,
High annealing temperature and short processing time h
been identified as two key requirements in RTP annealin
compound semiconductors such as GaN and SiC, espec
for implant activation and damage removal.123 It has been
found in high dose Si-implanted GaN that, although Si d
nors can be efficiently activated at 1100 °C, complete
moval of ion implantation-induced damage requires ev
higher annealing temperatures.124 A more recent study ha
shown that implantation-induced damage in GaN can only
significantly reduced by using annealing temperatures u
1400 °C.125

The existing commercial RTP equipment typically reli
on a series of tungsten-halogen lamps as heat sources to
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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idly heat up the semiconductor wafers.126 However, this type
of lamp-based RTP system suffers from many problems s
as their point heat source nature, fluctuating lamp temp
ture during processing and only modest temperature capa
~,1100 °C!. Recent interest in developing wide band g
compound semiconductors has pushed the processing
perature requirements to much higher values~up to 1500 °C!.
Presently, there are no specific RTP systems that can op
at such high temperatures. In the study of annealing of G
up to 1400 °C,127 a custom system~based on MOCVD sys-
tem! that employed rf heating was built and utilized. There
an urgent need in GaN and SiC technology to develop n
RTP systems which can provide uniform heating to ve
high temperatures~.1500 °C!.

There has recently been development of a unique h
temperature RTP unit called Zapper™. This novel RTP u
has been specifically designed to achieve very high temp
tures~.1500 °C! with excellent uniformity for high tempera
ture thermal processing of semiconductor materials. In
section, we first give a brief introduction about the Zappe
unit. We then report the implant activation annealing stud
of Si1-implanted GaN thin films~with and without an AlN
encapsulation layer! using the Zapper™ unit at temperatur
up to 1500 °C. The electrical analysis and characteriza
results of such annealed samples are presented and
cussed. Based on these experiments, the significant pote
of the MHI Zapper™ unit in the development of advanc
electronics is summarized.

Most existing RTP equipment utilized either an array
ten or more tungsten-halogen lamps, or a single arc lam
heat sources.125 These lamp-based RTP equipment c
achieve only modest processing temperatures~,1100 °C!,
primarily because of the point-like nature of the sources a
large thermal mass of the systems. To realize higher t
perature capacity, new types of heat sources have to be
ployed. In the past few years, there has been developme
novel molybdenum intermetallic composite heaters that m
be used in air at temperatures up to 1900 °C.127,128 These
heaters have high emissivity~up to 0.9! and allow heat-up
time of the order of seconds and heat fluxes up to 1
W/cm2. This novel RTP unit is capable of achieving muc
higher temperatures than the lamp-based RTP equipm
Figure 14 shows some typical time-temperature fluctuat
to rapidly heat up and cool down the wafer, the Zappe
unit relies on wafer movement~in/out of furnace horizon-
tally! to achieve rapid ramp-up and ramp-down rates sim
to those of conventional RTP systems.

A variety of undoped GaN layers;3 mm thick were
grown at;1050 °C by metal organic chemical vapor dep
sition using trimethylgallium and ammonia. Growth was pr
ceded by deposition of thin~;200 Å! GaN or AlN buffers
~growth temperature 530 °C! on the Al2O3 substrates.
Capacitance–voltage measurements on the GaN sho
typical n-type background carrier concentrations of<3
31016cm23. Si1 was implanted to a dose of 5
31015cm22, 100 keV, producing a maximum Si concentr
tion of ;631020cm23 at a depth of;800 Å. Some of the
samples were encapsulated with 1000–1500 Å of AlN
posited in one of two ways. In the first, AlN was deposit
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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11J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
by reactive sputtering of pure AlN targets in 300 mTorr
20%N2Ar. The deposition temperature was 400 °C. In t
second method, AlN was grown by metal organic molecu
beam epitaxy~MOMBE! at 750 °C using dimethylamine
alane and plasma dissociated nitrogen.77

The samples were sealed in quartz ampoules unde2

gas. To ensure good purity of this ambient the quartz t
~with sample inside and one end predoped! was subjected to
an evacuation/N2 purge cycle for three repetitions before th
other end of the tube was closed, producing a final N2 pres-
sure of ;15 psi. This negative pressure was necessary
prevent blowout of the ampoule at elevated annealing t
peratures. The samples were then annealed at 1100–150
for a dwell time of; 10 s~Fig. 14!. The time difference for

FIG. 14. Time-temperature profiles for RTP annealing of GaN at 1500
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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reaching the annealing temperature was between 4 and
To compensate for this heating time lag inside the ampo
the dwell time was purposely extended to; 15 s. Ramp
rates were 80 °C s21 from 25–1000 °C and 30 °C s21 from
1000–1500 °C, producing an average ramp-up rate over
entire cycle of;50 °C s21. The typical ramp-down rate wa
;25 °C s21. Thermocouple measurements of temperat
uniformity over a typical wafer size~4 in. diameter! were
68 °C at both 1400 and 1500 °C. After removal of th
samples from the ampoules they were examined by scan
electron microscopy ~SEM!, atomic force microscopy
~AFM!, and van der Pauw geometry Hall measurements
tained with alloyed HgIn eutectic contacts.

SEM micrographs of unencapsulated GaN surfa
annealed at 1200, 1300, 1400, or 1500 °C showed that
1200 °C annealing does not degrade the surface, and
samples retain the same appearance as the as-grown ma
After 1300 °C annealing, there is a high dens
(;108 cm22) of small hexagonal pits which we believe
due to incongruent evaporation from the surface. T
1400 °C annealing produces complete dissociation of
GaN, and only the underlying AlN buffer survives. Annea
ing at 1500 °C also causes loss of this buffer layer, an
smooth exposed Al2O3 surface is evident.

By sharp contrast to the results for GaN, both the sp
tered and MOMBE AlN were found to survive annealin
above 1300 °C.129 For the sputtered material we often o
served localized failure of the film, perhaps due to resid
gas agglomeration. For the MOMBE films this phenomen
was absent. Also in the sputtered material the root-me
square~rms! surface roughness tended to go through a ma
mum, due to some initial localized bubbling, followed by th
film densification.

The clear result from all this data is that the implant
GaN needs to be encapsulated with AlN in order to prese
the surface quality. We have previously shown that AlN
selectively removable from GaN using KOH-bas
solution.115,130 Figure 15 shows the sheet carrier concent

.

FIG. 15. Sheet carrier density and electron mobility in capped and uncap
Si-implanted GaN, as a function of annealing temperature.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tion and electron mobility in the Si1-implanted GaN, for
both unencapsulated and AlN-encapsulated material, a
function of annealing temperature. For unencapsulated
nealing we see an initial increase in electron concentrat
but above 1300 °C the GaN layer disintegrates. By contr
for AlN-encapsulated samples the Si1 implant activation
percentage is higher~;90%! and peaks around 1400 °C
This corresponds to a peak carrier concentration of>5
31020cm23. For 1500 °C annealing both carrier concent
tion and mobility decrease, and this is consistent with Si-
switching as observed in Si1-implanted GaAs at much lowe
temperatures.129 The results in Fig. 15 are compelling ev
dence of the need for high annealing temperatures and
concurrent requirement for effective surface protection of
GaN.

There is clear evidence from both ion channeling a
TEM measurements that temperatures above 1300 °C ar
quired to completely remove implantation damage in Ga
Since the residual damage tends to producen-type conduc-
tivity, it is even more imperative in acceptor-implanted m
terial to completely remove its influence. However a p
mium is placed on prevention of surface dissociatio
because loss of nitrogen also leads to residualn-type conduc-
tivity in GaN. The combination of RTP annealing in th
Zapper™ unit at 1400–1500 °C and high quality AlN enca
sulants produce metallic doping levels (;531020cm23) in
Si1-implanted GaN.

3. Implanted dopant activation

a. Background.The best example of how ion implanta
tion can directly impact the performance of group III-nitrid
transistors is illustrated in Fig. 16. The figure shows fo
device structures that could be employed to fabricate AlG
GaN high electron mobility transistors~HEMTs!. To date,
the majority of the AlGaN/GaN HEMTs transistors ha
been fabricated in a planar structure as shown in Fig. 16~a!,
where the ohmic source and drain contacts are placed
rectly on the wide band gap AlGaN layer without any i
creased local doping to reduce the contact or acc
resistance.131 This leads to a high access resistance, redu
current capability, and a high transistor knee voltage. Thi
turn reduces the transistors power gain, power added

FIG. 16. Comparison of GaN-based HFET structures:~a! planar, ~b! re-
cessed gate,~c! regrownn1 ohmic regions, and~d! self-aligned, implanted.
Implantation is the most practical means to achieve the selective area d
required to reduce the transistor access resistance.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
a
n-
n,
t,

-
e

he
e

d
re-
.

-
-
,

-

r
/

di-

ss
d

n
fi-

ciency, and linearity.132 Figures 16~b! and 16~c! show two
approaches that have been taken to reduce the access
tance. One is to selectively etch away the wide band
material in the contact regions and then regrow highly dop
GaN to improved access resistance; however, the manu
turability of this approach as, with any regrowth process
questionable.133 The recess gate approach of Fig. 16~c! has
been widely used in other mature compound semiconduc
such as GaAs and InP. Although this type of structure
been demonstrated in GaN-based devices, the unavailab
of controlled wet etching of GaN requires the use of
plasma recess etch.134 Use of a plasma etch introduces su
face damage in the semiconductor in the region un
Schottky gate that degrades the rectifying properties of
gate. Finally, the self-aligned ion implanted structure of F
16~d! is used to create selective areas of highly doped
gions for the source and drain contacts in a highly manuf
turable fashion without any plasma etching of the gate
gion. To date, ion implantation has been used to realiz
GaN junction field effect transistor~JFET! but has not been
applied to AlGaN/GaN HEMTs.135 As will be discussed
later, one of the key challenges to applying ion implantat
to AlGaN/GaN HEMTs is the avoidance of surface degra
tion that will negatively impact the Schottky gate formatio
during the high temperature implant activation anneal.

The first work on implantation in GaN was performed b
Pankove and co-workers in the earlier 1970s.136,137They re-
ported primarily on the photoluminescence properties o
large array of implanted impurities in GaN. The work w
successful in identifying Mg as the shallowest accep
found to date for GaN.

In 1995 Peartonet al., reported the first successful use
ion implantation to realize electrically activen- and p-type
dopants in GaN.138 In that work, Si was used as then-type
dopant and Mg, with a coimplantation of P, was used
achievep-type doping. Rapid thermal annealing~RTA! at
1100 °C was employed for the activation anneal. Sub
quently, implanted O was shown to also be a donor a
implanted Ca an acceptor in GaN.139 While Mg demon-
strated some degree of diffusion during these annealing c
ditions, all other impurities~Be, C, Zn, Ca, Si, and O!
showed no measurable diffusion.140

Details of ion implanted isolation using either H, He,
N have also been established. The damage created by H
plantation was shown to anneal out near 400 °C while
and N isolation damage remained intact to;800 °C.141 From
this work followed the fabrication and performance of t
first ion implanted JFET fabricated in GaN.134

To fully apply ion implantation technology to GaN
based electronics, both Schottky and ohmic contacts mus
readily fabricated on the semiconductor following the im
plantation and activation process. For example, for an all
implanted GaN metal-semiconductor field effect transis
~MESFET! to be achieved, a Schottky gate contact must
formed on the implanted channel regions after the activa
anneal. When performing the implant activation anneal,
GaN surface can dissociate by the loss of N. Some of
work on the equilibrium pressure of N over GaN has be

ing
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reviewed by Ambacher et al.142 and Porowski and
Grzegory.112

b. Annealing.Since the activation anneal for GaN wa
initially done in the range of 1100 °C,138,139the formation of
a Pt/Au Schottky contact onn-type GaN was studied afte
such a high temperature anneal with and without a AlN
capsulation layer.114 Since AlN has a higher dissociatio
temperature it should act to suppress the dissociation of
GaN. One set of samples wasn-type as-grown with a back
ground donor concentration of;5 – 1031016cm23 ~samples
A1, A2!. The second set of samples~B1, B2! was semi-
insulating as-grown and was implanted with28Si ~100 keV,
531013cm22) to simulate a MESFET channel implant (n
;331017cm23). One sample from each set had 120 nm
AlN deposited in an Ar plasma at 300 W using an Al targ
and a 10 sccm flow of N2. The film had an index of refrac
tion of 2.160.05 corresponding to stoichiometric AlN. A
samples were annealed together in a SiC coated graphite
cible at 1100 °C for 15 s in flowing N2. Following annealing,
the AlN was removed in a selective KOH-based e
~AZ400K developer! at 60–70 °C.115 This etch has been
shown to etch AlN at rates of 60–10 000 Å/min, depend
on the film quality, while under the same conditions no m
surable etching of GaN was observed.130 Ti/Al ohmic con-
tacts were deposited and defined by conventional lift-
techniques on all samples and annealed at 500 °C for 1
Pt/Au Schottky contacts were deposited and defined by
off within a circular opening in the ohmic metal. Electric
characterization was performed on a HP4145 at room t
perature on 48mm diameter diodes. Samples prepared in
same way, except without any metallization, were analy
with Auger electron spectrometry~AES! surface and depth
profiles. The surface morphology was also characterized
atomic force microscopy~AFM! before and after annealing

Figure 17 shows three dimensional AFM images of
surface of samples A1~uncapped! and A2 ~AlN cap! after
annealing at 1100 °C. While both of the annealed samp
displayed some increase in their root-mean-square~rms! sur-
face roughness~A1:4.02 nm, A2: 2.51 nm! over the as-
grown sample~1.4 nm! the sample annealed without the Al
cap~A1! was markedly rougher with a dramatically differe
surface morphology. These differences were attributed
more N loss in the uncapped sample as will be discus
later.

Figure 18 shows the reverse current–voltage charac
istics of the Pt/Au Schottky diodes for the four samples st
ied. Samples A1 and B1, annealed without the AlN c
demonstrated very leaky reverse characteristics with roug
a 3 to 4 order-of-magnitude increase in leakage current o
the samples annealed with the AlN cap. In fact, sample
approached ohmic behavior. Samples A2 and B2, on
other hand, demonstrated very good rectification with
verse breakdown voltages in excess of 40 V where the br
down voltage is taken at 1mA/mm of diode perimeter cur-
rent. Figure 19 shows the current–voltage characteristics
adjacent Ti/Al ohmic contacts for the two unintentiona
doped samples A1 and A2. In this case, the samples anne
without the AlN cap demonstrated improved ohmic behav
as compared to the samples annealed with the AlN cap.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
-

he

f
t

ru-

g
-

f
s.

t-

-
e
d

y

e

s

to
d

r-
-
,
ly
er
1
e
-
k-

or

led
r
is

is consistent with the Schottky characteristics and sugges
change in the near surface stoichiometry of the GaN res
ing from the uncapped anneal as will be discussed below

In an attempt to quantify the change in the GaN surfa
resulting from annealing with and without the AlN cap, AE
surface and depth profiles were performed. When compa
the Ga/N ratio for each case an increase was seen for
sample annealed without the AlN cap (Ga/N ration52.34) as
compared to the as-grown sample (Ga/N ratio51.73). This
was explained by N loss from the GaN during the anneal
process.143 The AlN cap prevented this loss. AES depth pr
files of the uncapped and annealed sample suggests tha
N loss occurred in the very near surface region~;50 Å!.

N loss and the formation of N vacancies was proposed
the key mechanism involved in changing the electrical pr
erties of the Schottky diodes and ohmic contacts. Since
vacancies are thought to contribute to the backgroundn-type
conductivity in GaN, an excess of N vacancies at the surf
should result in ann1 region~possibly a degenerate region!
at the surface.116 This region would then contribute to tun
neling under reverse bias for the Schottky diodes and exp
the increase in the reverse leakage in the uncapped sam
Similarly, a n1 region at the surface would improve th
ohmic contact behavior as seen for the uncapped sample144

The effectiveness of the AlN cap during the anneal to s
press N loss is readily understood by the inert nature of A
and its extreme thermal stability thereby acting as an eff
tive diffusion barrier for N from the GaN substrate.

FIG. 17. Atomic force microscope images of GaN after an 1100 °C, 1
anneal either~a! uncapped or~b! capped with reactively sputtered AlN. Th
AlN film was removed in a selective KOH-based etch~AZ400K developer!
at 60–70 °C. On both images, the vertical scale is 50 nm per division
the horizontal scale is 2mm per division.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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14 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
In summary, the viability of using reactively sputtere
AlN films as an encapsulating layer for GaN during 1100
annealing was demonstrated. The AlN cap was selectiv
removed in a KOH-based etch. By employing an AlN ca
Pt/Au Schottky barriers with reverse breakdown voltages
excess of 40 V were realized on samples annealed
1100 °C. Samples annealed uncapped under the same c
tions have 3 to 4 orders-of-magnitude higher reverse leak
than the capped samples while also displaying impro
ohmic contact performance. These results are explained
the formation of an1 layer at the surface created by N-lo
and N-vacancy formation in the uncapped samples. The
encapsulation, on the other hand, effectively suppresse
loss from the GaN substrate. The use of AlN capping sho
allow the realization of all ion implanted GaN MESFETs.

c. Damage accumulation.Previous work on damage ac
cumulation during implantation had been limited to S
implanted GaN at 77 K or room temperature.145,146 That
work demonstrated that the amorphization dose for;100
keV Si implantation was;231016cm22. Recent work has
addressed the damage accumulating during Ca, Ar, an
implants in GaN at 77 K~Ca and Ar! and room temperature
~In!.147,148Additional work has also been reported from t
damage annealing characteristics for high dose
implantation.149 Figure 20 shows the change in the Ruth
ford backscattering~RBS! minimum channeling yield (xmm)
versus dose for Ca and Ar implanted GaN at 77 K.147 The
amorphization dose (xmm5100%) is 631015cm22 for both

FIG. 18. Reverse current–voltage characteristics for Pt/Au Schottky
tacts on GaN annealed at 1100 °C, 15 s either uncapped~samples A1, B1! or
capped with AlN~samples A2, B2!. ~a! is for unintentionally doped GaN
with an as-grown donor concentration of 5 – 1031016 cm23 and ~b! is for
initially semi-insulating GaN implanted with28Si ~100 keV, 5
31013 cm22) to simulate a MESFET channel implant.
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elements. As expected, this dose is lower than that repo
for Si-implanted GaN of 231016cm22 due to the higher
mass of Ca and Ar as compared to Si.147 In the same study,
it was determined that for a Ca dose as low as
31014cm22 an amorphous component to the x-ray diffra
tion spectra is created~see Fig. 21!. This suggests that loca
pockets of amorphous material~peak A! are formed prior to
the complete amorphization of the implanted region. Furt
study of the removal of such an amorphous material dur

n-

FIG. 19. Current–voltage characteristics for Ti/Al ohmic contacts on G
after an 1100 °C, 15 s anneal either~a! uncapped or~b! capped with reac-
tively sputtered AlN. The as-grown GaN wasn type with a background
concentration of 5 – 1031016 cm23. Note the change in scale for the curre
axis between the two plots.

FIG. 20. Change in the RBS minimum channeling yield (xmin) vs implant
dose for 180 keV Ca and Ar implanted GaN at 77 K.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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annealing will be important to optimizing the annealing pr
cess.

The In-implantation study examined the local lattice e
vironment after implantation and subsequent annealing u
the emission channeling technique and perturbed-gg-angular
correlation.148 Ronning and co-workers148 found that the ma-
jority of the In atoms were substitutional as-implanted b
within a heavily defective lattice. A gradual recovery of th
damage was seen between 600 and 900 °C with about
of the In atoms occupying substitutional lattice sites w
defect free surroundings after to 900 °C anneal. Results
higher temperature annealing were not reported. It remain
be determined at what point complete lattice recovery
achieved as determined by this technique.

Additional work on Si implantation had demonstrat
significant implantation-induced damage remains in G
even after a 1100 °C activation anneal that produces ele
cally active donors.149,150This is shown in the RBS spectr
of Fig. 22 and the cross sectional transmission electron
croscopy ~XTEM! images of Fig. 23. The RBS spect
shows that even after a 1100 °C anneal the high channe
yield is evidence of significant damage in the crystal. This
confirmed by the XTEM images before and after anneal
of Fig. 23 where, despite some coarsening of the damage
significant reduction in the damage concentration has
curred. In the following section, work on complete remov
of the implantation damage by annealing up to 1500 °C
presented.

As discussed in the previous section, an annealing t
perature well above 1100 °C is needed to remove
implantation-induced damage in GaN. However, since G
will readily dissociate at these temperatures, special pre
tions must be taken. The approaches used to maintain
GaN stoichiometry at up to 1500 °C were either to use
encapsulating overlayer such as the AlN described abov
to perform the anneal under a high N overpressure. Res
from both approaches are presented below. Both elect
and structural data are presented to correlate the effect o

FIG. 21. X-ray diffraction spectrum and its fitting results for GaN implant
with Ca ~180 keV, 331014 cm22). The inset table shows the fitting result
the position~2u! and the FWHM of each peak. Peak A, expanded G
~0002!; peak B, amorphous component; peak C, undamaged GaN~0002!
after implantation; and peak D the cubic GaN~111! peak.
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removal of implantation-induced damage to electrical acti
tion of implanted Si donors.

To better understand the removal of implantatio
induced damage, annealing experiments were performe
an MOCVD growth reactor capable for reaching 1400 °
While the anneal was performed in flowing ammonia to h
stabilize the surface against decomposition, AlN encaps

FIG. 22. Channeling Rutherford backscattering~C-RBS! spectra for as-
grown ~random and aligned, unimplanted! and Si-implanted~90 keV, 6
31015 cm22) GaN ~as-implanted and after a 1100 °C, 30 s anneal!. The
implants were performed at room temperature.

FIG. 23. Cross-sectional transmission electron micrograph~XTEM! of Si-
implanted GaN~90 keV, 631015 cm22): ~a! as-implanted and~b! after a
1100 °C, 30 s anneal. The implants were performed at room temperatu
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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16 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
tion was also studied to further suppress N loss.149,151 The
first set of samples was encapsulated with 120 nm of spu
deposited AlN. Si implantation was performed through t
AlN at an energy of 210 keV and a dose of 531015cm22.
The results of Monte CarloTRIM calculations, shown in Fig
24~a!, predict that;7% of the Si ions come to rest in th
AlN film with a dose of 4.631015cm22 being placed in the
GaN.152,153The Si peak range from the GaN surface is e
mated to be approximately 80 nm. The second set of sam
was unencapsulated and implanted with Si at an energ
100 keV and dose of 531015cm22. This also gives a range
from the GaN surface of 80 nm as shown in Fig. 24~b!. A
sample from each set was annealed under one of four co
tions as shown in Table II. One pair of samples was anne
in a rapid thermal annealer~RTA! inside a SiC coated graph
ite susceptor and processed in flowing N2 since this proce-
dure was used previously to activate implanted Si in GaN140

The remaining samples were annealed in a custom b
metal organic chemical vapor deposition~MOCVD! system
that employed rf heating with the samples placed on a m
lybdenum holder on a SiC coated graphite susceptor.
stated temperatures were measured with a Accufi
Model-10 or a Minolta Cyclota-52 pyrometer which we

FIG. 24. Calculated Si-implantation profiles usingTRIM92 code~a! 210 keV,
531015 cm22 Si in AlN/GaN and~b! 100 keV, 531015 cm22 Si in GaN.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
er
e

-
les
of

di-
ed

ilt

-
e

er

calibrated by the melting point of Ge at 934 °C. The press
in the MOCVD reactor was 630 mTorr with gas flows of
slm of N2 and 3 slm of NH3. The encapsulated and unenca
sulated sample for a given temperature were annealed
gether.

Figures 25~a! and 25~b! shows the sheet electron conce
tration and electron Hall mobility versus the annealing co

TABLE II. Summary of annealing conditions.

Samples

Anneal
temperature
~°C!/time~s! Reactor Ambient

4, 8 1100/15 RTA N2
3, 7 1100/30 MOCVD N2 /NH3

2, 6 1300/30 MOCVD N2 /NH3

1, 5 1400/30 MOCVD N2 /NH3

FIG. 25. Sheet electron concentration and electron Hall mobility vs ann
ing treatment for~a! unencapsulated and~b! AlN encapsulated Si-implanted
GaN.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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17J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
ditions for the unencapsulated and AlN encapsula
samples, respectively.151 An unimplanted sample annealed
1100 °C for 15 s in the RTA remained highly resistive wi
n!131015cm22 after annealing. The mobility of this un
doped film could not be reliably measured with the H
effect due to the low carrier concentration.

First looking at the data for the unencapsulated sam
@Fig. 25~a!#, the sample annealed at 1100 °C for 15 s in
RTA has a sheet electron concentration of 6.831014cm22 or
13.6% of the implanted dose. This activation percentage i
the range reported for earlier Si-implanted GaN samples
nealed in this way.138,148 After the 1100 °C, 30 s MOCVD
anneal the number of free electrons goes up to 40% of
implanted dose before decreasing to 24% for the 1300
anneal. The decrease for the 1300 °C sample was acco
nied by a degradation of the surface of the sample as de
mined by observation under an electron microscope
shown in the SEM micrographs of Fig. 26. This point will b
revisited when discussing the channeling Rutherford ba
scattering~C-RBS! spectra later, but it is believed that th
GaN layer has started to decompose during this ann
Therefore, the reduction in the electron concentration may
due to loss of material. The Hall mobility increased wi
increasing thermal treatment and is suggestive of impro

FIG. 26. SEM micrograph of~top! 1100 and~bottom! 1300 °C annealed
unencapsulated sample showing degradation of the surface after the 13
anneal.
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crystalline quality. No data is given in Fig. 25~a! for the
unencapsulated sample annealed at 1400 °C since the
film completely sublimed or evaporated during this anne
This was confirmed by C-RBS data for this sample th
showed only the substrate Al and O peaks with a slight
surface peak.

Now turning to the data for the AlN encapsulate
samples@Fig. 25~b!#. There is increasing sheet electron de
sity with increasing thermal treatments for the encapsula
samples including the highest temperature anneal. The R
sample has a lower activity than the comparable unenca
lated sample~3.6% vs 13.6%!, however, all the other AlN
encapsulated samples have higher electron concentra
than the comparable unencapsulated sample. The 130
sample has a sheet electron concentration of
31015cm22 that is 113% of the Si dose that should ha
been retained in the GaN layer (4.631015cm22). The excess
electron concentration may be due to small uncertaintie
the Hall measurement due to the nonideal contact geom
~i.e., ideal point contacts were not used!. The error in the
Hall measurement is estimated to be;10%. The apparen
excess electron concentration may also be due to indiffus
of the Si from the AlN encapsulant into the GaN substrate
to the activation of other native donor defects in the G
layer such as N vacancies. The sample annealed at 140
has a still higher free electron concentration
31015cm22) that may also be partly due to measureme
errors or to activation of native defects. This sample h
visible failures in the AlN layer~cracks and voids! that al-
lowed some degree of decomposition of the GaN layer. T
was confirmed by the scanning electron microscope~SEM!
micrographs in Fig. 27 that show regions of GaN loss~con-
firmed by AES!. Therefore, the formation of N vacancies
this sample is very likely and may contribute to the electr
concentration. This would also contribute to the observ
reduction in the electron mobility. The failure of the AlN
film may be due to nonoptimum deposition conditions resu
ing in nonstoichiometric AlN or to evolution of hydroge
from the GaN epitaxial layer that ruptures the AlN durin
escape. If the failure is due to nonoptimum AlN propertie
this can be rectified by examining the AlN deposition para
eters. If hydrogen evolution is the cause of the failure
anneal~;900 °C for 5 min! to drive out the hydrogen prio
to AlN deposition should rectify this problem.

Figure 28 shows a compilation of the C-RBS spectra
the unencapsulated samples along with the aligned spec
for an unimplanted sample. The as-implanted sample sh
the damage peak near 100 nm with an additional peak a
surface. The surface peak may be due to preferential spu
ing of the surface during Si implantation and has been
ported in earlier implantation studies.146,154 The sample an-
nealed in the RTA has improved channeling and an appa
reduction in the implant damage. It should be noted, ho
ever, that the surface peak is also diminished in the R
sample and it has previously been reported that the chang
the surface peak can account for the apparent reduction in
implantation damage peak.154 Upon annealing at higher tem
peratures or longer times in the MOCVD reactor, the ch
neling continues to improve and approaches, but does

°C
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18 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
reach, the unimplanted aligned spectra. The 1300 °C sam
however, appeared to show evidence of material loss as d
onstrated by the change in position and abruptness of
substrate signal as well as the observation of surface ro
ing. Therefore, the reduction in the implantation dama
peak in this sample may be due to sublimation or evapo
tion of the implanted region and not recovery of the origin
crystal structure. The loss of at least part of the Si-implan
region is consistent with the reduction in the free elect
concentration in this sample shown in Fig. 25~a!.

Figure 29 shows a compilation of the C-RBS spectra
the AlN encapsulated sample. The as-implanted sample h
damage peak at;80 nm with no additional surface peak a
seen in the unencapsulated sample. The lack of surface
in this samples supports the hypothesis that this peak on
unencapsulated sample is due to preferential sputtering s
the GaN surface of the encapsulated sample is prote
from sputter loss during implantation. A significant reducti
in the implantation-induced damage peak occurs after

FIG. 27. SEM micrographs of Si-implanted and annealed~top! 1100,~bot-
tom! 1300, and~bottom! 1400 °C AlN-encapsulated GaN. The anneals we
performed in flow N2 /NH3. Craters have started to form on the 1300
sample and enlarged on the 1400 °C sample in regions where the AlN
capsulant failed.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
le,
m-
he
h-
e
a-
l
d
n

r
s a

ak
he
ce
ed

e

RTA anneal with a further reduction with increasing therm
processing.

Table III summarizes the values for the minimum cha
neling yield (xmin) of the GaN layer for the sample studie
The dechanneling for an unimplanted sample was estim
to be 2.5% and is close to the theoretical limit.155 For the
AlN encapsulated samples the value ofxmin has had the ef-
fect of the AlN overlayer subtracted out based on spectra
unimplanted, unannealed AlN on GaN. The unencapsula
samples show a continuous reduction inxmin with increasing
annealing temperature. This reduction is at least partly du
removal of a surface damage peak as previou
discussed.154 The xmin value at 1300 °C of 6.7% may b
anomalously low due to sublimation of the damaged reg
in this sample~see Fig. 26!. The 1400 °C annealed encaps
lated sample shows a significant reduction inxmin from the
as-implanted value of 38.6% to 12.6%. Since the RBS an
sis was performed on regions of the sample with the low

n-

FIG. 28. Channeling Rutherford backscattering~C-RBS! spectra for Si-
implanted~100 keV, 531015 cm22) GaN either as-implanted or annealed
shown in the legend.

FIG. 29. Channeling Rutherford backscattering~C-RBS! spectra for Si-
implanted~210 keV, 531015 cm22), GaN encapsulated with 120 nm of AlN
either as-implanted or annealed as shown in the legend.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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19J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
density of craters, thisxmin value should be characteristic o
the GaN that has not decomposed during the anneal. W
the reduction inxmin demonstrated partial recovery of th
crystal lattice, the original channeling properties were
realized. This suggests still higher temperature anneals
be required. This would be consistent with a 2/3 rule
relating the melting point (Tmp) of a semiconductor to the
implantation activation temperature (Tact) since for GaN
Tmp;2500 °C and thereforeTact should be;1650 °C.135 To
reach this temperature in a controllable manner will requ
development of new annealing furnaces. Preferably, suc
furnace should operate in a rapid thermal processing m
~i.e., with rapid heating and cooling! to minimize the thermal
budget of the anneal process. This will require new equ
ment designs such as has been reported in the previous
tion. The following section presents results for annealing
to 1500 °C in high N pressure that supports the need fo
much higher temperature anneal to restore the crystal lat

d. Extreme annealing conditions.High pressure, high-
temperature annealing was used to study the fundame
limits of implantation induced damage removal in GaN.156

By employing high N-overpressures~up to 15 kbar! sample
decomposition is suppressed and the damage removal ca
uncompromisingly examined.157,158Figure 30 shows aligned
C-RBS spectra for GaN implanted with 100 keV Si at do
of 531015cm22 and annealed under the conditions shown
the legend. Included in the legend in parentheses is the m
mum channeling yield (xmin) for each sample. An as
implanted sample~spectra not shown! had axmin of ;34%,
therefore significant damage removal has occurred for
1250 °C (xmin514.28%) sample with continuing improve
ment with increased temperature. The 1500 °C sample h
channeling yield equivalent to an unimplanted sample
demonstrated no macroscopic surface decomposition.
result suggests that implantation damage can in fact be
moved in GaN given a high enough anneali
temperature.156 The next step will be to find alternative way
besides the extremely high N overpressure, to maintain
sample stoichiometry.

TABLE III. Summary of C-RBS results for Si-implanted AlN-encapsulat
and unencapsulated GaN annealed under the conditions shown. All
anneals were done in an MOCVD reactor under flowing N2 /NH3 and the 15
s anneals were done in a RTA under flowing N2.

Sample

Anneal
~temperature/time!

~°C!
xmin for GaN

~%!
GaN thickness

~mm!

GaN as-grown none 2.5 1.12
AlN/GaN as- None 38.6 1.36
implanted
1 1400, 30 17.2 1.23
3 1100, 30 20.2 1.23
4 1100, 15 23.6 1.29
GaN as-implanted None 34.1 0.90
5 1400, 30 a

¯

6 1300, 30 6.7 0.90
7 1100, 30 17.2 0.98
8 1100, 15 20.8 0.94

aThe GaN layer completely evaporated during the anneal.
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The samples of Fig. 30 were also characterized by
Hall technique, by photoluminescence, and by secondary
mass spectroscopy~SIMS!. Hall data suggest 46% electri
activity of the implanted Si at 1250 °C with increasing acti
ity to 88% at 1500 °C. However, the SIMS data show hi
levels of oxygen in the samples, therefore, the free do
concentration may also have a component due to O whic
known to act as donor in GaN.139,159The source of the O is
unclear, however, it may have diffused out from the sapph
substrate or in from the annealing ambient. The Hall mob
ity of the 1250 °C was;100 cm2/V s and is very respectabl
for such a high donor level~on the order of 1020cm23). The
mobility was roughly constant for the higher annealing te
peratures.

The photoluminescence spectra of samples as-grown
after implantation and annealing is shown in Fig. 31. T
as-implanted samples~not shown! had no appreciable lumi
nescence while the annealed samples had both near
edge and donor/acceptor-like emission peaks. The 150
annealed sample has a stronger band edge luminescenc

s

FIG. 30. Aligned C-RBS spectra for Si-implanted~100 keV, 5
31015 cm22) GaN annealed for 15 min under the conditions show. In p
renthesis is the minimum channeling yield (xmin) for each sample.

FIG. 31. The photoluminescence spectra of samples as-grown and
implantation ~Si: 100 keV, 531015 cm22) and annealing as listed in the
legend.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tensity than the as-grown material by a factor of three,
was worse than the 1250 and 1400 °C samples. This
result from indiffusion of contaminants. The exact nature
this enhancement is under study, but an enhanced do
acceptor recombination associated with the Si doping al
with removal of nonradiative centers during the anneal
process was postulated.

Additional work on Zn implantation in GaN by Strit
and co-workers has also demonstrated the benefits of an
ing the implanted samples near 1500 °C at high N press
to recover, and even enhance, the overall luminescenc160

Suski et al. also showed that annealing unimplanted~i.e.,
as-grown! samples at such a high temperature and pres
can improve the luminescence efficiency of the material161

At this point the details of the improvement in luminescen
after such annealing is not understood by it may be due
stress relief or to defect annihilation.

e. Dose dependence.While n- and p-type implantation
doping of GaN was previously reported with the use of
and O orn type and Mg and Ca forp type, further work was
needed to optimize the implantation and anneal
process.138,139 In particular, the limits on achievable dopin
levels via ion implantation are of interest. Along these lin
the dose dependence of damage formation in Si-implan
GaN at 90 keV and 77 K has been reported as discus
above.146,154In that study, GaN was shown to have a Si-do
threshold for amorphization at 77 K of;231016cm22 that
is much larger than the amorphization dose for GaAs
31013cm22) but closer to the level for AlAs (;8
31015cm22) at this temperature. Since for other compou
semiconductors the upper limit on the practical implantat
dose is generally determined by the onset of amorphiza
and the impurity solubility level, this result suggested th
very high implantation doses, and therefore high doping l
els, may be possible via implantation in GaN.

The electrical properties of Si-implanted GaN up
doses of 131016cm22 were investigated to ascertain th
dose dependence of electrical activation on implanta
dose. Implantation of Ar which should be a neutral impur
in GaN, was also studied to better understand the elect
nature of the implantation-induced damage.149

Si ions were implanted at 100 keV at doses from
31013 to 131016cm22. Ar ions were implanted at 140 keV
and over the same dose range to place its peak range a
equivalent position as the Si. All samples were anneale
1100 °C for 15 s in flowing N2 with the samples in a SiC
coated graphite susceptor. This annealing sequence has
viously been shown to activate implanted dopants
GaN,138,139 although it was found not to completely resto
the crystal lattice.149 Following annealing the samples we
electrically characterized at room temperature by the H
technique with evaporated Ti/Au ohmic contacts at the c
ners of each sample.

Figure 32 shows the room temperature sheet carrier c
centrations versus implant dose for the Si- and Ar-implan
samples after the 1100 °C anneal. For the Si-implan
samples, there appears to be no significant donor activa
until a dose of 531015cm22 is achieved. This is in contras
to earlier results at a dose of 531014cm22 where roughly
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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10% of the implanted Si ions were ionized at room tempe
ture, corresponding to 94% of the implanted Si forming a
tive donors on the Ga sublattice assuming a Si-donor ion
tion energy of 62 meV.138 The absence of free electrons fo
the lower dose Si-implanted samples in this study may h
been due to compensation by background carbon in the
grown GaN, as was postulated to exist based on the ph
luminescence spectra. For the two highest dose Si-impla
samples~5 and 1031015cm22) 35% and 50%, respectively
of the implanted Si ions created ionized donors at room te
perature. The possibility that implant damage alone was g
erating the free electrons can be ruled out by comparing
Ar-implanted samples at the same dose with the
implanted samples which had over a factor of 100 tim
more free electrons. If the implantation damage was resp
sible for the carrier generation or for enhanced conduction
a hopping mechanism then the Ar-implanted samples, wh
would have more damage than the Si-implanted samples
result of Ar’s heavier mass, would have demonstrated at le
as high a concentration of free electrons as the Si-implan
samples. Since this is not the case, implant damage cann
the cause of the enhanced conduction and the implante
must be activated as donors. The significant activation of
implanted Si in the high-dose samples and not the low
dose samples is explained by the need for the Si concen
tion to exceed the background carbon concentration (;5
31018cm23) that was thought to be compensating the low
dose Si samples.

Recent work has shown that implanted Si is alm
100% substitutional on the Ga site for doses up to at le
731014cm22 and annealing at 1100 °C.162 The lattice loca-
tion was determined by a combination of ion channelin
particle-induced x-ray emission, and nuclear reaction an
sis. This directly ties the observedn-type conductivity to
incorporation of Si donors in the GaN lattice.

In summary, although low dose samples do not show
activation, possibly due to a background carbon level in
sample, a Si dose of 131016cm22 demonstrated 50% acti
vation. The possibility that implantation damage alone is
sponsible for the enhanced conductivity was discounted

FIG. 32. Sheet electron density vs implantation dose of each ion for Si-
Ar-implanted GaN annealed at 1100 °C for 15 s. The top line repres
100% activation of the implanted dose assuming full ionization.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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comparing the Si-implanted samples to Ar-implant
samples.

f. Rare-earth implantation.Er implantation is an addi-
tional area of research related to GaN. The introduction o
into a host III–V semiconductor is of interest as a poten
source of optical emission at 1.54mm for use in telecommu-
nications via optical fiber links.163 The optical emission is a
result of the Er31 atomic transition, in the presence of th
local semiconductor field, that has the required energy le
This is the transition presently used in Er-doped fiber am
fiers ~EDFA!.164–166If this transition can be efficiently acti
vated within a semiconductor laser cavity, this would p
duce an effective source for optical fiber communications
1.54mm.163

One of the first reports of the luminescence properties
Er-implanted GaN was by Wilsonet al.,167 with subsequent
confirmation of the results by Qiuet al.168 The Er was im-
planted along with O which has been shown to enhance
Er luminescence intensity in other semiconductors. The
hancement by O~or F! codoping has been attributed to th
impurity atoms forming ligands with the Er atoms and co
verting the local bonds into a more ionic state.169–171 The
Er-implanted GaN was annealed between 650 and 70
and the luminescence spectrum shown in Fig. 33 with m
of the characteristic Er-emission lines was achieved un
optical excitation using an Ar-ion laser at a wavelength
457.9 nm.167 In addition, the luminescence intensity wa
nearly as strong at room temperature as at 77 K. This
contrast to reports of thermal quenching of the Er emissio
room temperature in narrower band gap semiconductors.
this suppression of the temperature dependence of the31

luminescence in GaN that makes a wide band gap hos
attractive for this application.163

The work by Qiuet al. compared Er/O implanted GaN
to similarly implanted sapphire and found only a 5% redu
tion in the Er-related emission between 6 and 380 K co
pared to an 18% reduction for the sapphire. In that study
samples were implanted at Er dose of 1 or 1031014cm22 ~O
dose of 131016cm22) and annealed at 900 °C for 30–6
min in flowing NH8.

168 The work confirmed the results o

FIG. 33. Photoluminescence spectra from Er-implanted GaN coimpla
with O and annealed at 700 °C.
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Wilson that Er-doped GaN maintained most of its low te
perature luminescence at room temperature.167,168

Since both of these studies used implant activation
nealing temperatures of<900 °C, significant implantation-
induced damage will still exist in the samples and degra
the luminescence efficiency. When more optimum, hig
temperature annealing is applied to this technology, sign
cant improvement in the 1.54mm luminescence should re
sult.

g. Activation in alloys.AlGaN layers will be employed
in heterostructure transistors to realize a two dimensio
electron gas~2-DEG! and to increase the transistor brea
down voltage. As discussed in the introduction, implantat
can be used to reduce the transistor access resistance o
AlGaN barrier. One would anticipate that the addition of
to the GaN matrix will increase the damage threshold a
the case for AlGaAs as compared to GaAs,172 but little work
has been reported in this area. Recently the first implanta
doping studies have been reported for AlGaN.156,173

For the work by Zolperet al.,115 the AlGaN layer used
for the Si implantation was nominally 1.0mm-thick grown
on a c-plane sapphire substrate. The Al composition w
estimated to be 15% based on x-ray and photoluminesce
measurements. The as-grown minimum backscattering y
measured by channeling Rutherford backscattering was 2
and is comparable to a high quality GaN layer.

The AlGaN samples were implanted with Si at roo
temperature at an energy of 100 keV at one of two dose
or 531015cm22. The higher Si dose has previously be
shown not to amorphize GaN and produce an as-implan
channeling yield of 34% in GaN.29

Samples were characterized by channeling Rutherf
backscattering~C-RBS! with a 2 MeV beam with a spot size
of 1 mm2 at an incident angle of 155°. Aligned spectra a
taken with the beam parallel to thec axis of the GaN film.
Random spectra are the average of five off-axis, off-pla
orientations. Electrical characterization was performed us
the Hall technique at room temperature.

Figure 34 shows the sheet electron concentration
versus the annealing temperature for the Si-implanted
GaN sample. Data for an unimplanted sample is included
a control. First of all, it is clear that the unimplanted samp

d

FIG. 34. Sheet electron concentration for unimplanted and Si-implan
~100 keV! AlGaN ~15% AlN! at the doses shown vs annealing temperatu
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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have significant donors produced by the annealing proc
alone. This may be due to the activation of unintentio
impurities, such as Si or O, in the film. O may be a particu
suspect due to the tendency of O to incorporate in
containing material. At the highest temperature, the h
dose Si-implanted sample has four times higher free elec
concentration (1.731015cm22) than the unimplanted
sample. This corresponds to 34% activation of the implan
Si.

Figure 35 shows aligned C-RBS spectra for 15% Al
AlGaN either as-grown~unimplanted!, after Si implantation
at a dose of 1 or 531015cm22, and for the higher dose
samples after annealing.156 As was the case for GaN, the
31015cm22 sample shows limited dechanneling while t
higher dose sample shows a marked damage peak. The
mum channeling yield for the high dose sample was 26.6
which is lower than that seen for GaN which showedxmin

between 34% and 38% implanted under the same conditi
This means the addition of 15% aluminum to the GaN ma
increases its damage threshold as is the case for Al addi
to GaAs to form AlGaAs.172 The spectra for the anneale
sample shows limited damage removal, again consistent
that seen for GaN at this temperature.149 There is evidence
however, of improvement in the near surface as seen by
reduction in the first surface peak. This peak has been
gested to be due to preferential sputtering of nitrogen fr
the film surface.154 The reduction of this peak via annealin
suggests the surface stoichiometry is restored during the
neal. Further study is needed to better understand this ef

The redistribution of implanted Si, Mg, and C i
Al0.12Ga0.88N was studied by Polyakov and co-workers.173

While Si and C demonstrated no measurable diffusion
SIMS after at 1140 °C, 1 h anneal, Mg did show appreciab
profile broadening and indiffusion under these conditio
Activation of a modest Si dose (531014cm22) was also
achieved by annealing at 1140 °C with a resulting peak e
tron concentration of 1.231018cm23. More work is needed
on the affect of Al composition on the implantation prope
ties of AlGaN.

Although significant progress has been reported for
implantation doping and annealing of GaN and AlGaN, th
are still many areas for further research. For example, fur

FIG. 35. Channeling Rutherford backscattering~C-RBS! spectra for as-
grown, unimplanted, Si-implanted~100 keV, 1 or 531015 cm22), and im-
planted~100 keV, 531015 cm22) annealed at AlGaN.
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work is needed to develop a manufacturable annealing
cess between 1300 and 1500 °C at reproducible N press
The role of native defects, particularly dislocations, on t
activation of implanted dopants can now be addressed w
the demonstration of nearly dislocation free GaN formed
lateral epitaxial overgrowth~LEO!.174–176 This defect free
material is likely to make the study ofp-type implantation
more reproducible. Areas of interest for implant isolati
include demonstration of truly thermally stable isolation, u
derstanding the nature of hydrogen implant isolation, de
mination of the behavior of deeps levels such as Cr and
and the effect of implant isolation on the properties of wav
guide losses.

The possibilities are extensive for the application of i
implantation to group III-nitride semiconductor devices.
few examples would be the use of selective area implanta
doping to improve the contact resistance of III–N laser
FET structures or using ion implantation isolation to real
an electrically injected vertical cavity surface emitting las
or to produce light-emitting device~LED! arrays.

With continued improvements in the quality of grou
III–N materials, ion implantation doping and isolation can
expected to play an enabling role in the realization of ma
advanced device structures. As reviewed in this section,
nificant progress has been made in proof-of-principle de
onstration. However, significantly more effort is needed
the starting material and the process technology to make
plantation of group III-nitride semiconductors the sam
workhorse technology it is in an other, more mature se
conductor material systems.

C. Gate dielectrics

Work in this area for power MOSFETs and gate turn-o
thyristors is just commencing and some preliminary resu
are becoming available for AlN, AlON, and Ga~Gd!Ox , the
latter producing excellent characteristics on GaAs and
GaAs and now being applied to GaN. Channel modulat
has been demonstrated for AlN and Ga~Gd!Ox , but interface
state densities appear well above 1011cm22 at this point and
much future effort is required to reduce this level. Table
shows a comparison of the properties of Ga2O3 ~which is the
major component of the dielectric! and SiO2.

129 While the
latter is superior in terms of breakdown strength, Ga2O3 is an
attractive option.

A number of GaN field effect transistors~FETs! and
AlGaN/GaN heterostructure FETs have been reported, sh
ing excellent device breakdown characteristics.177,178 How-
ever, the conventional low resistancen1-cap layer structure
for the GaAs technology cannot be applied in the nitri
based material system to reduce the parasitic resistance

TABLE IV. Comparison of Ga2O3 and SiO2.

Oxide Ga2O3 SiO2

Melting point ~°C! 1850 1600
Dielectric constant 10.2–14.2 3.9
Energy gap~eV! 4.4 9
Dielectric strength~V/cm! 3.53106 107
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ing to no adequate gate recess technology being availa
The III nitrides are chemically very stable and few wet etc
ing recipes exist. GaN may be etched by molten KOH
NaOH at>400 °C, while laser enhanced HCl or KOH sol
tions produce etch rates of a few hundred angstroms
minute at room temperature.179 Virtually all of the nitride
devices reported to data have employed dry etching for
tern transfer and ion bombardment induced low gate bre
down voltages were observed.180,181Both of these problems
~gate recess and surface degradation! may be overcome by
using a MOSFET approach.

Recently, interface properties of Ga2O3~Gd2O4!/GaAs
structures fabricated usingin situ multiple-chamber molecu
lar beam epitaxy have been investigated. The oxide fi
were deposited on clean, atomically ordered~100! GaAs sur-
faces at ;550 °C by electron-beam evaporation using
Gd3Ga5O12 single crystal source. A midgap surface sta
density of 231010cm22 eV21 was obtained, several orde
of magnitude lower than with most other dielectrics.182 Both
n- and p-GaAs based enhancement-mode MOSFETs w
also demonstrated.183–185

Aluminum nitride has been proposed as a potential
placement for silicon dioxide in high temperature MIS bas
silicon carbide device applications. AlN is a wide band g
semiconductor~6.2 eV! but if made undoped, its propertie
are most like those of an insulator. A high relative dielect
constant~8–9! alleviates the problem of high fields in th
dielectric in high voltage application. The breakdown ele
tric field, however, is not yet well determined. Moreover, t
thermal conductivity of AlN is high, making this material
potential high temperature stable gate dielectric. One d
culty associated with this material may be its tendency
deposit as a polycrystalline layer rather than an amorph
one. This allows more rapid diffusion of impurities and
highly undesirable.

Ga2O3~Gd3O3! has recently been applied to make Ga
diodes and MOSFETs. We also used a MOMBE system
grow the aluminum nitride for the alternative diode insulat
The MIS diodes using these two insulators were then fa
cated and characterized withI –V and capacitance–voltag
(C–V) measurements. The dielectric thickness and interf
roughness were measured with x-ray reflectivity.186,187

The GaN layer structure was grown onc-Al2O3 sub-
strates prepared initially by HCl/HNO3/H2O cleaning and an
in situ H2 bake at 1070 °C. A GaN buffer,300 Å thick was
grown at 500 °C using trimethylgallium and ammonia, a
crystallized by ramping the temperature to 1040 °C within
min. The same precursors were again used to grow;3 mm
of undoped GaN (n,131016cm23) and a 2000 Å Si-doped
(n5231017cm23) active layer.188

The diode fabrication started with ohmic contact form
tion by depositing In on the edge of the GaN samples
using shadow mask and heat up to 500 °C. Then, the sam
were transferred to growth chamber for insulator growth. F
the Ga2O3~Ga2O3! growth, the sample was loaded into
solid source MBE chamber and the native oxides of G
were thermally desorbed at a substrate temperature
700 °C. After oxide desorption, the wafer was transfer
under vacuum (10210Torr) into a second chamber and th
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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Ga2O3~Gd2O3! was deposited on the GaN using e-bea
evaporation at a substrate temperature of 550 °C.189

For the AlN growth, a MOMBE system was used. Th
GaN oxides were thermally desorbed at 700 °C under2

plasma, and AlN was grown with trimethylamine alane a
nitrogen generated from a Wavemat ECR N2 plasma at
;400 °C.

After the AlN or Ga2O3~Gd2O3! deposition, a metalliza-
tion of Pt/Ti/Pt/Au ~50 Å/50 Å/200 Å/2000 Å! was directly
deposited on the insulator layer again through the shad
mask with different diameters to complete the diode form
tion.

The development of a suitable insulator for GaN MO
FET structures is a critical step. Conventional dielectr
such as SiO2 and Si3N4 have generally failed on III–V ma-
terials because of high interface state densities. We bel
that AlN or Ga2O3~Gd2O3! layers offer the best opportunitie
for sustaining high fields at low defect densitie
Ga2O3~Gd2O3! had recently been developed as an excell
insulator on GaAs.190 The same approach can be extended
GaN.

As shown in Fig. 36, theI –V characteristics of a
Ga2O3~Gd2O3!/GaN diode shows a very low leakage curre
on both forward and reverse bias. The forward breakdo
voltage ~defined at 10mA of diode current! is 6 V. The
charge modulation of the MOS diode was clearly demo
strated from the change from accumulation mode~positive
bias! to depletion mode~negative bias! at different frequen-
cies. The typical inversion phenomena exhibited in SiO2/Si
diode is not observed, which might be due to the nature
ionic bonding of nitride-based materials which have lo
minority carrier lifetime.

From x-ray reflectivity measurements, the thickness
the Ga2O3~Gd2O3! and the root-mean-square roughness
the Ga2O3~Gd2O3!/GaN interface were estimated to be 19
and 3 Å, respectively. The slope of the x-ray reflectivity is
function of the oxide thickness and the roughness of
Ga2O3~Gd2O3!/GaN interface as well as the ai
Ga2O3~Gd2O3! interface will determine the widths of oscilla
tion periods. With the 195-Å-thick Ga2O3~Gd2O3! and the 6
V forward breakdown, the breakdown field of the oxide

FIG. 36. Comparison of theI –V characteristics of Schottky gate an
Ga2O3~Gd2O3!/GaN diode.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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.12 MV/cm. The atomic level~3 Å! smoothness for the
Ga2O3~Gd2O3!/GaN interface can provide a higher carri
mobility in the channel for a MOSFET.

For the AlN/GaN material system, the diodeI –V char-
acteristics also show a very low leakage current on both
ward and reverse bias. A forward breakdown of 5 V was
obtained, as shown in Fig. 37. FromC–V data the charge
modulation of the MIS diode was also clearly demonstra
from accumulation mode to depletion mode at different f
quencies.

The thickness of the AlN and the root-mean-squ
roughness of the AlN/GaN interface were determined to
345 and 20 Å, respectively. The 20 Å roughness of the A
GaN interface may be due to the interdiffusion between
and Ga, however, more detailed study is needed to con
this. With the 345 Å-thick AlN and the 5 V forward break-
down, the breakdown field of the oxide is around 1.4 M
cm. The lower breakdown field may be caused by the ro
AlN/GaN interface or the crystallinity of the AlN.

In summary, GaN MIS diodes were demonstrated us
MOMBE grown AlN and MBE evaporated Ga2O3~Gd2O3! as
the insulators. The breakdown fields of AlN an
Ga2O3~Gd2O3! diodes are 1.4 and 12 MV/cm, respective
From the C–V measurement, both kinds of diodes sho
good charge modulation from accumulation to depletion
different frequencies~100 kHz–10 MHz!. Extremely smooth
Ga2O3~Gd2O3!/GaN interfaces are achieved and the rms
the interface roughness is 3 Å which is the atomic range
However, the rms roughness AlN/GaN interface is around
Å which may be caused by interdiffusion by Al and G
more detailed study is needed to confirm this. For fut
studies, the surface cleaning~in situ or ex situ! wet/dry pro-
cesses, including thermal oxide desorption, ozone clea
of HF vapor, and thermal stability of the diodes are the k
to the realization of the GaN based MISFET technology.

The advantages of MOSFETs relative to MESFETs
well established, but due to the absence of a suitable die
tric for compound semiconductors, GaAs-based integra
circuits use MESFETs. This means that the circuits requ

FIG. 37. Comparison of theI –V characteristics of a Schottky gate an
AlN/GaN diode.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
r-

d
-

e
e
/
l
m

/
h

g

t

f

0

e

g
y

e
c-
d
e

two supply voltages, with relatively high power consum
tion. In particular it is desirable to have availab
enhancement-mode MOSFETs to reduce circuit comple
and power consumption.

Using the Ga~Gd!Ox , we have recently fabricated deple
tion mode GaN MOSFETs onn-type (;331017cm23) ep-
ilayers grown on Al2O3. Figure 38 showsI –V characteris-
tics at 25 and 250 °C. The characteristics are affected by
relatively high source/drain contact resistance, but impro
at higher temperatures~Fig. 39!. We have tested these de
vices to.400 °C where the characteristics continue to i
prove.

While Ga~Gd!Ox ~where Ga is predominantly in the13
oxidation state, Gd is the electropositive stabilizer elem
for stabilizing Ga in the 31 oxidation state, andx is high
enough to satisfy the requirement that Ga and Gd are es
tially fully oxidized! has been the oxide that has worked b
on compound semiconductors to date, there are many o
possible dielectrics that might have a low enough interfa
state density~i.e., <1011cm22 eV21 to successfully produce
MOSFETs on GaN.

FIG. 38. GaN D-MOSFETI –V characteristics measured at different tem
peratures.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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D. Wet etching

Under normal conditions, only molten salts such
KOH or NaOH at temperatures above;250 °C have been
found to etch GaN at practical rates, and the difficulty
handling these mixtures and the inability to find masks t
will hold up to them has limited the application of wet etc
ing in GaN device technology. We have found that AlN a
Al-rich alloys can be wet etched in KOH at temperatures
50–100 °C.191 The Adesida group has recently publish
several reports on photochemical etching ofn-GaN using
365 nm illumination of KOH solutions near room
temperature,192 following on the work of Minskyet al.179

Rates of 3000 Å min21 were obtained for light intensities o
50 mW/cm2, and the etch reaction was assumed to be

2GaN16h1→2Ga311N2↑.
The etching was generally diffusion limited, with somewh
rough surfaces. Intrinsic andp-GaN do not etch under thes
conditions, and undercut encroachment occurred in so
small-scale features due to light scattering and hole diffus
in the GaN itself. This process looks very promising and m
be useful for several different fabrication steps in both el
tronic and photonic devices, as well as for defect countin

A compilation of etch results for binary and ternary n
trides is shown in Table V. These results are for nonlig
assisted conditions. For single crystal AlN we find th

FIG. 39. Temperature dependence of contact properties for Ti/WSix /Ti/Au
on n-GaN.
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KOH-based solutions, such as AZ400K developer, prod
reaction-limited etching with an activation energy of;15.5
kCal mol21 ~Fig. 40!. The rates are a strong function of m
terial quality, with higher quality AlN etching at a slowe
rate.

In this section, we report on an examination of the w
etching of AlN and InxAl12xN in KOH solutions as a func-
tion of crystal quality, etch temperature, and compositio
AlN sample prepared by reactive sputtering on Si substra
at ;200 °C were annealed at temperatures from 400
1100 °C and as expected, the etch rate decreased with an
temperature, indicating improved crystal quality. We fou
that InAlN on Si substrates had higher wet etch rates co
pared to the same material on Al2O3. Both AlN and InAlN
samples had an increase in etch rate with etch tempera
The etch rate for the InAlN increased as the In composit
increased from 0% to 36%, and then decreased to zero
InN. Finally, the effect of doping concentration in InAlN
samples of similar In concentration~;3%! was examined
and much higher etch rates were observed for the hea
doped material at solution temperatures above 60 °C, du
the Fermi-level dependent etch mechanism.

The AlN was reactively sputter deposited on a Si su
strate to a thickness of;1200 Å using a N2 discharge and a
pure Al target. This type of AlN film has been shown to b
an effective annealing cap for GaN at a temperature
1100 °C. The InAlN samples were grown using metal o
ganic molecular beam epitaxy~MOMBE! on semi-
insulating,~100! GaAs substrates orp-type ~1 V cm! Si sub-
strates in an Intevac Gen II system. The group III sour
were triethylgallium, trimethylamine alane, and trimethyli
dium, respectively, and the atomic nitrogen was deriv
from an ECR Wavemat source operating a 200 W forw
power. Both AlN and InAlN layers were single crystal with
high density (1011 to 1012cm22) of stacking faults and mi-
crotwins. InAlN samples were found to contain both hexag
nal and cubic forms. The InxAl12xN films were either con-
ducting n-type as-grown (;1018cm23! for x>0.03 due to
residual autodoping by native defects or fully depleted
x,0.03. The compositions examined were 100%, 75
36%, 29%, 19%, 3.1%, 2.6%, and 0% In.

The AlN samples were annealed in a RTA syste
~AG410T! face down on a GaAs substrate for 10 s at te
peratures between 500 and 1150 °C in a N2 atmosphere. For
wet etching studies, all samples were masked with Apie
wax patterns. Etch depths were obtained by Dektak sty
profilometry after the removal of mask with an approxima
5% error. Scanning electron microscopy~SEM! was used to
examine the undercutting on the etched sample. AZ40
developer solution, with an active ingredient KOH, was us
for the etch, and etch temperatures were between 20
80 °C.

Figure 41 shows the etch rate of the sputtered AlN a
function of etch temperature for samples as grown or
nealed at 500, 700, 900, 1000, and 1100 °C. The etch rate
both the as-deposited and 500 °C annealed sample incr
sharply as the etch temperature increases from 20 to 50
and then level off; the rate drops by approximately 10% w
a 500 °C anneal. The samples annealed at 700, 900,
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE V. Compilation of etching results in acid and base solutions, performed at room temperature~25 °C! unless otherwise noted.

GaN InN AlN InAlN InGaN

Citric acid ~75 °C! 0 0 0 0 0
Succinic acid~75 °C! 0 0 0 0 0
Oxalic acid~75 °C! 0 Lifts off Lifts off Lifts off Lifts off
Nitric acid ~75 °C! 0 Lifts off Lifts off Lifts off Lifts off
Phosphoric acid~75 °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 Å min21 0 0
AZ400K Photoresist developer~75 °C! 0 Lifts off ;60–10,000 Å min21 Composition dependent 0
Hydriodic acid/hydrogen peroxide 0 0 0 0 0
Hydrochloric acid/hydrogen peroxide 0 0 0 0 0
Potassium triphosphate~75 °C! 0 0 0 0 0
Nitric acid/potassium triphosphate~75 °C! 0 Lifts off 0 0 0
Hydrochloric acid/potassium triphosphate~75 °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 oxid
HCl/H2O2 /HNO3 0 Lifts off 0 Lifts off Lifts off
Potassium tetraborate~75 °C! 0 Oxide removal Oxide removal Oxide removal Oxide remov
Sodium tetraborate~75 °C! 0 0 0 0 0
Sodium tetraborate/hydrogen peroxide 0 0 0 0 0
Potassium triphosphate~75 °C! 0 0 0 0 0
Potassium triphosphate/hydrogen peroxide 0 0 0 0 0
as
li
a

u
°C
tu

°

ter-
he
ex-

in
b les
1000 °C also show similar trends, with a monotonic decre
in rate for higher anneal temperatures. The crystal qua
appears to improve significantly with anneal temperature
indicated by the drop in the etch rate. The etch rate contin
to drop by;10% with each successive anneal, to 1000
After 1100 °C the etch rate drops and is less tempera
dependent. Overall there is an;90% reduction in etch rate
from the as-deposited AlN film to those annealed at 1100
for etching at 80 °C.

FIG. 40. Arrhenius plot of etch rate of three different AlN samples
AZ400K developer solution. The higher the AlN quality, as measured
XRD, the slower the etch rate.
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The activation energy for an etch solution can be de
mined from an Arrhenius plot, and is shown in Fig. 42. T
activation energies for all samples was the same within
perimental error, 2.060.5 kcal mol21. This is indicative of a
diffusion-limited reaction.116 This is much lower than the
activation energy of 15.45 kcal mol21 reported by Mileham
et al.116 for AlN grown by metal organic molecular beam

yFIG. 41. Etch rate of AlN as a function of etch temperature for samp
as-deposited or annealed at 500, 700, 900, 1000, and 1100 °C.
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epitaxy. The quality of the material in the current experime
is much lower though, and the etch may be proceeding
such a rapid rate that the solution is becoming depleted
reactants near the materials surface.

The etch rates as a function of solution temperature
InxAl12xN (x50.19) grown on either GaAs or Si is show
in Fig. 43. At 20 °C etch temperature there is no difference
etch rate. The etch rates for both materials increase with
temperature, with the differential in etch rates also increas
with temperature. As was mentioned previously, the InA
grown on Si has a greater concentration of crystalline def
as evident from x-ray diffraction and absorption measu
ments. At 80 °C the etch rate for the film on the Si substr
is approximately three times faster than for film grown
GaAs. This is another clear indication of the dependence

FIG. 42. Arrhenius plots of etch rates for as-deposited or annealed AlN
function of reciprocal etch temperature.

FIG. 43. Etch rates as a function of etch temperature for InxAl12xN grown
on GaAs and Si for 19% In.
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wet etch rate on material quality and emphasizes why it
proven very difficult to find etch solutions for high qualit
single-crystal nitrides.

Etch rates for InxAl12xN grown on GaAs for 0<x<1
are shown in Fig. 44, for etch temperatures between 20
80 °C. Up to 40 °C the etch rates are very low and show li
dependence on In composition. The AlN etches much fa
at these temperatures than any composition of the tern
alloy InAlN. As the etch temperature increases to 60 °C,
etch rates increase, showing a peak for 36% In. This is p
sumably due to a tradeoff between the reduction in aver
bond strength for InAlN relative to the pure binary AlN, an
the fact that the chemical sensitivity falls off at higher
concentrations. Thus the etch rates initially increase for
creasing In, but then decrease at higher concentrations
cause there is no chemical driving force for etching to occ
InN did not etch in this solution at any temperature but w
occasionally lifted off during long etches because of the
fective interfacial region between InN and GaAs being
tached by the KOH.

Arrhenius plots of etch rates for InxAl12xN for 0<x
<1 giving activation energies for the etches are shown
Fig. 45. There is substantial scatter in the data, but the a
vation energies are all in the range of 2–6 kcal mol21, which
again is consistent with diffusion-controlled etching.116 This
is not desirable for device fabrication processes because
rates are then dependent on solution agitation and the et
surface morphology are generally rougher than for reacti
controlled solutions.

Apart from material quality or composition, another fa
tor which often plays a role in determining etch rates
sample conductivity. Figure 46 shows a plot of InAlN etc
versus etch rate temperature for samples with 2.6% and 3
In, which were depleted (n,1016cm23) and doped atn;5
31018cm23, respectively. Since the autodoping chang
rapidly around this composition, but there is little change
In concentration, these samples represent a good test of

aFIG. 44. Etch rate for InxAl12xN for 0<x<1 at solution temperatures
between 20 and 80 °C.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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effects related to conductivity. The samples have similar e
rates at low solution temperatures. Above 60 °C, howev
the n-type sample etch rate increases more rapidly, appr
mately two times faster than the depleted sample. These
sults imply that at temperatures where fast etch rates oc
the electrons in then-type sample are part of the chemic
reaction between the OH2 ions and the Al in the InAlN film.
They may enhance formation of these ions initially and th
the etch rate is enhanced.

Etching with KOH-based solution is completely sele
tive for InAlN over GaN or InN. We have discussed th
annealing of sputtered AlN improved the crystal quality
the film and decreased the chemical etch rate in KOH s
tions. InAlN etch rates are also seen to increase with decr
ing crystalline quality. Both AlN and InAlN samples ha
activation energies for etching in KOH<6 kcal mol21, values

FIG. 45. Arrhenius plots of etch rates for InxAl12xN for 0<x<1 as func-
tion of reciprocal etch temperature, giving activation energy for etch.

FIG. 46. Etch rate forn type ~3.1% In! and depleted InAlN~2.6% In! as a
function of solution temperature.
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that are typical of a diffusion-controlled etch mechanis
The etch rate for the InAlN initially increased as the In com
position increased from 0% to 36%, and then decrease
zero for pure InN. Then-type InAlN etched approximately
two times faster than the undoped material above 60 °C,
dicating that electrons play a role in the etch mechanism

Kim et al.193 reported that H3PO4, NaOH, and KOH so-
lutions were able to remove N2-deficient layers in GaN cre
ated by processes such as high temperature annealing o
etching. The onset of etching occurred at;160 °C, with rates
of ;45 Å s21 at 180 °C for defective GaN surface layers.

Stockeret al.194 found they could obtain effective crys
tallographic etching of wurtzite GaN in similar solutions
;170 °C. Use of ethylene glycol rather than H2O as the di-
lutent enabled them to carry out the etching at temperatu
up to ;190 °C. Phosphoric acid was able to etch the$1012%
and $101̄3% planes, molten KOH the$101̄0% and $1011%
planes, and KOH in ethylene glycol the$101̄0% plane. Mol-
ten KOH has been shown previously to reveal dislocation
GaN.195,196

Lee et al.197 found that the lowest contact resistivity fo
Pd/Au onp-GaN was achieved using KOH rinsing prior t
metal deposition. For example, without this treatment,RC

was 2.931021 V cm2 for a p-doping level of 3
31016cm23, whereas the KOH treatment reduced this
7.131023 V cm2. Surface analysis showed that the KOH r
moved the native oxide, which apparently inhibits hole tra
port from metal-to-GaN.

E. Dry etching

Due to limited wet chemical etch results for the grou
III nitrides, a significant amount of effort has been devoted
the development of dry etch processing.198–202Dry etch de-
velopment was initially focused on mesa structures wh
high etch rates, anisotropic profiles, smooth sidewalls,
equirate etching of dissimilar materials were required. F
example, commercially available LEDs and laser facets
GaN-based laser diodes were patterned using reactive
etch ~RIE!. However, as interest in high power, high tem
perature electronics203–206 increased, etch requirements e
panded to include smooth surface morphology, low plasm
induced damage, and selective etching of one layer o
another occurred. Dry etch development is further com
cated by the inert chemical nature and strong bond ener
of the group-III nitrides as compared to other compou
semiconductors. GaN has a bond energy of 8.92 eV/at
InN 7.72 eV/atom, and AlN 11.52 eV/atom as compared
GaAs which has a bond energy of 6.52 eV/atom.207 In this
section we will review dry etch processes for the group-
nitrides.

1. Etch techniques

a. Plasma etching.Dry plasma etching has become th
dominant patterning technique for the group-III nitrides d
to the shortcomings in wet chemical etching. Plasma etch
proceeds by either physical sputtering, chemical reaction
a combination of the two often referred to as ion-assis
plasma etching. Physical sputtering is dominated by the
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 47. Schematic diagram of~a! RIE, ~b! ECR, and~c! ICP etch platforms.
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celeration of energetic ions formed in the plasma to the s
strate surface at relatively high energies, typically.200 eV.
Due to the transfer of energy and momentum to the subst
material is ejected from the surface. This sputter mechan
tends to yield anisotropic profiles; however, it can result
significant damage, rough surface morphology, trench
poor selectivity, and nonstoichiometric surfaces thus m
mizing device performance. Pearton and co-workers m
sured sputter rates for GaN, InN, AlN, and InGaN as a fu
tion of Ar1 ion energy.208 The sputter rates increased wi
ion energy but were quite slow,,600 Å/min, due to the high
bond energies of the group III–N bond.

Chemically dominated etch mechanisms rely on the f
mation of reactive species in the plasma which adsorb to
surface, form volatile etch products, and then desorb fr
the surface. Since ion energies are relatively low, etch r
in the vertical and lateral direction are often similar th
resulting in isotropic etch profiles and loss of critical dime
sions. However, due to the low ion energies used plas
induced damage is minimized. Alternatively, ion-assis
plasma etching relies on both chemical reactions and ph
cal sputtering to yield anisotropic profiles at reasonably h
etch rates. Provided the chemical and physical compon
of the etch mechanism are balanced, high resolution feat
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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with minimal damage can be realized and optimum dev
performance can be obtained.

b. Reactive ion etching.RIE utilizes both the chemica
and physical components of an etch mechanism to ach
anisotropic profiles, fast etch rates, and dimensional con
RIE plasmas are typically generated by applying radio f
quency~rf! power of 13.56 MHz between two parallel ele
trodes in a reactive gas@see Fig. 47~a!#. The substrate is
placed on the powered electrode where a potential is indu
and ion energies, defined as they cross the plasma sheat
typically a few hundred eV. RIE is operated at low pressur
ranging from a few mTorr up to 200 mTorr, which promot
anisotropic etching due to increased mean free paths
reduced collisional scattering of ions during acceleration
the sheath.

Adesidaet al. were the first to report RIE of GaN in
SiCl4-based plasmas.201 Etch rates increased with increasin
dc bias, and were.500 Å/min at 2400 V. Lin et al. re-
ported similar results for GaN in BCl3 and SiCl4 plasmas
with etch rates of 1050 Å/min in BCl3 at 150 W cathode
~area 250 in.2! rf power.209 Additional RIE results have bee
reported for HBr-,210 CHF3-, and CCl2F2-based211 plasmas
with etch rates typically,600 Å/min. The best RIE results
for the group-III nitrides have been obtained in chlorin
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



t
od
nd
tri
o

ize
is
.
rm
w

n

ic
a
e

nd
od
rg
om
o
al
ar
io
th
th
t

pi

-
e

CR

0

re
tr
a
h

t
di
rf

e
e

sm
n
e
ro
o
pl
g
e

of-
in
as

dc
th
ns.
en-

is
to
tron
f-
fast

g
e

n a
ore

d to
en-
sm,
ion
ns

igh
ists.
aN

c-
pic
aN
-

he

low
b-
face
rom

sub-
dia-
ns
tant

R,

-
r.
t of

30 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
based plasmas under high ion energy conditions where
III–N bond breaking and the sputter desorption of etch pr
ucts from the surface are most efficient. Under these co
tions, plasma damage can occur and degrade both elec
and optical device performance. Lowering the ion energy
increasing the chemical activity in the plasma to minim
the damage often results in slower etch rates or less an
tropic profiles which significantly limits critical dimensions
Therefore, it is necessary to pursue alternative etch platfo
which combine high quality etch characteristics with lo
damage.

c. High-density plasma etching.The use of high-density
plasma etch systems including electron cyclotron resona
~ECR!, inductively coupled plasma~ICP!, and magnetron
RIE ~MRIE!, has resulted in improved etch characterist
for the group-III nitrides as compared to RIE. This observ
tion is attributed to plasma densities which are 2 to 4 ord
of magnitude higher than RIE thus improving the III–N bo
breaking efficiency and the sputter desorption of etch pr
ucts formed on the surface. Additionally, since ion ene
and ion density can be more effectively decoupled as c
pared to RIE, plasma-induced damage is more readily c
trolled. Figure 47~b! shows a schematic diagram of a typic
low profile ECR etch system. High-density ECR plasmas
formed at low pressures with low plasma potentials and
energies due to magnetic confinement of electrons in
source region. The sample is located downstream from
source to minimize exposure to the plasma and to reduce
physical component of the etch mechanism. Anisotro
etching can be achieved by superimposing an rf bias~13.56
MHz! on the sample and operating at low pressure~,5
mTorr! to minimize ion scattering and lateral etching. How
ever, as the rf biasing is increased the potential for damag
the surface increases.

Pearton and co-workers were the first to report E
etching of group-III nitride films.212,213 Etch rates for GaN,
InN, and AlN increased as either the ion energy~dc bias! or
ion flux ~ECR source power! increased. Etch rates of 110
Å/min for AlN and 700 Å/min for GaN at2150 V dc bias in
a Cl2 /H2 plasma and 350 Å/min for InN in a CH4/H2/Ar
plasma at2250 V dc bias were reported. The etched featu
were anisotropic and the surface remained stoichiome
over a wide range of plasma conditions. GaN ECR etch d
has been reported by several authors with etch rates as
as 1.3mm/min.214–225

ICP offers another high-density plasma etch platform
pattern group-III nitrides. ICP plasmas are formed in a
electric vessel encircled by an inductive coil into which
power is applied@see Fig. 47~c!#. The alternating electric
field between the coils induces as strong alternating magn
field trapping electrons in the center of the chamber and g
erating a high-density plasma. Since ion energy and pla
density can be effectively decoupled, uniform density a
energy distributions are transferred to the sample while ke
ing ion and electron energy low. Thus, ICP etching can p
duce low damage while maintaining fast etch rates. Anis
ropy is achieved by superimposing a rf bias on the sam
ICP etching is generally believed to have several advanta
over ECR including easier scale-up for production, improv
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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plasma uniformity over a wider area, and lower cost-
operation. The first ICP etch results for GaN were reported
a Cl2 /H2/Ar ICP-generated plasma with etch rates as high
;6875 Å/min.226,227Etch rates increased with increasing
bias and etch profiles were highly anisotropic with smoo
etch morphologies over a wide range of plasma conditio
GaN etching has also been reported in a variety of halog
and methane-based ICP plasmas.228–237

MRIE is another high-density etch platform which
comparable to RIE. In MRIE, a magnetic field is used
confine electrons close to the sample and minimize elec
loss to the wall.238–240Under these conditions, ionization e
ficiencies are increased and high plasma densities and
etch rates are achieved at much lower dc biases~less dam-
age! as compared to RIE. GaN etch rates of;3500 Å/min
were reported in BCl3-based plasmas at dc biases,2100
V.240 The etch was fairly smooth and anisotropic.

d. Additional plasma etch platforms.Chemically assisted
ion beam etching~CAIBE! and reactive ion beam etchin
~RIBE! have also been used to etch group-III nitrid
films.202,241–245In these processes, ions are generated i
high-density plasma source and accelerated by one or m
grids to the substrate. In CAIBE, reactive gases are adde
the plasma downstream of the acceleration grids thus
hancing the chemical component of the etch mechani
whereas in RIBE, reactive gases are introduced in the
source. Both etch platforms rely on relatively energetic io
~200–2000 eV! and low chamber pressures~,5 mTorr! to
achieve anisotropic etch profiles. However, with such h
ion energies, the potential for plasma-induced damage ex
Adesida and co-workers reported CAIBE etch rates for G
as high as 2100 Å/min with 500 eV Ar1 ions and Cl2 or HCl
ambients.201,241–243Rates increased with beam current, rea
tive gas flow rate, and substrate temperature. Anisotro
profiles with smooth etch morphologies were observed. G
etch rates of;500 Å/min have been obtained in a RIBE
generated Cl2 /Ar plasma at beam voltages of 600 V.245 RIBE
etch profiles were anisotropic with slight trenching at t
base of the feature.

Low energy electron enhanced etching~LE4! of GaN
has been reported by Gillis and co-workers.199,246–248LE4 is
an etch technique which depends on the interaction of
energy electrons~,15 eV! and reactive species at the su
strate surface. The etch process results in minimal sur
damage since there is negligible momentum transferred f
the electrons to the substrate. GaN etch rates of;500 Å/min
in a H2-based LE4 plasma and;2500 Å/min in a pure Cl2

LE4 plasma have been reported.199,248 GaN has also been
etched using photoassisted dry etch processes where the
strate is exposed to a reactive gas and ultraviolet laser ra
tion simultaneously. Vibrational and electronic excitatio
lead to improved bond breaking and desorption of reac
products. Leonard and Bedair reported GaN etch rates,80
Å/min in HCl using 193 nm ArF excimer laser.249

GaN etch rates are compared in Fig. 48 for RIE, EC
and ICP Cl2 /H2/CH4/Ar plasmas as well as a RIBE Cl2 /Ar
plasma. CH4 and H2 were removed from the plasma chem
istry to eliminate polymer deposition in the RIBE chambe
Etch rates increased as a function of dc bias independen
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



C
a

t
tc
d

-to

p
s
th

r
it

r
-
r a
e
u

ue

. A
nd

at
tc

ia

e
tc

et
in
d

sp

the
tion
wn

sed
th
ned
sed
e
dge.
e to

of
t at
wer
cies
cha-
ak-
tes

s ated

ated

31J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
etch technique. GaN etch rates obtained in the ICP and E
plasmas were much faster than those obtained in RIE
RIBE. This was attributed to higher plasma densities~1–4
orders of magnitude higher! which resulted in more efficien
breaking of the III–N bond and sputter desorption of the e
products. Slower rates observed in the RIBE may also be
to lower operational pressures~0.3 mTorr compared to 2
mTorr for the ICP and ECR! and/or lower ion and reactive
neutral flux at the GaN surface due to the high source
sample separation.

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

Etch characteristics are often dependent upon plasma
rameters including pressure, ion energy, and plasma den
As a function of pressure, plasma conditions including
mean free path and the collisional frequency can change
sulting in changes in both ion energy and plasma dens
GaN etch rates are shown as a function of pressure fo
ICP-generated BCl3 /Cl2 plasma in Fig. 49. Etch rates in
creased as the pressure was increased from 1 to 2 mTor
then decreased at higher pressures. The initial increas
etch rate suggested a reactant limited regime at low press
however at higher pressures the etch rates decreased d
ther to lower plasma densities~ions or radical neutrals!, re-
deposition, or polymer formation on the substrate surface
pressures,10 mTorr, GaN etches were anisotropic a
smooth, while at pressure.10 mTorr the etch profile was
undercut and poorly defined due to a lower mean free p
collisional scattering of the ions, and increased lateral e
ing of the GaN.

GaN etch rates are plotted as a function of dc b
~which correlates to ion energy! for an ICP-generated
BCl3 /Cl2 plasma in Fig. 50. The GaN etch rates increas
monotonically as the dc bias or ion energy increased. E
rates increased due to improved sputter desorption of
products from the surface as well as more efficient break
of the Ga–N bonds. Etch rates have also been observe
decrease under high ion bombardment energies due to

FIG. 48. GaN etch rates in RIE, ECR, ICP, and RIBE Cl2-based plasmas a
a function of dc bias.
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ter desorption of reactive species from the surface before
reactions occur. This is often referred to as an adsorp
limited etch regime. In Fig. 51, SEM micrographs are sho
for ~a! 250, ~b! 2150, and~c! 2300 V dc bias. The etch
profile became more anisotropic as the dc bias increa
from 250 to 2150 V dc bias due to the perpendicular pa
of the ions relative to the substrate surface which maintai
straight wall profiles. However, as the dc bias was increa
to 2300 V, a tiered etch profile with vertical striations in th
sidewall was observed due to erosion of the resist mask e
The GaN may become rougher at these conditions du
mask redeposition and preferential loss of N2.

In Fig. 52, GaN etch rates are shown as a function
ICP-source power while the dc bias was held constan
2250 V. GaN etch rates increased as the ICP source po
increased due to higher concentrations of reactive spe
which increases the chemical component of the etch me
nism and/or higher ion flux which increases the bond bre
ing and sputter desorption efficiency of the etch. Etch ra

FIG. 49. GaN etch rates as a function of pressure in an ICP-gener
BCl3 /Cl2 /Ar plasma at 32 sccm Cl2, 8 sccm BCl5, 5 sccm Ar, 500 W ICP
source power, dc-bias2250 V, and 10 °C electrode temperature.

FIG. 50. GaN etch rates as a function of dc bias in an ICP-gener
BCl3 /Cl2 /Ar plasma at 32 sccm Cl2, 8 sccm BCl3, 5 sccm Ar, 500 W ICP
source power, 2 mTorr pressure, and 10 °C electrode temperature.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 51. SEM micrographs for GaN etched at~a! 250, ~b! 2150, and~c! 2300 V dc bias. ICP etch conditions were 32 sccm Cl2, 8 sccm BCl3, 5 sccm Ar,
500 W ICP source power, 2 mTorr pressure, and 10 °C electrode temperature.
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have also been observed to stabilize or decrease under
plasma flux conditions due either to saturation of react
species at the surface or sputter desorption of reactive
cies from the surface before the reactions occur. The e
profile was anisotropic and smooth up to 1000 W ICP pow
where the feature dimensions were lost and sidewall m
phology was rough due to erosion of the mask edge un
high plasma flux conditions.

In addition to etch rates, etch selectivity or the ability
etch one film at higher rates than another can be very im
tant in device fabrication. For example, optimization of et
selectivity is critical to control threshold voltage uniformi
for high electron mobility transistors~HEMTs!, to accurately
stop on either the emitter or collector regions for metal c
tacts for heterojunction bipolar transistors~HBTs!, and for
low resistivityn-ohmic contacts on InN layers. Several stu
ies have recently reported etch selectivity for the group
nitrides.233,236,250–254For example, Fig. 53 shows GaN, InN
and AlN etch rates and etch selectivities as a function
cathode rf power in an ICP-generated Cl2 /Ar plasma. Etch

FIG. 52. GaN etch rates as a function of ICP source power in an I
generated BCl3 /Cl2 /Ar plasma at 32 sccm Cl2, 8 sccm BCl3, 5 sccm Ar,
2250 V dc bias, 2 mTorr pressure, and 10 °C electrode temperature.
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rates for all three films increased with increasing cathod
power or dc bias due to improved breaking of the III–
bonds and more efficient sputter desorption of the etch pr
ucts. Increasing InN etch rates were especially signific
since InCl3, the primary In etch product in a Cl-base

-
FIG. 53. GaN, InN, and AlN~a! etch rates and~b! GaN:AlN and GaN:InN
etch selectivities as a function of dc bias in a Cl2 /Ar ICP plasma. Plasma
conditions were: 25 sccm Cl2, 5 sccm Ar, 2 mTorr chamber pressure, 500
ICP-source power, and 25 °C cathode temperature.
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plasma, has a relatively low volatility. However, under hi
dc-bias conditions, desorption of the InCl3 etch products oc-
curred prior to coverage of the etch surface.251 The GaN:InN
and GaN:AlN etch selectivities were,8:1 and decreased a
the cathode rf power or ion energy increased. Smith
co-workers reported similar results in a Cl2 /Ar ICP plasma
where GaN:AlN and GaN:AlGaN selectivities decreased
dc bias increased.236 At 220 V dc bias, etch selectivitie
of ;38:1 were reported for GaN:AlN and;10:1 for
GaN:AlGaN.

3. Temperature dependent etching

Temperature dependent etching of the group-III nitrid
have been reported in ECR and ICP etch systems.215,225,237

Etch rates are often influenced by the substrate tempera
which can effect the desorption rate of etch products,
gas-surface reaction kinetics, and the surface mobility of
actants. Substrate temperature can be controlled and m
tained during the etch process by a variety of clamping
backside heating or cooling procedures. GaN and InN e
rates are shown in Fig. 54 as a function of temperature
Cl2 /H2/Ar ICP plasma. GaN etch rates were much fas
than InN due to higher volatility of the GaCl3 etch products
as compared to InCl3 and showed little dependence on tem
perature. However, the InN etch rates showed a consider
temperature dependence increasing at 150 °C due to hi
volatilities of the InCl3 etch products at higher substra
temperatures.

4. Plasma chemistry

Several different plasma chemistries have been use
etch the group-III nitrides. As established above, etch ra
and profiles can be strongly affected by the volatility of t
etch products formed. Table VI shows the boiling points
possible etch products for the group-III nitrides exposed
halogen- and hydrocarbon-based plasmas. For halogen-b
plasmas, etch rates are often limited by the volatility of t

FIG. 54. GaN and InN etch rates as a function of temperature for an I
generated Cl2 /H2 /Ar plasmas. ICP etch conditions were 22.5 sccm C2,
2.5 sccm H2, 5 sccm Ar, 500 W ICP source power,2250 V dc bias, and 2
mTorr pressure.
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group-III halogen etch product. For Ga- and Al-containi
films, chlorine-based plasmas typically yield fast rates w
anisotropic, smooth etch profiles. CH4/H2-based plasma
chemistries have also yielded smooth, anisotropic profiles
Ga-containing films, however at much slower rates. Ba
only on a comparison of etch product volatility, slower et
rates in CH4-based plasmas is unexpected since
~CH3!3Ga etch product has a much lower boiling point th
GaCl3. This observation demonstrates the complexity of
etch process where redeposition, polymer formation,
gas-phase kinetics can influence the results. As shown ab
etch rates for In-containing films obtained in room tempe
ture chlorine-based plasmas tend to be slow with rough
face morphology and overcut profiles due to the low vola
ity of the InCl3 and preferential loss of the group-V etc
products. However, at elevated temperatures~.130 °C!, the
InCl3 volatility increases and the etch rates and surface m
phology improve.215,225,237,255–257Significantly better room
temperature etch results are obtained in CH4/H2-based plas-
mas due to the formation of more volatile~CH3!3In etch
products.213,258

The source of reactive plasma species and the add
of secondary gases to the plasma can vary etch rates, an
ropy, selectivity, and morphology. The fragmentation patte
and gas-phase kinetics associated with the source gas
have a significant effect on the concentration of reactive n
trals and ions generated in the plasma thus affecting the
characteristics. Secondary gas additions and variations in
ratios can change the chemical: physical ratio of the e
mechanism. The effect of Ar, SF6, N2, and H2 additions to
Cl2- and BCl3-based ICP and ECR plasmas for GaN etch
has been reported.259 In general, GaN etch rates were fast
in Cl2-based plasmas as compared to BCl3 due to higher
concentrations of reactive Cl. The addition of H2, N2, or SF6

-

TABLE VI. Boiling points for possible etch products of group-III nitrid
films etched in halogen- or CH4 /H2-based plasmas.

Etch products Boiling points~°C!

AlCl3 183
AlF3 na
AlI 3 360
AlBr3 263
~CH3!3Al 126
GaCl3 201
GaF3 1000
GaI3 sublimes 345
GaBr3 279
~CH3!3Ga 55.7
InCl3 600
InF3 .1200
InI3 na
InBr3 sublimes
~CH3!3In 134
NCl3 ,71
NF3 2129
NBr3 na
NI3 explodes
NH3 233
N2 2196
~CH3!3N 233
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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to either Cl2- or BCl3-based plasmas changed the relat
concentration of reactive Cl in the plasma which direc
correlated to the GaN etch rate. For example, in Fig. 55, G
etch rates are shown as a function of % H2 concentration for
ECR- and ICP-generated Cl2 /H2/Ar plasmas. GaN etch rate
in the ECR and ICP increased slightly as H2 was initially
added to the Cl2 /Ar plasma indicating a reactant limited re
gime. Monitoring the ECR plasma with a quadrupole ma
spectrometry~QMS! showed that the Cl concentration~indi-
cated bym/e535) remained relatively constant at 10% H2.
As the H2 concentration was increased above 10%, the
concentration decreased and a peak corresponding to
increased. GaN etch rates decreased at H2 concentrations
.10% in both the ECR and ICP, presumably due to
consumption of reactive Cl by hydrogen. In Fig. 56, H2 was
added to BCl3-based ECR and ICP plasmas. In the EC
plasma, the GaN etch rate increased at 10% H2 correspond-
ing with an increase in the reactive Cl concentration as
served by QMS. As the H2 concentration was increased fu

FIG. 55. GaN etch rates in an ICP and ECR Cl2H2 /Ar plasma as a function
of %H2.

FIG. 56. GaN etch rates in an ICP and ECR BCl3 /H2 /Ar plasma as a
function of %H2.
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ther, GaN etch rates decreased, the Cl concentra
decreased, and the HCl concentration increased presum
due to the consumption of reactive Cl by hydrogen. In t
ICP reactor, GaN etch rates were slow and decreased a
drogen was added to the plasma up to 80% H2 where a slight
increase was observed.

Another example of plasma chemistry dependent etch
of GaN is shown in Fig. 57 for Cl2 /N2 /Ar and BCl3 /N2/Ar
ICP-generated plasmas. In the Cl2-based plasma, GaN etc
rates decreased as the % N2 increased, presumable due to
reduction in reactive Cl. In the BCl-based plasma GaN e
rates increased up to 40% N2 and then decreased at higher N2

concentrations. This observation has also been reported
ECR and ICP etching of GaAs, GaP, and In-contain
films.260–262 Ren and co-workers first observed maximu
etch rates for In-containing films~InGaN and InGaP! in an
ECR discharge at a gas ratio of 75/25 for BCl3 /N2.

260 Using
optical emission spectroscopy~OES!, Ren reported maxi-
mum emission intensity for atomic and molecular Cl at 75
BCl3 as well as a decrease in the BCl3 intensity and the
appearance of a BN emission line. The authors specul
that N2 enhanced the dissociation of BCl3 resulting in higher
concentrations of reactive Cl and Cl ions and thus hig
etch rates. Additionally, the observation of BN emission su
gested that less B was available to recombine with reac
Cl. This explanation may also be applied to the peak G
etch rates observed at 40% N2 in the ICP BCl3 /N2/Ar plas-
mas. However, OES of the BCl3 /N2/Ar ICP discharge did
not reveal higher concentrations of reactive Cl nor a BN pe
emission. In Fig. 58, OES spectra are shown for~a! 100%
BCl3, ~b! 75% BCl3–25% N2, ~c! 25% BCl3–75% N2, and
~d! 100% N2 ICP plasmas. As N2 was added to the BCl3

plasma, the BCl3 emission~2710 Å! and Cl emission~5443
and 5560 Å! decreased while the BN emission~3856Å! was
not obvious.

BCl3 /Cl2 plasmas have shown encouraging results in
etching of GaN films.228,235 The addition of BCl3 to a Cl2
plasma can improve sputter desorption due to higher m
ions and reduce surface oxidation by gettering H2O from the

FIG. 57. GaN etch rates as a function of %N2 for ICP-generated Cl2- and
BCl3-based plasmas.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 58. Optical emission spectra~OES! for an ICP-generated BCl3 /N2 plasma as a function of BCl3 percentage.
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chamber. In Fig. 59, GaN etch rates are shown as a func
of % Cl2 in a BCl3 /Cl2 /Ar ICP plasma. As the % Cl2 in-
creased, GaN etch rates increased up to 80% due to hi
concentrations of reactive Cl. OES showed the Cl emiss
intensity increased and the BCl emission intensity decrea
as the % Cl2 increased. Slower GaN etch rates in a pure2
plasma were attributed to less efficient sputter desorptio
etch products in the absence of BCl3. Similar results were
reported by Leeet al.228 The fastest GaN etch rates we
observed at 10% BCl3 where the ion current density and C

FIG. 59. GaN etch rates in an ICP BCl3 /Cl2 plasmas as a function of %Cl2.
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radical density were the greatest as measured by OES a
Langmuir probe.

In general, GaN:AlN and GaN:InN etch selectivities a
,10:1 as a function of plasma chemistry for Cl2- or
BCl3-based plasmas. GaN:AlN and GaN:InN etch select
ties were higher for Cl2-based ICP plasmas as compared
BCl3-based ICP plasmas due to higher concentrations of
active Cl produced in the Cl2-based plasmas thus resulting
faster GaN etch rates.254 Alternatively, InN and AlN etch
rates showed much less dependence on plasma chem
and were fairly comparable in Cl2 and BCl3-based plasmas
An example of etch selectivity dependence on plasma ch
istry is shown in Fig. 60. GaN, AlN, and InN etch rates a
etch selectivities are plotted as a function of % SF6 for an
ICP Cl2 /SF6/Ar plasma. GaN and InN etch rates decreas
as SF6 was added to the plasma due to the consumption o
by S and therefore lower concentrations of reactive Cl. T
AlN etch rates increased with the addition of SF6 and
reached a maximum at 20% SF6. As SF6 was added to the
Cl2 plasma, slower AlN etch rates were expected due to
formation of low volatility AlF3 etch products. However, du
to the high ion flux in the ICP, the sputter desorption of t
AlF3 may occur prior to passivation of the surface.251 There-
fore, the GaN:AlN selectivity decreased rapidly from;6:1
to ,1:1 with the addition of SF6. The GaN:InN selectivity
reached a maximum of 4:1 at 20% SF6.

Other halogen-containing plasmas including ICl/Ar, IB
Ar, BBr3 /Ar, and BI3 /Ar have been used to etch GaN wit
promising results.221,250,263–265Vartuli and co-workers re-
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ported GaN, InN, AlN, InN, InAlN, and InGaN etch rate
and selectivities in ECR ICl/Ar and IBr/Ar plasmas.250 In
general, etch rates increased for all films as a function o
bias due to improved III–N bond breaking and sputter
sorption of etch products form the surface. GaN etch ra
.1.3 mm/min were obtained in the ICl/Ar plasma at a
power of 250 W221 ~bias of 2200 V! while GaN etch rates
were typically ,4000 Å/min in IBr/Ar.264 Cho et al. re-
ported GaN etch rates typically,2000 Å/min in ICP-
generated BI3 /Ar and BBr3 /Ar plasmas.265 ICl/Ar and
IBr/Ar ECR plasmas yielded GaN:InN, GaN:AlN, GaN:In

FIG. 60. GaN, InN and AlN~a! etch rates and~b! GaN:AlN and GaN:InN
etch selectivities as a function of %SF6 in a Cl2 /SF6 /Ar ICP plasma.
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GaN, and GaN:InAlN selectivities,6:1, however, etch se
lectivities .100:1 were obtained for InN:GaN and InN:AlN
in BI3 /Ar plasmas.250,251,263–265Fast etch rates obtained fo
InN were attributed to the high volatility of the InI3 etch
products as compared to the GaI3 and AlI3 etch products
which can form passivation layers on the surface. Maxim
selectivities of;100:1 for InN:AlN and;7.5 for InN:GaN
were reported in the BBr3 /Ar plasma.265

Pearton and co-workers were the first to etch group
nitride films in an ECR-generated CH4/H2/Ar plasmas.213

Etch rates for GaN, InN, and AlN were,400 Å/ min at
;2250 V dc bias. Vartuliet al. reported ICP GaN, InN, and
AlN etch rates approaching 2500 Å/min in CH4/H2/Ar and
CH4/H2/N2 plasmas.266 Etch rates increased with increasin
dc bias or ion flux and were higher in CH4/H2/Ar plasmas.
Anisotropy and surface morphology were good over a w
range of conditions. As compared to Cl-based plasmas,
rates were consistently slower which may make
CH4/H2-based processes applicable for devices where
depths are relatively shallow and etch control is extrem
important.

Vartuli and co-workers compared etch selectivities
CH4/H2/Ar and Cl2 /Ar plasmas in both RIE- and ECR
generated plasmas.251 For CH4/H2/Ar plasmas, InN:GaN
and InGaN:GaN etch selectivities ranged from;1:1 to 6:1
whereas etch selectivities of 1:1 or favoring GaN over
In-containing films was reported for Cl2 /Ar plasmas.

5. Etch profile and etched surface morphology

Etch profile and etched surface morphology can be c
cal to postetch processing steps including the formation
metal contacts, deposition of interlevel dielectric or passi
tion films, or epitaxial regrowth. Figure 61 shows SEM m
crographs of GaN, AlN, and InN etched in Cl2-based plas-
mas. The GaN@Fig. 61~a!# was etched at 5 mTorr chambe
pressure, 500 W ICP power, 22.5 sccm Cl2, 2.5 sccm H2, 5
sccm Ar, 25 °C temperature, and a dc bias of2280610 V.
Under these conditions, the GaN etch rate was;6880 Å/min
with highly anisotropic, smooth sidewalls. The sapphire s
strate was exposed during a 15% overetch. Pitting of
sapphire surface was attributed to defects in the substra
growth process. The AlN@Fig. 61~b!# and InN @Fig. 61~c!#
features were etched at 2 mTorr chamber pressure, 50
FIG. 61. SEM micrographs of~a!
GaN, ~b! AlN, and ~c! InN etched in

Cl2-based ICP plasmas.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ICP power, 25 sccm Cl2, 5 sccm Ar, 25 °C temperature, an
a cathode rf power of 250 W. Under these conditions,
AlN etch rate was;980 Å/min and the InN etch rate wa
;1300 Å/min. Anisotropic profiles were obtained over
wide range of plasma chemistries and conditions, with si
wall striations present.

Sidewall morphology is especially critical in the form
tion of laser mesas for ridge waveguide emitters or for bur
planar devices. The vertical striations observed in the G
sidewall in Fig. 61~a! were due to striations in the photores
mask which were transferred into the GaN feature during
etch. The sidewall morphology and in particular the verti
striations were improved in an ICP Cl2 /BCl3 plasma at2150
V dc bias. In Fig. 62, a SEM micrograph of GaN etched
an ICP Cl2 /BCl3 plasma shows highly anisotropic profile
and smooth sidewall morphology. The etch conditions w
at 2 mTorr chamber pressure, 500 W ICP power, 32 sc
Cl2, 8 sccm BCl3, 5 sccm Ar, 25 °C temperature, and a
bias of2150610 V. Renet al.have demonstrated improve
GaN sidewall morphology etched in an ECR using a S2
mask.267 Vertical striations in the SiO2 mask were reduced
by optimizing the lithography process used to pattern
SiO2. The SiO2 was then patterned in a SF6/Ar plasma in
which a low temperature dielectric overcoat was used to p
tect the resist sidewall during the etch.

In several studies atomic force microscopy~AFM! has
been used to quantify the etched surface morphology as r
mean-square~rms! roughness. Rough etch morphology oft
indicates a nonstoichiometric surface due to preferential
moval of either the group-III or group-V species. For e
ample, in Fig. 63, GaN and InN rms roughnesses are sh
for as-grown samples and for samples exposed to an E
Cl2 /H2/CH4/Ar plasma as a function of cathode rf powe
The rms roughnesses for as-grown GaN and InN was 3
60.56 and 8.3560.50 nm, respectively. The GaN rm
roughness increased as the cathode rf power was incre
reaching a maximum of;85 nm at 275 W. The rms rough
ness for InN was greatest at 65 W cathode rf power imply
that the ion-bombardment energy is critical to balance

FIG. 62. SEM micrographs of GaN etched in a BCl3 /Cl2-based ICP
plasmas.
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chemical and sputtering effect of this plasma chemistry
maintain smooth surface morphologies.

6. Plasma –induced damage

Plasma-induced damage often degrades the elect
and optical properties of compound semiconductor devic
Since GaN is more chemically inert than GaAs and h
higher bonding energies, more aggressive etch condit
~higher ion energies and plasma flux! may be used with po-
tentially less damage to the material. Limited data have b
reported for plasma-induced damage of the group
nitrides.268–271 Pearton and co-workers reported increas
plasma-induced damage as a function of ion flux and
energy for InN, InGaN, and InAlN in an ECR.268 The au-
thors also reported;~a! more damage in InN films as com
pared to InGaN,~b! more damage in lower doped materia
and ~c! more damage under high ion energy conditions d
to formation of deep acceptor states which reduced the
rier mobility and increased resistivity. Postetch anneal
processes removed the damage in the InGaN while the
damage was not entirely removed.

Ren and co-workers measured electrical characteris
for InAlN and GaN FET structures to study plasma-induc
damage for ECR BCl3, BCl3 /N2, and CH4/H2 plasmas.269

They reported:~a! doping passivation in the channel layer
the presence of hydrogen;~b! high ion bombardment ener

FIG. 63. AFM micrographs for~a! GaN and InN as-grown,~b! GaN and
InN etched at a rf-cathode power of 65 W, and~c! GaN and InN etched at a
rf-cathode power of 275 W in an ECR-generated Cl2 /H2 /CH4 /Ar plasma.
The Z scale is 100 nm/division.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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gies can create deep acceptor states that compensate th
terial; and~c! preferential loss of N can produce rectifyin
gate characteristics. Ping and co-workers studied Scho
diodes for Ar and SiCl4 RIE plasmas.270 More damage was
observed in pure Ar plasmas and under high dc-bias co
tions. Plasma-induced damage of GaN was also evaluate
ICP and ECR Ar plasmas using photoluminescence~PL!
measurements as a function of cathode rf power and so
power.271 The peak PL intensity decreased with increas
ion energy independent of etch technique. As a function
source power or plasma density the results were less co
tent. The PL intensity showed virtually no change at low IC
source power and then decreased as the plasma densi
creased. In the ECR plasma, the PL intensity increased
;115% at low ECR source power and improved at hig
ECR source powers but at a lower rate. The effect
postetch annealing in Ar varied depending on initial fi
conditions, however, annealing at temperatures above 40
resulted in a reduction in the PL intensity.

Surface stoichiometry can also be used to evalu
plasma-induced damage. Nonstoichiometric surfaces ca

FIG. 64. AES surface scans of GaN~a! before exposure to the plasma,~b! at
65 W ~2120 V bias!, and ~c! 275 W rf-cathode power~2325 V bias!, 1
mTorr, 170 °C, and 850 W microwave power in an ECR-generated Cl2 /H2

discharge.
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created by preferential loss of one of the lattice constitue
This may be attributed to higher volatility of the respecti
etch products, leading to enrichment of the less volatile s
cies, or preferential sputtering of the lighter element. Aug
electron spectroscopy~AES! can be used to measure surfa
stoichiometry. Figure 64 shows characteristic Auger spe
for ~a! as-grown GaN samples and samples exposed to
ECR plasma at 850 W applied microwave power and ca
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 w
normal amounts of adventitious carbon and native oxide
the GaN surface. Following plasma exposure, the Ga:N r
increased as the cathode rf power increased with some
sidual atomic Cl from the plasma. Under high ion ener
conditions, preferential removal of the lighter N atoms w
observed resulting in Ga-rich surfaces.

Figures 65 and 66 show the influence of dc self-bias a
ICP source power on the reverse leakage current of G
p-I -n mesa diodes in which the mesas were created by
etching. Clearly both ion energy and ion flux can influen
the diode characteristics.

FIG. 65. Reverse leakage currents in GaNp- i -n diodes etched with differ-
ent dc biases in Cl2 /BCl3 /Ar.

FIG. 66. Reverse leakage currents in GaNp- i -n diodes etched with differ-
ent source powers in Cl2 /BCl3 /Ar.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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7. Conclusions

Reliable, well-controlled patterning of the group-III n
trides can be achieved by a variety of dry etch platforms
particular, high-density plasma ECR and ICP etch proces
have yielded, smooth, highly anisotropic, etch characteris
with rates often exceeding 1.0mm/min. These results ar
attributed to high ion and neutral flux which improve
the III–N bond breaking efficiency and the sputter deso
tion of etch products formed on the surface. Halogen-ba
plasma chemistries, in particular Cl-, I-, and Br-based pl
mas, yield high quality etch characteristics. The choice
source gas~Cl2, BCl3, ICl, IBr, BI3, BBr3, etc.! and second-
ary gases~H2, N2, SF6, Ar, etc.! change the concentration o
reactive neutrals and ions in the plasma which directly c
relates to etch rate. Very smooth, ansiotropic pattern tran
was obtained over a wide range of plasma etch platfor
chemistries, and conditions. Fast etch rates, high resolu
features, and low damage are obtained when the chem
and physical components of the etch mechanism are
anced.

F. Implant isolation

Implant isolation has been widely used in compou
semiconductor devices for interdevice isolation such as
transistor circuits or to produce current channeling such a
lasers.272–274 The implantation process can compensate
semiconductor layer either by a damage or chemical me
nism. For damage compensation, the resistance typic
goes through a maximum with increased postimplanta
annealing temperature as the damage is annealed out
hopping conduction is reduced. At higher temperatures
defect density is further reduced below that required to co
pensate the material and the resistivity decreases. For ch
cal compensation, the postimplantation resistance again
creases with annealing temperature with a reduction
hopping conduction but it then stabilizes at higher tempe
tures as a thermally stable compensating deep leve
formed. Typically there is a minimum dose~dependent on
the doping level of the sample! required for the chemically
active isolation species to achieve thermally sta
compensation.275 Thermally stable implant isolation has bee
reported forn- andp-type AlGaAs where an Al–O comple
is thought to form275,276and for C-doped GaAs and AlGaA
where a C–N complex is postulated.277 With this back-
ground, the implant isolation properties of the III–N mate
als are reviewed.

As shown in Fig. 67, N implantation~at doses of 1012

21013cm23) effectively compensates bothp- and n-type
GaN. For both doping types the resistance first increa
with annealing temperature then reaches a maximum be
demonstrating a significant reduction in resistance afte
850 °C anneal forn-type and a 950 °C anneal forp-type
GaN. This behavior is typical of implant-damage compen
tion. The defect levels estimated from Arrhenius plots of
resistance/temperature product are 0.83 eV for initia
n-type and 0.90 eV for initiallyp-type GaN. These levels ar
still not at midgap, but are sufficiently deep to realize a sh
resistance.109 V/h. The implantation has also been r
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ported to effectively isolaten-type GaN,141 with the material
remaining compensated to over 850 °C. Interesting
H-implanted compensation ofn-type GaN is reported to an
neal out at;400 °C141 with an anomalous dependence o
implant energy. The reason for this is presently not know
In light of this result, however, H implantation in GaN wi
require further study as H is often the ion of choice for ph
tonic device isolation applications that require deep isolat
schemes. Moreover, both the He and N isolation appea
rely solely on implantation damage without any chemic
compensation effects analogous to those in the O/Al/Ga
case.272,275,276However, the implantation-induced defects
GaN are more thermally stable than other III–V semicond
tor materials, such as GaAs or InP, where the damage le
begin to anneal out below 700 °C.272 This may be a result of
the higher band gap of GaN or the more polar nature of
lattice causing more stable defects. Further work is still
quired to understand the nature of the implantation dam
in GaN.

Implant isolation of the In-containing nitrides~InN,
InGaN, and InAlN! was first reported using F
implantation.278 That work showed that InN did not demon
strate significant compensation while the ternaries increa
in sheet resistance by roughly an order-of-magnitude aft
500 °C anneal. Data from a more extensive study
InxG12xN implant isolation for varying In composition usin
N and F implantation is summarized in Fig. 68.279 The In-
GaN ternaries only realize a maximum of a 100 fold increa
in sheet resistance independent of ion species after a 55
anneal. Pure InN shows a higher increase of 3 orders
magnitude but still only achieves a maximum sheet re
tance of 104 V/h. This may be high enough for some ph
tonic device current-guiding applications but is not sufficie
for interdevice isolation in electronic circuits. The dama
levels created by N implantation are estimated from
Arrhenius plot of the resistance/temperature product to b
maximum of 390 meV below the conduction band.279 The
defect level is high in the energy gap, not near midgap a
ideal for implant compensation. The position of the dama

FIG. 67. Sheet resistance vs annealing temperature for N implanted init
n- and p-type GaN. The N was implanted at multiple energies to give
approximately uniform ion concentration of 431018 cm23 across;500 nm.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



an

ith
af
y

ap
b
os
v
n
in

ns
ies

im
lt

in

wl-
ting
es
not
s in
-

ial.
re
d

rgy

of

re-
ent

by

re
Si,
gen
nti-

liq-
mi-
d on
nd

-
ies

or.

ow
u

,

p of
P,
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level is analogous to the defect position reported for impl
compensatedn-type InP and InGaAs280 but different from
the damage-associated, midgap states created in GaAs
AlGaAs.274,275

As shown in Fig. 69, In0.75Al0.25N, in contrast to InGaN,
can be highly compensated with N or O implantation w
over a 3 order-of-magnitude increase in sheet resistance
a 600–700 °C anneal while F implantation produces onl
order-of-magnitude increase in sheet resistance.278,281 The
compensating level in InAlN is also high in the band g
with the deepest level estimated from Arrhenius plots as
ing 580 meV below the conduction band edge in high d
N-isolated material, however it is sufficiently deep to achie
highly compensated material.281 The enhanced compensatio
for N and O implantation, as compared to F implantation,
InAlN suggests some chemical component to the compe
tion process. For N implantation a reduction in N vacanc
that are thought to play a role in the as-grownn-type con-
duction, may explain the enhance compensation. For O
plantation, the enhanced compensation may be the resu

FIG. 68. Maximum sheet resistance vs percent In for InGaN either as-gr
or implanted with F or N and annealed at the temperature for maxim
compensation for each composition~ion concentration;531019 cm23).

FIG. 69. Sheet resistance vs annealing temperature for O-, N-
F-implanted In0.75Al0.25N ~ion concentration;531018 cm23).
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the formation of an O–Al complex as is thought to occur
O-implanted AlGaAs.275,276

Figure 70 schematically summarizes the present kno
edge of the position in the band gap of the compensa
implanted defect levels in III–N materials and compar
these to those in GaAs and InP. Although the levels are
at midgap, as is ideal for optimum compensation as occur
GaAs andp-type InP, with the exception of InGaN, the lev
els are sufficiently deep to produce high resistivity mater

Very effective isolation of AlGaN/GaN heterostructu
field effect transistor~HFET! structures has been achieve
using a combined P1/He1 implant process.282 The groups of
Asbeck and Lau at UCSD demonstrated that a dual ene
~75/180 keV! P1 implant ~doses of 531011 and 2
31012cm22, respectively!, followed by a 75 keV He1 im-
plant (631013cm22) was able to produce sheet resistance
;1012V/h in AlGaN/GaN structures with 1-mm-thick un-
doped GaN buffers. The temperature dependence of the
sistivity showed an activation energy of 0.71 eV, consist
with past measurements of deep states induced in GaN
implant damage.138

III. ROLE OF IMPURITIES

The properties of virtually all bulk and epitaxial GaN a
still strongly influenced by residual impurities such as O,
C, and H and by point and extended defects such as nitro
vacancies and threading dislocation. The role of these e
ties has been reviewed previously,283–293and in this section
we will focus on H, O, C, and structural defects.

A. Hydrogen

Hydrogen is a component of most of the gases and
uids used in the growth, annealing, and processing of se
conductors and a great deal of attention has been focuse
the effects of hydrogen incorporation in Si, GaAs, SiC, a
other materials.294–303It is fairly well established that H2 ~or
larger aggregates! are basically electrically and optically in
active in all semiconductors, and that the diatomic spec
has low diffusivity once formed inside the semiconduct
By contrast, atomic hydrogen~which may exist as H0, H1,
or H2 depending on the position of the Fermi level! diffuses
rapidly even at low temperatures~25–250 °C! and can attach

n
m

or

FIG. 70. Schematic representation of the position in the energy ga
compensating defect levels from implant isolation in GaAs, In
In0.47Ga0.53N, In0.75Al0.25N, and GaN.
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to dangling or defective bonds associated with point or l
defects, and can also form neutral complexes with dopa
i.e.,

D11H2→~DH!0

A21H2→~AH!0

where D1 and A2 are ionized shallow donor and accept
dopants, respectively. These reactions manifest themse
as increases in resistivity of the semiconductor, and an
crease in carrier mobility as ionized impurity scattering
reduced. A typical signature of an unintentional hydrog
passivation process is a reduction in doping density in
near-surface region~<1 mm! due to in-diffusion of atomic
hydrogen from the liquid or gas in which the sample is i
mersed.

In GaN and related materials~AlN, InN, InGaN, InAlN,
AlGaN! it has been found that hydrogen is present in re
tively high concentrations in as-grown samples, especi
p-type GaN, and that hydrogen is readily incorporated dur
many device process steps such as plasma etching, pla
enhanced chemical vapor deposition~PECVD!, solvent boil-
ing, and wet chemical etching.304

For many years it was not possible to achievep-type
doping in GaN, due partially to the often high residualn-type
background~resulting from nitrogen vacancies or Si or
impurities! and the high ionization energy level of most a
ceptor dopants. However even in GaN~Mg! in which the Mg
concentration was easily sufficient to producep-type conduc-
tivity, the material was generally resistive.

Amanoet al.305 found that when the electron beam in
scanning electron microscope was focused on these sam
blue emission was evident, and the resistivity of the expo
area had dramatically decreased. Nakamuraet al.306–308later
found low p-type conductivity in as-grown GaN~Mg!. Fur-
ther treatment in a low-energy electron beam irradiation
cility reduced the resistivity from 43104 to ;3 V cm in the
top 0.5m of the surface, as shown in Fig. 71. A maximu

FIG. 71. Resistivity change of GaN~Mg! layer after low energy electron
beam irradiation, as a function of depth from the surface~after Ref. 306!.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
e
ts,

es
n-

n
e

-

-
ly
g

a-

les,
d

-

hole concentration of 731018cm23 and a mobility of 3
cm2/V s were obtained by this method.

Subsequently, Nakamuraet al.306–308 showed that low
resistivity p-type GaN with uniform carrier densitie
throughout their entire thickness could be obtained by po
growth thermal annealing in N2 at temperatures>700 °C.
Once again the resistivity was observed to drop from;106

to 2 V cm. Deep level emission at;750 nm sharply de-
creased with annealing, while the blue~450 nm! emission
was maximized at 700 °C. To elucidate the mechanism
sponsible for these changes, Nakamuraet al.306–308annealed
p-type GaN~Mg! in either N2 or NH3. As shown in Fig. 72,
while there was no change in the resistivity with N2 anneal-
ing, above;500 °C the GaN returned to high resistivit
when NH3 was the annealing ambient. Subsequent annea
in N2 returned these films to their low-resistivity conditio
and these changes correlated well with changes in the p
toluminescence spectrum from the samples~Fig. 73!. NH3

decomposes above;200 °C from N2 and H2 ~99.9% disso-

FIG. 72. Resistivity of GaN~Mg! layers as a function of annealing temper
ture in either NH3 or NH2 ambients~after Ref. 308!.

FIG. 73. PL spectra of GaN~Mg! layers after sequential~a! N2 ambient
annealing at 800 °C,~b! subsequent NH3 ambient annealing at 800 °C,~c!
subsequent N2 ambient annealing at 800 °C~after Ref. 308!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ciation at 800 °C!,309 and dissociation of the hydrogen can
catalyzed by the presence of the GaN surface. Thus there
sizable flux of atomic hydrogen available for indiffusion in
the GaN film, where it can form neutral complexes with t
Mg acceptors through the reactions

Mg21H1→~Mg2H!0.

This produces compensation of the holes from the accep
and leads to high resistivity. The reaction can be driven
the reverse direction by either annealing or injection of m
nority carrier ~electrons! through the low energy electro
beam irradiation or by shining above band gap light onto
sample, or by forward biasing of ap-n junction structure.
One usually observes a decrease in blue emission f
samples annealed above;700 °C, unless special precaution
are taken, because of the onset of surface dissociatio308

Amanoet al.310 reported that the intensity of Zn-related blu
emissions in GaN~Zn! was enhanced by electron injectio
suggesting that~Zn–H!0 complexes also form in this mate
rial.

In as-grown GaN there are numerous potential sour
of hydrogen, since the growth reaction by metal orga
chemical vapor deposition~MOCVD! proceeds as

~CH3!3Ga1NH3→GaN1CH4↑1H2↑.

In some cases H2 is also employed as a carrier gas for t
trimethylgallium. Previous work in other semiconductor sy
tems grown with metal-organic precursors has shown tha
three of the components of the growth chemistry, i.e., gro
III source, group V source, and carrier gas, can contribut
dopant passivation. Even the dopant sources (Cp2Mg and
Si2H6 are the most common for GaN! are potential supplies
of hydrogen in the GaN films. There is a direct correlation
H and Mg concentrations in MOCVD GaN, suggesting th
there is trapping of hydrogen at the acceptors.311–313Further
implication of hydrogen passivation as the hole reduct
mechanism comes from the fact thatp-GaN has been
achieved by Mg doping in molecular beam epitaxy mate
without postgrowth annealing.314 In this case N2 is derived
from as plasma source and solid Ga is the group III sou
hence no hydrogen is present in the growth environmen

In most III–V semiconductors it is found that atom
hydrogen diffuses more rapidly inp-type material where it is
likely in a positive charge state~H1!, and bonds more
strongly to acceptors than it does to donors.315–333Figure 74
shows a SIMS depth profile of GaN~Mg! grown on Al2O3 by
MOCVD—the as-grown material contains;5.531019

Mg cm23, and this remains stable upon annealing at 700
The hole concentration in the material was;6
31017cm23. Note that there is;1018cm23 hydrogen in the
as-grown sample, more than enough to compensate al
holes. Postgrowth annealing at 700 °C for 60 min reduces
hydrogen concentration to 1 – 531017cm23, which is below
the hole concentration and hence thep-type conductivity
returns.325–327

An interesting point from Fig. 74 is that a substant
amount of hydrogen remains in the material, probably bou
at defects or internal surfaces. This residual hydrogen m
give rise to effects such as current gain drift in transistors
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a dependence of apparent material resistivity on the meas
ment current in Hall measurements because of minor
carrier reactivation of passivated acceptors.

Figure 75 shows the hydrogen concentration in undop
lightly Mg-doped and heavily Mg-doped GaN as a functi
of annealing time at 700 °C under a N2 ambient.328 The hy-
drogen concentration is reduced with time, but saturate
;231017cm23; it is not clear if this represents the bac
ground sensitivity of the SIMS apparatus, or is a real co
centration. After the anneal, the heavily Mg-doped (Mg56
31019cm23) sample remained highly resistive. A proble
with continuing to increase the Mg concentration is the on
of cracking of the GaN films, and conversion of the condu
tivity to n type. The reasons for this are as yet unclear, a
the presence of Mg interstitials acting as shallow donors
formation of Mg-defect complexes with donor nature are j
two of the possibilities. As found by Nakamuraet al. the
changes in resistivity are accompanied by strong change
the PL spectra.307,308,328 Figure 76 shows 5 K spectra in
heavily Mg-doped (Mg5631019cm23) GaN before and af-
ter different annealing times at 700 °C. The peak at 3.285
has been ascribed to a free-to-bound Mg transition, co
sponding to a binding energy for Mg of 155 meV,329 while

FIG. 74. SIMS depth profile of MOCVD grown GaN~Mg! before and after
700 °C, 60 min anneal in N2.

FIG. 75. Hydrogen concentration in undoped or Mg-doped GaN as a fu
tion of annealing time at 700 °C in a N2 ambient~after Ref. 328!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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43J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
that at 3.445 eV has been identified as a transition involv
as exciton bound to Mg.330 Annealing for 20 min at 700 °C
shifts this latter peak to 3.446 eV.328,331Li et al.328 attributed
the 3.45 eV peak to a transition associated with an exc
bound to the Mg acceptor. For 60 min annealing, observa
of a 3.465 eV peak was found in lightly Mg-doped Ga
consistent with a previous assignment of an exciton boun
a nitrogen vacancy.330 Therefore, loss of N2 and compensa
tion of thep-type doping by introduction of the shallow do
nor N, states appears to be another reason it is difficult to
strongp-type conductivity.

Piner et al.332 found that the hydrogen concentration
MOCVD InxGa12xN was a strong function of H2 and NH6

flow rates during growth, and also had a strong effect on
background C and O concentrations. Therefore, the ove
compensation in the material is affected by the hydrog
flow. Figure 77 shows H, C, and O relative concentrations
InGaN grown at 730 °C, as a function of NH3 flow rate.

FIG. 76. Low temperature~5 K! PL spectra from heavily Mg-doped
(Mg5631019 cm23) GaN as a function of annealing time at 700 °C in a2
ambient~after Ref. 328!.

FIG. 77. H, C, and O relative concentrations as a function of NH3 flow in
MOCVD InGaN ~after Ref. 372!.
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While the H clearly originates from the ammonia and t
metal organic sources, it appears that the purified NH3 is the
source of oxygen. The reduction in carbon with NH3 flow
probably results from H scavenging reactions.334

Johnsonet al.335 performed a series of MBE growth ex
periments in which GaN~Mg! was grown with either pure N2
plasmas or mixed N2/H2 plasmas in order to understand th
effect of hydrogen under controlled conditions. However
examination showed only minor differences in some ca
due to Mg compensation. No measurements of H concen
tions were reported, and it is likely under the particu
growth conditions used there was little H incorporation.

Soto336 reported that GaN grown by plasma-assist
MOCVD using triethylgallium and N radicals was highl
resistive, and attributed to the high density of C and
(101921020cm23) incorporated into the films. The H signa
intensity was linearly related to the C signal, suggest
complexing of the C and H. Annealing at 900 °C did n
affect the resistivity.

Lee and Yong337 grew hydrogenated AlN by rf magne
tron sputtering in a H2/Ar/N2 gas mixture. The addition of H
was found to reduce the oxygen background in the mate
and the activation energy for the evolution of H2 gas from
the AlN was found to be 0.5 eV/atom as determined by g
chromatography. A variety of N–H IR peaks were foun
between 2074 and 3532 cm21—these bonds may hinder for
mation of N–O bonds.337 The value of 0.11 eV/atom for
hydrogen evolution is consistent with hydrogen bound a
atoms.338

1. Dopant passivation

We have recently reported that atomic hydrogen pa
vates both Mg and Zn, but a number of reports have sho
passivation of Ca,339 C,340 and Cd.341 Theoretical consider-
ations initially suggested that Ca might be a shallower acc
tor in GaN than Mg.342 Zolper et al.115 realizedp-type dop-
ing of GaN using implantation of Ca1 alone, or a
coimplantation of Ca1 and P1, followed by rapid thermal
annealing at>1100 °C. While the activation efficiency of C
in both implant schemes was;100%, temperature-
dependent Hall measurements showed that the ioniza
level of Ca was;168 meV, similar to that of Mg. The Ca
atomic profile was thermally stable to temperatures up
1125 °C. Since Mg has a substantial memory effect in sta
less steel epitaxial reactors~or in gas lines leading to quart
chamber systems!, Ca may be a useful alternativep dopant
for epitaxial growth of laser diode or heterojunction bipol
transistor structures in which junction placement, and he
control of dopant profiles, is of critical importance.

In considering Ca-doped GaN for device applications
is also necessary to understand the role of hydrogen, s
there is always a ready supply of atomic hydrogen availa
from NH3, the metal organic group III source@typically
~CH3!3Ga# or from the gaseous dopant source when us
chemical vapor deposition techniques. We have also fo
that Ca acceptors in GaN are also readily passivated
atomic hydrogen at low temperature~250 °C!, but they can
be reactivated by thermal annealing at<500 °C for 1 min in
lightly doped (331017cm23) samples. As the carrier densit
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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is restored by such annealing treatments, there is a true
sivation and not just compensation of the Ca acceptors by
hydrogen.

a. Case study: Ca. Nominally undoped (n,3
31016cm23) GaN was grown on double-side polishe
c-Al2O3 substrates prepared initially by HCl/HNO3/H2O
cleaning and anin situ H2 bake at 1070 °C. A GaN buffe
<300 Å thick was grown at;500 °C and crystallized by
ramping the temperature to 1040 °C where trimethylgalli
and ammonia are again used to grow the 2-mm-thick epitax-
ial layer. The materials properties have been discusse
detail earlier,326,327but in brief the double x-ray full-width a
half-maxima are;300 arcsec and the total defect dens
~threading dislocations, stacking faults! apparent in plain
view transmission electron microscopy was typically 2 –
3109 cm22. The as-grown films are featureless, transpare
and have strong band edge~3.47 eV! luminescence.

40Ca ions were implanted at 180 keV and a dose o
31014cm22. In some cases, a coimplant of P1 to the same
dose at an energy of 130 keV was performed to try to
hance a substitutional fraction of Ca upon subsequent
nealing in analogy to the case of Mg implantation in Ga
For the case of Ca we found there was little additional a
vation as a result of the coimplant. After rapid annealing
1150 °C for 15 s under N2 in a face-to-face geometry w
measured sheet carrier densities ofp;1.631012cm22 with a
mobility at 500 K of 6 cm2/V s. Arrhenius plots of the hole
density showed an ionization level of 169 meV for the Ca
GaN ~Fig. 78!. Samples with alloyed HgIn ohmic contac
were exposed to an electron cyclotron resonance~ECR! H2

or He plasma with 850 W forward power and a pressure
10 mTorr. The exposure time was 30 min at 250 °C, and
temperature was lowered to room temperature with
plasma on. The sheet carrier density and hole mobility at
K were obtained from Van der Pauw geometry Hall me
surements. Posthydrogenation annealing was performed
tween 100 and 500 °C for 60 s under flowing N2 with the
ohmic contacts already in place.

The initial H2 plasma exposure caused a reduction
sheet hole density of approximately an order of magnitu
as shown in Fig. 79. No change in electrical properties w

FIG. 78. Annealing plot of sheet hole density in Ca-implanted GaN. T
activation energy is 169612 meV.
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observed in the He-plasma treated samples, showing
pure ion bombardment effects are insignificant and
chemical interaction of hydrogen with the Ca acceptors
responsible for the conductivity changes. Posthydrogena
annealing had no effect on the hole density up to 300
while the initial carrier concentration was essentially fu
restored at 500 °C. Assuming the passivation mechanism
the formation of neutral Ca–H complexes, then the hole m
bility should increase upon hydrogenation. This is indeed
case, as shown in Fig. 80. Note that the mobility decrease
its initial value with posthydrogenation annealing. If the ca
rier reduction were due to introduction of compensating
fects or impurities, then the hole mobility would decrea
upon hydrogenation, which is not observed.

In otherp-type III–V semiconductors it is generally ac
cepted that atomic hydrogen is predominantly in a posit
charge state with the donor level being around midgap.
similar mechanism exists in GaN then the initial Coulomb
attraction between ionized acceptor and hydrogen lead
formation of a neutral close pair, i.e.,

e

FIG. 79. Sheet hole density at 300 K in hydrogenated GaN~Ca! as a function
of subsequent annealing temperature.

FIG. 80. Hole mobility at 300 K in hydrogenated GaN~Ca! as a function of
subsequent annealing temperature.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp



b
-
el
te
e

e
. 7
of
he
e-

re
be
e

t
de
n
t
o

he

io
im
re
e-
s
-

is

hi
as
y

-
en

e
tio
en
on
e

ic
of

b
H

te

ere
pas-
al
ys-
re-
f
,
ere
er
the
ted
re

.
t it
jec-

ermi

in
s

-

d
ing
ual
nd

um,
s.
to

in-
N,

aN.

45J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
Ca21H1↔~Ca2H!0.

The existence of the neutral complex should be verified
observation of a vibrational band,343 but to obtain the sensi
tivity needed for such a measurement will require a relativ
thick epilayer of Ca-doped GaN. Our present implan
samples do not have a sufficient Ca density-times-thickn
product to be suitable for infrared spectroscopy.

If the dissociation of the Ca–H species is a first-ord
process then the reactivation energy from the data in Fig
is ;2.2 eV343 assuming a typical attempt frequency
1014s21 for bond breaking processes. This is similar to t
thermal stability of Mg–H complexes in GaN which we pr
pared in the same manner~implantation! with similar doping
levels. In thicker, more heavily doped samples, the appa
thermal stability of hydrogen passivation is much higher
cause of the increased probability of retrapping of hydrog
at other acceptor sites.343 This is why for thick, heavily
doped (p.1018cm23) GaN~Mg!, a postgrowth anneal of a
least 700 °C for 60 min is employed to ensure complete
hydrogenation of the Mg. True reactivation energies can o
be determined in reserve-biased diode samples where
strong electric fields present sweep the charged hydrogen
of the depletion region and minimize retrapping at t
acceptors.344

In conclusion we have found that hydrogen passivat
of acceptors in GaN occurs for several different dopant
purities and that postgrowth annealing will also be requi
to achieve full electrical activity in Ca-doped material pr
pared by gas-phase deposition techniques. The thermal
bility of the passivation is similar for Ca–H and Mg–H com
plexes, with apparent reactivation energies of;2.2 eV in
lightly doped (;1017cm23) material.

b. Case study: C, Cd.Abernathyet al.345 reported carbon
doping of GaN using CCl4 in metal organic molecular beam
epitaxy, with maximum hole concentrations of;3
31017cm23. The total carbon concentration in these films
somewhat higher than this~1–2 orders of magnitude!, but
the reason for the low doping efficiency is not known at t
point.346 The activation energy of acceptor ionization w
reported to be;26 meV, but this may be due to impurit
band conduction.346

Exposure of the GaN~C! samples to an electron cyclo
tron resonance H2 plasma at 250 °C reduces the hole conc
tration by approximately a factor of three,340 with an accom-
panying increase in hole mobility. Annealing of th
hydrogenated material restored the initial hole concentra
at ;450 °C. It is well established in other dopant-hydrog
complexes that the apparent thermal stability is a str
function of the doping level and sample thickness becaus
hydrogen retrapping effects.

There have also been studies on the formation kinet
Burchard et al.341 studied the formation and properties
Cd–H pairs in GaN using radioactive111Cd and perturbedgg
angular correlation spectroscopy. The H was incorporated
100 eV implantation, and formation of two different Cd–
complexes~different configurations! with dissociation ener-
gies of 1.1 and 1.8 eV, respectively, were found.

Table VII summarizes the information reported to da
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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for hydrogen-acceptor complexes in GaN. To this point th
have not been any direct observations of donor dopant
sivation in any of the nitrides, although this is fairly typic
of what has occurred previously in other semiconductor s
tems. For example, in Si, acceptor passivation was first
ported in 1983,347 and it was only in 1986 that reports o
weak donor passivation were seen.348 Subsequently in 1988
the first unambiguous observations by IR spectroscopy w
made,349–351but only after realizing that because of the low
binding energies for donor dopant-hydrogen complexes,
temperature at which the hydrogen was unincorpora
should be lowered.351 Once the plasma injection temperatu
was reduced~to 120 °C from the usual 200 °C forp-type Si!,
donor passivation efficiencies over 90% were realized352

Another feature of dopant passivation by hydrogen is tha
depends on the characteristics of the plasma used for in
tion, i.e., the relative fluxes of H2, H2

1, H0, H1, and associ-
ated excited states, the average ion energy, and the F
level at the semiconductor surface.353 For example, we have
seen that increasing the ion energy by;100 eV in a H2

plasma increases the incorporation depth of hydrogen
p-type GaAs by up to 50%,334 and somewhat smaller effect
have been observed in SiC.354 This may be due to more
efficient transfer of hydrogen across surface potentials.

2. Diffusion and reactivation mechanisms

Typical SIMS profiles of2H in p-type GaN with@Mg#
;231019cm23 and hole concentration;131017cm23, and
in n-type GaN, with Si;2.531018cm23 and electron con-
centration 231019cm23, are shown in Figs. 81 and 82, re
spectively, for samples exposed to a2H plasma for 30 min at
250 °C. Note in thep-type material the2H follows an in-
diffusion profile where2H is trapped at Mg or defects, an
there is a very high concentration shallow feature extend
to ;0.1 mm from the surface. This is deeper than the us
peak due to nonequilibrium sputtering effects in SIMS, a
may result from extended2H clusters or platelets. In the
n-type material there is basically no measurable deuteri
suggesting that2H is not readily trapped at donor dopant
However, as pointed out above, this may simply be due
nonoptimized plasma conditions employed thus far.

A number of reports have shown that hydrogen can
deed pair with positively charged native donors in In

TABLE VII. p dopants found to be passivated by atomic hydrogen in G

Dopant Comments Refs.

Mg residual hydrogen in growth ambient 305–307, 328
leads to high resistivity in as-grown
GaN~Mg!

Zn electron injection increases Zn-related 310
emissions in GaN~Zn!

C H2 plasma exposure decreases hole 339
density by a factor of 3—thermally
reversible

Ca H2 plasma exposure decreases hole 338
density by a factor of 10—thermally
reversible

Cd formation of Cd–H complexes seen by 338
PAC—dissociate at,350 °C
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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InGaN, InAlN, and AlGaN.355–358 Frequently undoped
Al xGa12xN films with x,0.4 show electron concentration i
the 1018– 1019cm23 range and mobilities on the order 1
cm2 V21 s21.359–364In addition, many groups have observe
very strong tails at optical absorption near the band ed
High carrier concentrations and strong band tailing in AlG
make it difficult to use such layers in most application

FIG. 81. SIMS profiles of2H and Mg in GaN~Mg! exposed to a2H plasma
for 30 min at 250 °C.

FIG. 82. SIMS profiles of2H and Si in GaN~Si! exposed to a2H plasma for
30 min at 250 °C.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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Polyakov et al.358 found that hydrogen plasma exposure
200 °C for 1 h led to a substantial decrease in carrier conc
tration accompanied by an increase in electron mobility. T
passivation efficiency appears to be higher for AlGaN th
for pure GaN, and there was little change in electrical pro
erties for the closely compensated GaN sample with ini
carrier concentration of 831014cm23. By sharp contrast,
changes in AlGaN carrier concentration still occur ev
when the starting concentration is low. Polyakovet al.358

suggested that passivation of native donors in AlGaN p
ceeds via pairing with negatively charged hydrogen ions365

and that the efficiency of passivation drops rapidly as
Fermi level crosses the hydrogen acceptor level. This wo
place the H2 level in GaN somewhere aboveEc20.2 eV and
much shallower than that in AlGaN~e.g., in Al0.12Ga0.88N it
should be close toEc20.5 eV). Measurements of the tem
perature dependence of carrier concentration in high resis
ity AlGaN samples after hydrogen treatment yield the sa
activation energies as before treatment~0.3 eV in
Al0.12Ga0.88N, 0.22 eV in Al0.67Ga0.33N), indicating that no
deeper compensating centers have been introduced, and
the decreased carrier concentration is a result of passiva
of the existing electrically active centers.

The effect of hydrogen plasma passivation on the
sorption spectra near the fundamental absorption edg
AlGaN and AlN samples is shown in Fig. 83. Prior to pa
sivation, the magnitude of the band tailing~manifested in
deviation of the squared absorption coefficient versus pho
energy from a straight line! is substantial. This band tailing i
suppressed by the hydrogen plasma treatment. The origi
the band tails may be related to fluctuations of local elec
fields due to fluctuations of the density of charged defe
The hydrogenation treatment reduces the concentration
these defects, reducing the near band edge absorption
AlN no measurements of electrical properties could be p
formed because of its high resistivity. The near band e
absorption observed in that case could come from local fie
associated with deep levels, and suppression of such abs
tion could be related to the suppression of electrical activ
of these deep centers. PL measurements on these sam
showed a decrease in deep level emission and an increa
band edge emission as a result of the hydrogenation.

The thermal stability of native donor-hydrogen com
plexes was measured by isochronal annealing as show

FIG. 83. Dependence of absorption coefficient squared on photon en
before and after hydrogenation of AlGaN samples of various Al conten
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Fig. 84. The fraction of unannealed complexes is defined
Nl2NT /Nl2NH whereNl is the electron concentration be
fore hydrogenation,NH the electron concentration after hy
drogenation, andNT is the electron concentration after h
drogenation and subsequent annealing at temperatureT. The
thermal stability of the donor-hydrogen complexes increa
with AlN mole fraction in both MBE and MOCVD material
and this may play a role in the frequently observed decre
in carrier concentration in as-grown AlGaN layers with hi
Al mole fractions.366,367

Lower thermal stabilities were found for In-containin
nitrides. Figure 85 shows the fraction of passivated don
remaining in In0.5Al0.5N and In0.25Al0.25Ga0.5N initially hy-
drogenated at 250 °C for 30 min, as a function of posthyd
genation annealing temperature. Both samples displaye
decrease in carrier concentration of approximately an o
of magnitude after hydrogen plasma exposure. The pa
vated donors begin to reactivate around 400 °C and
500 °C 78% of the lost carriers were restored in InAlN a
66% in the InAlGaN. The recovery of the donor activi
occurred over a broader temperature range than gene
observed for other passivated dopants, and is consistent
the presence of a Gaussian distribution of activation en

FIG. 84. Dependence of the fraction of unannealed native donor-hydro
complexes in AlGaN.

FIG. 85. Fraction of passivated donors remaining in InAlN or InGaN a
deuteration at 250 °C and subsequent annealing at different temperatu
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gies. This may be due to nitrogen vacancies with differ
numbers of specific group III neighbors surrounding the
~i.e., two In and two Al versus one In and three Al!. Assum-
ing a Gaussian distribution of energies, we obtained val
of 1.4 eV for the activation energy for donor reactivatio
with a full-width at half-maximum of;0.3 eV.

In both Si368–374 and GaAs375–378 injection of minority
carriers either by forward biasing of a diode structure
illumination with above band gap light produces dissociat
of neutral acceptor-hydrogen or donor-hydrogen comple
at temperatures at which they are normally thermally sta
While the details of the reactivation process are not clea
established, it is expected that for an acceptor A the react
likely can be described by

~AH!0↔A21H2

H11e2↔H0.

The neutral hydrogen most likely forms diatomic or larg
clusters with other neutral or charged hydrogen species.
mechanism for acceptor activation during the e-beam irra
tion process has not been studied in detail to date. To es
lish that minority-carrier-enhanced debonding of Mg–
complexes in GaN is responsible for this phenomenon,
examined the effect of forward biasing in hydrogenatedp-n
junctions. We find that the reactivation of passivated acc
tors obeys second-order kinetics and that the dissociatio
the Mg–H complex is greatly enhanced under minori
carrier injection conditions. The details are given below.

The sample was grown onc-Al2O3 by MOCVD using a
rotating disk reactor. After chemical cleaning of the substr
in both acids (H2SO4) and solvents~methanol, acetone!, it
was baked at 1100 °C under H2. A thin ~<300 Å! GaN
buffer was grown at 510 °C, before growth of;1 mm un-
doped material. 0.5mm of GaN~Mg! with a carrier density of
p;1.531017cm23 after 700 °C annealing and 0.3mm GaN
~Si! with a carrier density of 531018cm23. Some of the
sample was hydrogenated by annealing under NH3 for 30
min at 500 °C. This produces passivation of the Mg acc
tors ~;90%! but has little effect on the Si donors~<1%
passivation!.

Mesap-n junction diodes were processed by patterni
500-mm-diam. TiAl ohmic contacts on then-GaN by liftoff
and then performing a self-aligned dry etch with an elect
cyclotron resonance BCl3 /Ar plasma to exposure of the
p-type GaN. The e-beam evaporated NiAu was patterned
liftoff to make ohmic contact to thep-type material. The
carrier profiles in thep-type layer were obtained from 1
kHz capacitance–voltage measurements at room temp
ture. Anneals were carried out in the dark at 175 °C un
two different types of conditions. In the first, the diode w
in the open-circuit configuration, while in the second t
junction was forward biased at 9 mA to inject electrons in
the p-type GaN. After each of these treatments the samp
were returned to 300 K for remeasurement of the net elec
cally active acceptor profile in this layer.

Figure 86 shows a series of acceptor concentration p
files measured on the samep-n junction sample, after an
nealing at 175 °C under forward bias conditions. After t
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r
s.
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NH3 hydrogenation treatment the electrically active accep
density decreased from 1.531017 to ;6 – 731016cm23. If
the subsequent annealing was carried in the open-circuit
figuration, there was no change in the carrier profile at;0.1
mm for periods up to 20 h at 175 °C. By sharp contrast F
86 shows that for increasing annealing times under minor
carrier injections conditions there is a progressive react
tion of the Mg acceptors with a corresponding increase in
hole concentration. After 1 h, the majority of these accept
have been reactivated. Clearly therefore, the injection
electrons has a dramatic influence on the stability of
MgH complexes. The Mg reactivation has a strong dep
dence on depth into thep-type layer, which may result from
the diffusion distance of the injected electrons prior to
combination. We rule out heating of the sample during f
ward biasing as being a factor in the enhanced dissocia
of the neutral dopant-hydrogen complexes. The sam
were thermally bonded to the stainless-steel stage and
junction temperature rise measured to be minimal~<10 °C!.
Moreover, from separate experiments we found that rea
vation of the Mg did not begin until temperatures abo
;450 °C under zero-bias conditions.

Previous experiments on minority-carrier-enhanced re
tivation of hydrogen passivated dopants in Si371 and GaAs377

have found that for long annealing times the kinetics can
described by a second order equation

d@NA2N~ t !#/dt5C@NA2N~ t !#2,

whereNA is the uniform Mg acceptor concentration in th
nonhydrogenated sample.N(t) is the acceptor concentratio
in the hydrogenated GaN after forward bias annealing
time t, andC is a second-order annealing parameter.

In order to quantitatively analyze the reactivation kin
ics of the Mg–H complexes in GaN, we measured the in
tive acceptor concentrationsNA2N(t) using the
capacitance–voltage measurements at a depth of 0.1mm in
the p-GaN layer. Figure 87 shows that there is a linear re
tionship between@NA2N(t)#21 and annealing timet, con-
firming that the reactivation process can be described b
second-order equation withC54310220cm3 s21. This

FIG. 86. Carrier concentration profiles in hydrogenated GaN~Mg! after an-
nealing for various times at 175 °C under forward bias conditions.
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value is consistent with those obtained in Si and GaAs wh
minority-carrier-enhanced dopant reactivation has also b
reported.

The rate of reactivation of passivated acceptors is dep
dent on the injected minority-carrier density. Moreover, f
short annealing times it was found that the dopant react
tion occurred at a faster rate than predicted by the seco
order equation for very short annealing times, and that
annealing process was rate limited by the formation
stable, electrically inactive diatomic H species. At this po
there have not been enough studies of the various state
hydrogen in GaN as determined by infrared spectrosco
channeling or secondary-ion-mass spectrometry for us
conclude anything about the ultimate fate of the atomic
drogen once it has dissociated from the Mg–H complex,
it is likely that it then reacts with other hydrogen atoms
form diatomic or larger clusters. A strong dependence
reactivation rate on injected minority-carrier density wou
indicate the presence of a charge state for hydrogen
therefore influence the conversion of H1 into the neutral
state and then into the final hydrogen complexes.

The fact that the MgH complexes are unstable aga
minority-carrier injection has implications for several GaN
based devices. First, in a laser structure the high leve
carrier injection would rapidly dissociate any remainin
Mg–H complexes and thus would be forgiving of incomple
removal of hydrogen during the postgrowth annealing tre
ment. In a heterojunction bipolar transistor the lower level
injected minority carriers would also reactivate passiva
Mg in the base layer, leading to an apparent time-depend
decrease in gain as the device was operated.

In summary, we have shown that hydrogen-passiva
Mg acceptors in GaN may be reactivated at 175 °C by
nealing under minority-carrier injection conditions. The r
activation follows a second-order kinetics process in wh
the (MgH)0 complexes are stable to>450 °C in thin, lightly
doped GaN layers. In thicker, more heavily doped lay
where retrapping of hydrogen at the Mg acceptors is m
prevalent, the apparent thermal stability of the passivatio

FIG. 87. Plot of inverse net active Mg concentration determined from F
86 at a depth of 0.1mm from the junction, as a function of forward bia
annealing time.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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higher and annealing temperatures up to 700 °C may be
quired to achieve full activation of the Mg. Our results su
gest the mechanism for Mg activation in e-beam-irradia
GaN is minority-carrier-enhanced debonding of the hyd
gen.

The diffusion and trapping behavior of hydrogen in d
vice structures is more complicated than in single-la
structures. For example, light-emitting diodes or laser dio
contain bothn- andp-type GaN cladding layers with one o
more InGaN active regions. The first laser reported by N
kamuraet al.379 contained 26 InGaN quantum wells. In oth
III–V semiconductors the diffusivity of atomic hydrogen is
strong function of conductivity type and doping level sin
trapping by acceptors is usually more thermally stable t
trapping of hydrogen by donor impurities.380–383Moreover,
hydrogen is attracted to any region of strain with
multilayer structures and has been shown to pile up at
erointerfaces in the GaAs/Si,384,385 GaAs/InP,384,385 and
GaAs/AlAs386 material systems. Therefore it is of interest
investigate the reactivation of acceptors and trapping of
drogen in double heterostructure GaN/InGaN samples, s
these are the basis for optical emitters. We find that the
activation of passivated Mg acceptors also depends on
annealing ambient, with an apparently higher stability
annealing under H2 rather than N2. Hydrogen is found to
redistribute to the regions of highest defect density within
structure.

The double heterostructure sample consisted of 300
low-temperature GaN buffer, 3.3 mm of n1~Si
51018 cm23)GaN, 0.1 mm undoped InGaN, and 0.5mm
p1 GaN (p5331017cm23, Mg doped!. In the immediate
vicinity of the n-GaN/Al2O3 interface the defect density wa
high (1012cm22) but was reduced with increasing film thick
ness. However after growth of the InGaN active layer
threading dislocation density increased, due to thermal
composition of the top of the InGaN upon raising the te
perature to grow thep-GaN.387

XTEM of the DH-LED showed dislocations as da
lines propagating in the direction normal to the substra
Most of the dislocations appeared to traverse the en
double heterostructure, while some appeared to bend and
low the interface for a short distance before threading ou
the surface. The nature of the threading dislocations
studied by conventional XTEM using theg•b50 criteria.
The dislocation will be invisible whenb lies in the reflecting
plane. Some of the dislocations were invisible both ing2
5(0002) andg55(11I 01) and becauseb was common to
both reflections,b was found to be 1/3@112I 0#. Assuming
that the growth is the same as the translation vector of
dislocation, these defects would be pure edge type in na
The average threading dislocation density was also fo
along the plane normal to the growth direction. The dislo
tion density was found to be;831010cm2.

The double-heterostructure sample was exposed to
electron cyclotron resonance H2 plasma~500 W of micro-
wave power, 10 mTorr pressure! for 30 min at 200 °C. The
hole concentration in thep-GaN layer was reduced from 3
31017 to ;231016cm23 by this treatment, as measured b
capacitance voltage (C–V) at 300 K. Sections from this ma
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terial were then annealed for 20 min at temperatures fr
500 to 900 °C under an ambient of either N2 of H2 in a
Heatpulse 410T furnace. Figure 88 shows the percentag
passivated Mg remaining after annealing at different te
peratures in these two ambients. In the case of N2 ambients
the Mg–H complexes show a lower apparent thermal sta
ity ~by ;150 °C! than with H2 ambients. This has been re
ported previously for Si donors in InGaP and AlInP, and
and Zn acceptors in InGaP and AlInP, respectively,388 and
most likely is due to in-diffusion of hydrogen from the H2

ambients, causing a competition between passivation and
activation. Therefore, an inert atmosphere is clearly prefer
for the postgrowth reactivation anneal ofp-GaN to avoid
any ambiguity as to when the acceptors are completely
tive. Previous experimental results by Brandtet al.389 and
total energy calculations by Neugebauer and Van de Wall390

suggest that considerable diffusion of hydrogen in G
might be expected at<600 °C.

Other sections of the double-heterostructure mate
were implanted with2H1 ions ~50 keV, 231015cm22)
through a SiNx cap in order to place the peak of the impla
distribution within thep1GaN layer. Some of these sample
were annealed at 90 °C for 20 min under N2. As shown in the
secondary ion mass spectrometry~SIMS! profiles of Fig. 89,
the 2H diffuses out of thep1GaN layer and piles up in the
defective InGaN layer, which as we saw from the TEM r
sults, suffers from thermal degradation during growth of t
p1GaN. There is a strong attraction of H for crystal defec
Note that there is still sufficient2H in the p1GaN
(;1019cm23) to passivate all of the acceptors present, b
electrical measurements show that thep-doping level was at
its maximum value of;331017cm23. These results con
firm that as in other III–V semiconductors hydrogen c
exist in a number of different states, including being bou
at dopant atoms or in an electrically inactive form that
quite thermally stable. We expect that after annealing ab
700 °C all of the Mg–H complexes have dissociated, and
electrical measurements show that they have not reform
In other III–Vs the hydrogen inp-type material is in a bond

FIG. 88. Fraction of passivated Mg acceptors remaining in hydrogen
p-type GaN after annealing for 20 min at various temperatures in eithe2

or H2 ambients.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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50 J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
centered position forming a strong bond with a nearby
atom, leaving the acceptor threefold coordinated.390 Anneal-
ing breaks this bond and allows the hydrogen to mak
short-range diffusion away from the acceptor, where it pr
ably meets up with other hydrogen atoms, forming molecu
or larger clusters that are relatively immobile and electrica
inactive. This seems like a plausible explanation for the
sults of Figs. 88 and 89, where the Mg electrical activity
restored by 700 °C, but hydrogen is still present in the la
at 900 °C. In material implanted with hydrogen, there is
most certainly a contribution to the apparently high therm
stability by the hydrogen being trapped at residual impl
damage. This is evident by the fact that the2H profile retains
a Pearson IV type distribution even after 900 °C anneali
The other important point from Fig. 88 is that as in oth
defective crystal systems, hydrogen is attracted to region
strain, in this case the InGaN sandwiched between the
joining GaN layers.

In conclusion, the apparent thermal stability
hydrogen-passivated Mg acceptors inp GaN is dependent on
the annealing ambient, as it is in other compound semic
ductors. While the acceptors are reactivated at<700 °C for
annealing under N2, hydrogen remains in the material un
much higher temperatures and can accumulate in defec
regions of double-heterostructure samples grown on Al2O3.
It will be interesting to compare the redistribution and th
mal stability of hydrogen in homoepitaxial GaN in order
assess the role of the extended defects present in the
rently available heteroepitaxial material.

3. Role of hydrogen during processing

Light-ion implantation is typically used in III–V tech
nology to produce high resistivity material through the intr
duction of point defects and complexes which are elect

FIG. 89. SIMS profiles of2H in an implanted~50 keV, 231015 cm22

through a SiNx cap! double-heterostructure sample, before and after ann
ing at 900 °C for 20 min.
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and/or hole traps.391,392The thermal stability of this effect is
an important consideration for designing the device proce
ing sequence. High resistivity material is produced by i
plantation of any ion, but annealing at a sufficiently hig
temperature will remove the trap states, and the resistivity
the material will revert to its original value. If the implante
species has a chemical deep level in the band gap, then
material will remain resistive even at high anneali
temperatures.392

A number of reports have discussed implant isolation
GaN using H, He, N, or O implantation.393,394Binari et al.141

found that higher doses of implanted hydrogen were nee
in comparison with He in order to isolaten1GaN ~Fig. 90!.
This is expected on the basis of the number of stable def
created by the two different species. The H-implanted ma
rial maintained high resistivity (.109 V cm) only to
;250 °C, and by 400 °C all samples had resistivity of on
;103 V cm. In Fig. 91 we compare the thermal stability
proton implant isolation inn-GaN and GaAs. The stability is
surprisingly higher in GaAs, but higher stabilities for Ga
can be obtained with N1, O1, or F1.394 The maximum in-
corporation depth of implanted protons in GaN is;2 mm for

l-

FIG. 90. As-implanted GaN resistivity for He- and H-implanted material,
a function of implant volume concentration~after Ref. 141!.

FIG. 91. Thermal stability of proton implant isolation inn-GaN or GaAs.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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51J. Appl. Phys., Vol. 86, No. 1, 1 July 1999 Appl. Phys. Rev.: Pearton et al.
a typical 200 kV implanter. While the deep levels
H-implanted GaN anneal out at<200 °C, temperatures
above 800 °C are needed to cause most of the hydroge
actually leave the material.395,396

We find substantial differences in the thermal stability
resistivity changes depending on the initial conductivity ty
of hydrogen-implanted GaN and a strong Fermi-level dep
dence of hydrogen diffusivity. In samples implanted w
2H1 ions under two different conditions—for diffusion ex
periments the samples received a single energy~150 keV!
implant at a dose of 231015cm22, whereas for measuremen
of the effect on electrical properties of the layers, they w
implanted with a multiple-energy~20, 50, 100, and 150 keV
for the p-type; 20, 50, 100, 150, 200, 250, and 300 keV
the n-type! scheme, at a dose of 231014cm22 for each en-
ergy. The redistribution of the implanted deuterium for a
neals up to 1200 °C~60 s duration! was measured by SIMS
using a Cs1 ion beam. The sheet resistance of the multip
implanted sampled was obtained after different anneals u
Van der Pauw geometry Hall measurements. In th
samples alloyed HgIn ohmic contacts were fabricated p
to implantation.

Figure 92 shows the ratio of the sheet resistances a
implantation and annealing to that before implantation,
both n- and p-type GaN. The as-implanted samples sh
resistances;3–4 orders of magnitude higher than unim
planted material. This behavior is typical of ion-damag
compound semiconductors, and arises from the creatio
defect states within the GaN band gap that act as traps
both the electrons inn-type material and the holes inp-type
material. From separate temperature-dependent conduc
measurements, we find that the Fermi level is at;Ec

20.8 eV in then-type GaN after2H1 implantation and at
;Ev10.9 eV in the implantedp-type GaN. We expect that
variety of different defect levels are created by the nucl
stopping process of the implanted deuterons~which would
be measurable by deep level transient spectroscopy or

FIG. 92. Ratio of sample sheet resistance after implantation,R, to the con-
trol value (R0) for p-type GaN implanted with multiple-energy2H1 ions,
and subsequently annealed at different temperature.
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mally simulated capacitance!, but the temperature depen
dence of conductivity yields only the dominant states. As
implanted samples are annealed, quite different behavior
observed for the two conductivity types. For then-type GaN,
the resistance initially increases with annealing, reachin
maximum at;200 °C. At higher annealing temperatures t
resistance decreases back to the original value. This is
same behavior typically observed in implanted compou
semiconductors, and is usually ascribed to an initial red
tion of hopping conduction as annealing of some of t
implant-induced defect states occurs~leading to an increase
in resistance!, followed by a decrease in resistance as the t
density falls below the electron concentration and electr
are returned to the conduction band. Similar behavior
been reported previously by Binariet al.141 in 1H1 implanted
n-GaN.

The implantedp-GaN shows an initial decrease in resi
tance up to;400 °C, but then the resistance again increa
and remains high even at 600 °C. This behavior is consis
with an initial annealing for the implant-induced deep lev
states, followed by the onset of hydrogen passivation of
Mg acceptors. In these bulk~electric-field-free! layers, the
acceptor passivation is stable to>700 °C. In structures with
strong internal electric fields, such as reverse-bia
Schottky diodes, retrapping of the charged H1 back onto the
negatively charged acceptor is minimized, and reactivat
of the passivated Mg occurs at lower temperature.

To confirm the above discussion, SIMS measureme
were performed to determine the temperatures at which
2H is mobile in the implanted GaN. Figure 93 shows t
results for then-type GaN. There is no detectable motion
loss of 2H until ;800 °C, with the deuterium lost by evolu
tion from the surface at higher temperatures. Note that
remnant2H at each temperature decorates the residual
plant damage, which persists even at 1200 °C. The pea

FIG. 93. Profiles of2H1 implantedn-type GaN, subsequently annealed
different temperatures.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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the distribution shifts from the projected range of the impla
to the peak of the damage distribution, which is sligh
closer to the surface as confirmed by transport-of-ions
matter~TRIM! calculations.129 Since there is little affinity for
hydrogen to passivate donors in GaN, then once the d
level density falls below the electron concentration, the sh
resistance of the material returns to its original value.

The results for thep-type GaN are shown in Fig. 94
Diffusion of the hydrogen begins at 500 °C, leading to t
creation of a plateau region deeper than the original
planted 2H distribution. This concentration is the same
that of the Mg acceptors~interestingly not the hole density
which is a factor of;10 lower due to the deep ionizatio
level of the Mg,;180 meV!. The 2H concentration in the
original implanted region continues to decrease with hig
annealing temperatures, and is completely gone by 1000
a much lower stability than for then-type GaN. By 700 °C
there is also a noticeable accumulation of deuterium at
episubstrate interface. This is a region of strain, and it is w
established in other semiconductor systems that hydroge
attracted to, and trapped, at such places. It is clear tha
annealing temperatures>500 °C, hydrogen diffuses out o
the initial implanted regions and is trapped into Mg–H pa
and the episubstrate interface. This behavior is consis
with the electrical data of Fig. 92, where the presence
acceptor passivation~and the absence of donor passivatio!
would explain the results. Note also that the SIMS d
shows the diffusivity of2H is much faster inp-GaN than in
n-GaN, consistent with the predictions of Neugebauer a
Van de Walle.390

In summary, GaN implanted with2H shows substantially
different thermal stability inn- and p-GaN. In the former
there is no apparent chemical effect of the deuterium, w
the electrical properties controlled by the implant dama
related deep level states. Upon annealing, deuterium is

FIG. 94. SIM profiles of2H1 implantedp-type GaN, subsequently anneale
at different temperatures.
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leased from the crystal, with the residual deuterium deco
ing the remaining implant damage. Inp-GaN, diffusion of
the deuterium starts at lower temperature, leading to the
mation of Mg–H complexes that control the sample res
tance in the temperature range of 500–700 °C.

In addition to direct implantation of hydrogen, it ha
been found that it can be unintentionally incorporated dur
many processing steps, including boiling in water, dry et
ing, chemical vapor deposition of dielectrics, and anneal
in H2 or NH3.

397,398 For example, GaN boiled in D2O at
100 °C for 30 min showed incorporation of2H up to;1 mm
in the material.397 It is not known how the columnar natur
of the GaN growth affects the hydrogen incorporation b
comparisons with bulk crystals or homoepitaxial layers w
be enlightening. Boiling in water has previously been sho
to be an effective method of introducing hydrogen into Si,399

and it generally diffuses very rapidly under these conditio
because the H flux is low enough to avoid the H–H pairi
reactions seen in plasma-exposed material.

KOH-based solutions readily etch AlN selectively ov
GaN, with etch rates that are temperature and material q
ity related.400,401Exposure of undoped GaN to a solution
KOH/D2O for 20 min leads to incorporation of2H at a con-
centration of;1017cm23 to a depth of;0.5 mm.397 This
shows that even at quite low processing temperatu
~25 °C!, atomic hydrogen can be readily diffused into GaN

Another source of hydrogen incorporation is durin
PECVD of dielectrics such as SiNx and SiO2 for masking
and surface passivation. It is known from GaAs work th
PECVD of these dielectrics using SiNx can cause extensiv
hydrogen passivation effects.402,403 We have previously ex-
ported that ECR-CVD of SiNx onto GaN at a rate of 250
Å min21 at 250 °C produced2H incorporation depths of;0.7
mm using SiD4/N2.

397 Postdeposition annealing of th
SiNx /GaN structure at 500 °C for 20 min did not produ
any further indiffusion of2H from the SiNx , indicating that
the source of the initial incorporation is the exposure of
GaN surface to the silane discharge. Seaward402 reported that
hydrogen incorporation in GaAs during similar ECR-CVD
silicon nitride could be reduced by employing an initial
fast deposition rate to encapsulate the surface as quickl
possible.

There are a variety of dry etch chemistries for GaN a
related alloys, including Cl2, BCl3, SiC4, CCl2F2, CH4/H2,
HBr, HI, ICl, and IBr.404–409Additives such as Ar, N2, or H2

are often included to enhance sputter-assisted desorptio
the etch products, or to balance removal of Ga and N e
products. Eddy and Molnar408 found that ECR CH4/H2/Ar
discharges causedn-GaN to become more insulating an
insulating films to become conducting. However these
fects may have been due to a combination of ion-indu
defects~since the mobility decreased inn-GaN) and prefer-
ential loss of N from the near-surface~1000 Å!. Annealing at
800 °C for 30 s restored most of the original electric
properties.408 If elevated sample temperatures are employ
to enhance desorption of In from In-containing nitrides, th
hydrogen indiffusion can be very substantial, with incorp
ration depths of 0.5–2mm in 40 s at 170 °C, i.e., diffusivities
of 1029– 6310211cm2 V21 s21.365 Similar results were
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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found in AlN and GaN in addition to InxGa12xN.333 As men-
tioned before, it is not clear what role the extensive def
density in GaN heteroepitaxial samples plays, but it like
enhances the hydrogen diffusion substantially. The effec
H in dry etching of GaN is therefore two-fold—it may dif
fuse into the bulk of the sample and passivate dopant
defects, leading to an increased resistivity of the material
it may produce preferential loss of N right at the surfa
leading to a thinn1 layer;100 Å thick. In some cases if th
loss of N is not too severe, annealing at 400–800 °C may
able to restore the surface stoichiometry, but in In-contain
nitrides the vast difference in volatility of In and N of th
products usually means that In droplets form and the sur
cannot be restored by annealing without first removing
droplets in HCl. Room temperature etching minimizes ind
fusion of hydrogen from the plasma.

4. Theory of hydrogen in nitrides

Brandtet al.410 reported a new PL line at 3.35 eV afte
hydrogenation ofp-type and unintentionallyn-type GaN,
suggesting the introduction of a hydrogen-related do
level. However these same workers created some confu
by reporting local vibrational modes around 2200 cm21 for
Mg–H complexes in GaN.411 This led to a series of conflict
ing theoretical work that was guided by incorrect experim
tal data.

Okamotoet al.412 used local density approximation o
the density functional theory to calculate the stable positi
of Mg and Mg–H in GaN. Mg was found to occupy a G
substitutional site, producing a shallow acceptor level. Th
found the bond-centered~BC! site between Mg–N was th
most stable site for hydrogen by;0.1 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 calculat
bond length~1.02 Å! close to that of the NH3 molecule~1.01
Å!, and no bond charge between Mg and H. The dista
between Mg and H was 1.96 Å, caused by displacemen
the Mg atom from the substitutional site by 0.64 Å in th
out-bonding direction~away from the position of the hydro
gen!. It was to be energetically favorable for the H to for
the Mg–H complex, rather than remain an interstitial. T
calculated vibrational frequency was;3490 cm21, similar to
H in NH3 molecules~3444 cm21!.

Bosin et al.413 used ab initio calculations performed
within local density functional theory to understand the e
ergetics and geometry of H and its complexes in GaN. T
found H to exhibit negative-U behavior, with thermal ioniz
tion energies for HIII

2 and HV
1 to be E0/250.8 eV andE1/0

52.0 eV, respectively. They calculated BeGa to be a rela-
tively shallow impurity level, while CN had a deep accepto
level (EV10.40 eV). Mg–H complexes were calculated
have vibrational modes at;3000 cm21 for antibonding ABV

sites for H, and at 3600–3900 cm21 for BC site hydrogen. It
was found that BeGa, CN, CaGa, and ZnGa acceptors would all
be susceptible to hydrogen passivation.

Estreicher and Maric414 employed molecular cluster ca
culations to examine hydrogen in cubic GaN. They cons
ered three possibilities for the effect of hydrogen:
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~i! passivation~an electrical level moves from the gap
a band!.

~ii ! activation ~an electrical level moves from a band
the gap!.

~iii ! level shifting ~a level shifts within the gap, e.g.,
shallow level becomes deep!.

The latter case may be important in wide gap semiconduc
because energy levels have to shift a lot to disappear f
the gap. They found that H1 is bound to N in a BC-like
position, H0 is at a BC site with H bound to Ga~and an
activation energy for diffusion of,1 eV!, while H2 is at the
ABGa site ~and an activation energy for diffusion of 1.5 eV!.
H2 molecules were found to be stable at the tetrahedral
terstitial (TGa) site.

Neugebauer and Van de Walle415 performed density
functional calculations and found the following:

~i! isolated interstitial hydrogen has a large negative
energy, 2.5 eV, suggesting H0 is unstable.

~ii ! the hydrogen donor level is near the conduction ba
(;EC20.1 eV) and the acceptor level deep (EV

10.9 eV). For EF,2 eV, the stable state is H1,
while above that, the stable state is H2. For EF

52 eV, H2 molecules might form by association o
H1 and H2.

~iii ! H1 is at the ABN site, with N–H; 1 Å bond length,
but the BC configuration is only 0.1 eV higher i
energy. The activation energy for diffusion of H1 is
0.7 eV.

~iv! H2 is at ABGa site, with an activation energy for dif
fusion of 3.4 eV.

~v! H–Mg complexes have H at the ABN site ~Mg...N–
H!, with a N–H stretching frequency of 3360 cm21

and a pair dissociation energy of 1.5 eV.416 The ener-
getics are summarized in Fig. 95.

Therefore, among theorists there is agreement on
following:414

~i! H2 is at the ABGa site, with a large activation energ
for diffusion.

~ii ! H2 is within ;1 Å of N.
~iii ! H is strongly bound to the N atom in the Mg–H pai

FIG. 95. Formation energy of H1, H2, and H0 as a function of Fermi level
position. Results are shown from Mg–H complexes and H2 molecules~after
Ref. 415!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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There is still some disagreement on the following issues

~i! whether H0 is at the ABGa
414–416or BC sites,413

~ii ! whether H1 is at the ABN site413,415 or at the BC
site,414

~iii ! whether in the Mg–H complexes the H is at the ABN

side of N389,391with a high N–H stretching frequency
or at the BC site with a lower frequency.

Van Vechtenet al.417 suggested that hydrogen enabl
p-type doping by suppression of native defects, and s
gested the incorporation~and subsequent removal! of hydro-
gen as a method for improving doping in wide band g
semiconductors. This was expanded upon by Neugeb
and Van de Walle,418 who suggested that for this method
work, hydrogen would need to be the dominant compen
ing center, the dissociated hydrogen must have a high d
sion coefficient, and the energy needed to dissoc
H-impurity complexes and remove the H would need to
lower than the formation energy of native defects.

Gotz et al.419 corrected their earlier work covering loca
vibrational modes~LVMs! of Mg–H complexes in GaN, re
porting a value of 3125 cm21 for Mg–H and 2321 cm21 for
Mg–2H, which were attributed to stretch modes of the
complexes. Their previous work,419 reporting LVMs at
;2200 cm21, presumably resulted from other defects. A
grown material was highly resistive (1010V cm at 400 K!,
while annealing at 800 °C reduced this to 2V cm. Subse-
quent hydrogenation at 600 °C increased the resistivity
105 V cm at 400 K, due mainly to the fact this is too high
temperature to prevent substantial dissociation of the Mg
complexes. There was a relatively poor correlation of
signal intensity with active Mg concentration.411 The IR
stretch frequency is close to that of H in NH3~3444 cm21!
and similar to the value of N–H complexes in ZnSe~3195
cm21!.420,421

Schematics of the possible configurations of hydrog
dopant complexes in GaN are shown in Fig. 96. For do
dopants on either the Ga site~e.g., Si! or the N site~e.g., S!
the hydrogen is in an antibonding position either attached
the dopant in the case of group IV donors or attached to
Ga neighbor in the case of a group VI donor. At this stage
reports of donor dopant passivation have been made, fo
reasons outlined earlier. In acceptor dopants the hydro
may be at a bond-centered site bonded predominantly e
to the acceptor or a N neighbor, respectively, depending o
whether the acceptor is from column IV or II of the Period
Table, or in the antibonding position creating a N–H bon
Current thinking favors the latter for Mg–H, as outline
above, but more work is needed to definitively establish t
configuration and to see if the BC site is favored for the ot
acceptors.

5. Summary

Hydrogen plays a particularly prominent role inp-type
GaN because of its ability to passivate acceptors, requi
postgrowth annealing of MOCVD material in order to ele
trically activate the acceptors. Donor passivation is more e
sive, but probably occurs under the right conditions. The
of deuterated gases has shown that hydrogen readily e
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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GaN and related materials during low temperature proce
such as CVD of dielectrics, plasma etching, wet etchi
boiling in solvents, and contact sintering~metals may act as
catalysts for H2 dissociation!. Therefore one faces the situa
tion that hydrogen may be unintentionally incorporated in
GaN at many stages of a device fabrication process, part
larly whenp-type layers are uppermost in the structure~i.e.,
LEDs and lasers!. The out-diffusion and hydrogen retrappin
behavior is more complex in multilayers~heterostructure!
samples. Reactivation of passivated acceptors may be
complished by thermal annealing or minority carrier inje
tion to dissociate the dopant-hydrogen complexes. It will
very interesting to look at hydrogen incorporation in Ga
bulk crystals with controlled doping levels~usually most of
these samples are degeneratelyn-type,n.1019cm23) in or-
der to establish the role of grain and column boundaries
heteroepitaxial material in assisting hydrogen diffusion.

B. Oxygen

1. GaN

It has been shown experimentally that the amount
oxygen present during the growth process can have a st
influence on the backgroundn-type conductivity,159,422indi-
cating that it is a shallow donor in GaN. The source of ox
gen is often the NH3 precursor used in MOCVD growth, th
residual water vapor in MBE chambers or oxygen impurit
leached from the quartz containment vessel often emplo
in N2 plasma sources. Table VIII shows typical concent
tions of O~and C, H, and Si, the other major residual imp
rities in III nitrides! detected by secondary ion mass spe
trometry~SIMS! in the binary and ternary nitrides.423 Under
optimized conditions the O background in MOCVD mater

FIG. 96. Schematic representations of H-dopant complexes in GaN. Th
occupies either an antibonding~AB! or bond-centered~BC! site.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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can be at the detection limit of SIMS, as shown in Fig. 9
More typical results are shown in Figs. 98 and 99, where
O concentration is;1019cm23. We find that it is usually the
case that high Si concentrations are also present, so tha
difficult to assign residualn-type conductivity solely to ei-
ther impurity. Indeed it is possible that nitrogen vacanci
residual oxygen, and residual silicon all play a role in co
tributing to then-type conductivity of most epi~and bulk!
GaN.

The work of Chung and Gershenzon159 found a donor
state for oxygen in GaN ofEC20.078 eV, with banding oc-
curring at high concentrations. Zolperet al.134 directly im-
planted O1 ions into insulating GaN, and activated by a
nealing at 1000 °C. The activation efficiency of th
implanted oxygen was low,;4%, but n-type material was
created and an ionization level of;29 meV was measured
The diffusivity was<2.7310213cm2 s21 at 1125 °C.

Oxygen implantation into initially doped GaN produc
damage-related compensation which is thermally stable
<750 °C, and indicates that oxygen does not have a d
acceptor or donor state with high concentration in this ma
rial. InGaN which is initially n type shows less effective
implant isolation characteristics, with a maximum of a
fold increase in sheet resistance independent of ion spe
after a 500 °C anneal.

TABLE VIII. Impurity densities in III nitrides~cm23!.

Nitride Growth H C O Si

GaN MOCVD 5317 1317 1318 5316
~Source A! 4318 7316 2318 2317

4318 3317 4318 2316
2319 2317 5318 1316
2319 2317 6318 3316
7319 2319 5319 ¯

1.5318 8317 1318 5317
1318 7317 1318 7317
2318 4318 2.5319 7317

GaN MOCVD 3317 6315 6316 1.5317
~Source B! 5317 3316 2317 1.5317

2317 3316 1317 3316
3318 2.5317 9317 5317
2318 5316 2317 ¯

GaN MOCVD 4318 1.5318 2318 8317
~Source C! 2319 3317 5318 2317

GaN MOCVD ,1317 1315 1316 531015

~Source D! 2319 3317 5316 ¯

GaN MOCVD 1317 3315 2316 231015

~Source E!
GaN MOCVD 2317 3316 1317 3316

~Source F! 5317 1317 1317 1317
GaN MBE 4319 1.5318 2319 3317

9318 1.2318 2318 5317
GaN LA 1320 1321 1321 1319
AlN MOCVD 1–2318 7317 2318 1.5319
AlN CVD 3318 3315 5318 3316

4320 1318 5319 1319
AlN CVD 1319 5318 8318 ¯

AlN CVD 4318 1.5318 8318 8317
AlGaN MOCVD 2319 2318 5318 3318
AlGaN MOCVD 7318 8318 2319 7317
AlInN MOMBE 5318 3318 2319 1320
InN MOMBE 8320 7319 1321 2319
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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InAlN, in contrast to InGaN, can be highly compensat
with N or O implantation with over a 3 order-of-magnitude
increase in sheet resistance after a 600–700 °C anneal w
F implantation produces only one order-of-magnitude

FIG. 97. SIMS profiles of high quality Si-doped MOCVD GaN.

FIG. 98. SIMS profiles of typical undoped MOCVD GaN grown at lo
pressure.
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crease in sheet resistance. The compensating level in In
is also high in the band gap with the deepest level estima
at 580 meV below the conduction band edge in high d
N-isolated material, however it is sufficiently deep to achie
highly compensated material. The enhanced compensatio
N and O implantation in InAlN may result from a reductio
in N vacancies for N implantation or the formation of a
O–Al complex for O implantation. An O–Al complex i
thought to also be responsible for thermally stable impl
isolation in O-implanted AlGaAs.275

Mattila and Nieminen424 performed anab initio study of
oxygen point defects in both GaN and AlN. ON in GaN was
determined to be a shallow donor, for basically all positio
of the Fermi level. They found under Ga-rich conditions t
formation energy of ON

1 was much lower than VN
1 ~by about

2 eV! and also OI. This is consistent with the SIMS dat
discussed above, which shows large concentrations of o
gen in GaN, and also with other calculations.425 The fact that
O is isoelectronic with N has been suggested as a reaso
its surprising affinity for being incorporated into GaN. Th
formation energies for OGa were always much larger than ON

and thus these defects should not play an important role426

2. AlN

Concentrations of O up to several percent have b
reported in AlN,427 but high quality epimaterial typically
contains levels in the 1018cm23 range~Table VIII!. Theoret-
ical work has suggested that ON is the favored state, with a
relatively low formation energy. The related ionization leve
are deep in the gap for both acceptor (ON

2) and donor (ON
1)

states.428 Experimentally it is found that AlN is almost al

FIG. 99. SIMS profiles of typical undoped MOCVD grown at atmosphe
pressure.
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ways insulating, with a high activation energy~.2 eV!.428 In
AlGaN, isolated oxygen is predicted to have a DX-cen
behavior as the O moves from being a shallow donor in G
to a deep electron trap in AlN.424 Little is known about O in
InN.

C. Carbon

Carbon can also be a major residual impurity
MOCVD nitrides ~Table VIII!—its source is typically the
metal organic gallium precursor.429,430 It is generally as-
sumed that CN is the dominant species and thus is an acc
tor, although some calculations suggest carbon is an am
teric impurity in both GaN and AlN,431 with ionization levels
of 0.2 and 0.4 eV respectively. It was also predicted t
CN-CGa pair formation was favorable, leading t
self-compensation.431 It is also expected that carbon ca
complex with defects such as Ga vacancies.432,433 Pankove
and Hutchby136,137reported strong yellow luminescence ce
tered at 2.17 eV for C-implanted GaN, and others have a
linked carbon to the yellow luminescence.434–436 Circum-
stantial evidence supporting this contention comes from
fact that there is little yellow PL in GaN grown by halid
vapor phase epitaxy which employs C-free precursors~Ga,
NH3, and HCl!.437,438Intentional carbon-doping actually pro
ducedn1GaN (;431018cm23).439

The p-type GaN obtained by C doping during MOMB
has been reported,188 with a maximum hole concentration o
;331017cm23, and mobility;100 cm2 V21 s21. There was
little change in hole concentration with postgrowth anne
ing, suggesting that little hydrogen passivation was pres
Parasitic etching by the CCl4 precursor employed for C dop
ing reduced the growth rate compared to undoped mater

We find that InxGa12xN and InxAl12xN alloys grown by
MOMBE are stronglyn type for x>0.15 ~InGaN! and for
x>0.3 ~InAlN !, with steadily decreasing conductivity as th
In concentration is decreased. High electron concentrat
have also been reported for InN grown by other methods440

and are usually ascribed to the presence of N vacancies
though this seems less likely in light of trends observed
InN grown using various III/V ratios.440 Furthermore, ion
channeling and AES do not indicate nitrogen deficiency
these films.

Another possible explanation for the electrical behav
in In-containing nitrides is the presence of unintentiona
incorporated carbon. Though carbon has been shown cap
of producingp-type GaN, the hole concentrations obtain
have been limited to low21017cm23 even though carbon
levels are measured to be 1020cm23 or higher. It has been
found in other III–V materials that the maximum hole co
centration which can be obtained using carbon is related
the difference in bond strength between the group III site a
acts as a donor resulting inn-type material. Based on thi
simple model, it is expected that carbon will be a donor
InN and high In concentration alloys~see Fig. 100!. Thus at
least some of the conduction observed in these ternary fi
may be due to carbon. Further, as the composition is redu
in In, the tendency for carbon to act as an acceptor ra
than a donor increases, thus possibly explaining the red
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tion in electron concentration observed with increasing Ga
Al concentration. Clearly more work is needed in this area
order for the role of carbon to be fully understood.

We also implanted C into GaN and annealed at temp
tures up to 1100 °C, but did not obtainp-type conductivity.
Based on the results to date we find that C probably disp
amphoteric behavior in the nitrides, with acceptor format
under some conditions~MOMBE-grown GaN! and possible
donor action in other cases~implantation in GaN; growth of
In-containing alloys!.

To give some idea of the effect of impurities on Ga
device performance, SIMS measurements were performe
an MOCVD heterojunction bipolar transistor structure~Fig.
101!. SIMS profiles of the Mg employed as a base dopa
and the Al marker representing the AlGaN emitter are sho
in Fig. 102. Note that residual hydrogen decorates the M
doped base region even after annealing of the structure~Fig.
103!. This can lead to gain decreases as the device is o
ated, since the Mg–H complexes will be dissociated by
nority carrier injection.

IV. DEVICES

A. AlGaN/GaN electronics

1. Materials requirements

a. Transistors.The potential of the wide band gap
nitride-based, semiconductors~GaN, AlN, and InN! for use

FIG. 100. Maximum reported carrier concentration for materials with v
ous group III carbon and group V carbon bond strengths, as a function o
difference between the two bonds.

FIG. 101. Schematic of GaN HBT structure.
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in high power, high frequency transistors has been w
documented.441–444This potential is due to the advantageo
materials properties summarized in Table IX along with t
existence of the AlGaN/GaN heterostructure.445–468The lat-
ter allows modulation doping to form a high mobility tw
dimensional electron gas~2DEG! and, equally important, the
formation of piezoelectronically induced sheet carriers. T
piezoelectronic effect is at least three times stronger in th
materials than GaAs~see values fore31 ande33 in Table X!
and contributes to the realization of high sheet electron d
sities ~sheet electron densities up to 531013cm22 are pre-
dicted for an AlN/GaN interface! in AlGaN/GaN
HEMTs.446,462

To realize high performance field effect transistors t
following material and doping properties must be repeata
achieved:~1! High resistivity ~noncompensated! buffer lay-
ers,~2! controllablen-type doping between;131017 ~chan-
nel doping! and .131019 ~contact doping!, ~3! abrupt

-
he

FIG. 102. SIMS profile of Mg in GaN HBT structure.

FIG. 103. SIMS profiles of Si, H, C, and O in GaN HBT structure.
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TABLE IX. Nitride parameters~after B. E. Foutz; see http://iiiv.tn.cornell.edu/www/foutz/nitride.html!.

Units GaN AlN InN

Crystal structure Wurtzite Wurtzite Wurtzite
Density g/cm 6.15~447! 3.23 ~447! 6.81 ~447!
Transverse constant (C1) dyn/cm2 4.4231011 ~447! 4.4231011 ~447! 4.4231011 ~447!
Longitudinal constant (C1) dyn/cm2 2.6531011 ~447! 2.6531011 ~447! 2.6531011 ~447!
Transverse sound velocity cm/s 2.683105 3.703105 2.553105

Longitudinal sound cm/s 6.563105 9.063105 6.243105

velocity
Static dielectric constant 8.9~448! 8.5 ~447! 15.3 ~448!
High frequency dielectric 5.35~448,461! 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 8.3~447! 9.5 ~447! 7.1 ~447!
Polar optical phonon meV 91.2~447! 99.2 ~447! 89.0 ~447!
energy
Piezoelectric constante14 C/m2 0.375 ~447! 0.92 0.375~447!
Piezoelectric constante15 C/m2

¯ 20.58 ~449! ¯

Piezoelectric constante31 C/m2
¯ 20/48 ~449! ¯

Piezoelectric constante33 C/m2
¯ 1.55 ~449! ¯

Intervalley coupling eV 91.2 99.2 89.0
coefficient
Intervalley deformation eV/cm 13109 13109 13109

potential
Lattice constant,a Å 3.189 ~454! 3.11 ~454! 3.54 ~454!
Lattice constant,c Å 5.185 ~454! 4.98 ~454! 5.70 ~454!
Electron mobility cm2/V s 1000 bulk 135~456! 3200 Bulk

2000 ~2D-gas!
~455!

Hole mobility cm2/V s 30 ~454! 14 ~454!
Hole lifetime ns ;7 ¯ ¯

Hole diffusion length m ;0.831026
¯ ¯

~300 K!
Nonparabolicity constant ~eV!21 0.189 ¯ 0.419
Saturation velocity cm/s 2.53107 ~455! 1.43107 ~456! 2.53107 ~466!
Peak velocity cm/s 3.13107 ~455! 1.73107 ~456! 4.33107 ~466!
Peak velocity field kV/cm 150~455! 450 ~456! 67 ~466!
Breakdown field V/cm .53106 ~454!
Light hole mass me 0.259 ~454! 0.471 ~454!
Thermal conductivity W/cmK 1.5~454! 2 ~454!
Melting temp °C .1700 ~454! 3000 ~454! 1100 ~454!
on

ied

ns.
AlGaN/GaN interfaces,~4! modulation doping of AlGaN,
and ~5! low trap densities.

In addition for bipolar devices, such as heterojuncti
bipolar transistors~HBTs!, to be produced in the nitride
semiconductors improvements inp-type doping is needed
ov 2009 to 129.8.242.67. Redistribution subject to AIP
and issues related to fabricating devices with bur
p-regions~e.g., how to etch down to thep-type layer without
creating an-type surface region due to etch damage! need to
be addressed.

These points will be addressed in the following sectio
stors
TABLE X. Summary of key material parameters for AlGaAs/GaAs, 4H–SiC, and AlGaN/GaN transi
~after Refs. 444–446!.

Metric AlGaAs/GaAs 4H–SiC AlGaN/GaN

Maximum sheet electron density~cm22! 2 – 331012 na 1 – 531013

Breakdown field~V/cm! (3105) 4 20 33
2 Dimensional electron mobility~cm2/V s! 8500 na 2000
Saturated electron velocity (3107 cm/s) 1.0 2.0 2.2
Thermal conductivity~W/cm K! 0.53 4.9a 1.3b

Piezoelectric coefficient (C/m2) e31 0.093 20.36
e33 20.185 0.2 1.0

aThis 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 material@G. A. Slack, J.
Phys. Chem. Solid.34, 321 ~1973!#.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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b. Detectors.Solid state photodetectors that are sensit
only to radiation with a wavelength less than 400 nm
desirable for detection of photons from high temperat
sources without saturation occurring from lower energy p
tons. This interest stems from the need to monitor furn
flames or to detect missile plumes without the detector be
saturated by solar radiation which is characteristically.400
nm. AlxGa12xN is an ideal candidate semiconductor for fa
rication of such detectors since its spans band gaps from
to 6.2 eV or wavelengths from 350 to 200 nm.

The first task for realizing AlxGa12xN-based photodetec
tors is developing suitable epitaxial processes to realize
requisite compositions. Once this is achieved, and the de
able absorption characteristics are demonstrated, defects
their role on detector leakage and response time bec
paramount.

2. Transport properties

The carrier mobility and saturation velocity are the p
mary determinants of transistor performance. The natur
the electron saturated velocity is reviewed below follow
by the electron mobility and its dependence on various s
tering mechanisms.

a. Electron saturation velocity.The electron velocity de-
pendence on applied field and low field dependence of e
tron mobility for GaN was first calculated by Littlejohnet al.
in 1976.463 Littlejohn included electron scattering from
acoustic phonons, polar optical phonons, ionized impurit
and piezoelectric charge and predicted a peak in the elec
drift velocity of 23107 cm/s at a field of 105 V/cm. The
work of Littlejohn was further expanded by Gelmo
et al.,464 to include the effect of upper valleys in the condu
tion band and account for intervalley scattering using a c
duction band valley separation of 1.5 eV. Gelmont predic
a peak electron velocity at 300 K of 2.73107 cm/s for an
electron concentration of 1017cm23 and a field of 150
kV/cm.464 To date, this high electron velocity has not be
demonstrated in AlGaN/GaN HEMTs. The best estimate
the saturated electron velocity in present 0.15mm HEMTs
with an f t for ;65 GHz is;1.53107 cm/s.465 This may be
due to scattering at charged dislocations or to ineffec
carrier injection in the lateral HEMT structure.

The peak electron velocity of InN has also been cal
lated by O’Learyet al.,466 as shown in Fig. 104. The calcu
lation predicts an electron peak velocity for InN of 4
3107 cm/s at a field of 60 kV/cm or;2 times the peak
electron velocity of GaN.466 The saturated velocity of InN
however, was predicted to be equivalent to that of GaN
;2.53107 cm/s. Therefore, InN-based transport layers w
have increased frequency performance if ballistic transp
can be achieved.

When considering the potential for ballistic transport a
velocity overshoot effects in transistors it is important
know the distance over which such effects may occur. T
has been calculated for InN and GaN for a field twice that
the peak velocity.467 At these fields significant velocity over
shoot is expected to occur with InN calculated to achiev
peak velocity of 83107 cm/s at a distance of;0.1 mm.
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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b. Mobility versus impurities/phonons.A very thorough
theoretical treatment of the effect of ionized impurity sc
tering, polar optical scattering, piezoelectric scattering, a
acoustic scattering on electron transport in GaN and AlG
GaN heterostructures is given by Shuret al.468 Figure 105
shows the results of Shur for the electron mobility in bu
GaN as limited by polar optical, piezoelectric, and acous
scattering versus temperature. Polar optical scattering is
to play a dominant role at temperatures greater than 20
due to the large optical phonon energy of GaN of 91.2 me
while acoustic, and to lesser extent piezoelectric scatter
dominates at lower temperatures.

Figure 106 shows the calculated dependence of elec
mobility versus temperature as limited by ionized impur
scattering for four electron and donor concentrations. It
clear that the mobility increases with electron densit
which is due to increase screening of the impurities. This
particularly true forn.NT which approximates the situatio
in a 2DEG.

FIG. 104. Velocity curves for InN and GaN~after Ref. 466!.

FIG. 105. Contributions to electron mobility in GaN from polar optica
piezoelectric, and acoustic scattering, as a function of temperature~after
Ref. 453!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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The combined effect of ionized impurity scatterin
where mobility increases with temperature, and polar opti
piezoelectric, and acoustic scattering, where mobility
creases with temperature, has been calculated.468 Both the
bulk case and 2DEG case are included in Fig. 107 for h
agonal and cubic GaN. At 300 K, a 2DEG mobility ne
2000 cm2/V s was measured for a AlGaN/GaN structu
grown on 6H–SiC with a sheet electron density of 1
31013cm22.469 At 10 K the measured mobility increased
10 250 cm2/V s.

c. Mobility versus dislocations.A model addressing the
role of dislocations on electron transport perpendicular to
dislocation direction has been developed by Weima
et al.470 This is a critical consideration for GaN materi
grown on sapphire~a 12% lattice mismatch! or SiC ~a 3.5%
lattice mismatch! since dislocation densities are typically b
tween 53107 and 131010cm22. They assumed the GaN
grew as hexagonal columns rotated relative to each othe

FIG. 106. Effect of ionized impurity scattering on electron mobility in Ga
for total ionized impurity concentration of 7.531016 cm23, and carrier den-
sities of ~1! 531017, ~2! 231017, ~3! 7.531016, ~4! 231016 cm23 ~after
Ref. 468!.

FIG. 107. Electron mobilities in cubic~dashed lines! and hexagonal~solid
lines! GaN ~after Ref. 468!.
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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 sapphire! with disloca-
tions propagating vertically between the columns. The dis
cations were then treated as charged lines with the de
dence of electron mobility calculated and measu
experimentally. The increase of mobility with increased fr
electron concentration with a maximum near 1018cm23 is
due to increased screen of the charged dislocation core.
treatment suggests that transport in vertical devices~e.g., la-
sers, LEDs, and HBTs! will be unaffected by the dislocation
due to the repulsive band bending around the dislocati
and the directional dependence of the scattering.470

d. Negative differential resistance, Gunn effect.Devices
based on negative differential resistance~NDR! such as
Gunn or IMPATT diodes are attractive for high frequen
oscillators. GaN is an attractive material for these devi
due to its high breakdown field and high saturated elect
velocity. There has been one report of the transferr
electron or NDR effect in GaN by Haunget al.471 The mea-
sured current versus applied electric field between interd
tated electrodes on lightly doped (51014cm23) GaN
displayed a threshold for NDR at 1.913105 V/cm. This
threshold level is much higher than that in GaAs
3103 V/cm) or InP (1.13104 V/cm) which is consistent
with the larger band gap and intervalley separation~1.5 eV!
in GaN. The threshold value is also close to that predic
theoretically by Littlejohnet al.463 and by Gelmontet al.464

Practical GaN NDR diodes will also require develo
ment of low resistancen- and p-type ohmic contacts. Pres
ently thep-type contact required for the IMPATT diode i
limited by marginalp-type doping levels due to deep acce
tor ionization energies and acceptor solubility limits in Ga
Further work is also needed to characterize the impact
ization rates for both holes and electrons in GaN so pro
diode designs can be produced.

3. Piezoelectric effect

The strong piezoelectric coefficients of the III-nitrid
semiconductors are summarized in Table X. The fact t
GaN grown on sapphire and SiC forms in the noncentrosy
metric wurtzite structure, as opposed to the cubic phase
sults in large piezoelectric induced charge across III-nitr
heterostructures due to strain at the interface.462 This effect
has been known for the~111! orientation of cubic zincblende
semiconductors but it is both not as large in magnitude
of opposite sign as in the III-nitride materials.472–474The fact
that the polarization field is in the opposite direction for t
III nitrides as compared to other III–Vs is due to the grea
ionicity of the nitrides. This causes the dipole moment ar
ing from the rigid displacement of the atomic core to i
crease in importance relative to the strain-induced change
the charge distribution along the bond direction and with
the atomic cores.472,475

Figure 108 shows the calculated and experimental
sults for the piezoelectrically induced sheet charge in
AlGaN/GaN heterostructure versus Al composition in t
AlGaN.472 The dashed curve in Fig. 108 assumes a Scho
barrier at the AlGaN surface while the solid curve is for
unpinned Fermi level at the AlGaN surface. While it is cle
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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that the nature of the surface plays an important role in
absolute sheet carrier concentration, the presence of th
ezoelectrically induced charge is clear and on the orde
2.531013 XAl electrons/cm2.472

The piezoelectric effect can also be employed to ac
mulate free holes when the nature of the strain is comp
sive as opposed to tensile in the case of AlGaN
GaN.472,476 This is illustrated in Fig. 109 where a burie
AlGaN layer is included below an AlGaN/GaN heterostru
ture. As seen in the figure, a second buried channel is
duced at the first AlGaN/GaN interface and the concentra
of induced electrons in the upper channel is reduced to
count for the charge balance across the buried AlGaN la
The reduction in the induced electron concentration at
upper AlGaN/GaN interface was confirmed byC–V profil-
ing for structures with and without the buried AlGa
layer.476 This same mechanism may be useful to enhance

FIG. 108. Sheet electron density vs Al mole fraction in nominally undop
Al xGa12xN/GaN HFET epitaxial layer. Points are from Hall measuremen
The dashed line is the calculated variation assuming a Schottky barrier a
AlGaN surface while the solid curve is calculated assuming an unpin
Fermi level at the AlGaN surface~after Ref. 468!.

FIG. 109. Illustration of the effect of a buried AlGaN layer on the piez
electronically induced electron concentration at the upper AlGaN/GaN
terface.~a! Schematic diagram of a doped Al0.15Ga0.85N/GaN HFET with a
buried Al0.15Ga0.85N layer ~b! Conduction band energy diagram for th
structure in~a! with the dotted line representing the Fermi level.~c! Sche-
matic of piezoelectronically induced charge (spz) and free-carrier charge
(s2DEG) ~after Ref. 472!.
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two-dimensional hole gas in the base of HBTs or atp-type
contacts to increase the effectivep-type doping level at in-
terfaces of these materials.

4. Properties of AlGaN/GaN transistors

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

As seen in Table XII, the first reports of GaN bas
transistors were by Khanet al. with the demonstration of a
GaN MESFET and an AlGaN/GaN HEMT.506,507Both tran-
sistors had gate lengths of 4mm with the MESFET having a
gm of 23 mS/mm andI DS(max) of ;180 mA/mm (@VGS

50 V, VDS520 V). The AlGaN/GaN HEMT achieved agm

of 28 mS/mm at 300 K~46 mS/mm at 77 K! andI DS(max) of
;50 mA/mm (@VGS50.5 V, VDS525 V). The HEMT
structure had a 2DEG mobility of 563 cm2/V s at 300 K and
1517 cm2/V s at 77 K. The first microwave results were pu
lished by Binariet al., for a GaN MESFET with a demon
stratedf t of 8 GHz and af max of 17 GHz for a gate length o
0.7 mm.54

Since the early results, significant improvements ha
been made in material quality and device processi
AlGaN/GaN 2DEG mobilities up to 2019 cm2/V s have been
reported for growth on 6H–SiC substrates and;1600
cm2/V s for growth on sapphire substrates.508 The saturation
current has been pushed to 1.6 A/mm and the transcon
tance has reached 340 mS/mm.496

b. Microwave small and large signal performance.Im-
provements in the small signal microwave performance
AlGaN/GaN HEMTs has tracked the dc improvements. T
present state-of-the-art for unity current cut-off frequen
( f t) is 75 GHz; and for the maximum frequency of oscill
tion ( f max) is 140 GHz by Eastman and co-workers at Co
nell University.542 Large signal power results for HEMT o
SiC substrates include total power of 4 W~2-mm-wide gate!
at 10 GHz with 10 dB of gain with a power density of 6
W/mm ~4.1 W/mm at 16 GHz! measured on smalle
devices.502 At 18 GHz a power density of 3.1 W/mm ha
been achieved on a sapphire substrate.519 Total power results
have also been pushed up with 7.6 W achieved at 4 GHz
HEMTs grown on sapphire and flip-chip mounted on A
carriers.543 These large signal results, however, are still n
up to the level one would predict from the dc characterist
and the small signal performance of up to;10 W/mm at 10
GHz. In some cases, the performance short fall is eviden
current and gain compression at high applied voltages.544–547

This compression is due to traps in the band gap, possib
the surface, in the AlGaN barrier, or in the GaN buffer. Pre
ently, the origin of the traps is still being studied, however
similar phenomena was observed in the early GaAs de
work and later overcome. In the GaAs case, the traps w
due to surface states but this may not be the same in
AlGaN/GaN system.

c. Elevated temperature performance.The group III-
nitride semiconductors have been considered an ideal ca
date for high temperature electronic devices due to th
large band gap and resulting low thermal carrier genera

d
.
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d
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TABLE XI. Historical development of GaN-based electronics~adapted from Ref. 13!.

Year Event Authors Ref.

1969 GaN by hydride vapor phase epitaxy Maruska and Tietjen 16
1971 MIS LEDs Pankoveet al. 433

GaN by MOCVD Manasevitet al. 477
1974 GaN by MBE Akasaki and Hayashi 478
1983 AlN intermediate layer by MBE Yoshidaet al. 479
1986 Specular films using AlN buffer Amanoet al. 480
1989 p-type Mg-doped GaN by LEEBI and Amanoet al. 305

GaN p-n junction LED
1991 GaN buffer layer by MOCVD Nakamura 481
1992 Mg activation by thermal annealing Nakamuraet al. 482

AlGaN/GaN two-dimensional electron gas Khanet al. 483
1993 GaN MESFET Khanet al. 52

AlGaN/GaN HEMT Khanet al. 484
Theoretical prediction of piezoelectric effect in Bykhovskiet al. 485
AlGaN/GaN

1994 InGaN/AlGaN DH blue LEDs~1 cd! Nakamuraet al. 486
Microwave GaN MESFET Binariet al. 54, 487
Microwave IIFET, MISFET Binariet al.; Khan et al. 487, 488
GaN/SiC HBT Pankoveet al. 489

1995 AlGaN/GaN HEMT by MBE Ozguret al. 490
1996 Doped channel AlGaN/GaN HEMT Khanet al. 491

Ion-implanted GaN JFET Zolperet al. 134
340 V VGD AlGaN/GaN HEMT Wuet al. 492
1st blue laser diode Nakamura and Fosal 8

1997 Quantification of piezoelectric effect Asbecket al. 462
AlGaN/GaN HEMT on SIC Binariet al.; Ping et al. 493, 494

Gaskaet al. 495
1.4 W @ 4 GHz Thibeaultet al. 496
0.85 W @ 10 GHz Siramet al. 497
3.1 W/mm at 18 GHz Wuet al. 498

1998 3.3 W @ 10 GHz Sullivan et 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 Sheppardet al. 502
1024 Hooge factor for HEMT on SiC Levinshteinet al. 503
1st AlGaN/GaN HBT McCarthyet al. 504

Renet al. 505
1st GaN MOSFET Renet al. 505
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rate.548 For this potential to be realized, defect levels in t
band gap must be reduced since they will enhance und
able dark and shunt currents. This can be seen in the
perature dependence of conduction reported by K
et al.,540 where a AlGaN/GaN HEMT demonstrated a lar
shunt current apparently resulting from defect assisted c
duction in the GaN buffer layer already at 200 °C. Sub
quently a GaN MESFET with an improved semi-insulati
buffer was shown by Binariet al., to maintain reasonable
pinch-off characteristics at 400 °C.549 When taken to 500 °C
the MESFET gate electrode began to interact with the G
surface and irreversibly degrade the transistor operation
AlGaN/GaN HEMT has been further pushed to operate
750 °C by achieving a 1.0 eV activation energy for condu
tion in the buffer layer and employing a thermally stab
Pt–Au gate contact.550 More work is needed to optimize
such elevated temperature operation and device packa
will also need to be considered.

d. Future direction for GaN electronics.The progress in
field effect AlGaN/GaN transistors has been impressive
they may not meet the linearity requirements of some fut
electromagnetic systems, particularly for the military app
ov 2009 to 129.8.242.67. Redistribution subject to AIP
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cations where ultrawide bandwidth and linearity are desir
Therefore, III-nitride based heterostructure bipolar transist
~HBTs! are now being studied since, in GaAs and InP, HB
have demonstrated improved linearity over the FET coun
part. The first AlGaN/GaN HBTs have been reported, ho
ever, the current gain was only 3–10. The initial results w
limited by a high base resistance.504,505Key issues remain to
be resolved for group III-nitride HBTs. First among these
how to overcome the high ionization energy of Mg–pGaN
that causes a high base resistance. A potential solution
cludes invoking the piezoelectric field to induce free ho
and thereby reduce the base resistance. A second conce
achieving sufficiently long minority carrier lifetimes in th
base to realize good current gain.

5. Minority carrier lifetime

Minority carrier lifetime is a critical parameter in th
frequency response and detectivity of detectors, the gai
bipolar transistors, and the conductivity modulation of th
ristors. Lifetime is also a critical measure of material qual
as it relates to traps and recombination centers. Severa
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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TABLE XII. AlGaN/GaN HFET device results in reverse chronological order~after B. E. Foutz, http://
iiiv.tn.cornell.edu/www/foutz/ganhfet.html and Refs. 506–541!.

Gate
length LSD f T f max Lsd rf power gmext 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 at 0 200 502
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 1.55 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 17.5 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
1.5 5 0.950 142 495
0.25 1.6 52 82 1.130 3.3 at18 240 519
0.2 1.6 50 92 0.806 1.7 at10 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 1.5 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
1.5 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
1.5 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
1.5 .2.5 0.695 222 534
1.5 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
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ports exist for measurement of recombination lifetimes
GaN with dislocation densities.13107 cm22. While the
lifetime will depend on sample doping and surface qua
~i.e., the surface recombination velocity!, there are three re
ports on the minority hole diffusion length inn-type GaN
giving values of 0.1–0.3mm for n-type layers in the range o
1 – 1031017cm3 and dislocation densities in th
;109 cm2.547,551,552This corresponds to a minority hole life
ov 2009 to 129.8.242.67. Redistribution subject to AIP
time on the order of 2–7 ns. These values can be expecte
improve as the dislocation density and point defect conc
tration is reduced.

6. Impact of reduced dislocation via lateral epitaxial
overgrowth

To this point the discussion has dealt with GaN mate
grown on SiC or sapphire that has dislocation densities
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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.13107 cm22, however the use of lateral epitaxial ove
growth ~LEO! had lead to GaN material with threading di
location densities below the detectable limit of TEM (,1
3104 cm22).553–555The effectiveness of the LEO techniqu
to limit threading dislocation propagation into the overgrow
regions is clearly seen in TEM micrographs. This approa
has been applied to blue laser diodes to extend the r
temperature lifetime out to.3000 h of continuous-wave
~cw! operation.8 An explicit understanding of the reason fo
the laser diode lifetime improvement has not been put
ward, but it may be due to a reduction in contact metal sp
ing down dislocations, reduced optical scattering at dislo
tions thereby reducing the lasing threshold, or improv
doping efficiency~particularlyp type! in the absence of dis
location also reducing the lasing threshold. More work
needed to understand the laser operation in the LEO m
rial.

LEO material is also being developed for transistor a
plications to improve carrier mobility and device reliabilit
The first electrical data for low dislocation material com
pared directly to ‘‘conventional’’ high dislocation materia
was reported by Kozodoyet al.,556 for p/n junction diodes.
Small area diodes (2320mm2) were fabricated in adjacen
regions of overgrown low dislocation GaN and GaN grow
over the mask opening. In this way variations between w
fers could be eliminated and the two material regions co
be more closely compared. Figure 110 shows the rev
current voltage characteristics of the two diodes with
diode in the LEO material having;4 orders-of-magnitude
less leakage current than the conventional material. In
results for HEMTs on the LEO material show a large red
tion in gate leakage but still have trap induced current co
pression. Therefore, the defects alone are not the cause o
traps, although they most likely do degrade the electron m
bility. Work is underway to characterize the mobility in th
LEO material either by growing large overgrowth regions
Hall measurement or implementing a micro-Hall pattern.557

The reduced leakage should translate to improved trans
breakdown characteristics and mobility enhancement will
sult lower on resistance and thereby better power per
mance.

FIG. 110. I –V characteristics fromp-n junction on defective or low dislo-
cation GaN~after Ref. 556!.
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7. Summary of electronics issues

Progress in GaN-based electronics has been remark
rapid due to several factors. One of these is that the exp
ence gained in GaAs/AlGaAs HEMTs has been quickly a
plied to the GaN/AlGaN system. At one time it was thoug
that MBE and related techniques would be the best cho
for growth of electronic device structures, and this may s
be the case if GaN substrates become available. Howeve
heteroepitaxial growth there is still a need to grow thi
buffer or ELO structures, which are best done with MOCV
The rapid advances in material purity, ohmic contact qual
and gate contact stability have fueled the progress in HF
in the GaN/AlGaN system. Much work remains to be do
on vertical device structures such as thyristors and HB
where minority carrier lifetime, interface quality, and dopin
control are important factors. As with GaAs electronic
much of the impetus for nitride electronics is coming fro
defense applications and there is as yet no commercializa
of these devices.

B. Ultrahigh power switches

There is a strong interest in developing wide band g
power devices for use in the electric power utili
industry.558–561With the onset of deregulation in the indu
try, there will be increasing numbers of transactions on
power grid in the US, with different companies buying a
selling power. The main applications are in the primary d
tribution system~100–2000 kVA! and in subsidiary trans
mission systems~1–50 MVA!. A major problem in the cur-
rent grid is momentary voltage sags, which affect mo
drives, computers, and digital controls. Therefore, a sys
for eliminating power sags and switching transients wo
dramatically improve power quality. For example it is es
mated that a 2 soutage at a large computer center can c
$600 000 or more, and an outage of less than one cycle,
voltage sag of 25% for two cycles, can cause a microproc
sor to malfunction. In particular, computerized technolog
have led to strong consumer demands for less expen
electricity, premium quality power, and uninterruptib
power.

The basic power electronics hierarchy would include
use of widegap devices such as gate turn-off thyrist
~GTOs!, MOS-controlled thyristors~MCT!, or insulated gate
bipolar transistors~IGBTs! combined with appropriate pack
aging and thermal management techniques to make
systems~such as switches, rectifiers or adjustable speed
vices! which then comprise a system such as flexible
transmissions~FACTS!. A schematic of a typical layout for
such a system is shown in Fig. 111. Common power e
tronics systems, which are inserted between the incom
power and the electrical load include uninterruptible pow
supplies, advanced motors, adjustable speed drives and
tor controls, switching power supplies, solid-state circ
breakers, and power conditioning equipment. About 50%
the electricity in the US is consumed by motors. Motor r
pairs cost;$5B each year and could be dramatically r
duced by high power electronic devices that permit smoot
switching and control. Moreover, control electronics cou
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 111. Schematic of power flow
control system utilizing power elec-
tronics.
e
.
is

n

-
o
er
tu

-
as

el
he
to

-
ce
er

uc

r-
as

u
g

,

-
ra-
o-
tic

mi-
ex-

les
il.

rid

i-

ap
in

ide
r-
light
t-

or

r

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

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

~1! Precisely regulate power flow on particular lines.
~2! Better system stability by instantly counteracting tra

sients.
~3! Load transmission lines closer to their thermal limits~in-

crease capacity! using:

~a! Thyristor controlled series capacitor~changes line im-
pedance!.

~b! Static compensator~STATCOM based on GTO thyris
tors! provides voltage support on lines by generating
absorbing reactive power without need for large ext
nal reactors or capacitor banks and mitigates dis
bances.

~c! United power flow controller~comprehensively con
trols power flow, reduces line impedance, shifts ph
angle, provides voltage support!.

On the distribution side there is a need to precis
manage power quality and flow for variable loads. T
components include the dynamic static compensa
~DSTATCOM!, which protects the line from a ‘‘dirty’’ load
~and generally involves Si IGBTs!, the dynamic voltage re
storer, which protects a sensitive load from line disturban
~and also employs Si IGBTs! and solid-state breaker/transf
switches, which prevent black-outs~and employ semi-
conductor-controlled rectifiers and GTOs!.

Thus the technology drivers for high power semicond
tor devices from the utility viewpoint are:

~1! FACTS ~flexible ac transmission system! devices that
allow power grids to be tuned for maximum perfo
mance like low-power integrated circuits, increasing
set utilization.

~2! Distribution system components that enable precise s
cycle regulation of voltage and power flow, includin
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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solid-state transfer switch~SSTS!, solid-state circuit
breaker~SSCB!, dynamic voltage restorer~DVR!, static
compensator ~DSTATCOM!, advanced transformer
fault current limiter.

~3! Power electronics interconnection technologies~ac/dc
inverters, frequency changers! that enable wider applica
tion of low- and no-emission systems for energy gene
tion and storage including fuel cells, wind power, ph
tovoltaics, batteries and superconducting magne
energy storage.

~4! Advanced motor speed controllers that reduce or eli
nate the significant power disturbances produced by
isting adjustable speed drive.

~5! Power management technologies for electric vehic
that reduce pollution and dependence on imported o

Other high-power electronics applications include hyb
drivetrain~electric! vehicles, next generation~‘‘all-electric’’ !
battleships and the ‘‘more-electric’’ airplane for both mil
tary and commercial deployment.

Some desirable attributes of next generation, wideg
power electronics include the ability to withstand currents
excess of 5 kA and voltages in excess of 50 kV, prov
rapid switching, maintain good thermal stability while ope
ating at temperatures above 250 °C, have small size and
weight, and be able to function without bulky hea
dissipating systems.

The primary limits of Si-based power electronics are:

~i! Maximum voltage ratings,7 kV
• Multiple devices must be placed in series f

high-voltage systems.
~ii ! Insufficient current-carrying capacity

• Multiple devices must be placed in parallel fo
typical power grid applications.

~iii ! Conductivity in one direction only
• Identical pairs of devices must be installed

anti-parallel for switchable circuits.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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~iv! Inadequate thermal management
• Heat damage is a primary cause of failure a

expense.
~v! High initial cost

• Applications are limited to the highest-valu
settings.

~vi! Large and heavy components
• Costs are high for installation and servicing, a

equipment is unsuitable for many customers.

For these reasons, there is a strong development e
on widegap power devices, predominantly SiC, with les
efforts in GaN and diamond, which should have benefits t
Si-based or electromechanical power electronics canno
tain. The higher stand-off voltages should eliminate the n
for series stacking of devices and the associated packa
difficulties. In addition these widegap devices should ha
higher switching frequency in pulse-width-modulated rect
ers and inverters.

The current state-of-the-art in Si power devices includ
6 in. diam. light-triggered thyristors rated at 8 kV, 3.5 k
average current,562,563GTO thyristors rated at 6 kV and 2 kA
in practical applications,563 and press-pack reverse-co
ducting IGBTs rated at 2.5 kV and 1 kA.564 Light triggering
is often needed in stacked devices to ensure all of th
turn-on at the same time. This might be used to advantag
power grid applications in another way, namely that cont
signals could be carried on the extensive optical fiber n
work that accompanies the power grid, and could be use
trigger GaN-based devices. Moreover, Er-doped GaN e
ters could be used to send status signals back through
same network.

The absence of Si devices capable of application to 1
kV distribution lines~a common primary distribution mode!
opens a major opportunity for widegap electronics. Howe
cost will be an issue, with values of $200–2000 per kV
necessary to have an impact. It is virtually certain that S
switches will become commercially available within 3–
years, and begin to be applied to the 13.8 kV lines. M
turn-off-thyristors involving a SiC GTO and SiC MOSFE
are a promising approach.565 An inverter module can be con
structed from an MOS turn-off thyristor~MTO! and a SiC
power diode.

Bandicet al.566 predict that a 5 kV stand-off voltage can
be supported by a 20mm Al0.2Ga0.8N layer doped at
;1016cm23. One of the question marks about the Ga
AlGaN system is whether because they are direct gap m
rials and have extremely short minority-carrier lifetimes, th
thyristors will not be possible due to an inability to build u
sufficient charge in thick drift layers. At Al concentration
.0.5, the AlGaN is indirect, but little information is avai
able on lifetimes in the material. As a first step to buildi
these devices, Renet al.505 recently demonstrated a GaN
AlGaN HBT capable of operation at>300 °C.

Packaging and thermal management will be a key par
future power devices. For current Si IGBTs, there are t
basic package types—the first is a standard attached die,
bond package utilizing soft solder, and wire bonds as c
tacts, while the second is the presspack, which employs
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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pressed contacts for both electrical and thermal paths.567,568

In the classical package the IGBTs and control diodes
soldered onto ceramic substrates, such as AlN, which p
vide electrical insulation, and this in turn is mounted to
heat sink~typically Cu!. Thick Al wires ~500 mm! are used
for electrical connections, while silicone gel fills th
package.567 In the newer presspack style, the IGBT and d
ode are clamped between Cu electrodes, buffered by ma
als such as molybdenum or composites568 whose purpose is
to account for the thermal expansion coefficient differen
between Si and Cu. The package is again filled with gel
electrical insulation and corrosion resistance.

C. Laser diodes

The achievement of continuous wave GaN–InGaN la
diodes has tremendous technological significance. For c
mercially acceptable laser lifetimes~typically >10 000 h!,
there is immediate application in the compact disk data s
age market. The recording and reading of data on these d
are currently performed with near-infrared~;780 nm! laser
diodes. The switch to the much shorter wavelength~;400
nm! GaN-based laser diodes will allow higher recording de
sities@by ;~780/400!2 or almost a factor of 4#. There is also
a large potential market in projection displays, where la
diodes with the three primary colors~red, green, and blue!
would replace the existing liquid crystal modulation syste
The laser-based system would have advantages in term
greater design simplicity, lower cost, and broader color c
erage. The key development is the need to develop relia
green InGaN laser diodes. The high output power of Ga
based lasers and fast off/on times should also have ad
tages for improved printer technology, with higher resoluti
than existing systems based on infrared lasers. In underw
military systems, GaN lasers may have application for cov
communications because of a transmission passband in w
between 450 and 550 nm.

While a number of groups have now reported roo
temperature lasers in the InGaN/GaN/AlGaN heterostr
ture system under pulsed569–580 and cw operation,581–589

the field has been completely dominated by Nakam
et al.569–574,576,577,581–589The growth is performed by
MOCVD, generally at atmospheric pressure. Initial stru
tures were grown onc-plane ~0001! sapphire, with a low
temperature~550 °C! GaN buffer, a thickn1GaN lower con-
tact region, ann1InGaN strain-relief layer, ann1AlGaN
cladding layer, a light-guiding region of GaN, then a mul
quantum well region consisting of Si-doped In0.15Ga0.85N
wells separated by Si-doped In0.02Ga0.98N barriers. Thep
side of the device consisted of sequential layers ofp-AlGaN,
p1GaN light-guiding,p-Al0.09Ga0.92N cladding andp1GaN
contact. A ridge geometry was fabricated by dry etching
most cases~material removed down to thep-Al0.08Ga0.92N
layer!, followed by dry etching, cleaving or polishing to form
a mirror facet. These facets are coated~with TiO2/SiO2 in
the Nichia case! to reduce laser threshold, while Ni/Au~p
type! and Ti/Al ~n type! were employed for ohmic metalli
zation. The typical Nichia structure is shown in Fig. 112.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 112. Schematic of GaN/InGaN
AlGaN laser diodes grown on Al2O3

~after Ref. 569!.
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For this type of structure, threshold current densities
typically >4 Ka cm22 with an operating voltage of>5 V at
the threshold current. The emission mechanism is still
subject of intense study, but may be related to localization
excitons at compositional fluctuations~leading to potential
minima in the band structure! in the InGaN wells.590–592

These devices display relatively short lifetimes under
operation, typically tens to hundreds of hours. The failu
mechanism is most commonly short circuiting of thep-n
junction, a result ofp-contact metallization punch through
It is not that surprising that in this high defect density ma
rial that the metal can migrate down threading dislocatio
or voids under high drive-current conditions. The thres
old carrier density of the laser diodes on sapphire are t
cally ;1020cm23, well above the theoretical value
(;1019cm23).593–595

A major breakthrough in laser diode lifetime occurr
with two changes to the growth. The first was replacemen
the AlGaN cladding layers with AlGaN/GaN strained-lay
superlattices, combined with modulation doping. The
changes had the effect of reducing formation of cracks
often occurred in the AlGaN, and also to reduce the dio
operating voltage.586 The second was the use of epitax
lateral overgrowth~ELOG!.553,588,596In this technique GaN
is selectively grown on an SiO2 masked GaN/Al2O3 struc-
ture. After ;10 mm of GaN is deposited over the SiO2

stripes, it coalesces to produce a flat surface.597 For a suffi-
ciently wide stripe width, the dislocation density becom
negligible, compared to>109 cm22 in the window regions.
A typical laser diode structure grown by the ELOG meth
is shown in Fig. 113. The laser itself is fabricated sligh
off-center from the mask regions, due to gaps that oc
there due to imperfect coalescence of the GaN. These
vices have lower threshold current density~<4 kA cm22!
and operating voltage~4–6 V!, and much longer~10 000 h!
room-temperature lifetimes.588,589The reduction in threading
dislocation density dramatically changes the lifetime, sin
the p metal no longer has a direct path for shorting out
junction during operation. The carrier density at threshold
also reduced to;331019cm23, not far above the expecte
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values. Output power.400 mW, and lifetime.160 h at 30
mW constant output power has been reported.589

Subsequent work from Nichia has focused on growth
the laser diodes on quasi-GaN substrates.588,589 The thick
~100–200mm! GaN is grown on ELOG structures by eithe
MOCVD or hydride VPE. The sapphire substrate is th
removed by polishing, to leave a free-standing GaN s
strate. The mirror facet can then be formed by cleaving. T
GaN substrate has better thermal conductivity than sapph

The mixed group V nitrides, such as GaAsN, InAs
AlAsN, GaPN, InPN, AlPN, GaInAsN GaAlAsN, and so on
are of interest for infrared laser and detector app
cations.598–606 The addition of N into InGaAs607 and
InAsP599 improves the temperature characteristics of lo
wavelength lasers, both quantum well diode structures,
vertical cavity surface-emitting diodes.608 The use of GaIn-
NAs allows for growth on GaAs substrates,603 and produces
a large conduction bond discontinuity~;0.5 eV!. This leads
to better electron confinement at high operation tempe
tures. Moreover, the large bowing properties of the band
as nitrogen is added to both GaAs and InP and means th
may be possible to produce a zero band gap at relatively
~<10%! concentrations.600 These features indicate the poss
bility of fabricating strain-compensated, quantum-well stru
tures with lasing wavelength.1.55mm. A potential problem

FIG. 113. Schematic of GaN/InGaN/AlGaN laser diodes grown on ELO
substrates~after Ref. 587!.
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is a shift from type I heterostructure band line-up to type
behavior as the nitrogen concentration increases.608 There is
of course, a large miscibility gap for the arsenides and ph
phides with the nitrides, so that continuous alloy compo
tions over the entire range are not possible.

D. Light-emitting diodes

GaN-based LEDs operating in the green to violet ran
of the visible spectrum are commercially available. The to
market for these devices worldwide is over $200M per ye
divided between Nichia, Cree, Toyota Gosei, and Hewle
Packard. The blue Nichia diodes emitting at 470 nm ha
luminous intensities of 2 cd with radiant flux 3 mW an
spectral half-width 30 nm, while the green diodes emitting
525 nm have intensity 6 cd, radiant flux 2 mW, and spec
half-width 40 nm. Single quantum well devices emitting
the yellow and even red~and hence requiring large In con
tents in the InGaN active region! are also soon to be avai
able.

Currently the AlInGaP system is employed for yellow
red, and orange LEDs, with efficiency superior to unfilter
incandescent lamps.13 Typical visible LEDs now have effi-
ciencies above 10 lumens W21, extremely good lifetimes
~.5 years!, rapid response times. This makes them the li
source of choice for applications ranging from color outdo
displays and signs, interior automotive lighting, exterior ru
ning lights on trucks and traffic lights. The energy savin
and cost efficiency of LEDs relative to tungsten-filament
candescent lamps has been the main impetus behind
success.

The availability of the primary colors raises the possib
ity of white light sources. There are two basic options—t
first is color conversion through use of a phosphor or orga
dye inside the package to convert the blue light from a G
LED into white light. The second method would be col
mixing through integration of red, blue, and green LEDs
the same package. Nichia produced white light LED pro
ucts based on combining a blue GaN LED with a yttrium
aluminum–garnet~YAG! fluorescent layer. The efficiency o
this approach is less than that of the color-mixing techniq
since the phosphor efficiency is less than 100%, but it
substantial savings in terms of cost. There is also a prog
underway to develop this technology for fluorescent tu
for lighting applications, because of the much longer lifetim
and reduced energy consumption relative to incandes
and conventional fluorescent lamps. A similar approach
being taken by Siemens.609

The GaN-based LEDs evolved from simplep-n junction
devices comprising only GaN to single quantum well InG
structures. The GaNp-n junction LED emission wave-
lengths were in the range of 370–390 nm, together with d
level emission at;550 nm.610,611,305By employing InGaN/
AlGaN double heterostructures, the output power was
creased due to improved carrier confinement and the w
of the spectral peak was roughly half that of the homostr
ture GaN LEDs.612–615A limitation of these double hetero
structure devices was the limited wavelength range due
rapidly degrading InGaN material quality at high In conten
Downloaded 19 Nov 2009 to 129.8.242.67. Redistribution subject to AIP
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~high misfit dislocation density and thermal mismatch b
tween the InGaN active region and the AlGaN cladding la
ers!. Moreover the InGaN had to be Zn doped to produ
efficient blue and green emission. These drawbacks can
overcome by use of a single InGaN quantum well, who
thickness is below the critical value for dislocation introdu
tion. This has been the standard structure for high-brightn
LEDs, with colors ranging from blue to red.616–619

Extensive investigations of the emission characterist
of the blue/green InGaN single quantum well have been c
ried out.584,620The electroluminescence is found to origina
from carrier recombination at deep localized states, wh
are equivalent to three-dimensionally confined quantum d
This explains the blue shift of the emission wavelength w
current density in the green LEDs, as these states are fi
The InGaN layers show spatial inhomogeneity of the ba
gap, due to compositional fluctuations. Phase separatio
InGaN has been reported by a number of groups,621–627even
at relatively low InN mole fractions~,0.2!. The potential
minima have been examined by monochromatic cathodo
minescence mapping, and found to vary from 60 to 300
in lateral size.

E. UV photodetectors

The AlGaN system, spanning band gaps of 3.4–6.2 e
is ideal for fabrication of solar-blind UV detectors. Smalle
gap materials also are sensitive to visible and infrared rad
tion. The applications for the nitride devices include miss
plume detection, flame sensing, ozone monitors, laser de
tors, and pollution monitoring. By varying the Al conten
the responsivity cut-off wavelength can be varied from 3
to 170 nm. Since the quantum efficiencies are high due to
direct gap of the Ga-rich alloys, there is the ability to for
heterojunctions and high temperature operation is possi
Al xGa12xN appears to be ideally suited to UV detect
fabrication.628–646SiC p-n junction photodiodes are also op
erable at high temperatures, but they lack the other adv
tages of AlGaN devices. However one drawback with A
GaN is the presence of deep states that store charge.

Figure 114 shows a schematic representation of differ
types of AlGaN photodetectors.629 N-type material is gener-
ally used because of its higher carrier mobility. The stand

FIG. 114. Schematic of different types of AlGaN photodetectors~after Ref.
629!.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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photoconductor geometries often suffer from high dark c
rents, dc drift, and slow response time,641 and faster respons
can be achieved withp-n junction or Schottky diodes, which
separate the generated charge more rapidly. The use of
erojunction photodiodes allows one to add an additio
short wavelength cut-off.641,645Typical p-n andp- i -n junc-
tion UV photodiode responsivities are;0–1 A W21, which
correspond to external quantum efficiencies~i.e., collected
e-h pairs per incident photon! of roughly 35%.645 While
Schottky photodiodes have better responsivity~0–18
A W21!,636 there is the disadvantage because of light abso
tion by the metal contact. It is difficult to realize avalanc
photodiodes in GaN due to the high breakdown field need

V. SUMMARY

GaN and related alloys are one of the few instan
where device applications have appeared before there w
complete understanding of the growth and defect issues.
rapid development and commercialization of blue and gr
LEDs, and the achievement of long-lifetime laser diodes
been followed by realization of UV photodetectors and n
merous different electronic devices. The applications
GaN-based devices include displays and data storage, s
blind UV detectors, new sensor technologies, wireless c
munications, solid-state lighting, and high power microwa
generation for radar. In our viewpoint several factors ha
played a key role in realizing these devices, such as be
control over the residual oxygen concentration in t
MOCVD growth process@especially by use of improved pu
rity precursors, NH3, and ~CH3!3Ga# and use of optimized
buffer layers as a template for active layer growth; the
velopment of low defect density epitaxy, using the ELO
quasi-GaN-substrate approaches; ability to grow high
content InGaN; better stoichiometry control to avoid hi
n-type doping backgrounds in epitaxial material; improv
processing methods in the areas of ohmic and rectifying c
tacts, dry etching, facet coating, cleaving and implant acti
tion and isolation, and finally in device design. As a bet
understanding of the defect and impurity issues in these
terials evolves, we expect continued rapid developmen
the areas of LEDs~where a broader range of emission wav
lengths will be available through use of higher In conte
InGaN active layers!, laser diodes, microwave and digit
electronic devices, UV detectors, and high voltage unipo
and bipolar devices.
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