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(7) ABSTRACT

A method of processing III-Nitride epitaxial layer system on
a substrate. The process includes exposing non-c-plane
surfaces of the IIl-nitride epitaxial layer system, for example
by etching to a selected depth or cleaving, and crystallo-
graphical etching the epitaxial layer system in order to
obtain crystallographic plane surfaces. In an exemplary
embodiment, the III-Nitride epitaxial layer system includes
GaN. In accordance with one aspect of the exemplary
embodiment, the etching step includes reactive ion etching
in a chlorine-based plasma, PEC etching in a KOH solution
or cleaving, and the crystallographical etching step includes
immersing the epitaxial layer system in a crystallographic
etching chemical, such as phosphoric acid, molten KOH,
KOH dissolved in ethylene glycol, sodium hydroxide dis-
solved in ethylene glycol, tetraethyl ammonium hydroxide,
or tetramethyl ammonium hydroxide. Speaific etching
planes are chosen in accordance with varying the orientation
of the exposing step, the etching chemical, and the tempera-
ture at which the epitaxial layer system is etched.

20 Claims, 8 Drawing Sheets
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CRYSTALLOGRAPHIC WET CHEMICAL
ETCHING OF III-NITRIDE MATERIAL

PRIORITY INFORMATION

This application claims priority from provisional appli-
cation Ser. No. 60/090,409 filed Jun. 23, 1998.

SPONSORSHIP INFORMATION

This invention was developed with funding from the
Office of Naval Research under grant no. N00014-98-1-
0194 and from the National Science Foundation under grant
no. ECS-9714047. The government has certain rights to the
invention.

BACKGROUND OF THE INVENTION

The invention relates to the field of semiconductor
etching, and in particular to a process of crystallographic wet
chemical etching of III-Nitride material, and in particular
gallium nitride.

The II-Nitride materials system, gallium nitride (GaN)
and its indium- and aluminum-containing alloys, shows
great promise for producing high-speed electronic devices
that operate efficiently at high temperatures. III-Nitrides are
the material of choice for producing light-emitting devices
including LEDs and lasers that operate at wavelengths
throughout the visible and UV parts of the electromagnetic
spectrum. These materials are extremely stable, allowing
them to be used in high temperature and corrosive environ-
ments. Because of this stability, it is difficult to find methods
for etching of III-Nitrides.

Most processing of the III-Nitrides is currently done by
dry plasma etching. There are several disadvantages to dry
etching, including rough surface profiles, ion-induced dam-
age in the exposed surface areas and difficulty in obtaining
smooth etched sidewalls, which are required for lasers, the
expense of the equipment required.

Photoenhanced electro-chemical (PEC) wet etching has
also been used for etching of GaN. PEC etching has the
advantage of low surface damage and relatively low equip-
ment cost, but there has not yet been found a method for
producing smooth etched vertical sidewalls, which are
required for lasers.

Even what seems to be a very small roughness can have
a large effect on the reflectivity of a laser facet. FIG. 1
illustrates this point, showing a graph of the maximum
reflectivity of a laser facet as a function of surface roughness
in a typical InGaN/GaN laser structure. The best published
roughness results from several different experimental groups
are indicated by arrows in the figure. Note that most etching
techniques produce a roughness of approximately 50 nm,
allowing a maximum specular reflectivity of less than 1%.
Production of laser facets using an etching technique is
preferable to using cleaving or polishing because an entire
wafer of several thousand lasers can be produced at one time
by etching, but cleaving must be done on individual rows of
devices, and polishing is an even more labor-intensive
technique.

Recently, researchers at Xerox Coxp. fabricated a laser
using chemically assisted ion beam etching (CAIBE), pro-
ducing sidewalls with a roughness of 4-6 nm. This is the
lowest sidewall roughness ever reported for etching in the
III-Nitride material system, but even with this roughness the
reflectivity is only 60-70% of the ideal reflectivity, and the
roughness is enough to cause interference fringes in the
emitted laser beam.
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2

It would be very beneficial to take advantage of the crystal
structure of the I1I-Nitride material itself to produce atomi-
cally smooth crystallographic planes without damaging the
surface. Such crystallographic planes would have reflectivi-
ties greater than 99% of the ideal reflectivity, given by the
well known Fresnel formula, as compared to the above
values of 1% and 60-70% for plasma etching and CAIBE,
respectively. Improvement in facet reflectivity corresponds
to higher output power and a better defined laser spot. Wet
chemical etching has been used for producing atomically
smooth crystallographic planes in other semiconductor
materials systems, such as silicon, gallium arsenide, and
gallium phosphide. Previously, prior to the invention, this
had never been achieved in the III-Nitride materials system.

SUMMARY OF THE INVENTION

The invention provides a method of processing a III-
Nitride epitaxial layer system on a substrate. The process
includes exposing non-c-plane surfaces of the III-Nitride
epitaxial layer system, for example by etching to a selected
depth or cleaving, and crystallographically etching the epi-
taxial layer system in order to obtain crystallographic plane
surfaces. In an exemplary embodiment, the III-Nitride epi-
taxial layer system includes GaN. In accordance with one
aspect of the exemplary embodiment, the exposing step
includes reactive ion etching in a chlorine-based plasma,
PEC etching in a KOH solution or cleaving, and the crys-
tallographically etching step includes immersing the epi-
taxial layer system in a crystallographic etching chemical,
such as phosphoric acid, molten KOH, KOH dissolved in
ethylene glycol, sodium hydroxide dissolved in ethylene
glycol, tetracthyl ammonium hydroxide, or tetramethyl
ammonium hydroxide. Specific etching planes are chosen in
accordance with varying the orientation of the exposing
step, the etching chemical, and the temperature at which the
epitaxial layer system is etched.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a graph of the maximum reflectivity of a laser
facet as a function of surface roughnes in a typical InOaN/
GaN laser structure;

FIG. 2 is a high-resolution field effect SEM image of
dislocation etch pits in the c-plane of GaN;

FIG. 3 is a flowchart showing the process of the invention;

FIG. 4 is a table summarizing etch rates and crystal planes
observed for various chemicals used in accordance with the
invention;

FIGS. 5A-5D are SEM images of several illustrative
examples of GaN epilayers crystallographically wet etched
after cleaving;

FIG. 6 is an Arrhenius plot of GaN etch rates in KOH and
30% KOH dissolved in ethylene glycol;

FIG. 7 is an Arrhenius plot of etch rates for GaN in
H,PO,;

FIG. 8 is a plot of GaN etch rate as a function of KOH
concentration in ethylene glycol at 170° C;

FIGS. 9A-9C are stepwise block diagrams illustrating the
processing of a laser diode in accordance with the invention;
and

FIGS. 10A-10C are stepwise block diagrams illustrating
the processing of a bipolar transistor in accordance with the
invention.

DETAILED DESCRIPTION OF THE MENTION

The invention is directed to a method for achieving
crystallographic wet chemical etching in the III-Nitrides.
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While KOH-based solutions have been found to etch AIN
and IneAIN, no acid or base solution had previously been
identified that is able to etch high-quality GaN. In accor-
dance with one embodiment of the process of the invention,
ethylene glycol, instead of water, is used as a solvent for
KOH and NaOH so that temperatures between 90° C. and
180° C. are able to be employed. These temperatures exceed
the boiling point of water and are considerably higher than
the temperatures used in previous processes. The samples
used were grown on c-plane sapphire substrates, and include
n-type GaN epilayers grown by metal-organic chemical
vapor deposition (MOCVD), MOCVD-grown ptype GaN
epilayers, MOCVD-grown AlGaN/GaN heterostructures,
and MOCVD-grown InGaN/GaN heterostructures on thick
GaN layers grown by hydride vapor phase epitaxy. Epitaxial
GaN has commonly a hexagonal crystal structure, and the
top surface plane is the c-plane or <0001> plane.

Molten KOH is known to form pits at dislocations in the
c-plane of GaN. What was observed in accordance with the
invention, however, was that non-c-planes can be crystallo-
graphically etched by molten KOH. The c-plane, the top
surface of the GaN crystal, is impervious to all of the
chemicals with which etching had been attempted. By
employing an initial processing step, however, less stable
crystal planes are exposed that are susceptible to various
chemicals. This unexpected result has been explored in
several experiments by the applicants, and applicants have
identified other etching solutions that are able to etch various
crystallographic planes into not only GaN, but also InGaN
and AlGaN. From these experiments, a two-step process for
crystallographic etching of the III-Nitrides has been devel-
oped.

As described before, molten KOH and hot phosphoric
acid (H;PO,) have previously been shown to etch pits at
defect sites in the c-plane of GaN. Applicants have now
observed the formation of etch pits with facets that corre-
spond to various GaN crystal faces by etching in H;PO,
above 160° C., in molten KOH above 180° C., in KOH
dissolved in ethylene glycol above 135° C., and in NaOH
dissolved in ethylene glycol at 180° C. All of the hexagonal
etch pits share a common base, i.e. the <1120> direction, but
intersect the c-plane at a wide variety of angles. This is
because the faces are actually produced by two or more
competing etch planes, as can be seen in FIG. 2. FIG. 2 is
a high-resolution field effect SEM image of dislocation etch
pits in the c-plane of GaN, produced by etching in 10% KOH
by weight, dissolved in ethylene glycol at 165° C. The
etchant temperatures are monitored using a thermocouple,
and are accurate to within 5° C. The etch pit density is
approximately 2x10° cm™ in H,PO, and 6x107 cm™ in
hydroxide-containing etchants.

FIG. 3 is a flowchart showing the process of the invention.
The first of the two steps in the crystallographic etching
process, exposing non-c-plane surfaces, can be used to
establish the etching depth (step 300), and it can be per-
formed by several common processing methods. For the first
step, several different processing methods have been used,
including reactive ion etching in a chlorine-based plasma,
PEC etching in a KOH solution, and cleaving. The second
step is done by immersion in a chemical that is able to
crystallographically etch GaN (step 302). This etching step
can produce smooth crystallographic surfaces, and the spe-
cific etching planes can be chosen by varying the orientation
of the first step, the chemical agents, and the temperature.
The etch rates and crystal planes observed for all chemicals
used in this work are summarized in the table of FIG. 4.
Crystallographic etching has been achieved using phospho-
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4

ric acid, molten potassium hydroxide (KOH), KOH dis-
solved in ethylene glycol, sodium hydroxide dissolved in
ethylene glycol, tetracthyl ammonium hydroxide (TEAH),
and tetramehyl ammonium hydroxide (TMAH). The etching
planes listed in this table are those that appear during the
etch. Because the c-plane {0001} is impervious to all of
these chemicals except at defect sites where etch pits occur,
it is also an etch plane, with a negligibly small etch rate.

FIGS. 5A-5D are SEM images of several illustrative
examples of GaN epilayers that have been crystallographi-
cally wet etched after cleaving. FIGS. 5A and 5B show
samples etched in H,PO, at 132° C. The {1013} plane
shown in FIG. 5A appears along the side of the sample
cleaved along the GaN a-plane {1120}. The {1012} plane
shown in FIG. 5B appears along the side of the sample
cleaved along the GaN m-plane. The {1010} plane shown in
FIG. 5C was produced by etching in 10% KOH by weight
dissolved in ethylene glycol at 165° C. This plane has been
examined using an FESEM with a resolution of 5 nm at 2.5
kV, and the surface appears perfectly smooth at this reso-
lution. The {1011} plane shown in FIG. 5D was produced by
etching in molten KOH at 184° C.

The activation energies for etching in these various solu-
tions is 0.9 eV, or 21 kcal/mol, as inferred from the Arrhe-
nius plots in FIGS. 6 and 7. Note that this is equal to the
calculated heat of formation of GaN, 0.90 ¢V. The activation
energy indicates that the etch is reaction-rate limited. If the
etching were diffusion limited, an activation energy in the
1-6 kcal/mol range would be expected.

FIG. 6 is an Arrhenius plot of GaN etch rates in KOH and
30% KOH dissolved in ethylene glycol. Solid and hollow
symbols represent etch rates measured along cleaved edges
parallel to the {1120} a-plane and the {1010} m-plane,
respectively.

FIG. 7 is an Arrhenius plot of etch rates for GaN in
H,PO,.

FIG. 8 is a plot of GaN etch rate as a function of KOH
concentration in ethylene glycol at 170° C. Solid and hollow
symbols represent etch rates measured along cleaved edges
parallel to the {1120} a-plane and the {1010} m-plane,
respectively.

The etch rates shown in FIGS. 6-8 are measured perpen-
dicular to the growth direction, i.e. in the “horizontal”
c-plane. For “vertical” planes, such as the {1010} plane, the
actual etch rate of the plane is equal to the etch rate
measured. For non-vertical planes, however, the etch rate of
the plane is actually less than the measured etch rate. The
etch rate perpendicular to the {1012} plane, for instance, is
the etch rate shown in FIG. 7 multiplied by cos(46°),
because the {1012} plane intersects the vertical {1070}
plane at an angle of 46°.

It is interesting to note that the etch rate of KOH dissolved
in ethylene glycol is higher than the etch rate of molten KOH
at the same temperature. In fact, the etch rate as a function
of concentration peaks at a value of 40% KOH by weight in
ethylene glycol, as can be seen in FIG. 8. It is believed that
this is due to high solubility of the etch products in ethylene
glycol.

Because the c-plane is impervious to all of the chemicals
used in this study, no etch mask is required for the crystal-
lographic etching step. The c-plane itself acts as a mask. An
etch mask may be necessary, however, if long etching times
are used, to prevent the development of etch pits at defect
sites. For this purpose we have successfully used titanium
masks after annealing at 900° C. for 30 seconds and nickel
masks after annealing at 650° C. for 2 minutes.
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FIGS. 9A-9C are step-wise block diagrams illustrating
the processing of a laser diode in accordance with the
invention. Initially, a mask 900 is deposited on a III-Nitride
device structure 902, which is configured on a sapphire

substrate 904. A reactive ion etch leaves rough, non-vertical 5

facets 906 in the structure. A crystallographic etch produces
atomically smooth vertical facets 908, 910.

FIGS. 10A-10C are step-wise block diagrams illustrating
the processing of a bipolar transistor in accordance with the
invention. Initially, a mask 1000 is deposited on a III-Nitride
device structure 1002, which is configured on a sapphire
substrate 1004. A photoenhanced wet etch leaves nearly
vertical walls 1006 and rough surfaces 1008. A crystallo-
graphic etch produces undercut walls 1010, 1012 and atomi-
cally smooth surfaces 1014.

In conclusion, a powerful anisotropic wet chemical etch-
ing technique is presented. Etch rates as high as 3 gm/min
have been demonstrated. Because the etch is crystallo-
graphic in nature, we demonstrate smooth vertical sidewalls
with an RMS roughness smaller than the 5 nm resolution of
the FESEM. This is the smallest reported roughness for
etched GaN sidewalls, indicating the usefulness of this etch
for high-reflectivity laser facets. The ability to undercut is
also important for decreasing capacitance in applications
such as bipolar transistors.

Although the present invention has been shown and
described with respect to several preferred embodiments
thereof, various changes, omissions and additions to the
form and detail thereof, may be made therein, without
departing from the spirit and scope of the invention.

What is claimed is:

1. A method of processing a III-Nitride epitaxial layer
system provided on a substrate, comprising:

exposing non-c-plane surfaces of said III-Nitride epitaxial
layer system; and

crystallographically etching said epitaxial layer system in

order to obtain crystallographic plane surfaces.

2. The method of claim 1, wherein said III-Nitride epi-
taxial layer system comprises GaN.

3. The method of claim 1, wherein said exposing step
comprises reactive ion etching in a chlorine-based plasma,
PEC etching in a KOH solution or cleaving.

4. The method of claim 1, wherein said crystallographi-
cally etching step comprises immersing said epitaxial layer
system in a crystallographic etching chemical.

5. The method of claim 4, wherein said chemical com-
prises phosphoric acid, molten KOH, KOH dissolved in
ethylene glycol, sodium hydroxide dissolved in ethylene
glycol, tetraethyl ammonium hydroxide or tetramethyl
ammonium hydroxide.

6. The method of claim 4, wherein specific etching planes
are chosen in accordance with varying the orientation of said
first etching step, said etching chemical, and the temperature
at which said epitaxial layer system is etched.

7. The method of claim 1, wherein a laser diode is
processed.

8. The method of claim 1, wherein a bipolar transistor is
processed.

9. A method of processing a III-Nitride epitaxial layer
system provided on a substrate to produce a laser diode,
comprising:
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reactive etching said III-Nitride epitaxial layer system to
a selected depth; and

crystailographically etching said epitaxial layer system in
order to obtain substantially atomically smooth vertical
surfaces.

10. A method of processing a III-Nitride epitaxial layer
system provided on a substrate to produce a bipolar
transistor, comprising:

photoenhanced wet etching said I1I-Nitride epitaxial layer

system to a selected depth; and

crystallographically etching said epitaxial layer system in
order to obtain undercut walls and substantially atomi-
cally smooth surfaces.
11. A method of processing a III-Nitride epitaxial layer
system comprising:
providing a III-Nitride epitaxial layer system on a sub-
strate; and

wet chemical crystallographic etching said epitaxial layer
system along non-c-plane crystal directions.
12. The method of claim 11, wherein said epitaxial layer
system comprises GaN.
13. A method of processing a III-Nitride epitaxial layer
system comprising:
providing a III-Nitride epitaxial layer system on a sub-
strate; and

crystallographically etching said epitaxial layer system by
immersing said epitaxial layer system into a liquid
chemical.

14. The method of claim 13, wherein said epitaxial layer
system comprises GaN.

15. The method of claim 13, wherein said liquid chemical
includes molten KOH, KOH dissolved in ethylene glycol,
NaOH dissolved in ethylene glycol, phosphoric acid, tetra-
ethyl ammonium hydroxide, or tetramethyl ammonium
hydroxide.

16. The method of claim 13, wherein said liquid chemical
is heated.

17. A method of processing a III-Nitride epitaxal material
system comprising:

providing a III-Nitride epitaxial layer system on a sub-

strate;

etching said epitaxial layer system along c-plane crystal

directions; and

wet chemical crystallographic etching said epitaxial layer

system along non-c-plane crystal directions.

18. The method of claim 17, wherein said epitaxial layer
system comprises GaN.

19. The method of claim 17, wherein said first etching
step comprises reactive ion etching, ion milling, low-energy
electron enhanced etching, photo-electrochemical etching,
chemically assisted ion beam etching, or enhanced forms of
reactive ion etching.

20. A method of processing a GaN layer in order to
produce semiconductor laser facets comprising:

providing a GaN on a substrate; and

wet chemical crystallographic etching said GaN layer in
order to obtain substantially atomically flat surfaces.
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