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The characteristics of dry etching of the AlIGalnN materials system in different reactor types and
plasmachemistriesarereviewed, along with the depth and thermal stability of etch-induced damage.
The application to device processing for both electronics and photonicsis also discussed.

1 Introduction

GaN and related aloys are finding application for fabri-
cation of blue/green/UV emitters (light-emitting diodes
and lasers) and high temperature, high power electronic
devices [1] [2] [3] [4]. The emitter technology isrela-
tively mature, with light-emitting diodes being commer-
cialy available since 1994 and blue laser diodes aso
available from Nichia Chemical Industries. Electronic
devices such as heterostructure field effect transistors
(FETSs), heterojunction bipolar transistors (HBTS), metal
oxide semiconductor field effect transistors (MOSFETS)
and diode rectifiers have al been redized in the
AlGalnN system, with very promising high temperature
(>300°C) and high voltage performance. The applica-
tions for the emitter devices lies in full color displays,
optical data storage, white-light sources and covert com-
munications, while the electronic devices are suited for
high power switches and microwave power generation.

Due to limited wet chemical etch results for the
group-I11 nitrides, a significant amount of effort has
been devoted to the development of dry etch processing
[5] [6]. Dry etch development was initialy focused on
mesa structures where high etch rates, anisotropic pro-
files, smooth sidewalls and equirate etching of dissimi-
lar materials were required. For example, commercialy
available LEDs and laser facets for GaN-based laser
diodes were patterned using reactive ion etch (RIE).
However, as interest in high power, high temperature
electronics increased, etch reguirements expanded to
include smooth surface morphology, low plasma-
induced damage and selective etching of one layer of
another occurred. Dry etch development is further com-
plicated by the inert chemical nature and strong bond
energies of the group-111 nitrides as compared to other

compound semiconductors. GaN has a bond energy of
8.92 eV/atom, InN 7.72 eV/atom and AIN 11.52 eV/
atom.

2 Plasma Reactors

Dry plasma etching has become the dominant patterning
technique for the group-111 nitrides, due to the shortcom-
ings in wet chemical etching. Plasma etching proceeds
by either physical sputtering, chemical reaction, or a
combination of the two often referred to as ion-assisted
plasma etching, Physical sputtering is dominated by the
acceleration of energetic ions formed in the plasma to
the substrate surface at relatively high energies, typi-
cally >200 eV. Due to the transfer of energy and
momentum to the substrate, material is gjected from the
surface. This sputter mechanism tends to yield anisotro-
pic profiles; however, it can result in significant damage,
rough surface morphology, trenching, poor selectivity
and nonstoichiometric surfaces thus minimizing device
performance. Pearton and co-workers measured sputter

rates for GaN, InN, AIN and InGaN as afunction of Ar*
ion energy [1] [2]. The sputter rates increased with ion
energy but were quite slow, <600 A/min, dueto the high
bond energies of the group I11-N bond.

Chemically dominated etch mechanisms rely on the
formation of reactive species in the plasma which
absorb to the surface, form volatile etch products and
then desorb from the surface. Sinceion energies arerel-
atively low, etch ratesin the vertical and lateral direction
are often similar thus resulting in isotropic etch profiles
and loss of critical dimensions. However, due to the low
ion energies used, plasmainduced damage is mini-
mized. Alternatively, ion-assisted plasma etching relies
on both chemical reactions and physical sputtering to
yield anisotropic profiles at reasonably high etch rates.
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Provided the chemical and physical component of the
etch mechanism are balanced, high resolution features
with minimal damage can be realized and optimum
device performance can be obtained.

2.1 Reactive ion etching.

RIE utilizes both the chemical and physical components
of an etch mechanism to achieve anisotropic profiles,
fast etch rates and dimensional control. RIE plasma are
typicaly generated by applying radio frequency (rf)
power of 13.56 MHz between two parallel electrodesin
areactive gas [see Figure 1(a)]. The substrate is placed
on the powered electrode where a potential is induced
and ion energies, defined as they cross the plasma
sheath, are typically afew hundred V. RIE is operated
at low pressures, ranging from a few mTorr up to 200
mTorr, which promotes anisotropic etching due to
increased mean free paths and reduced collisional scat-
tering of ions during acceleration in the sheath. Adesida
et al. were thefirst to report RIE of GaN in SiCl,-based
plasmas [6]. Etch rates increased with increasing dc
bias, and were >500 A/min at —400 V. Lin et a.,
reported similar results for GaN in BClz and SiCl, plas-

mas with etch rates of 1050 A/min in BCl3 at 150 W

cathode (area 250 in.?) rf power [1] [2]. Additional RIE
results have been reported for HBr- [1] [2], CHF5- and

CCl,F,-based [1] [2] plasmas with etch rates typically

<600 A/min. The best RIE results for the group-l1l
nitrides have been obtained in chorine-based plasmas
under high ion energy conditions where the I11-N bond
breaking and the sputter desorption of etch products
from the surface are most efficient. Under these condi-
tions, plasma damage can occur and degrade both elec-
trical and optical device performance. Lowering the ion
energy or increasing the chemical activity in the plasma
to minimize the damage often results in dower etch
rates or less anisotropic profiles which significantly lim-
its critical dimension. Therefore, it is necessary to pur-
sue dternative etch platforms which combine high
quality etch characteristics with low damage.

2.2 High-density plasmas.

The use of high-density plasma etch systems including
electron cyclotron resonance (ECR), inductively cou-
pled plasma (ICP) and magnetron RIE (MRIE), has
resulted in improved etch characteristics for the group-
[l nitrides as compared to RIE. This observation is
attributed to plasma densities which are 2 to 4 orders of
magnitude higher than RIE thus improving the 111-N
bond breaking efficiency and the sputter desorption of
etch products formed on the surface. Additionally, since
ion energy and ion density can be more effectively
decoupled as compared to RIE, plasma-induced damage
is more readily controlled. Figure 1 (b) shows a sche-

matic diagram of atypical low profile ECR etch system.
High-density ECR plasmas are formed at low pressures
with low plasma potentials and ion energies due to mag-
netic confinement of electronsin the source region. The
sample is located downstream from the source to mini-
mize exposure to the plasma and to reduce the physical
component of the etch mechanism. Anisotropic etching
can be achieved by superimposing an rf bias (13.56
MHZz) on the sample and operating at low pressure (<5
mTorr) to minimize ion scattering and lateral etching.
However, as the rf biasing is increased the potential for
damage to the surface increases. Figure 2 shows a sche-
matic of the plasma parameters and sample positionin a
typical high-density plasma reactor. Pearton and co-
workers were thefirst to report ECR etching of group-li|
nitride films []]. Etch rates for GaN, InN and AIN
increased as either the ion energy (dc bias) or ion flux
(ECR source power) increased. Etch rates of 1100 A/
min for AIN and 700 A/min for GaN at —150 V dc bias
in aCl,/H, plasmaand 350 A/min for InN in a CH,/H,/

Ar plasma at —250 V dc hias were reported. The etched
features were anisotropic and the surface remained sto-
ichiometric over a wide range of plasma conditions.
GaN ECR etch data has been reported by several authors
with etch ratesas high as 1.3 um/min [1] [2] [5] [6].

ICP offers another high-density plasma etch plat-
form to pattern group-Ill nitrides. ICP plasmas are
formed in a dielectric vessel encircled by an inductive
coil into which rf power is applied [see Figure 1 (¢)].
The alternating electric field between the coilsinduces a
strong aternating magnetic field trapping electrons in
the center of the chamber and generating a high-density
plasma. Since ion energy and plasma density can be
effectively decoupled, uniform density and energy dis-
tributions are transferred to the sample while keeping
ion and electron energy low. Thus, |CP etching can pro-
duce low damage while maintaining fast etch rates.
Anisotropy is achieved by superimposing of rf bias on
the sample. ICP etching is generally believed to have
severa advantages over ECR including easier scale-up
for production, improved plasma uniformity over a
wider area and lower cost-of-operation. The first ICP
etch results for GaN were reported in a Clo/Ho/Ar 1CP-

generated plasma with etch rates as high as ~6875 A/
min [7] . Etch rates increased with increasing dc bias
and etch profiles were highly anisotropic with smooth
etch morphologies over a wide range of plasma condi-
tions. GaN etching has also been reported in a variety of
hal ogen- and methane-based ICP plasmas [8]. Useof a
Cl,/Ar/O, chemistry produced good selectivity for GaN
and InGaN over AlGaN (up to ~50), due to formation of
an oxide on the AlGaN [8].
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MRIE is another high-density etch platform whichis
comparable to RIE. In MRIE, a magnetic field is used
to confine electrons close to the sample and minimize
electron loss to the wall. Under these conditions, ioniza-
tion efficiencies are increased and high plasma densities
and fast etch rates are achieved at much lower dc biases
(less damage) as compared to RIE. GaN etch rates of
~3500 A/min were reported in BC 3-based plasmas at dc

biases <-100 V. The etch was fairly smooth and aniso-
tropic.

2.3 Chemically-Assisted lon Beam Etching.

Chemically assisted ion beam etching (CAIBE) and
reactiveion beam etching (RIBE) have also been used to
etch group-111 nitride films [6] [7]. Inthese processes,
ions are generated in a high-density plasma source and
accelerated by one or more grids to the substrate. In
CAIBE, reactive gases are added to the plasma down-
stream of the acceleration grids thus enhancing the
chemical component of the etch mechanism, whereas in
RIBE, reactive gases are introduced in the ion source.
Both etch platforms rely on relatively energetic ions
(200-2000 eV) and low chamber pressures (<5 mTorr)
to achieve anisotropic etch profiles. However, with such
high ion energies, the potential for plasma-induced dam-
age exists. Adesida and co-workers reported CAIBE
etch rates for GaN as high as 2100 A/min with 500 eV

Ar* ions and Cl, or HCI ambients [6]. Rates increased

with beam current, reactive gas flow rate and substrate
temperature.  Anisotropic profiles with smooth etch
morphol ogies were observed.

2.4 Reactive lon Beam Etching.

The RIBE remova rates for GaN, AIN and InN are
shown in Figure 3 asafunction of Cl, percentagein Cl,/

Ar beams at 400 eV and 100 mA current. Thetrend in
removal rates basicaly follows the bond energies of
these materials. At fixed Cl,/Ar ratio, the rates
increased with beam energy. At very high voltages, one
would expect the rates to saturate or even decrease due
to ion-assisted desorption of the reactive chlorine from
the surface of the nitride sample before it can react to
form the chloride etch products.

There was relatively little effect of either beam cur-
rent or sample temperature on the RIBE removal rates of
the nitride. The etch profiles are anisotropic with light
trenching at the base of the features. This is generally
ascribed to ion deflection from the sidewalls causing an
increased ion flux at the base of the etched features.

2.5 Low Energy Electron Enhanced Etching.

Low energy electron enhanced etching (LE4) of GaN
has been reported by Gilllis and co-workers [9]. LE4is
an etch technique which depends on the interaction of

low energy electrons (<15 eV) and reactive species at
the substrate surface. The etch process results in mini-
mal surface damage since there is negligible momentum
transferred from the electrons to the substrate. GaN etch
rates of ~500 A/min in a H,-based LE4 plasma and
~2500 A/min in a pure Cl, LE4 plasma have been
reported [9]. GaN has also been etched using photoas-
sisted dry etch processes where the substrate is exposed
to areactive gas and ultraviolet laser radiation simulta-
neously. Vibrational and electronic excitations lead to
improved bond breaking and desorption of reactant
products. GaN etch rates are compared in Figure 4 for
RIE, ECR and ICP Cl,/H,/CH//Ar plasmas as well as a
RIBE Cl,/Ar plasma. CH4 and H, were removed from
the plasma chemistry to eliminate polymer deposition in
the RIBE chamber. Etch ratesincreased as afunction of
dc bias independent of etch technique. GaN etch rates
obtained in the ICP and ECR plasmas were much faster
than those obtained in RIE and RIBE. This was attrib-
uted to higher plasmadensities (1-4 orders of magnitude
higher) which resulted in more efficient breaking of the
I11-N bond and sputter desorption of the etch products.
Slower rates observed in the RIBE may also be due to
lower operationa pressures (0.3 mTorr compared to 2
mTorr for the ICP and ECR) and/or lower ion and reac-
tive neutral flux at the GaN surface due to high source-
to-sample separation.

3 Plasma Chemistries
3.1 Cl,-Based.

Etch characteristics are often dependent upon plasma
parameters including pressure, ion energy and plasma
density. As a function of pressure, plasma conditions
including the mean free path and the collisional fre-
gquency can change resulting in changes in both ion
energy and plasmadensity. GaN etch rates are shown as
a function of pressure for an 1CP-generated BCl5/Cl,
plasmain Figure 5. Etch ratesincreased as the pressure
was increased from 1 to 2 mTorr and then decreased at
higher pressures. The initial increase in etch rate sug-
gested a reactant limited regime at low pressure, how-
ever at higher pressures the etch rates decreased due
either to lower plasma densities (ions or radical neu-
trals), redeposition or polymer formation on the sub-
strate surface. At pressures <10 mTorr, GaN etches
were anisotropic and smooth, while at pressure >10
mTorr the etch profile was undercut and poorly defined
due to a lower mean free path, collisiona scattering of
the ions and increased lateral etching of the GaN.

GaN etch rates are plotted as a function of dc bias
(which correlates to ion energy) for an ICP-generated
BCI5/Cl, plasma in Figure 6. The GaN etch rates

increased monotonically as the dc bias or ion energy

MRS Internet J. Nitride Semicond. Res. 5, 11 (2000). 3
© 2000 The Materials Research Society

https://doi.org/10.1557/51092578300000119 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300000119

increased. Etch rates increased due to improved sputter
desorption of etch products from the surface as well as
more efficient breaking of the Ga-N bonds. Etch rates
have aso been observed to decrease under high ion
bombardment energies due to sputter desorption of reac-
tive species from the surface before the reactions occur.
This is often referred to as an adsorption limited etch
regime. In Figure 7, SEM micrographs are shown for
(a) 50, (b) —150 and (c) =300V dc bias. The etch pro-
file became more anisotropic as the dc bias increased
from —50 to —150 V dc bias due to the perpendicular
path of the ions relative to the substrate surface which
maintained straight wall profiles. However, as the dc
bias was increased to —300 V, atiered etch profile with
vertical striations in the sidewall was observed due to
erosion of the resist mask edge. The GaN may become
rougher at these conditions due to mask redeposition
and preferential loss of No.

In Figure 8, GaN etch rates are shown as a function
of ICP-source power while the dc bias was held constant
at —250 V. GaN etch rates increased as the |CP source
power increased due to higher concentrations of reactive
species which increases the chemical component of the
etch mechanism and/or higher ion flux which increases
the bond breaking and sputter desorption efficiency of
the etch. Etch rates have also been observed to stabilize
or decrease under high plasma flux conditions due either
to saturation of reactive species at the surface or sputter
desorption of reactive species from the surface before
the reactions occur. The etch profile was anisotropic
and smooth up to 1000 W ICP power where the feature
dimensions were lost and sidewall morphology was
rough due to erosion of the mask edge under high
plasma flux conditions. In addition to etch rates, etch
selectivity or the ability to etch one film at higher rates
than another can be very important in device fabrication.
For example, optimization of etch selectivity is critical
to control threshold voltage uniformity for high electron
mobility transistors (HEMTSs), to accurately stop on
either the emitter or collector regions for metal contacts
for heterojunction bipolar transistors (HBTs), and for
low resistivity n-ohmic contacts on InN layers. Several
studies have recently reported etch selectivity for the
group-I11 nitrides [6] [7] [8]. For example, Figure 9
shows GaN, InN and AIN etch rates and etch selectivi-
ties as a function of cathode rf power in an |CP-gener-
ated Cl,/Ar plasma. Etch rates for al three films

increased with increasing cathode rf power or dc bias
due to improved breaking of the I11-N bonds and more
efficient sputter desorption of the etch products.
Increasing INN etch rates were especially significant
since InCl3, the primary In etch product in a Cl-based

plasma, has a relatively low volatility. However, under

high dc-bias conditions, desorption of the InCl3 etch

products occurred prior to coverage of the etch surface.
The GaN:InN and GaN:AIN etch selectivities were <8:1
and decreased as the cathode rf power or ion energy
increased. Smith and co-workers reported similar
results in a Cl,-Ar ICP plasma where GaN:AIN and
GaN:AlGaN selectivities decreased as dc biasincreased.
At —20 V dc bias, etch selectivities of ~39:1 were
reported for GaN:AIN and ~10:1 for GaN:AlGaN.
Temperature dependent etching of the group-I11 nitrides
have been reported in ECR and ICP etch systems [5].
Etch rates are often influenced by the substrate tempera-
ture which can effect the desorption rate of etch pro-
duce, the gas-surface reaction kinetics and the surface
mobility of reactants. Substrate temperature can be con-
trolled and maintained during the etch process by a vari-
ety of clamping and backside heating or cooling
procedures. GaN and InN etch rates are shown in Fig-
ure 10 as a function of temperature in Clo/Ho/Ar ICP
plasma. GaN etch rates were much faster than InN due
to higher volatility of the GaClj etch products as com-
pared to InCl3 and showed little dependence on temper-
ature. However, the InN etch rates showed a
considerable temperature dependence increasing at
150°C due to higher volatilities of the InClzetch prod-

ucts at higher substrate temperatures.

Severa different plasma chemistries have been used
to etch the group-I11 nitrides. As established above, etch
rates and profiles can be strongly affected by the volatil-
ity of the etch products formed. Table | shows the boil-
ing points of possible etch products for the group-Iil
nitrides exposed to halogen- and hydrocarbon-based
plasmas. For halogen-based plasmas, etch rates are
often limited by the volatility of the group-I11 halogen
etch product. For Ga- and  Al-containing films, chlo-
rine-based plasmas typically yield fast rates with aniso-
tropic, smooth etch profiles. CH4/Hy-based plasma
chemistries have also yielded smooth, anisotropic pro-
files for Ga-containing films, however at much slower
rates. Based only on a comparison of etch product vola-
tility, slower etch rates in CH,-based plasmas is unex-
pected since the (CH3)3Ga etch product has a much
lower boiling point than GaCls. This observation dem-
onstrates the complexity of the etch process where rede-
position, polymer formation, and gas-phase kinetics can
influence the results. As shown above, etch rates for In-
containing films obtained in room temperature chlorine-
based plasmas tend to be slow with rough surface mor-
phology and overcut profiles due to the low volatility of
the InCl3 and preferential loss of the group-V etch prod-

ucts. However, at elevated temperatures (>130°C), the
InCl5 volatility increases and the etch rates and surface
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morphology improve. Significantly better room temper-
ature etch results are obtained in CH,/H,-based plasmas
due to the formation of more volatile (CH3)zln etch
products. Another example of plasma chemistry depen-
dent etching of GaN is shown in Figure 13 for Cl,/N,/
Ar and BCla/No/Ar ICP-generated plasmas. In the Clo-
based plasma, GaN etch rates decreased as the % N,
increased, presumable due to a reduction in reactive Cl.
In the BCl-based plasma GaN etch rates increased up to
40% N, and then decreased at higher N, concentration.
This observation has also been reported for ECR and
ICP etching of GaAs, GaP and In-containing films [8].
Ren and co-workers first observed maximum etch rates
for In-containing films (INGaN and InGaP) in an ECR
discharge at a gas ratio of 75/25 for BCI3/N, [10].
Using optical emission spectroscopy (OES), Ren
reported maximum 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 speculated that N, enhanced the disso-
ciation of BClj resulting in higher concentrations of
reactive Cl and Cl ions and thus higher etch rates.

Additionally, the observation of BN emission sug-
gested that less B was available to recombine with reac-
tive Cl. This explanation may also be applied to the
peak GaN etch rates observed at 40% N2 in the ICP
BCI3/N2/Ar plasmas. However, OES of the BCI3/N2/Ar
ICP discharge did not reveal higher concentrations of
reactive Cl nor a BN peak emission. In Figure 14, OES
spectra are shown for (a) 100% BCI3 (b) 75% BCI3-
25% N2, (c) BCI3-75% N2 and (d) 100% N2 ICP plas-
mas. As N2 was added to the BCI3 plasma, the BCI3
emission (2710 A) and CI emission (5443 and 5560 A)
decreased while the BN emission (3856 A) was not
obvious. BCI4/Cl, plasmas have shown encouraging
results in the etching of GaN films. The addition of
BCl3 to a Cl, plasma can improve sputter desorption
due to higher mass ions and reduce surface oxidation by
gettering H,O from the chamber. In Figure 15, GaN
etch rates are shown as a function of % Cl, in a BCly/
Cl,/Ar ICP plasma. As the % Cl, increased, GaN etch
rates increased up to 80% due to higher concentrations
of reactive Cl. OES showed the Cl emission intensity
increased and the BCl emission intensity decreased as
the % Cl, increased.

Slower GaN etch rates in a pure Cl, plasma were

attributed to less efficient sputter desorption of etch
products in the absence of BCl3. The fastest GaN etch

rates were observed at 10% BCl3 where the ion current

density and Cl radical density were the greatest as mea-
sured by OES and a Langmuir probe. In general,

GaN:AIN and GaN:InN etch selectivities are <10:1 as a
function of plasma chemistry for Cl,- or BCls-based
plasmas. GaN:AIN and GaN:InN etch selectivities were
higher for Cl,-based |CP plasmas as compared to BCl ;-
based ICP plasma due to higher concentration of reac-
tive Cl produced in the Cl,-based plasmas thus resulting
in faster GaN etch rates. Alternatively, InN and AIN
etch rates showed much less dependence on plasma
chemistry and were fairly comparable in Cl,- and BCl -
based plasmas. An example of etch selectivity depen-
dence on plasma chemistry isshownin Figure 16. GaN,
AIN and InN etch rates and etch selectivities are plotted
as a function of % SFg for an ICP Cl,/SFg/Ar plasma
GaN and InN etch rates decreased as SFg was added to
the plasma due to the consumption of Cl by S and there-
fore lower concentrations of reactive Cl. The AIN etch
rates increased with the addition of SFg and reached a
maximum at 20% SFg. As SFg was added to the Cl,
plasma, slower AIN etch rates were expected due to the
formation of low volétility AlF3 etch products. How-
ever, due to the high ion flux in the ICP, the sputter des-
orption of the AlF3 may occur prior to passivation of the
surface. Therefore, the GaN:AIN selectivity decreased
rapidly from ~6:1 to <1:1 with the addition of SFg. The
GaN:InN selectivity reached a maximum of 4.1 at 20%
SF.

The simple Cl,/Ar chemistry works very well for

most device fabrication processes, providing controlla-
ble etch rates. Even at biases <90V, the GaN etchrateis

still typically ~1000A -min'L.
3.2 Iy and Br, Based.

Other halogen-containing plasmas including ICI/Ar,
IBr/Ar, BBrs/Ar and Bl3/Ar have been used to etch GaN
with promising results [5] [6] [8]. Vartuli and co-
workers reported GaN, InN, AIN, InN, InAIN and
InGaN etch rates and selectivities in ECR ICI/Ar and
IBr/Ar plasmas [5]. In general, etch rates increased for
al films as a function of dc bias due to improved I11-N
bond breaking and sputter desorption of etch products
from the surface. GaN etch rates >1.3 um/min were
obtained in the ICI/Ar plasma at a rf power of 250 W
(bias of —200 V) while GaN etch rates were typically
<4000 A/min in IBr/Ar. Cho et.a. reported GaN etch
rates typically <2000 A/min in ICP-generated Bl4/Ar
and BBRy/Ar plasmas [5]. ICI/Ar and IBr/Ar ECR
plasmas yielded GaN:InN, GaN:AIN, GaN:InGaN and
GaN:InAIN selectivities <6:1, however, etch selectivi-
ties >100:1 were obtained for INN:GaN and InN:AIN in
Bly/ar plasmas. Fast etch rates obtained for InN were

attributed to the high volatility of the Inl5 etch products
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as compared to the Gal; and All; etch products which
can form passivation layers on the surface. Maximum
selectivities of ~100:1 for InN:AIN and ~7.5 for
INN:GaN were reported in the BBry/Ar plasma. Inly
products have higher volatility than corresponding InGl,,
species, making iodine an attractive enchant for InGaN
alloys. The inter-halogen compounds are weakly
bonded, and therefore should easily break apart under
plasma excitation to form reactive iodine, bromine and
chlorine.

Figure 17 shows etch ratesfor the binary nitrides and
selectivities for InN over both GaN and AIN as a func-
tion of the boron halide percentage by flow in the gas
load. The dc chuck self-bias decreases as the Bl; con-

tent increases, suggesting that the ion density in the
plasmaisincreasing. The InN etch rate is proportional
to the Bl content, indicating the presence of a strong
chemical component in its etching. In comparison, AIN
and GaN show very low rates until ~50% Bl (~500 A/

mint for AIN and ~1700 A/min! for GaN). An increase
in the Bl content in the discharges actually produces a

falloff in the etch rate for both AIN and GaN. We expect
there are several possible mechanisms by which to
explain these data. First, the decrease in chuck self-bias
and hence ion energy under these conditions may more
than compensate for the higher active iodine neutral
flux. Second, the formation of the less volatile Gal, and
Ally etch products may create a selvege layer which

suppresses the etch rate. This mechanism occurs in the
Cl, reactive ion etching of InP. In this system, etching

does not occur unless elevated sample temperatures or
higher dc biases are used to facilitate removal of the
InCl5 etch product. InInN etch selectivity to both mate-
rials initially increases but also goes through a mini-
mum. Note, however, that selectivities of >100 can be
achieved for both InN/AIN and InN/GaN.

Data for BBra/Ar discharges are also shown in Fig-

ure 17 for fixed source power (750 W) and rf chuck
power (350 W). Higher rf powers were required to ini-
tiate etching with BBr5 compared to Bl; and the dc self-

bias increased with the BBr5 content. The etch rate of
InN is again a strong function of the boron halide con-
tent, while GaN shows significant rates (~1800 A/minY)
only for pure BBr5 discharges, AIN shows very low etch
rates over the whole range of conditions investigated.

Maximum selectivities of ~100:1 for InN/AIN and
~7.5:1 for InN/GaN are obtained.

Based on the results in Figure 17, we chose fixed
plasma compositions, and varied the ion energy and flux
through control of the source and chuck powers. Figure
18 shows that source power had a significant effect only

on the InN etch rate for both 4Bl5/6Ar and 4BBr3/6Ar
discharges at fixed rf power (150 W). The etch rate of
InN continues to increase with source power, which
controls the ion flux and dissociation of the discharge,
whereas the GaN and AIN rates are low for both plasma
chemistries. The InN etch rates are approximately afac-
tor of 2 faster in Blg/Ar than in BBry/Ar even for lower

rf chuck powers. Thisis expected from taking into con-
sideration the relative stabilities of the respective In etch
products (the Inlz melting point is 210°C; InBrg sub-
limes at <600°C). The resultant selectivities are shown
at the bottom of Figure 18; once again avalue of ~100:1
for InN over GaN is achieved with Blg, whereas BBry
produced somewhat lower values.

The dependence of the etch rate and InN/AIN and
InNN/GaN selectivities on rf chuck power for both
plasma chemistries at fixed source power (750 W) is
shown in Figure 19. While the GaN and AIN etch rates
(top left) increase only at the highest chuck powers
investigated for 4BI5/6Ar discharges, the InN etch rate

increases rapidly to 250 W. This is consistent with a
strong ion-assisted component for the latter under these
conditions. The subsequent decrease in the etch rate at
higher power produces corresponding maxima (=100) in
etch selectivity for chuck powers in the range of 150-
250 W. This type of behavior is quite common to high
density plasma etching of Il1-V materids, where the
etching is predominantly ion-assisted desorption of
somewhat volatile products, with insignificant rates
under ion-free conditions. In this scenario, at very high
ion energies, the active etching species (iodine neutral in
this case) can be removed by sputtering before they have
a chance to complete the reaction with substrate atoms.
Similar data for BBry/Ar mixtures are aso shown in
Figure 19. For this chemistry the InN etch rate saturates
and we did not observe any reduction in etch rate,
athough this might be expected to occur if higher pow-
ers could be applied (over power supply is limited to
450 W). GaN does show an etch rate maximum at ~350
W, producing a minimum in the resultant InN/GaN
selectivity. The etch selectivity of InN over the other
two nitrides for Bly/Ar is again much higher than for

BBry/Ar.

The effect of plasma composition on etch rates and
selectivities if GaN, AIN and InN in ICI/Ar and IBr/Ar
discharges at 750 W source power, 250 W rf chuck
power and 5 mTorr is shown in Figure 20. The etch
rates of InN and AIN are relatively independent of the
plasma composition for both chemistries over a broad
composition range, indicating the etch mechanism is
dominated by physical sputtering. The dc bias voltage
increased with increasing interhalogen concentrations.
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The decrease in ion flux also implies an increase in the
concentrations of neutral species such as Cl, Br and I.
The etch rate of GaN steadily increased with increasing
ICl concentration. By contrast the etch rate of GaN sat-
urated beyond 66.7% IBr. These results indicate that
etching of GaN in both chemistries can be attributed
more to chemical etching by increased concentrations of
reactive neutrals than to ion-assisted sputtering. The
effect of plasma composition showed an overall trend of
decrease in selectivities for InN over both AIN and GaN
as the concentration of ICl and IBr increased.

3.3 CHy/H,/Ar.

Pearton and co-workers were the first to etch group-111
nitride films in an ECR-generated CH4/H,/Ar plasma
[5]. Etchratesfor GaN, InN and AIN were <400 A/min
at ~-250V dc bias. Vartuli et.al. reported ICP GaN, InN
and AIN etch rates approaching 2500 A/min in CH,/

H>Ar and CH4/H4/N, plasmas [5]. Etch ratesincreased
with increasing dc bias or ion flux and were higher in
CH4/Ho/Ar plasmas. Anisotropy and surface morphol-
ogy were good over a wide range of conditions. As
compared to Cl-based plasmas, etch rates were consis-
tently slower which may make the CH4/Hy-based pro-
cesses applicable for devices where etch depths are
relatively shallow and etch control is extremely impor-
tant.

Vartuli and co-workers compared etch selectivities
in CH4/H,/Ar and Cl,/Ar plasmas in both RIE- and
ECR-generated plasmas [5]. For CH4/H,/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 the In-containing films was reported for Clo/
Ar plasmas.

4 Etch Profile And Etched Surface
Morphology

Sidewall morphology is especialy critical in the forma-
tion of laser mesas for ridge waveguide emitters or for
buried planar devices. The vertical striations observed
in the GaN sidewall in Figure 21(a) were due to stria-
tions in the photoresist mask which were transferred
into the GaN feature during the etch. The sidewall mor-
phology and in particular the vertical striations were
improved in an ICP Cl,/BCl3 plasmaat —150 V dc bias.

The etch conditions were at 2 mTorr chamber pressure,
500 W ICP power, 32 sccm Cl,, 8 sccm BCl3, 5 sccm

Ar, 25°C temperature, and a dc bias of -150+10V. Ren
et.a. have demonstrated improved GaN sidewall mor-
phology etched in an ECR using a SiO, mask. Vertical

striations in the SiO, mask were reduced by optimizing
the lithography process used to pattern the SiO,. The

SiO, was then patterned in a SFg/Ar plasma in which a

low temperature dielectric overcoat was used to protect
theresist sidewall during the etch.

In several studies atomic force microscopy (AFM)
has been used to quantify the etched surface morphol-
ogy as root-mean-square (rms) roughness. Rough etch
morphology often indicates a nonstoichiometric surface
due to preferential removal of either the group-l11 or
group-V species.

A summary of etch rate results for the nitrides with
different chemistries and different techniques is shown
inTablell.

5 Plasma-Induced Damage

Plasma-induced damage often degrades the electrical
and optical properties of compound semiconductor
devices. Since GaN is more chemically inert than GaAs
and has higher bonding energies, more aggressive etch
conditions (higher ion energies and plasma flux) may be
used with potentially less damage to the material. Lim-
ited data have been reported for plasma-induced damage
of the group-I11 nitrides [5] [11]. Pearton and co-work-
ers reported increased plasma-induced damage as a
function of ion flux and ion energy for InN, InGaN and
INAIN in an ECR [5]. The authors also reported: (a)
more damage in InN films as compared to InGaN; (b)
more damage in lower doped materials and (c) more
damage under high ion energy conditions due to forma-
tion of deep acceptor states which reduce the carrier
mobility and increased resistivity. Postetch annealing
processes removed the damage in the InGaN while the
InN damage was not entirely removed.

Ren and co-workers measured electrical characteris-
ticsfor INAIN and GaN FET structures to study plasma-
induced damage for ECR BClg, BCI3/N, and CH4/H,
plasmas [10]. They reported: (@) doping passivation in
the channel layer in the presence of hydrogen; (b) high
ion bombardment energies can create deep acceptor
states that compensate the material and (c) preferential
loss of N can produce rectifying gate characteristics.
Ping and co-workers studied Schottky diodes for Ar and
SiCl4 RIE plasmas [6]. More damage was observed in
pure Ar plasmas and under high dc-bias conditions.
Plasma-induced damage of GaN was aso evaluated in
ICP and ECR Ar plasma using photoluminescence (PL)
measurements as a function of cathode rf power and
source power [12]. The peak PL intensity decreased
with increasing ion energy independent of etch tech-
nique. Asafunction of source power or plasma density
the results were less consistent. The PL intensity
showed virtually no change at low ICP source power
and then decreased as the plasma density increased. In
the ECR plasma, the PL intensity increased by ~115% at
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low ECR source power and improved at higher ECR
source powers but at alower rate. The effect of postetch
annealing in Ar varied depending on initia film condi-
tions, however, annealing at temperatures above 440°C
resulted in areduction in the PL intensity.

Surface stoichiometry can also be used to evaluate
plasma-induced damage. Nonstoichiometric surfaces
can be created by preferential loss of one of the lattice
congtituents. This may be attributed to higher volatility
of the respective etch products, leading to enrichment of
the less volatile species, or preferential sputtering of the
lighter element. Auger electron spectroscopy (AES) can
be used to measure surface stoichiometry. Figure 22
shows characteristic Auger spectra for (a) as-grown
GaN samples and samples exposed to an ECR plasmat
850 W applied microwave power and cathode rf powers
of (b) 65 and (c) 275 W. For the as-grown sample, the
Auger spectrum showed a Ga:N ratio of 1.5 with normal
amounts of adventitious carbon and native oxide on the
GaN surface. Following plasma exposure, the Ga:N
ratio increased as the cathode rf power increased with
some residual atomic Cl from the plasma. Under high
ion energy conditions, preferential removal of the lighter
N atoms as observed resulting in Garrich surfaces.

5.1 n-GaN.

The etching requirements for electronic devices are
more demanding than those for photonic devices, at
least from the electrical quality viewpoint. One of the
most sensitive tests of near-surface electrical properties
is the quality of rectifying contacts deposited on the
etched surface. There has been relatively little work in
this area to date. Ren et.al. [10]. found that rectifying
contacts on electron cyclotron resonance plasma etched
GaN and InAIN surfaces were very leaky, though some
improvement could be obtained by postetch annealing at
400°C. Ping et.d. [6]. found that reactively ion etched
n-GaN surfaces had poor Schottky contact properties,
but that plasma chemistries with a chemical component
(e.g. Cly-based mixtures) produced less degradation
than purely physical etching.

The layer structure and contact metals are shown
schematically in Figure 23. The GaN was grown by rf
plasma-assisted molecular beam epitaxy on c-plane
Al,O5 substrates. The Ti/Au ohmic contracts were pat-
terned by lift-off and annealed at 750°C, producing con-

tact resistances in the 10 Qcm range. Samples were
exposed to either pure N, or H, discharges in a Plasma
Therm 790 ICP system at a fixed pressure of 5 mTorr.
The gases were injected into the ICP source at a flow
rate of 15 standard cubic centimeters per minute (sccm).
The experimentally varied parameters were source
power (300-1000 W) and rf chuck power (40-250 W),
which control ion flux and ion energy, respectively. In

some cases the samples were either annealed in N, for
30 s at 300-850°C, or photoelectrochemically etched in
0.2 M KOH solutions at 25°C after plasma exposure.
The Pt/Au Schottky metallization was then deposited
through a stencil mass by e-beam evaporation. Current-
voltage characteristics were recorded on a HP4145A
parameter analyzer, and we defined the reverse break-
down voltage (Vg) as the voltage at which the leakage

current was 102 A. We found in all cases that plasma
exposure caused significant increases in forward and
reverse current, with ideality factors increasing from
typical values of 1.4-1.7 on control samples to >2. For
this reason we were unable to extract meaningful values
of either ideality factor or barrier height. Figure 24
shows a series of |-V characteristics from the GaN
diodes fabricated on samples exposed to either H, or N,
discharges at different source powers. Itisclear that N,

plasma exposure creates more degradation of the diode
characteristics than does H, exposure. This implicates

the ion mass (2N,", 2H," for the main positive ion spe-
cies) as being more important in influencing the electri-

cal properties of the GaN surface than a chemical effect,
since H, would be likely to preferentially remove nitro-

gen from the GaN as NH3.

The variations of Vg of the diodes with the source
power during plasma exposure are shown in Figure 25.
For any exposure to the N, discharges Vg is severely
reduced. By contrast there is less degradation with the
H, plasmato the lower average ion energy at those con-

ditions, as shown at the bottom of Figure 25. The aver-
age ion energy is approximately equal to the sum of dc
self-bias and plasma potential, with the later being in the
range —22 to —28 V as determined by Langmuir probe
measurements. lon induced damage in GaN displays n-
type conductivity, and in addition the heavy N,* ions are
also more effective in preferential sputtering of the N
relative to Ga, compared to the H," ions of similar
energy.

Similar conclusions can be drawn from the data on
the effect of increasing rf chuck power. There were
once again very severe decreases in breakdown voltage
and increase in leakage current. The Vg values fall by
more than a factor of two even for very low self-biases,
and emphasize how sensitive the GaN surface is to deg-
radation by energetic ion bombardment. The degrada-
tion saturates beyond ~100 W chuck power,
corresponding to ion energies of ~175 eV. We assume
that once the immediate surface becomes sufficiently
damaged, the contact properties basically cannot be
made any worse and the issue is then whether the dam-
age depth increases with the different plasma parame-
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ters. Since ion energy appears to be a critical factor in
creating the near-surface damage, we would expect
damage depth to increase with ion energy in a nonetch-
ing process. In the case of simultaneous etching and
damage creation (e.g. in Cl,/Ar etch processing), higher
etch rates would lead to lower amounts of residual dam-
age because the disordered region would be partialy
removed.

The damage depth was established by photoel ectro-
chemically wet etching different amounts of the plasma-
exposed GaN surfaces, and then depositing the Pt/Au
metal. Figure 26 (top) show the effect on the I-V char-
acteristics of this removal of different depth of GaN.
There is a gradual restoration of the reverse breakdown
voltage, as shown at the bottom of the figure. Note that
the forward part of the characteristics worsens for
removal of 260 A of GaN, and shows signs of high
series resistance. This would be consistent with the
presence of a highly resistive region undernesth the con-
ducting near-surface layer, created by point defect diffu-
sion from the surface. A similar model applies to ion-
damaged InP, i.e. a nonstoichiometric near-surface
region (deficient in P in that case), followed by atransi-
tion to a stoichiometric but point defect-compensated
region, and finally to unperturbed InP.

The fact that plasma exposure severely degraded the
surface was clear from the atomic force microscopy
(AFM) data. Exposure to the 500 W source power, 150
W rf chuck power (dc self-bias — 221 V), 5 mTorr N,
discharge increased the root-mean-square (rms) surface
roughness form 0.8 to 4.2 nm. Subseguent photoel ectro-
chemical etching restored the initial morphology. How-
ever, we observed the onset of increasingly rough
surfacesfor deeper etch depths [4], reducing arelatively
inaccurate measure of how much of the surface had to
be removed in order to restore the diode breakdown
voltage to its original value. We were able to estimate
this depth as ~600 + 150 A for the N, plasma conditions

mentioned above. Another method for trying to restore
the electrical properties of the plasma-exposed surfaceis
annealing. |-V data from annealed samples are shown
in Figure 27. At the top are characteristics from sam-
ples, which were plasma exposed (N,, 500 W source
power, 150 W rf chuck power, 5 mTorr), then annealed
and the contact deposited. These samples show that
increasing annealing temperature up to 750°C brings a
substantial improvement in Vg (Figure 27, bottom).
However for annealing at 850°C the diode began to
degrade and this is consistent with the temperature at
which N, beginsto be lost from the surface. In the case

where the samples were exposed to the N, plasma, and

then the Pt/Au contact was deposited prior to annealing,
the 1-V characteristics show continued worsening upon

annealing (Figure 27, center). In this case, the P/Au
contact is stable to 700°C on unetched samples. The
poorer stability in etched samples could be related to the
surface damage enhancing interfacial reaction between
the Pt and GaN.

The main findings of this study can be summarized
asfollows:

There is a severe degradation in the electrical quality
of GaN surfaces after ICP H, or N, discharge exposure.
Under all conditionsthere is a strong reduction of Vg in
diode structures to the point at which the Schottky con-
tacts show almost ohmic-like behavior. These observa-
tions are consistent with the creation of a conducting n-
type surface layer resulting from energetic ion bombard-

ment. Heavier ions (N,") create more damage than
lighter ions (H,") in this situation, where damage is
accumulating without any concurrent etching of the sur-
face.

The depth of the damage is approximately 600 A, as
judged by the return of the diode characteristics to their
control values.

Annedling at 750°C is also effective in helping
remove the effects of plasmaexposure. Higher tempera-
tures lead to degradation in GaN diode properties for
uncapped anneals.

5.2 p-GaN.
The layer structure consisted of 1um of undoped GaN
(n~5x1016 cm'3) grown on a c-plane Al,O5 substrate,

followed by 0.3um of Mg doped (p~10' cm™) GaN.
The samples were grown by rf plasma-assisted Molecu-
lar Beam Epitaxy. Ohmic contacts were formed with
Ni/Au deposited by e-beam evaporation, followed by

lift-off and annealing at 750°C. The GaN surface was
then exposed for 1 min to ICP H, or Ar plasmas in a

PlasmaTherm 790 System. The 2MHz ICP source
power was varied from 300-1400 W, while the 13.56
MHz rf chuck power was varied from 20-250 W. The
former parameter controls ion flux incident on the sam-
ple, while the latter controls the average ion energy.
Prior to deposition of 250um diameter Ti/Pt/Au contacts
through a stencil mask, the plasma exposed surfaces
were either annealed under N, in arapid thermal anneal-
ing system, or immersed in boiling NaOH solutions to
remove part of the surface. As reported previoudly it is
possible to etch damaged GaN in a self-limiting fashion
in hot alkali or acid solutions. The current-voltage (I-V)
characteristics of the diodes were recorded on a HP
4145A parameter analyzer. The unetched control diodes
have reverse breakdown voltages of ~2.5-4V depending
on the wafer — these values were uniform (£12%) across
aparticular water.

MRS Internet J. Nitride Semicond. Res. 5, 11 (2000). 9
© 2000 The Materials Research Society

https://doi.org/10.1557/51092578300000119 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300000119

Figure 28 shows the |-V characteristics from sam-
ples exposed to either H, (top) or Ar (bottom) ICP dis-
charges (150 W rf chuck, 2 mTorr) as a function of
source power. In both cases there is an increase in both
the reverse breakdown voltage and the forward turn-on
voltage, with these parameters increasing monotonically
with the source power during plasma exposure.

Figure 29 shows this increase in breakdown voltage
as a function of source power, and also the variation of
the chuck dc self-bias. As the source power increases,
the ion density also increases and the higher plasma
conductivity suppresses the developed dc bias. Note
that the breakdown voltage of the diodes continues to
increase even as this bias (and hence ion energy, which
is the sum of this bias and the plasma potential)
decreases. These results show that ion flux lays an
important role in the change of diode electrical proper-
ties. The other key result isthat Ar leads to consistently
more of an increase in breakdown voltage, indicating
that ion mass is important rather than any chemical
effect related to removal of N, or NH3 in the H, dis-
charges.

The increase in breakdown voltage on the p-GaN is
due to a decrease in hole concentration in the near-sur-
face region through the creation of shallow donor states.
The key question is whether there is actually conversion
to an n-type surface under any of the plasma condition.
Figure 30 shows the forward turn-on characteristics of
the p-GaN diodes exposed to different source power Ar
discharge at low source power (300 W), the turn-on
remains close to that of the unexposed control sample.
However there is a clear increase in the turn-on voltage
at higher source powers, and in fact at > 750 W the char-
acteristics are those of an n-p junction. Under these
conditions the concentration of plasma-induced shallow
donors exceeds the hole concentration and there is sur-
face conversion. In other words the metal-p GaN diode
has become a metal-n GaN-p GaN junction. We always
find that plasma exposed GaN surfaces are No-deficient
relative to their unexposed state, and therefore the obvi-
ous conclusion is nitrogen vacancies create shallow
donor levels. Thisis consistent with thermal annealing
experiments in which N, loss from the surface produced

increased n-type conduction.

An important question is the depth of the plasma-
induced damage. We found we were able to etch p-GaN
very slowly in boiling NaOH solutions, at rates that
depended on the solution molarity (Figure 31) even
without any plasma exposure of the material. This
enabled us to directly measure the damage depth in
plasma exposed samples in two different ways. The first
method involved measuring the etch rate as a function of
depth from the surface. Defective GaN resulting from

plasma, thermal or implant damage can be wet chemi-
caly etched at rates much faster than undamaged mate-
rial because the acid or base solutions are able to attack
the broken or strained bonds present. Figure 32 shows
the GaN etch rate as a function of depth in samples
exposed to a 750 W source power, 150 W rf chuck
power Ar discharge. The etch rate is a strong function of
the depth from the surface and saturates between ~425-
550 A. Within this depth range the etch rate is returned
to the “bulk” value characteristic of undamaged p-GaN.

The other method of removing plasma-induced dam-
age is annealing. In these experiments we exposed the
samples to the same type of plasma (Ar, 750 W source
power, 150 W rf chuck power) and then annealed under
N, at different temperatures. Figure 34 (top) shows the

|-V characteristics of these different samples, while Fig-
ure 34 (bottom) shows the resulting breakdown voltages
as a function of annealing temperature. On this wafer,
Plasma exposure caused an increase in breakdown volt-
age from ~2.5t0 ~18 V. Subsequent annealing at 400°C
initially decreased the breakdown voltage, but higher
temperature produced alarge increase. At temperatures
above 700°C, the diodes characteristics returned toward
their initial values and were back to the control values
by 900°C. This behavior is similar to that observed in
implant-isolated compound semiconductors where ion
damage compensates the initial doping in the material,
producing higher sheet resistance. In many instances
the damage site density is larger than that needed to trap
al of the free carriers, and trapped electrons or holes
may move by hopping conduction. Annealing at higher
temperatures removes some of the damage sites, but
there are still enough to trap all the conduction elec-
trong/holes. Under these conditions the hopping con-
duction is reduced and the sample sheet resistance
actually increases. At still higher annealing tempera-
tures, the trap density falls below the conduction elec-
tron or hole concentration and the latter are returned to
their respective bands. Under these conditions the sam-
ple sheet resistance returns to its pre-implanted value.
The difference in the plasma exposed samplesis that the
incident ion energy is a few hundred eV compared to a
few hundred keV in implant-isolated material. In the
former case the main electrically active defects pro-
duced are nitrogen vacancies near the surface, whereas
in the latter case there will be vacancy and interstitial
complexes produced in far greater numbers to far
greater depths. In our previous work on plasma damage
in n-GaN we found that annealing at ~750°C amost
returned the electrical properties to their initial values.
If the same defects are present in both n- and p-type
material after plasma exposure, this difference in
annealing temperature may be a result of a Fermi level
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dependence to the annealing mechanism. The main con-
clusions of this study may be summarized as follow:
The effect of either H, or Ar plasma exposure on p-

GaN surfaces is to decrease the net acceptor concentra-
tion through creation of shallow donor levels, most
likely Ny,. At highion fluxes or ion energies there can
be type conversion of the initially p-type surface. The
change in electrical properties is more pronounced with
Ar than with H, plasmas under the same conditions.

Two different techniques for measuring the damage
depth find it to be in the range 400-500 A under our con-
ditions. After removing this amount of GaN, both the
breakdown voltage and wet chemical etch rates are
returned to their initial values.

Post-etch annealing in N, at 900°C restores the ini-
tial breakdown voltage on plasma exposed p-GaN.
Annealing at higher temperatures degraded the electrical
properties, again most likely dueto N, loss from the sur-
face.

5.1 Schottky Diodes.

Contrary to initial expectations, the surface of GaN is
relatively sensitive to energetic ion bombardment or
thermal degradation encountered during device process-
ing. In particular it can preferentially lose N,, leaving a
strong n-type conducting regions. While dry etching has
been used extensively for patterning of photonic devices
(light-emitting and laser diodes) and opto-electronic
devices (UV detectors), there has been little work per-
formed on understanding the electrical effects of ion-
induced point defects or non-stoichiometric surfaces
resulting from the plasma exposure. Several groups
have reported increases in sheet-resistance of GaN
exposed to high density plasmas, along with decreases
in reverse breakdown voltage (Vg) and reductions in
Schottky barrier height (¢g) in diodes formed on n-type
GaN. In thislatter case, low-bias forward currents were
increased up to two orders of magnitude after exposure
of the diode to pure Ar discharges. Conversely, whilethe
rectifying contact properties were degraded by plasma
exposure, the specific resistance of n-type ohmic con-
tacts was improved. Similarly, in p-type GaN, the effect
of Ar or H, high density plasma exposure was to
decrease the net acceptor concentration to depths of
~500 A. At high ion fluxes or energies, there was type-
conversion of theinitially p-GaN surface.

Dry etching is needed for arange of GaN electronic
devices, including mesa diodes rectifiers, thyristors and
heterojunction bipolar transistors for high temperature,
high power operation. These applications include con-
trol of power flow in utility grids, radar and electronic
motor drives. It is critical to understand the depth and
thermal stability of dry etch damage in both n- and p-

type GaN and its effect on the current-voltage (I-V)
characteristics of simple diode structures.

In this section we report on a comparison of the
effects of Cl,/Ar and Ar Inductively Coupled Plasma

(ICP) exposure on the electrical properties of n- and p-
GaN Schottky diodes. In some cases it was found that
Clo/Ar discharges could produce even more damage
than pure Ar, due to the dlightly higher ion energies
involved. The damage saturates after a short exposure to
either Cl,/Art or Ar discharges and is significant even
for low ion energies. Annealing between 700-800°C
restored > 70% of the reverse breakdown voltage on n-
GaN, while the damage depth was again established to
be~500 A in p-GaN.

The GaN layers were grown by rf plasma-assisted
Molecular Beam Epitaxy on c-plane Al,03 substrates.
The Ti/Al (for n-type) and Ni/Au (for p-type) ohmic
contacts were patterned by lift-off and annedled at
750°C. The samples were exposed to either 10CI,/5Ar

or 15 Ar (where the numbers denote the gas flow rate in
standard cubic centimeters per minute) |CP discharges
in a Plasma-Therm ICP reactor at a fixed pressure of 3
mTorr. We investigated a range of rf chucks powers
(25-250 W) and etch times (4-100 secs), with a fixed
source power of 500 W. In some cases, the samples
were either annealed in N, for 30 secs at 500-800°C or
wet etching in 0.1IM NaOH solutions at ~100°C after
plasma exposure. The Schottky metallization (Pt/Au in
both cases) was then deposited through a stencil mask (¢
=70 or 90um) by e-beam evaporation. Current-voltage
characteristics were recorded on an HP 4145A parame-
ter analyzer, and we defined the reverse breakdown volt-

age as that at which the leakage current was 10°A. The
forward on-voltage Vg was defined as the voltage at

which the forward current was 100A-cm™?. In al cases

the ideality factors increased from 1.3-1.6 on control
samples to >2 after plasma exposure and thus we were
unable to extract meaningful values of either barrier
height or ideality factor.

Figure 35 shows a series of |-V characteristics from
n-type GaN diodes fabricated on samples exposed to
either Cl,/Ar (top) or Ar (bottom) discharges at different
rf chuck powers. There is a significant reduction in Vg
under al conditions, with Ar producing less damage at
low chuck powers. Thisis probably related to two fac-
tors — the slightly higher chuck bias with Cl,/Ar due to
the lower positive ion density in the plasma (Cl is more
electronegative than Ar) and the heavier mass of the
Cl," ions compared to Ar*. Thisis consistent with our
past data on the relative effects of N, and H, plasma
exposure, in which ion mass was found to be more
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important in influencing the electrical properties of the
GaN surface than any chemical effects.

The variations of Vg and Vg with the rf chuck power
during plasma exposure are shown in Figure 36 (top).
At powers <100 W, the Cl,/Ar creates more degradation
of Vg, as discussed above, while at higher powers the
damage saturates. The average ion energy is the sum of
dc self-bias (shown at the bottom of the figure) and
plasma potential (which is about 22-25 eV under these
conditions). Thus for ion energies <~150 eV, Ar pro-
duces less damage than Cl,/Ar, even though the etch
rate with the latter is much higher. Thisisalso reflected
in the variation of g with rf chuck power.

Figure 37 shows a series of 1-V characteristics from
n-type GaN diodes fabricated on samples exposed to the
two different plasmas for different times at fixed rf
chuck power (150 W) and source power (500 W). It is
clear that the damage accumulates rapidly, with the |-V
characteristics becoming linear at longer times. It
should be remembered that this is damage accumulating
ahead of the etch front. To examine the thermal stability
of the etch damage, n-type samples were exposed to Ar
or Cl,/Ar discharges at a fixed source power (500 W)
and rf chuck power 150 W rf), and then annealed at dif-
ferent temperatures prior to deposition of the rectifying
contact. The annealing produces a significant recovery
of the electrical properties for samples exposed to either
type of plasma. The Vg values are shown in Figure 38,
as afunction of post-plasma exposure annealing temper-
ature.  Annealing temperatures between 700-800°C
restore > 70% of the origina Vg value, but clearly
annealing alone cannot remove al of the dry etch
induced damage. Annealing temperatures above 800°C
were found to lead to preferential loss of N, from the

surface, with a concurrent degradation in V.

Figure 40 shows two methods for determining the
depth of the damaged region in p-GaN diodes. Attopis
aplot of the variation of Vg and Vg with the depth of

material removed by NaOH etching. The values of both
parameters are returned to their control values by depths
of 500-600 A. What is clear from this data is that the
immediate surface is not where the p-doping concentra-
tion is most affected, since the maximum values peak at
depths of 300-400 A. This suggests that Ny, or other
compensating defects created at the surface diffuse rap-
idly into thisregion even near room temperature. Thisis
consistent with results in other semiconductors, where
damage depths are typicaly found to be many times
deeper than the projected range of incident ions. The
bottom part of Figure 40 shows the wet etch depth in
plasma damaged p-GaN as a function of etching time.
The etch depth saturates at depths of 500-600 A, consis-

tent with the electrical data. It has previously been
shown that the wet etch depth on thermally- or ion-dam-
aged GaN was self-limiting. Thisis most likely a result
of the fact that defective or broken bonds in the material
are readily attached by the acid or base, whereas in
undamaged GaN the etch rate is negligible.

The main finding of our study may be summarized
asfollows:

(1) Large changes in Vg and Vg of n- and p-GaN
Schottky diodes were observed after exposure to both
Clo/Ar and Ar ICP discharges. |n some casesthe electri-
cal properties are more degraded with Cl,/Ar even
though this plasma chemistry has a much higher etch
rate.

The damage accumulates in the near-surface even
for very short exposure times (4 secs). The damage
depth was established to be 500-600 A from both the
changes in electrical properties and the depth depen-
dence of wet etch rate.

Annealing in the range 700-800°C partially restores
Vg in n-GaN diodes, but full recover can only be
achieved with an additional wet etch step for removal of
the damaged material. The combination of annealing
and a wet etch clean-up step looks very promising for
GaN device fabrication.

5.1 p-nJunctions.

Layer structures were grown by Metal Organic Chemi-
cal Vapor Deposition on c-plane Al,O3 substrates at
1040°C. The structure consisted of a low temperature
(530°C) GaN buffer, 1.2um of n (2x10 cm3, Si-
doped) GaN, 0.5um of nominally undoped (n~10%® cm
3) GaN and 1.0um of p (N5 ~5x10° cm™3, Mg-doped)
GaN. The p-ohmic metal (Ni/Au) was deposited by e-
beam evaporation and lift-off, then aloyed at 750°C. A
mesa was then formed by BCl4/Clo/Ar (8/32/5-sccm)
I CP etching to a depth of 1.6um under different plasma
conditions in order to examine the effect of ion energy
and ion flux, respectively. The ICP reactor was a load-
locked Plasma-Therm SLR 770, which used a 2 MHz,
3-turn coil ICP source. All sampleswere mounted using
a thermally conductive paste on an anodized Al carrier
that was clamped to the cathode and cooled with He gas.
The ion energy or dc-bias or dc-bias was defined by
superimposing a rf-bias (13.56 MHz) on the sample.
The n-type ohmic metallization (Ti/Al) was then depos-
ited. Reverse |-V measurements were made on 300um
diameter diodes with a HP 4145B semiconductor
parameter analyzer. In this study the reverse leakage
current was measured at abias of —30V. Etch rateswere
calculated from bulk GaN samples patterned with AZ-
4330 photoresist. The depth of etched features was
measured with an Alpha-step stylus profilometer after
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the photoresist was removed. Etch profile and surface
morphology were analyzed with scanning electron
microscopy and atomic force microscopy, respectively.

Figure 41 shows the effect of dc chuck bias on the
reverse junction leakage current, along with the corre-
sponding GaN etch rates. There is little effect on the
current below chuck biases of -250 V. This corre-
sponds to anion energy of approximately —275 eV, since
this energy is the sum of chuck bias and plasma poten-
tial (about —25 eV in this tool under these conditions).
The reverse current decreases slightly as the dc self-bias
is increased from —25 to -50 V. This may result from
the sharp increase in etch rate which leads to faster
removal of near-surface damage. The reverse current
increases rapidly above —275 V ion energy, which is a
clear indication of severe damage accumulating on the
sidewall. The damage probably takes the form of point
defects such as nitrogen vacancies, which increase the
n-type conductivity of the surface. The total reverse
current density, Jg is the sum of three components

namely diffusion, generation and surface leakage
according to

elk, ell 2 elnm
JR:[_E v +£ Ne Jﬂ + +J g
nip bV g To

where e is the electronic charge, D, are the diffusion
coefficients of electrons or holes, I, are the lengths of

the n and p regions outside the depletion region in a p-n
junction, Np, 5 are the donor/acceptor concentrations on

wither side of the junction, n; isthe intrinsic carrier con-
centration, W the depletion with 14 the thermal genera-
tion lifetime of carriers and Jg is the surface current

component which is bias-dependent. The latter compo-
nent is most affected by the dry etch process, and domi-
nates the reverse leskage in diodes etched in high ion
energies.

GaN sidewall profiles and etch morphologies have
been evaluated from previous results as a function of dc-
bias. The etch becomes more anisotropic as the dc-bias
increased from -50 to -150 V dc-bias due to the perpen-
dicular nature of the ion bombardment energies. How-
ever, at -300 V dc-bias atiered etch profile with vertical
striations in the sidewall was observed due to erosion of
the mask-edge under high ion bombardment energies.
The physical degradation (both profile and morphol ogy)
of the etched sidewall a -300 V could help explain
higher reverse leakage currents above -250 V dc-bias.
Under high bias conditions, more energetic ions scatter-
ing from the surface could strike the sidewalls with sig-
nificant momentum thus increasing the likelihood of
increased damage and higher reverse leakage currents.
Under low bias conditions, the sidewall profile is less

anisotropic implying increased lateral etching of the
GaN (undercutting of the mask). Under these condi-
tions the etch process becomes dominated by the chemi-
cal component of the etch mechanism, which may
account for the slightly higher reverse |eakage observed
a -25 V dc-hias. Figure 42 shows the effect of ICP
source power on the junction reverse leakage current.
The plasma flux is proportional to source power. In this
experiment the ion energy was held constant at —100 V
dc-bias. Thereis minimal effect on leakage current for
source powers < 500 W, with severe degradation of the
junction characteristics at higher powers even thought
the GaN etch rate continues to increase. This is an
important result because it shows that the conditions that
produce the highest etch rate are not necessarily those
that lead to the least damage. Increased sidewall dam-
age under high plasma flux conditions may be due to
increased ion scattering as well as more interactions of
reactive neutrals with the sidewall of the mesa. SEM
micrographs from bulk GaN samples also show a degra-
dation of sidewall profile under high ICP source power
conditions. At an ICP source power of 1000 W, the side-
wall has a tiered profile with vertical striations possibly
due to erosion of the mask edge. However, sidewall pro-
files at 250 and 500 W looked reasonably anisotropic
and smooth. Reverse leakage currents were relatively
insensitive to chemistry effects in a Cl,/BCls/Ar ICP

discharge. The reverse leakage current ranged between
~10 and 40 nA as the %Cl, changed from 0 to 100. This
is not too surprising given that BCl3 ions will be the
heaviest ionsin the discharge under all these conditions,
and we expect ion damage to be dominated at this flue.
The reverse leakage currents were measured from a dif-
ferent GaN wafer as compared to other samples used in
this study. The surface morphology for the as-grown
wafer was significantly higher for this sample and may
account for higher reverse leakage currents measured
under the standard conditions. Notice the GaN etch rate
increased as Cl, was added to the BCl5/Ar plasma up to
80%. In Cl,/Ar plasmathe GaN etch rate decreased due
to lower concentrations of reactive Cl neutrals. Etch
profiles were relatively anisotropic and smooth except
for the Cl,/Ar plasmawhere the etch was slightly rough.

Two samples were annealed in this study to deter-
mine if the defects caused by plasma-induced-damage
to the p-n junction could be removed and low reverse
leakage currents recovered. The first sample was ini-
tially exposed to the following ICP conditions: 32 sccm
Cl,, 8 sccm BCl3, 5 sccm Ar, 500 W I CP power, -300 V

dc-bias and 2 mTorr pressure. The reverse leakage
remained essentially constant up to 600°C where the
reverse leakage increased by more than an order of mag-
nitude (see Figure 43). (Note all reverse leakage data
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were taken at —30 V except for the 600°C data, which
was taken at lower voltages due to breakdown at —-30 V).
A similar trend was observed for the second sample.
Although there was much more scatter in the data,
which was exposed to the same I CP conditions with the
exceptions of 750 W I CP source power and —100 V dc-
bias. The inability to remove damage from these sam-
ples may be due to anneal temperatures which were not
high enough. Improved breakdown voltages for dry
etched n- and p-GaN Schottky diodes occur after
annealing in the range of 400 to 700°C, however anneal
temperatures >800°C were needed to produce near-
compl ete recovery in breakdown voltage.

In summary there are high-density plasma etching
conditions for GaN where there is minimal degradation
in the reverse leakage current of p-i-n mesadiodes. Both
ion energy and ion flux are important in determining the
magnitude of this current, and a high etch rate is not
necessarily the best choice for minimizing dry etch
damage.

6 Device Processing
6.1 Microdisk Lasers.

A novel laser structure is the microdisk geometry, which
does not require facet formation. These lasers should in
principle have low thresholds because of their small
active volume. While microcylinder geometries are pos-
sible, superior performance is expected when the active
disk region sits only on athin support post or pedestal.
To fabricate this latter geometry, it is necessary to have a
selective wet etch for the material under the active layer.
A microcylinder is initially formed by anisotropic dry
etching. We have employed ECR or ICP Cl,/Ar dis-
charges to produce the initial vertical etch. The under-
cut is then produced by use of KOH solutions at ~80°C
to selectively etch the AIN buffer layer on which the
InGaN/GaN quantum well is grown. SEM micrographs
of two different lasers are shown in Figure 44. In both
cases we used an upper cladding layer of AlGaN, which
was etched somewhat slower than the pure AIN bottom
cladding layer.

6.2 Ridge Waveguide Lasers.

The achievement of continuous wave GaN-InGaN laser
diodes has tremendous technological significance. For
commercially acceptable laser lifetimes (typically >
10,000 h), there isimmediate application in the compact
disk data storage market. The recording and reading of
data on these disks are currently performed with near-
infrared (~780 nm) laser diodes. The switch to the
much shorter wavelength (~400 nm) GaN-based laser
diodes will alow higher recording densities [by ~(780/

400)2 or amost a factor of 4]. There is also a large
potential market in projection displays, where laser

diodes with the three primary colors (red, green and
clue) would replace the existing liquid crystal modula-
tion system. The laser-based system would have advan-
tages in terms of greater design simplicity, lower cost
and broader color coverage. The key development isthe
need to develop reliable green InGaN laser diodes. The
high output power of GaN-based lasers and fast off/on
times should also have advantages for improved printer
technology, with higher resolution than existing systems
based on infrared lasers. In underwater military sys-
tems, GaN lasers may have application for covert com-
munications because of a transmission passband in
water between 450 and 550 nm.

While a number of groups have now reported room-
temperature lasers in the InGaN/GaN/AlGaN hetero-
structure system under pulsed and cw operation [3] [4],
the field has been completely dominated by Nakamura
et.a. [4]. Thegrowthisperformed by MOCVD, gener-
ally at atmospheric pressure. Initial structures were
grown on c-plane (0001) sapphire, with a low tempera-
ture (550°C) GaN buffer, a thick n* GaN lower contact
region, an n'InGaN strain-relief layer, and n*AlGaN
cladding layer, a light-guiding region of GaN, then a
multiquantum well region consisting of Si-doped
INg15GaggsN  wells  separated by  Si-doped
INg 02Gag ggN barriers. The p side of the device con-
sisted of sequential layers of p-AlGaN, p"GaN light-
guiding,, p-AlgogGaggN cladding and p"GaN con-
tact. A ridge geometry was fabricated by dry etching in
most cases (material removed down to the p-
Al 0gGag goN layer), followed by dry etching, cleaving
or polishing to form a mirror facet. These facets are
coated (with TiO,/SIO, in the Nichia case) to reduce
laser threshold, while Ni/Au (p type) and Ti/Al (n type)
were employed for ohmic metallization.

For this type of structure, threshold current densities
are typically > 4 kA cm™ with an operating voltages of
> 5V at thethreshold current. The emission mechanism
is still the subject of intense study, but may be related to
localization of excitons at compositional fluctuations
(leading to potential minimain the band structure) in the
InGaN wells.. These devices display relatively short
lifetimes under cw operation, typically tens to hundreds
of hours. The failure mechanism is most commonly
short-circuiting of the p-n junction, a result of p-contact
metallization punch through. It is not that surprising
that in this high defect density material that the metal
can migrate down threading dislocations or voids under
high drive-current conditions. The threshold carrier
density of the laser diodes on sapphire are typically

14 MRS Internet J. Nitride Semicond. Res. 5, 11 (2000).
© 2000 The Materials Research Society

https://doi.org/10.1557/51092578300000119 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300000119

~10% cm3, well above the theoretical values (~101° cm
3
).

A major breakthrough in laser diode lifetime
occurred with two changes to the growth. The first was
replacement of the AlGaN cladding layers with AlGaN/
GaN strained-layer superlattices, combined with modu-
lation doping. These changes had the effect of reducing
formation of cracks that often occurred in the AlGaN,
and also to reduce the diode operating voltage [4]. The
second was the use of epitaxial lateral overgrowth

(ELOG) [3] [4]. In thistechnique GaN is selectively
grown on an SiO, masked GaN/Al,O3 structure. After

~10um of GaN is deposited over the SiO, stripes, it coa-

lesces to produce aflat surface. For a sufficiently wide
stripe width, the dislocation density becomes negligible,

compared to > 10%m™ in the window regions. The
laser itself is fabricated dlightly off-center from the
mask regions, due to gaps that occur there due to imper-
fect coalescence of the GaN. These devices have lower

threshold current density (< 4 kA cm™) and operating
voltage (4-6 V) and much longer (10,000 h) room-tem-
perature lifetimes. The reduction in threading disloca-
tion density dramatically changes the lifetime, since the
p metal no longer has a direct path for shorting out the
junction during operation. The carrier density at thresh-

old is also reduced to ~3x10%° cm3, not far above the
expected values. Output power > 400 mW, and lifetime
> 160 h at 30 mW constant output power has been
reported.

Subsequent work from Nichia has focused on
growth of the laser diodes on quasi-GaN substrates. The
thick (100-200um) GaN is grown on ELOG structures
by either MOCVD or hydride VPE. The sapphire sub-
strate is then removed by polishing, to leave a freestand-
ing GaN substrate. The mirror facet can then be formed
by cleaving. The GaN substrate has better thermal con-
ductivity than sapphire.

One of the most important features of the etching of
the ridge waveguide is the smoothness of the sidewall.
Figure 45 shows SEM micrographs of features etched
into pure GaN, using a SiN, mask and an ICP Cl,/Ar

discharge at moderate powers (500 W source power, 150
W rf chuck power). While the sidewalls are reasonably
vertical, one can see striations, which result from rough-
ness on the photoresist mask used to pattern the SiN,,.

Another problem than can occur is illustrated in the
SEM micrograph at the top of Figure 46. In this avery
high ion energy was employed during the etching, lead-
ing to roughening of the feature sidewall. This problem
is absent when ion energies below approximately 200
eV are employed, as shown in the micrograph at the bot-
tom of Figure 46.

When careful attention is paid to the lithography, the
etching of the SiN, mask and also the etching of the

nitride laser structure, then results like those shown in
the SEM micrographs of Figure 47 are obtained. The
active region of the laser isvisible as the horizontal lines
aong the middle of the sidewall.

6.3 Heterojunction Bipolar Transistors.

Wide bandgap semiconductor heterojunction bipolar
transistors (HBTS) are attractive candidates for applica-
tions in high frequency switching, communications and
radar. Whilefield effect transistors can be used for these
same applications, HBTs have better linearity, higher
current densities and excellent threshold voltage unifor-
mity. The GaN/AlGaN system is particularly attractive
because of its outstanding transport properties and the
experience base that has devel oped as aresult of the suc-
cess of light-emitting diodes, laser diodes and UV detec-
tors fabricated from AlGalnN materials. GaN/SiC
HBTs have been reported with excellent high tempera-
ture (535°C) performance [13]. Recently two reports
have appeared on operation of GaN/AIGaN HBTs [14]
[15]. In one case the extrinsic base resistance was
reduced through a selective regrowth of GaN(Mg), and

devices with 3x20um2 emitters showed dc current gain
of ~3 at 25°C [14]. In work from our group, GaN/
AlGaN HBTs have been fabricated with a non-self-
aligned, low damage dry etch process based on that
developed for the GaAgAlGaAs, GaAdInGaP and
InGaAgAlInAs systems. The performance of GaN/
AlGaN devices fabricated by that method also showed
low gains at room temperature, typically < 3. When
operated at higher temperatures the gain improved,
reaching ~10 at 300°C as more acceptors in the base
region became ionized and the base resistance
decreased.

In this section we review the fabrication process for
GaN/AlIGaN HBTs, examine the temperature depen-
dence of the p-ohmic contacts and report measurements
of typical background impurity concentrations, deter-
mined by Secondary lon Mass Spectrometry (SIMS).

Structures grown by two different methods were
examined. In the first, rf plasma-assisted Molecular

Beam Epitaxy (MSE) at arate of ~0.5um-hr"! was used
to grow the HBT structure on top of a 2um thick
undoped GaN buffer that was grown on c-plane (0001)

sapphire. An 8000A thick GaN subcollector (Si ~10'8
Cm'3) was followed by a 5000A thick GaN collector (Si
~10% cm3), a 15004 thick GaN base (Mg acceptor
concentration ~101® cm3), a 1000A thick Al 15Gag gsN
emitter (Si ~5x10% cm™3), and a 500A grade to a 20004
thick GaN contact layer (Si ~8x10%8cm3).
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The second structure was grown by Metal Organic
Chemical Vapor Deposition (MOCVD) on c-plane sap-
phire, using trimethylgallium, trimethylaluminum and
ammonia as the precursors and high purity H, as the
carrier gas. The basic layer structure is shown in Figure
48.

The process flow for device fabrication is shown
schematically in Figure 49. First the emitter metal (Ta/
Al/Pt/Au) is patterned by lift-off and used as an etch
mask for the fabrication of the emitter mesa. The dry
etching was performed in a Plasma-Therm 770 Induc-
tively Coupled Plasma (ICP) system using Cl,/Ar dis-

charges. The process pressure was 5 mTorr and the
source was excited with 300 W of 2 MHz power. This
power controlled the ion flux and neutral density, while
the incident ion energy was controlled by application of
40 W of 13.56 MHz power to the sample chuck. Base
metallization of Ni/Pt/Au was patterned by lift-off, and
then the mesa formed by dry etching. The etch rate of

GaN under our conditions was ~1100A-min', and was
terminated at the subcollector where Ti/Al/Pt/Au metal-
lization was deposited. The contacts were aloyed at
700-800°C. It has been firmly established that high spe-
cific contact resistivities are a limiting factor in GaN-
based device performance, and in particular the p-ohmic
contact. We examined the alloying temperature depen-
dence of the current-voltage (1-V) characteristics for
several different p-metal schemes. The as-deposited
contacts are rectifying. Annedling at progressively
higher temperatures produced a significant improve-
ment. But even for 800°C anneals the contacts were not
purely ohmic when measured at room temperature. This
is consistent with past data, showing that p-metallization
on GaN is often better described as a leaky Schottky
contact. As the measurement temperature is increased,
the hole concentration in the p-GaN increases through
higher ionization efficiency of the Mg acceptors. For
example the hole concentration would increase from
~10% of the acceptor density at 25°C to ~60% at 300°C,
based on Fermi-Dirac statistics. The p-contact becomes
truly ohmic at > 300°C. From transmission line mea-

surements, we found p ~2x102Qcm at this tempera-

ture. This indicates that the GaN/AIGaN HBT will
perform better at elevated temperatures, where the base
contact resistivity is lower. The contact barrier is of
order 0.5 eV, whereas the Mg acceptor has an ionization
level of 0.18 eV.

The device performance of both the MBE and
MOCVD grown devices was similar, namely a com-
mon-emitter current gain of < 3 at 25°C, increasing to
~10 at 300°C. In both devices the performance was still
limited by the base resistance, and methods to increase
the base doping and lower the extrinsic resistance in this

region will be critical for future effortsin thisarea. The
common base current gain, «<, was in the range 0.75
(25°C) t0 0.9 (300°C), indicating that the base transport
factor is close to unity and that Ig is dominated by re-
injection to the emitter.

Another important aspect of the realization of GaN/
AlGaN HBTs is confinement of the Mg doping to the
base. If the p-type spills over into the relatively lightly
doped emitter, then the junction is displaced and the
advantage of the heterostructureislost.

In summary, GaN/AlGaN HBTs have been fabri-
cated both on MBE and MOCVD grown material, and
they display similar performance, i.e. a common-emitter
current gain of ~10 when operated at ~300°C. However
junction leakage is also higher at elevated temperatures,
which is a mgjor drawback in most applications. The
fabrication process developed previously for other com-
pound semiconductor systems works well for the GaN/
AlGaN system, with the main difference being higher
annealing temperatures required for the ohmic contacts.
The device performance is still limited by the base dop-
ing for both MBE and MOCV D structures.

6.4 Field Effect Transistors.

There has been much recent attention on devel opment of
AlGaN/GaN heterostructure field effect transistors
(HFETS) for high frequency and high power application.
Both enhancement and depletion mode devices have
been demonstrated, with gate lengths down to 0.2um.
Excellent dc performance has been reported up to
360°C, and the best devices have a maximum frequency
of oscillation f,,, Of 77 GHz at room temperature.

Even better speed performance could be expected from
InAIN channel structures, both because of the superior
transport properties and the ability to use highly doped
In,Al;yN (x = 0 — 1) graded contact layers which
should produce low specific contact layers which should
produce specific contact resistivities. We have previ-
ously demonstrated that nonalloyed Ti/Pt/Au metal on

degenerately doped InN (n = 5x10%°° cm’®) has p,

~1.8x10Qcm?. While metalorganic chemical vapor
deposition (MOCVD) has generally been employed for
growth of nitride-based photonic devices and for most
of the prototype electronic devices, the ability of the
molecular beam techniques to control layer thickness
and incorporate higher In concentration in the ternary
aloysiswell suited to growth of HFET structures.

The exceptional chemical stability of the nitrides has
meant that dry etching must be employed for patterning.
To date most of the work in this area has concentrated
on achievement of higher etch rates with minimal mask
erosion, in particular because a key application isforma-
tion of dry etched layer facets. In that case etch rate,
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etch anisotropy and sidewall smoothness are the most
important parameters, and little attention has been paid
to the effect of dry etching on the stoichiometry and
electrical properties of the nitride surface.

In these experiments, we used an InAIN and GaN
FET structure as a test vehicle for measuring the effect
of electron cyclotron resonance (ECR) BCls-based dry

etching on the surface properties of INAIN and GaN.
Preferential loss of N leads to roughened morphologies

and creation of a thin n* surface layer which degrades
the rectifying properties of subsequently deposited
meta contacts.

The InAIN samples were grown by MOMBE on 2"
diameter GaAs substrates using a WAVEMAT ECR N,
plasma and metalorganic group |11 precursors (Trimeth-
ylamine alane, triethylindium). A low temperature
(~400°C) AIN nucleation layer was followed by a 500A
thick AIN buffer layer grown at 700°C. The Ing 3Alg 7N

channel layer (~5x10Y" cm™) was 5004 thick, and then
an ohmic contact layer was produced by grading to pure
InN over a distance of ~500A.

The GaN layer structure was grown on double side
polished c-Al,O3 substrates prepared initialy by HCI/
HNO3/H,0 cleaning and an in-situ H, bake at 1070°C.

A GaN buffer < 300A thick was grown at 500°C and
crystallized by ramping the temperature to 1040°C,
where trimethylgallium and ammonia were again used

to grow ~1.5um of undoped GaN (n < 3x10'® cm™3), a
2000A channel (n = 2x10Y” cm3) and a 1000A contact
layer (n = 1x10'8 cm™d).

FET surfaces were fabricated by depositing TiPtAu
source/drain ohmic contacts, which were protected by
photoresists. The gate mesa was formed by dry etching
down to the InAIN or n-GaN channel using an ECR
BCl3 or BCI3/N, plasma chemistry. During this pro-
cess, we noticed that the total conductivity between the
ohmic contacts did not decrease under some conditions.
CHy4/H, etch chemistry was aso studied. To simulate
the effects of this process, we exposed the FET sub-
strates to D, plasma, we saw strong reductions in sam-
ple conductivity. The incorporation of D, into the
INAIN was measured by secondary ion mass spectrome-
try. Changes to the surface stoichiometry were mea-
sured by Auger electron spectroscopy (AES). All
plasma processes were carried out in a Plasma Therm
SLR 770 System with an Astex 7700 low profile ECR
source operating at 500 W. The samples were clamped
to an rf-powered, He backside cooled chuck, which was
left at floating potential (about —30 V) relative to the
body of the plasma.

Upon dry etch removal of the InAIN capping layer, a
PU/Ti/Pt/Au gate contact was deposited on the exposed
INAIN to complete the FET processing. if pure BCls
was employed as the plasma chemistry, we observed
ohmic and not rectifying behavior for the gate contact.
If BCl3/N, was used, there was some improvement in
the gate characteristics. A subsequent attempt at a wet-
etch clean-up using either H,O,/HCI or H,O,//HCI pro-
duced areverse breakdown in excess of 2V (Figure 50).
These results suggest that the INAIN surface becomes
nonstoichiometric during the dry etch step, and that
addition of N, retards some of this effect.

Figure 51 shows the Ipg values obtained as a func-
tion of dry etch time in ECR discharges of either BCl3
or BClg/N,. In the former case the current does not

decrease as materia is etched away, suggesting that a
conducting surface layer is continually being created.
By contrast BCI3/N, plasma chemistry does reduce the

drain-source current as expected, even though the break-
down characteristics of gate metal deposited on this sur-
face are much poorer than would be expected.

Figure 52 shows the gate current-voltage character-
istics when the gate metal is deposited on the as-etched
GaN surface. The Schottky contact is extremely leaky,
with poor breakdown voltage. We believe thisis caused
by the presence of a highly conducting N deficient sur-
face, similar to the situation encountered on dry etching
InP where preferential loss of P produces a metal-rich
surface which precludes achievement of rectifying con-
tacts. Auger electron spectroscopy anaysis of the
etched GaN surface showed an increasing Ga-to-N ratio
(from 1.7 to 2.0 in terms of raw counts) upon etching.
However, a5 min. anneal at 400°C under N, was suffi-
cient to produce excellent rectifying contacts, with a
gate breakdown of ~25V (Figure 53). We believe the
presence of the conducting surface layer after etching is
a strong contributing factor t the excellent p. values

reported by Lin et. al. [3] for contacts on a reactively
ion etched n-GaN.

The drain I-V characteristics of the 1x50um? MES-
FET are shown in Figure 54. The drain-source break-
down was —20 V, with a threshold voltage of —0.3 V.
The device displays good pinch-off and no slope to the
I-V curves due to gate leakage, indicating that the
anneal treatment is sufficient to restore the surface
breakdown characteristics. We believe these devices are
well suited for high power applications since GaN is a
robust material and the contract metallizations
employed are also very stable.

I11-nitrides FET structures are sensitive to several
effects during dry etching of the gate mesa. Firstly, if
hydrogen is present in the plasma there can be passiva-
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tion of the doping in the channel layer. Secondly, the
ion bombardment from the plasma can create deep
acceptor states that compensate the material. Thirdly,
even when these problems are avoided through use of H-
free plasma chemistries and low ion energies and fluxes,
preferential loss of N can produce poor rectifying gate
characteristics for metal deposited on the etched surface.
Ping et.al. observed that pure Ar etching produced more
damage in Schottky diodes than SiCl, RIE. The diodes
characteristics were strongly dependent on plasma self-
bias, while annealing at 680°C removed much of the
damage.

6.5 UV Detectors.

Gallium nitride (GaN) and its aloys of aluminum gal-
lium nitride (AlGaN) are the most promising semicon-
ductors for development of ultraviolet (UV)
photodetectors for applications such as combustion
monitoring, space-based UV spectroscopy and missile
plume detection. With a direct bandgap energy of
approximately 3.39 eV (366 nm), GaN is an ideal mate-
ria for the fabrication of photodetectors capable of
rejecting near infrared and visible regions of the solar
spectrum while retaining near unity quantum efficiency
inthe UV. The use of AlGaN materials in photodetector
fabrication enables bandgap engineering of the peak
responsivity to shorter wavelengths in the deep UV.
GaN is also an extremely robust semiconductor suitable
for high temperature (> 200°C) applications.

Nitride-based UV photodetectors which have been

reported include p-n photodiode devices with 0.05 mm?
junction area and 0.07 A/W peak responsivity [3], with

0.04 mm? junction area devices, with 0.25 mm? junction

area 0.1 A/W peak responsivity and 0.59 mm? junction
area and 0.195 A/W peak responsivity. Photodetector
also reported include semi-transparent Schottky junction
devices and metal -semiconductor-metal devices.

The GaN and AlGaN ultraviolet (UV) photodiodes
were grown on (0001) basal-plane sapphire substrates
by molecular beam epitaxy (MBE) using an RF atomic
nitrogen plasma source. wum wide The p-i-n detector

epitaxial layers consisted of a 5x10'8 cm™ n-GaN layer
followed by a 5000A intrinsic region with unintentional

n-type doping in the 10'® cm™ decade. The topmost

epitaxial layer consisted of 1000-2000A 1x10'8 cm™ p-
GaN. Mesas reaching the n-GaN cathode contact layer
were formed by inductively coupled plasma (ICP)
plasma etching with chlorine-based chemistry. Ohmic
contacts to the n-type and p-type GaN were made by Ti-
based and Ni-based metallizations, respectively. All of
the GaN p-i-n UV detectors were fabricated with an

optical detection area of 0.5 mm? and a p-i-n junction

area of 0.59 mm?, which is considerably larger (> 12.5
times) than other GaN p-n detectors reported with noise
measurements.

In addition to fabricating p-i-n type detectors,
shorter UV wavelength MSM photodetectors, operating
in a quasi-photoconductive mode, were fabricated from
1.5um thick silicon doped (~1x10' cm®) n-AlGaN
with a bandgap energy of approximately 320 nm. The
MSMs were fabricated by first depositing a Pt-group
metallization 1um wide with a 5um pitch to form the
Schottky contacts. next a dielectric was deposited to act
as an insulator between the AlGaN semiconductor and
the bond pads. The dielectric process was not optimized
to function as an anti-reflection coating. Reported here

are results for AIGaN MSMs with active areas of 0.25

mm2.

Shunt resistance and spectral responsivity data were
collected using on-wafer probing. The shunt resistance
was determined by the linear trace of the current-voltage
(IV) characteristic from =10 mV to +10 mV. The spec-
tral responsivities of the UV photodiodes were mea-
sured in photovoltaic mode (zero bias) for p-i-n devices
and a photoconductive mode (biased) for MSM devices
using a 75 W xenon arc lamp chopped at 700 Hz and fil-
tered by a 1/8 meter monochromator set to a5 nm band-
pass. The power of the monochromatic light was
measured with a calibrated, NIST traceable, silicon pho-
todiode and then focused onto the GaN wafers resting
on amicropositioner stage.

The GaN p-i-n UV photodetector responsivity mea-
surements reported were obtai ned with the devices oper-
ating in the unbiased, photovoltaic mode. Shown in
Figure 55 is a 25°C spectral responsivity curve for a
basedline UV photodetector with 0.194 A/W peak
responsivity and 4 orders of magnitude visible rejection
which has been previously reported. The maximum the-
oretical peak responsivity at the 360 nm bandgap is 0.28
A/W with no reflection and 0.23 A/W including reflec-
tion at the GaN surface. Also included on the plot is a
trace for a GaN p-i-n UV photodetector with an
improved p-type epitaxial process, which yields a
greater visible rejection and more constant deep UV
responsivity. Theimproved GaN p-i-n device was fabri-
cated with a 1000A p-type cathode layer. The shunt

resistances for these improved 0.59 mm? devices ranged
from 200 MQ to 50 GQ depending on the process. The
device exhibits a low dark current and excellent for-
ward-biased diode IV characteristics with a built-in
potential of approximately 3.1 V.

The AlIGaN MSM exhibited a substantial photocon-
ductive gain (> 700 X) at 6 V bias, which yielded a
responsivity of 7 A/W at 250 nm. The AlGaN device
band-edge response does not decay as rapidly as that
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seen in devices fabricated from GaN material. The
MSM devices, fabricated from AlGaN, which exhibited
a luminescent peak at 320 nm, exhibited slightly more
than 3 orders of magnitude (1278 X) rejection of 360
nm light over 320 nm light. The rejection ratio for 250
nm light over 360 nm light was more than 5.5 orders of
magnitude (5263 X). The increased gain at shorter
wavelengths is believed to be the result of greater elec-
tron-hole generation near the high electric field regions
at the surface of the device. As expected, the MSM
devices exhibited excellent shunt resistance (> 100 GQ)
and dark current characteristics at low bias as shown in
Figure 55. GaN p-i-n UV photodetectors with an opti-

cally active surface area of 0.5 mm? and ajunction area

of 0.59 mm? have been fabricated on 3-inch diameter
GaN p-i-n epitaxial wafers and characterized. Wafer
maps of photodetector peak responsivity (maximum of
0.194 A/W at 359 nm) indicated that more than 60%
(x1o) of al the GaN UV photodetectors performed
within a+ 12% deviation from the average peak respon-
sivity. Further, the vast majority of GaN UV photode-
tectors were characterized with shunt resistances that
were within one decade of each other.

High temperature testing of the GaN p-i-n photode-
tectors up to 300°C indicated no significant increase in
visible spectral responsivity or short-term degradation.
The room temperature spectral responsivity of the GaN
photodetectors was fully recovered after 300°C testing.
The 300°C GaN photodetector 1/f noise power densities

were measured to be 6.6x10°° and 2.1x10°%! A%/Hz at
100 Hz and 1 kHz, respectively. The room temperature,
100 Hz and 1 kHz noise power density of the GaN
p-i-n photodetectors was extrapolated to be on the order

of 10 A%/Hz (~1O'15 AIHZY2 noise current densi ty).

The AlIGaN MSM photodetectors, which were fabri-
cated from AlGaN with a near bandgap |uminescent
peak of 320 nm, exhibited substantial photoconductive
gain resulting in 7 A/W responsivity at 250 nm and 1.7
A/W responsivity at 320 nm. The AIGaN MSMs were
characterized with 5263 and 1278 responsivity rejection
ratios for 250 nm and 320 nm light, respectively, versus
360 nm light.
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FIGURES

Figure 1. Schematic diagram of (a) RIE, (b) ECR and (c) ICP
etch platforms.

Figure 2. Schematic diagram of high density plasma etching
process.
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Figure 26. 1-V characteristics from N, plasma exposed GaN E‘ 31
diodes before and after wet etch removal of different amounts = -1
of GaN prior to deposition of the Schottky contact (top) and
variation of Vg asafunction of theamount of material removed
(bottom).
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Figure27.1-V characteristicsfrom GaN diodes before and after
N, plasma exposure (500 W source power, 150 W rf chuck
power, 5 mTorr) and subsequent annealing either prior (top) or
subsequent (center) to the deposition of the Schottky
metallization. The variation of Vg in the samples annealed
prior to metal deposition is shown at the bottom of the figure.
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Figure 28. 1-V characteristics from samples exposed to either
H,, (top) or Ar (bottom) |CP discharges (150 W rf chuck power)
as afunction of ICP source power prior to deposition of the Ti/
Pt/Au contact.
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Figure 29. Variation of diode breakdown voltage in samples
exposed to H, or Ar ICP discharges (150 W rf chuck power) at
different | CP source powers prior to deposition of the Ti/Pt/Au
contact. The dc chuck self-bias during plasma exposureis aso
shown.
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Figure 30. Forward turn-on characteristics of diodes exposed to
ICP Ar discharges (150 W rf chuck power) at different ICP
source powers prior to deposition of the Ti/Pt/Au contact.
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Figure 32. Wet etching rate of Ar plasma exposed (750 W
source power, 150 W rf chuck power) GaN as a function of
depth into the sample.
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Figure 34. |-V characteristics from samples exposed to ICP Ar
discharges (750 W source power, 150 W rf chuck power) and
subsequently annealed at different temperatures prior to
deposition of the Ti/Pt/Au contact (top) and breakdown voltage
as afunction of annealing temperature (bottom).
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Figure 35. |-V characteristics from n-GaN samples exposed to
ICP Cl,/Ar (top) or Ar (bottom) discharges (500 W source

power) asafunction of rf chuck power prior to deposition of the
rectifying contact.
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Figure 36. Variations of Vg and Vg (top) and of n-GaN etching
rate (bottom) as a function of rf chuck power for n-GaN diodes
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Figure 37. |-V characteristics from n-GaN samples exposed to
ICP Cl,/Ar (top) or Ar (bottom) discharges (150 W rf chuck
power, 500 W source power) as a function of plasma exposure
time prior to deposition of the rectifying contact.
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Figure 39. I-V characteristics from p-GaN samples exposed to
ICP Cl,/Ar (top) or Ar (bottom) discharges (500 W source
power, 150 W rf chuck power) and wet etched in boiling NaOH
to different depths prior to deposition of the rectifying contact.
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Figure 40. Variation of Vg and Vg (top) with depth of p-GaN
removed by wet etching prior to deposition of the rectifying
contact, and wet etch depth versus etch time in boiling NaOH
solutions for plasma damaged p-GaN (bottom).
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Figure 41. Reverse leakage current measured at —30'V for GaN
p-i-njunctions etched in |CP 32Cl,/8BCl z/5Ar discharges (500

W source power, 2 mTorr), as afunction of dc chuck self-bias.
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Figure 42. Reverse |eakage current measured at —30V for GaN
p-i-n junctions etched in ICP 32Cl,/8BCls/5Ar discharges (-
100 V dc chuck self-bias, 2 mTorr), as a function of source
power.
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Figure 43. Reverse |eakage current measured at —30V for GaN
p-i-n junctions etched in ICP 32Cl,/8BCl4/5Ar discharges (-
300V dc chuck self-bias, 500 W |CP source power, 2 mTorr),
as afunction of anneal temperature.
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Figure 45. SEM micrograph of dry etched GaN feature.
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Figure 46. SEM micrographs of features etched into GaN at  Figure 47. SEM micrographs of dry etched GaN/InGaN/GaN
high (top) or moderate (bottom) ion energy. ridge waveguide |aser structure.
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Figure 48. Schematic of MOCV D-grown GaN/AlGaN HBT.
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Figure 49. Schematic process sequence for GaN/AlGaN HBT.
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Figure 50. |-V characteristics of Pt/TiPt/Au contacts on InAIN
exposed to different ECR plasmas.
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Figure 51. Ipg values at 5V bias for InNAIN FETS etched for
various timesin BCl5 or BCl3/N, ECR plasmas.

Figure 52. |-V characteristic on ECR BCl ;-etched GaN.
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Figure 53. |-V characteristic on ECR BClz-etched GaN
annealed at 400°C prior to deposition of the gate metal.
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Figure 54. Drain |-V characteristics of a 1X50me MESFET.
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Figure 55. Spectral responsivity for GaN p-i-n UV
photodetectors plotted against the maximum theoretical value
with no reflection.

36 MRS Internet J. Nitride Semicond. Res. 5, 11 (2000).

© 2000 The Materials Research Society

https://doi.org/10.1557/51092578300000119 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300000119

TABLES

Table |. Boiling points for possible etch products of Group-I11
nitride films etched in halogen- or CH4/H,-based plasmas.

Etch Products Boiling Points (°C)
AlcCl, 183
AlF, na
All, 360
AlBr, 263
(CH;3) ;AL 126
GaCl, 201
GaF, 1000
Galy sublimes 345
GaBr, 279
(CH3) 3Ga 55.7
InCl, 600
InF, >1200
InI, na
InBr, sublimes
(CHy) 3In 134
NC1, <71
NF, -129
NBr, na
NI, explodes
NH, -33
N, -196
(CH3) 3N -33
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TableIl. Summary of etch rate resultsfor GaN, AIN and InN with different plasma chemistriesin different techniques.

Gas Chemistry Etching Etch rate
Technique | (nm/min)
at given
bias
GaN ref ALN ref InN ref
sicl, [w/Ar, SiF,] |RIE 55 -400 V [6] - - - -
BCl, RIE 105 -230 V fe1 |- - - -
HBr [w/Ar, H,] RIE 60 -400 V (el |- - - -
CHF,, C,ClFg RIE 45 500 W (51 |- |- - -
SFg RIE 17 -400 V el |- |- - -
CHF;, C,ClFg RIE 60 -500 v | [6]1 |- |- - -
BCl,/Ar ECR 30 -250 V [5]1 |17 |-250 Vv [51 |17 [-300V [5]
CCl,F,/Ar ECR 20 -250 V [5] 18 [-300 V [5] |18 -300 V [5]
CH4/H2/Ar ECR 40 -250 V [5] 2.5|-300 V [5]]10 -300 V [5]
cl,/H,/Ar ECR 200 -180 V [8] 110(-150 V [8] |150 [-180 V [8]
sicl,/Ar ECR 95 -280 V [8] - - - -
H1/H, ECR 110 -150 VvV [5] 120|-150 V [5] [100 |-150 V [7]
HBr/H, ECR 70 -150 V [5] |65 |-150 Vv [5] |17 |[-150 Vv [5]
ICl/Ar ECR 1300 -275 V [5] 200|-272 V [5] [1150(-275 V [5]
IBr/Ar ECR 300 -170 V [12] [160|-170 V [5] 325 |[-170 V [12]
BC1, M-RIE 350 <-100 V| [10] |125|<-100 V| [5][100 |<-100 V| [10]
cl,/H,/Ar ICP 688 -280 V [8] - - - -
Cl,/Ar ICp 980 -450 V [8] 670(-450 V [8] |150 [-100 V [8]
Cl,/N, ICcp 65 -100 V [8] 39 |-100 V [8]1]30 -100 V [8]
BBr, ICcp 150 -380 [5] [50 [-200 [5] [500 [-380 [5]
BI, ICP 200 -175 [5] 100(-175 [5]1 |700 |-240 [5]
Icl ICcp 30 -300 [5] 30 |-300 [5] [600 |-300 [5]
Ibr ICP 20 -300 [5] 30 [-300 [5]1 |6e00 |-300 [5]
Ar ion Ion 110 500 ev [5] 29 |500 eV [5] |61 500 ev [5]
milling
cl, [Ar ion] CAIBE 210 500 eV [6] |62 |500 ev 6] |- -
HC1[Ar ion] CAIBE 190 500 eV [e1 |- - - -
1, RIBE 150 500 ev 51 |- |- - -
HC1 RIBE 130 500 eV [s1 |- - - -
c1,/Ar RIBE 50 -400 [51 [50 [-400 [5] |80 [-400 [51
HC1 Photoassi 0.044/ [6] - - - -
sted pulse
H,, Cl, LE4 50-70 1-15 ev [9] - - - -
38 MRS Internet J. Nitride Semicond. Res. 5, 11 (2000).

© 2000 The Materials Research Society

https://doi.org/10.1557/51092578300000119 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300000119

