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UNITED STATES DISTRICT COURT
NORTHERN DISTRICT OF CALIFORNIA

SAN JOSE DIVISION

TRUSTEES OF BOSTON UNIVERSITY and

CREE LIGHTING COMPANY Case No.
Plaintiffs, COMPLAINT FOR
V. INFRINGEMENT OF
U.S. PATENT NO. 5,686,738
NICHIA CORPORATION and
NICHIA AMERICA CORPORATION, JURY TRIAL DEMANDED
Defendants.

Plaintiffs, Trustees of Boston University (“BU”) and Cree Lighting Company
(“Cree Lighting”), by and for their complaint against defendants, Nichia Corporation and Nichia
America Corporation, allege as follows:
NATURE OF THE ACTION
1. This is an action arising under the patent laws of the United States, Title 35 of the
United States Code from Defendants’ infringement of a patent relating to gallium nitride film
technology. Plaintiffs seek damages for Defendants’ infringement and a permanent injunction
restraining Defendants from further infringement.

COMPLAINT FOR PATENT INFRINGEMENT

UNDER 35 US.C. § 1 et seq.
svir a5 Bifddrevc0RAWF Document 1 Filed 05/03/01 Page 1 of 15 \




[= <IN N @

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

JURISDICTION AND VENUE
2. This Court has subject matter jurisdiction under 28 U.S.C. §§ 1331 and 1338(a).

3. Venue is proper in this judicial district under 28 U.S.C. §§ 1391 and 1400(b).

4. Venue is proper in this district because Defendants have, among other things,
advertised and/or offered to sell infringing products within this state and within this judicial
district. Furthermore, upon information and belief, Defendant Nichia America maintains a sales
office in this district. Defendants are accordingly subject to the jurisdiction of this Court

consistent with the Fourteenth Amendment to the United States Constitution.

INTRADISTRICT ASSIGNMENT

5. This case is properly assigned to the San Jose division of this judicial district
because a substantial part of the events or omissions which give rise to the claim occurred in this
judicial district in that Defendants have committed and continue to commit acts of infringement
within the San Jose division of this judicial district, including, without limitation, marketing,
selling, and offering for sale infringing products. Furthermore, upon information and belief,
Defendant Nichia America maintains a sales office that is within the San Jose division of this
judicial district at 181 Metro Drive, Suite 350, San Jose, California 95110.

PARTIES

6. Plaintiff BU is a non-profit educational institution having its principal campus in
Boston, Massachusetts. BU is the owner of U.S. Patent No. 5,686,738, entitled “Highly
Insulating Monocrystalline Gallium Nitride Thin Films,” duly and legally issued on November
11, 1997 to Theodore D. Moustakas (attached hereto as Exhibit A) (“the ‘738 Patent™).

7. Plaintiff Cree Lighting is a California corporation with its principal place of
business at 340 Storke Road, Goleta, California 93117. Cree Lighting is an exclusive licensee
under the ‘738 Patent with substantial and proprietary rights thereunder, including the right to
prosecute actions for infringement of said patent.

8. Upon information and belief, defendant Nichia Corporation is a Japanese
corporation with its principal place of business at 491 Oka, Kaminaka-Cho, Anan, 774-8601

Tokushima, Japan.

COMPLAINT FOR PATENT INFRINGEMENT
UNDER 35 US.C. § 1 et seq.
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9. Upon information and belief, defendant Nichia America Corporation is a
Pennsylvania corporation with its principal place of business at 3775 Hempland Road,
Mountville, Pennsylvania 17554 and a sales office in this district at 181 Metro Drive, Suite 350,

San Jose, California 95110.

CAUSE OF ACTION FOR PATENT INFRINGEMENT

10. On information and belief, Defendants have been, for a time past, and are currently
infringing, contributing to the infringement of, and/or inducing the infringement of, directly
and/or indirectly, the ‘738 Patent by, among other things, making, using, selling, importing,
and/or offering for sale, certain semiconductor devices comprised, inter alia, of gallium nitride
films, within the territorial boundaries of the United States that are covered by one or more claims
of the >738 Patent.

11.  On information and belief, Defendants’ infringement of the ‘738 Patent has been
and is willful, and will continue unless enjoined by this Court. BU and Cree Lighting have
suffered, and will continue to suffer, irreparable injury as a result of this willful infringement.
Pursuant to 35 U.S.C. § 284, BU and Cree Lighting are entitled to damages for infringement and
treble damages. Pursuant to 35 U.S.C. § 283, BU and Cree Lighting are entitled to a permanent
injunction against further infringement.

12.  This case is exceptional and, therefore, BU and Cree Lighting are entitled to

attorneys’ fees pursuant to 35 U.S.C. § 285.

WHEREFORE, BU and Cree Lighting pray for relief as follows:
PRAYER FOR RELIEF

A. That Defendants be adjudged to have infringed the ‘738 Patent;

B. That Defendants, their officers, agents, servants, employees, attorneys, and those
persons in active concert or participation with any of them, be preliminarily and permanently
restrained and enjoined from directly or indirectly infringing the ‘738 Patent;

C. An accounting for damages by virtue of Defendants’ infringement of the ‘738

Patent;

COMPLAINT FOR PATENT INFRINGEMENT
UNDER 35 US.C. § 1 et seq.
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D. An award of damages to compensate BU and Cree Lighting for Defendants’
infringement, pursuant to 35 U.S.C. § 284, said damages to be trebled because of Defendants’
willful infringement;

E. An assessment of pre-judgment and post-judgment interest and costs against
Defendants, together with an award of such interest and costs, in accordance with 35 U.S.C.
§ 284;

F. That Defendants be directed to pay BU’s and Cree Lighting’s attorneys’ fees
incurred in connection with this lawsuit pursuant to 35 U.S.C. § 285; and

G. That BU and Cree Lighting have such other and further relief as this Court may

deem just and proper.

JURY DEMAND

Plaintiffs BU and Cree Lighting demand a trial by jury on all disputed issues.

This 3rd day of May, 2001. MATTHEW D. POWERS
THEODORE T. HERHOLD
ERIC K. LAUMANN
COLETTE VOGELE
WEIL, GOTSHAL & MANGES LLP

By: //&a@w——v//%’““ﬂ /

THEODORE T. HERHOLD
Attorneys For Plaintiffs
BOSTON UNIVERSITY and
CREE LIGHTING COMPANY

OF COUNSEL FOR BOSTON UNIVERSITY and
CREE LIGHTING COMPANY

David C. Radulescu

Matthew J. Antonelli

Chad J. Peterman

Weil, Gotshal & Manges LLP
767 Fifth Avenue

New York, New York 10153
Telephone: (212) 310-8000
Facsimile: (212) 310-8007
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1

HIGHLY INSULATING MONOCRYSTALLINE
GALLIUM NITRIDE THIN FILMS

This application is a continuation of application Ser. No.
08/113,964, filed Aug. 30, 1993, now U.S. Pat. No. 5,538,
862, entitled “A METHOD FOR THE PREPARATION
AND DOPING OF HIGHLY INSULATING MONOCRYS-
TALLINE GALLIUM NITRIDE THIN FILMS”, which isa
continuation of application Sexr. No. 07/670,692, filed Mar.
18, 1991, which is abandoned.

BACKGROUND OF THE INVENTION

This invention relates to a method of preparing monoc-
rystalline gallium nitride thin films by electron cyclotron
resonance microwave plasma assisted molecular beam epi-
taxy (ECR-assisted MBE). The invention further refates to a
method for the preparation of n-type or p-type gallium
nitride (GaN) films. ,

Efforts have been made to prepare monocrystalline GaN
because of its potentially useful electrical and optical prop-
ertics. GaN is a potential source of inexpensive and compact
solid-state blue lasers. The band gap for GaN is approxi-
mately 3.4 ¢V, which means that it can emit light on the edge
of the UV-visible. region. For intrinsic GaN, the carrier
concentration, n,, is 5.2x10° cm™, the mobility is 330
cm®V-1s™ and the resistivity is 3.6x10'2 Q-cm.

Despite the desirability of a monocrystalline GaN film, its
development has been hampered by the many problems
encountered during the growth process. Previous attempts to

monocrystalline GaN firms have resulted in n-type
films with high carrier concentration. The n-type character-
istic is attributed to nitrogen vacancies in the crystal stue-
ture which are incorporated into the lattice during growth of
the film. Hence, the film is unintentionally doped with
nitrogen vacancies during growth. Nitrogen vacancies affect
the electrical and optical properties of the film. :

ECR-assisted metalarganic vapor phase epitaxy gave

GaN films that were highly conductive and unintentionally

doped n-type (S. Zembutsu and T. Sasaki J. Cryst. Growth
77, 25-26 (1986)). Carrier concentrations and mobilities
were in the range of 1x10'° c™ and 50-100.cm®V—257%,
respectively. Efforts to dope the film p-type were not suc-
cessful. The carrier concentration was reduced by
compensation, that is, the effect of a donor impurity is
“neutralized” by the addition of an acceptor impurity.

Highly resistive films were prepared by sputtering using
an ultra-purc gallium target in a nitrogen atmosphere. The
films were charactesized n-type and the high resistivity was
attributed to the polycrystalline nature of the films (E
Lakshmi, et al. Thin Solid Films 74, 77 (1977)).

In reactive ion molecular beam epitaxy, gallium was
supplied from a standard cffusion ccll and nitrogen was
supplicd by way of an ionized beam. Monocrystalline films
were characterized n-type, but higher resistivities of 10°
C}-cm and relatively low camrier concentrations and mobili-
ties (10'* cm™ and 1-10 cm?V~'s™, respectively) were
obtained (R. C. Powell, ¢t al. in “Diamond, Silicon Carbide
and Related Wide Bandgap Semiconductors” Val, 162,
edited by J. T. Glass, R. Messicr and N. Pujimor! (Material
Research Society, Pittsburgh, 1990) pp.525-530).

The only reported p-type GaN was a Mg-doped GaN
treated after growth with low energy electron beam irradia-
tion. P-type conduction was accomplished by compensation
of n-type GaN (H. Arcario et al. Jap. J Appl. Phys. 28(12),
12112-12114 (1989)).

Current methods of preparing GaN do not permit control
of nitrogen vacancies within the lattice. Thus it has not been
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possible to prepare intrinsic GaN. Additionally, it is desir-
able to control the doping process in GaN films, thereby
cnabling the production of p-n junctions. The present inven-
tion presents a method to prepare near-intrinsic monocrys-
talline GaN films and to selectively dope these films n- or
p-type.

SUMMARY OF THE INVENTION

The method accorrding to this invention for preparing
highly insulating near-intrinsic monocrystalline GaN films
uses ECR-assisted MBE. In a preferred embodiment, a
molecular beam source of Ga and an activated nitrogen
source is provided within an MBE growth chamber. The
desired substrate is exposed to Ga and activated nitrogen. A
film is epitaxialty grown in a two step process comprising a
low temperature nucleation step and a high temperature
growth step. The mucleation step preferably occurs by expo-
sure of the substrate to gallium and a nitrogen plasma at a
temperature in the range of 100°-400° C. and the high

" temperature growth step is preferably cacried out in the

temperature range of 600°-900° C. Preferred substrates
include, but are not limited to, (100) and (111) silicon and
(0001), (11-20) and (1-102) sapphire, (111) and (100)
gallium arsenide, magnesium oxide, zinc oxide and silicon
carbide. The preferred source of activated nitrogen species is
a nitrogen plasma which can be gencrated by electron
cyclotron resonance microwave plasma or a hot fungsten
filament or other conventional methods. )

In a preferred embodimeat, the nitrogen plasma pressure
and Ga flux pressure are controlled, thus preventing the
bearing of metallic gallium on the film surface and the
forming of mitrogen vacancies within the lattice. The Ga flux
is preferably in the range of 2.0-5.0x10~7 torr. There is
preferably an overpressure of nitrogen in th;_égrowth
chamber, more preferably in the range of 107°~107° torx.

In yet another preferred embodiment, the low temperature
nucleation step includes exposure of the substrate to Ga and
nitrogen for a period of time in the range of 3—~15 minutes.
A film with a thickness of 200-500 A is deposited, which is
amorphous at the low temperatures of the nucleation step.
film can be crystallized by heating at
600°-900° C. in the presence of activated nitrogen. Subse-
quent treatment at higher temperatures, preferably
600°-900° C., results in the cpitaxial growth of monocrys-
talline near-intrinsic GaN film. Preferred thickness of the
growth layer is in the range of 0.5-10 pm.

In another aspect of this invention, the monocrystalline
GaN film is prefereatially doped n- or p-type. To generate a
p-type semiconductor, the MBE growth chamber is
equipped with Ga, activated nitrogen and acceptor sources.
Acceptor sources inclnde Group II elements such as Be, Zn,
Cd, and Ca. The substrate is bombarded with electrons either
by applying a positive bias to the substrate surface or 2 metal
grid placed directly in front of the substrate. Conditions for
low and high temperature deposition are as described above.
Exposing the substrate to Ga, nitrogen and acceptor sources
results in a doped GaN film, whereby the acceptor takes on
an electron and is incorporated into the lattice as a negatively
charged species. A charged acceptor species requires less
energy to incorparate into the GaN lattice than a ncutral
acceptor. To dope the material n-type the substrate is bom-
barded with positive ions by biasing cither the substrate or
the grid negatively. Thus, the donor impurities incorporate
into the GaN in their charged state. This requires less energy
than to incorporate a neutral donor species. Suitable donors
include Groups IV and VI elements.
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Practice of this invention affords near-intrinsic GaN films
with resistivities of up to 10"® ohms-cm and mobilities of
100 cm®V—*s™* at 200° C. P-type and n-type semiconductors
can be selectively prepared simply by choice of surface or
grid bias and impurity source. It is possible to efficiently
manufacture p-n junctions using the methods of this
invention,

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 is a cross-sectional view of an BCR-assisted MBE
growth chamber.

FIG. 2a is a an X-ray diffraction pattern from a GaN film
on (11-20) sapphire grown from a one-step process.

FIG. 2b is a an X-ray diffraction pattern from a GaN film
on (11-20) sapphirc grown from a two-step process.

FIG. 3 is a schematic illustration of the method for doping
GaN films.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The unintentional doping of GaN bas been attributed to
the formation of nitrogen vacancics in the GaN lattice. GaN
decomposes (and loses nitrogen) at abount 650° C., well
below the processing temperatures of the above processes
(>10000° C.). Therefore, the growth process itself provides
sufficient thermal energy for vacancy formation. Growth
processes at lower temperatures should reduce the number
of nitrogen vacancies in the lattice, prevent the unintentional
n-type doping of the GaN lattice and result in intrinsic GaN.

The practice of the present invention forms GaN at
significantly lower processing temperatures using an acti-
vated nitrogen source. An ECR microwave nitrogen plasma
is the preferred activated nitrogen source. A two step heating
process penmits the formation of monocrystalline GaN at
lower processing temperatures.

The ECR-MBE system used in this invention is shown in
FIG. 1. An ECR-system 10 was integrated with an MBE
system 11 by attaching the ECR system 10 to an cffusion
pert 12. The ECR system includes a microwave generator
13, a waveguide 14, a high vacuum plasma chamber 15, and
two electromagnets 16 and 17. The microwaves at 2.43 GHz
are created in the microwave generator 13 and travel down
the rectangunlar waveguide 14. The microwave power
(100-500 W) passes from the waveguide 14 into the plasma
chamber 18. Nitrogen flows into the plasma chamber 15
through a mass flow controller 18. The mass flow controlier
18 maintains an adjustable constant flow rate. The plasma
chamber 15 is surrounded by the two clectromagnets 16 and
17. The upper magnet 16 is powered by a 2 kW power
supply (not shown) and the lower magnet 17 is powered by
a 5 kW power supply (not shown). Positioning of the
electromagnets in this way results in a more intense and
stable plasma.

The upper electromagnet 16 sets the free electrons in the
chamber 15 into cyclotron arbits. The cyclotron frequency is
dependent upon the strength of the magnetic field and the
clectron charge-to-mass ratio, Since all the electrons assume
cyclotron orbits, the energy lost in random motion and
collisions is reduced. Additionally, the plasma will be con-
fined to the center of the chamber 15. The magnetic field is
adjusted such that the frequency of oscillation of the micro-
waves is exactly equal to the cyclotron frequency of the
electrons. N, is then introduced into the chamber through the
mass flow controller 18 and is decomaposed to high energy
atomic and jonic nitrogen species by impact with the high
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energy electrons. The lower electromagnet 17 then guides
the ions through the effusion pert 12 towards a substrate 19
which is positioned on a continuous azimuthal rotation
(C.A.R.) unit 20 in a growth chamber 21 of the MBE system
11. The C.A.R. 20 can be rotated between 0 and 120 rpm. On
certain substrates, GaN films grow in the wurtzitic structure
and on others in the zincblende structure. Such substrates
include for example sapphire (GaN in wurtzitic structure)
and Si(100) (GaN in the zincblende structure). Gallium flux
is generated in a Knudsen effusion cell 22

In a typical process, the substrate 19 was Spiitter-etched
by the nitrogen plasma at 600° C. The substrate was cooled
down to 270° C. in the presence of the nitrogen plasma. A
Ga shutter 23 was then opened to deposit the initial buffer
layer of GaN. The use of an activated nitrogen source
permitted the deposition of GaN at this low temperature. The
buffer layer was allowed to nucleate over ten minutes and
then the Ga shutter 23 was closed to stop the nucleation of
the film. The substrate was then brought slowly to 600° C.
at the rate of 4° C. every 15 seconds in the presence of the
nitrogen plasma. The nitrogen overpressure also helped
reduced the formation of nitrogen vacancies.

Once at 600° C., the substrate 19 was kept at this
temperature for 30 minutes in the presence of nitrogen
plasma to ensure that the GaN buffer layer had crystallized.
The Ga shutter 23 was opened once again to grow the GaN
monocrystalline film, The thickness of the film was about 1
pm, although in theory there is no limitation to film thick-
ness. Nitrogen pressure and gallinm flux arc kept constant
during the entire process.

The two step growth process allows for the nucleation of
a buffer layer. The buffer layer is grown at a temperature in
the range of 100°—400° C. Because the temperature is low,
the probability of nitrogen vacancy formation is reduced. As
the temperature increases to 600° C., the amorphous film
crystallizes. Any further growth takes place on the crystal-
lized GaN buffer layer. The films grown by this two step
process are superior to those grown by a one step growth
process. -

FIG. 2 shows the X-ray diffraction (XRD) pattern of a
GaN film grown on the a-plane of sapphire (11-20) in a
one-step process (FIG. 2a) and a two-step process (FIG. 2b).
The two peaks at ca. 20=35° of FIG. 2a are attributed to a
defective GaN crystal. FIG. 25 has a single peak indicating
a film of better quality. This is because the majority of the
film grows on the top of the GaN buffer and does not see the
underlying substrate. The growth layer of GaN “recognizes”
the GaN buffer layer and on which it can grow without
defects. The buffer is the only part of the film which is highly
defective.

Films grown by the method described above were highly
resistive at room (10 Q-cm). The mobility of
this material is 10 em®V~*s™%, a reasonable value compared
to the theoretic mobility of intrinsic GaN 330 which is
Q-em™,

GaN films are doped n-type ar p-type by incorporating the
proper impurities in their charged state. This is because the
energy to incorporate a charged impurity into the lattice is
lower than the energy needed to incosporatc a neutral
impurity. FIG. 3 is a schematic illustration of the doping of
a charged acceptor into the GaN lattice. The substrate 19 or
a grid 19a directly in front of it is positively biased. FIG. 3
shows both substrate 19 and grid 19z connected to a voltage
source. In practice of this invention, either substrate 19 or
grid 19a would be positively biased. Electrons are therefore
attracted to the substrate surface, while positive ions such as
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N* are repelled. The growth process is carried out as
described above with addition of an acceptor source 24 so
that Ga, nitrogen and acceptor are deposited on the electron-
rich surface of the substrate. As the acceptor atom
approaches the surface, it takes on an electron and is
incorporated into the lattice as a negative species, the energy
of incorporation being lower than that of the neutral acceptor
species. The same procedure is used to dope the GaN lattice
with donor impurities, except that a negative bias is used on
the substrate or the grid. Alternately, a charged surface can
be generated by bombarding the substrate with electrons or
positive ions. Electron guns and ion guns, respectively, are
conventional sources of these species.

Suitable aweptor species include, but are not limited to,
unc, magnesium, beryllium, and calcium. Suitable donor
species include, but are not limited to, silicon, gumamum,

1. A semiconductor device comprising:

a substrate, said substrate consisting of a material selected
from the group consisting of(100) Silicon, (111)
silicon, (0001) sapphire, (11-20) sapphire, (1-102)
sapphire, (111) gallium aresenide, (100) gallium
aresenide, magnesium oxide, zinc oxide and silicon
carbide;

a non-single crystalline buifer layer having a thickness of
abonxtSOAtoabontSOOA,eommsingaﬁrstmamial
grown on said substrate, the first material consisting
essentially of gallium nitride; and

a first growth layer grown on the buffer layer, the first
growlhhya'oompnsmggallinmmmdcandaﬁm

2. The scnnoonductor device of claim 1 further compris-
ing:

a second growth layer grown on the first growth layer, the
seoondgrowthlayetcompnmgganmmmtddc and a
seoond dopant material,

3. The semiconductor device of claim 1 wherein the baffer
layer is grown at a first temperature and wherein the first
growth layer is grown at a second temperature higher than
the first temperature.

4. The semicondnctor device of claim 3 wherein the first
temperature is in the range of about 100° C. to about 400°
C.

S. The semiconductor device of claim 3 wherein the
seoond temperature is in the range of about 600° C. to about
900° C.

6. The semiconductor device of claim 1 wherein the buffer
layer is grown by exposing the substrate to gallium and
nitrogen at the first temperature far about 3 to about 15
minutes. |

7. The semiconductor device of claim 1 wherein the first
dopant material is a donor.

8. A semiconductor device comprising:

a substrate, said substrate consisting of a material selected
from the group consisting of(100) silicon, (111) silicon,
(0001) sapphire, (11-20) sapphire, (1-102) sapphire,
(111) gailiom aresenide. (100) gallium arcsenide, mag-
nesium oxide, zinc oxide and silicon carbide;

a non-single crystalline buffer layer, comprising a first
matergial grown on said substrate, the first material
consisting essentially of gallium nitride;

a first growth layer grown on the buffer layer, the first
growth layer comprising gallium nitride and an accep-
tor dopant material;

a second growth layer grown on the first growth layer, the
sccond growth layer comprising galtium nitride and a
donor dopant material.
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9. A semiconductor device comprising:

a substrate, said substrate cousisting of a material selected
from the group consisting of (100) silicon, (111)
silicon, (0001) sapphire, (11-20) sapphire, (1-102)
sapphire, (111) gallium aresenide, (100) gallium
aresenide, magnesium oxide, zinc oxide and silicon
carbide;

a non-single crystalline buffer layer, comprising a fast
material grown on said substrate, the first material
consisting essentially of gallium nitride;

a first growth layer grown on the buffer layer, the first
growth layer comprising gallium nitride and a first
dopant material;

a second growth layer grown on the first growth layer, the
second growth layer compnsmg gallium nitride and a
second dopant material; and

wherein the first growth layer comprises a first conduc-
tivity type and the second growth layer comprises the
opposite conductivity type.

10. The semiconductor device of claim 9 wherein the first

conductivity type is n-type.
-11. A semiconductor device comprising:

a substrate, said substrate consisting of a material selected
from the group consisting 0f(100) silicon, (111) silicon,
(0001) sapphire, (11-20) sapphire, (1~102) sapphire,
(111) gallium arescnide, (100) gallinm arcsenide, mag-
nesium oxide, zinc oxide and silicon carbide;

a non-single crystalline buffer layer, comprising a first
material grown on said substrate, the first material
consisting essentially of gallium nitride;

a first growth layer grown on the buffer layer, the first
growth layer comprising gallium nitride and a first
dopant material;

wherein the buffer layer is a recarystallized , partially
amorphons layer.

12. The semiconductor device of claim 3 wherein the

buffer layer is a recrystallized, partially amorphous layer.

13. A semiconductor device comprising:

a substrate, said substrate consisting of a material selected
from the group consisting of (100) silicon, (111)
silicon, (0001) sapphire, (11-20) sapphire, (1-102)
sapphire, (111) galliom aresenide, (100) gallium
arcsenide, magnesium oxide, zinc oxide and silicon
carbide;

a non-single crystalline buffer layer, comprising a first
material grown on said substrate, the first material
comprising gallium nitride; and

a near intrinsic gallium nitride layer grown on the buffer
layer and having a resistivity of greater than 10* Q-cm.
_at room

14. Thcscmiconductctdevieeofdmmm wherein the

pear intrinsic gallium nitride layer has a resistivity in the

range of about 10° Q-<cm to about 10> Q-cm at room

15. A semiconductor device having an activated p-type

layer comprising:

a substrate, said substrate consisting of a material selected
from the group consisting of (100) silicon, (111)
silicon, (0001) sapphire, (11-20) sapphire, (1-102)
sapphire, (111) gallium aresenide, (100) gallium
arcsenide, magnesium oxide, zinc oxide and silicon
carbide;

a non-single crystalline buffer layer having a thickness of
sbout 30 A to about 500 A comprising a first matcrial
grown on said substrate, the first material consisting
essentially of gallium nitride; and
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an activated p-type growth layer comprising gallium
nitride and an acceptor dopant material formed without
the use of a post-growth activation step.

16. A semiconductor device comprising:

a substrate, said substrate consisting of a material selected 3
from the group consisting of (100) silicon, (0001)
silicon, (0001) sapphire, (11-20) sapphire, (1-102)
sapphire, (111) gallium aresenide, (100) gallium
arescnide, magnesium oxide, zinc oxide and silicon

10

a non—smgle stalline buffer layer having a thickness of
about 30 A to about 500 A grown on the substrate and
comprising a first material consisting essentially of a
Group III nitride grown at a temperature of about 100°
C. to about 400° C. from a molecular Group III source >
and an activated nitrogen source in a molecular beam
epitaxial growth chamber; and

a first growth layer grown on the buffer layer and com-
prising gallium nitride and a first dopant material, the
first growth layer being grown at a temperature of at
least about 600° C. from a molecular gallium source
and an activated nitrogen source in a molecular beam
epitaxial growth chamber.

17. The semiconductor device of claim 16 wherein the

Group I nitride is gallium nitride.

18. A semiconductor device comprising:

a substrate, said substrate consisting of a material selected
from the group conmsisting of (100) silicon, (111)
silicon, (0001) sapphire, (11-20) sapphire, (1-102) 35
sapphire, (111) gallium aresenide, (100) gallium
aresenide, magnesium oxide, zinc oxide and silicon
carbide;

a non-single crystalline buffer layer having a first
thickness, coroprising a first material grown on said 35
substrate, the first material consisting essentially of
gallium nitride; and

a growth layer grown on the buffer layer having a second
thickness which is at least ten times greater than the
first thickness, the growth layer comprising gallinm 40
nitride and a first dopant material.

19. A semiconductar device comprising:

a substrate, said substrate consisting of a material selected
from the group conmsisting of (100) silicon, (111)

8
silicon, (0001) sapphire, (11-20) sapphire, (1-102)
sapphire, (111) gallium aresenide, (100) gallium
aresenide, magnesium oxide, zinc oxide and silicon
carbide;

a non-single crystalline buffer layer, comprising a first
material grown on said substrate, the first material
consisting essentially of gallium nitride; and

a growth layer grown on the buffer layer, the growth layer
comprising gallium nitride and a first dopant material.

20. A semiconductar device having an_activated p-type

layer comprising:

a substrate, said substrate consisting of a material selected
from the group consisting of(100) silicon, (111) silicon,
(0001) sapphire, (11-20) sapphire, (1-102) sapphire,
(111) gallium aresenide, (100) gallium areseaide, mag-

. nesium oxide, zinc oxide and silicon carbide;

a non-single crystaitine buifer layer, comprising a mate-
rial grown on said substrate, the material consisting
essentiafly of gallium nitride; and

an activated p-type growth layer comprising gallium
nitride and a dopant material formed without the use of
a post-growth activation step. .

21. A semiconductor device comprising:

a substrate, said substrate consisting of 2 material selected
from the group consisting of (100) silicon, (111)
silicon, (0001) sapphire, (11-20) sapphire, (1-102)
sapphire, (111) gallium aresenide, (100) gallium
aresenide, magnesium oxide, zinc oxide and silicon
carbide;

a non-single crystalline buffer layer grown on the sub-
strate and comprising a material consisting essentially
of & Group III nitride grown at a temperature of about
100° C. to about 400° C. from a molecular Group IIL
source and an activated nitrogen source in a molecular
beam epitaxial growth chamber; and

a growth layer grown on the buffer layer and comprising
gallium nitride and a first dopant material, the growth
layer being grown at a temperature of at least about
600° C. from a molecular gallium source and an
activated nitrogen sou'ccinamolemlarbeamcpiwdal
growth chamber.

* %* * 2 =
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