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(37) ABSTRACT

Thermally sensitive at elevated, near melting point tempera-
ture, compound semiconductor materials single crystals
including Group III-Nitride, other Group I1I-V, Group 1I-VI
and Group IV-1V are produced by a variety of methods.
When produced as single crystal layers by epitaxy methods
or 1s necessary to expose them to elevated temperatures or
ion 1mplanted to the non crystalline state, or their electrical
or optical properties are modified, large numbers of crystal
defects on the atomic or macro scale may be produced,
which limit the yield and performance of opto- and elec-
tronic devices constructed out of and grown on top of these
layers. It 1s necessary to be able to improve the crystal
quality of such matenials after being exposed to elevated
temperature or 1on implanted or modified by the presence of
impurities. It 1s necessary, particularly for opto- and elec-
tronic devices that only the surface of such materials 1s
processed, improved and thus the modified surface product.
Generally, as shown in FIG. 1, the thermally sensitive
compound semiconductor layer 1s first coated with a metal
layer of approximate thickness of 0.1 microns. Next, the
volatile component of the compound semiconductor 1s 10n
implanted through the metal layer so as to occupy mostly the
top 0.1 to 0.5 microns of the compound semiconductor layer.
Co-implantation may be used as well to improve the surface.
Finally, through a pulsed directed energy beam of electrons
with a fluence of approximately 1 Joule /cm?®, the top
approximately 0.5 microns acquire a level of the deposited
metal and are converted into a single crystal with improved

properties such as reduced defect density and or electrical
dopant (FIG. 1).
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Figure 1. Modified Compound Semiconductor Surface block diagram
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COMPOUND SEMICONDUCTOR MODIFIED
SURFACE BY USE OF PULSED ELECTRON BEAM
AND 1ION IMPLANTATION THROUGH A
DEPOSITED METAL LAYER

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This 1s a Divisional Application related to patent
application Ser. No. 11/014,304 filed 2004, Dec. 16 and to
Provisional Patent Application No. 60/531,001 filed on Dec.
19, 2003

BACKGROUND ART

[0002] This application relates to the product of the use of
a pulsed electron beam by itself or 1n combination with other
steps to perform semiconductor processes particularly on
compound semiconductors of the Groups I1I-V and I1I-V1, as
well as IV-1V, of the Periodic Chart of the elements. These
crystalline materials are normally synthesized at high tem-
peratures and even very high pressures (Reference #1).
Typically at the melting point and standard pressure, the
partial pressure of the Group V (or VI) element 1s high, such
that special precautions are required to keep the crystalline
imperfections low. For example, in the case of GaN, at the
extrapolated melting point of 2518 C., the partial pressure of
Nitrogen over the liquid GaN 1s approximately ten thousand
atmospheres (Reference #5), an exceedingly diflicult con-
dition to achieve on a practical scale. This 1s also important
in the case of epitaxial layer growth of compound semicon-
ductors, where typically temperatures of 600-1000 C. are
used to form many technologically important alloys and
devices (Reference #2).

[0003] Given that these compound semiconductors are
sensitive and prone to decomposition at higher than ambient
temperatures, any technique which must improve the crystal
quality needs to be very fast and below the time 1t takes to
break apart a molecular bond, or typically below a micro-
second. Light energy transier techniques such as from a flash
lamp are slow compared to a pulsed electron beam and
produce undesirable temperature rise in the entire substrate.

[0004] Pulsed electron beams have been used in the past to
anneal 1on implantation damage 1n Silicon waters as large as
100 mm OD. The pulsed electron beam melts the Silicon
waler surface at 1410 C. and the crystallinity of the top
micron or so 1s repaired. The pulsed electron beam 1s
typically of 0.1 microseconds 1n duration, produced by a
capacitor discharge where the electron beam i1s accelerated
through a high voltage field and directed to the substrate.
Alternative pulse generation systems may also be used. The
beam total i1s in the range of thousands of amperes and the
clectrons acquire 10 to 200 KeV energy while a high degree
ol control 1s possible.

[0005] At the other extreme such as when the pulsed
clectron beam 1s highly focused, 1t can lead to very rapid and
localized temperature rise and thus to vaporization and
consequently deposition of the target material on a substrate
(Reference #6). However this 1s the opposite process and not
as likely to lead to a single crystalline material, particularly
for compound semiconductors which do not have a defined
melting point and may decompose on heating.

[0006] Ion implantation into a compound semiconductor
crystal material is well known that at levels in the 10*"®/cm”
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range and higher will result 1n an amorphous phase (Refer-
ence 4). In the case of GaN, this amorphous phase will
recrystallize into a polycrystalline material at annealing
temperatures below about 1100 C. It 1s necessary though to
anneal out the implantation damage at temperatures exceed-
ing two thirds the extrapolated melting point of GaN which
1s 2518 C. and at ten thousand atmospheres of Nitrogen
pressure (Reference #5). So, not only 1s a high temperature
required but also a high volatile component (in the case of
GaN 1t 1s Nitrogen) overpressure corresponding to the phase
diagram. Additionally, through ion implantation 1t 1s pos-
sible to reach very high, non equilibrium concentrations to
allow certain alloys to form that are not possible for example
in furnace. For example the atomic percent of Nitrogen into
(GaAs or Arsenic mto GalN are limited. Through 10n 1mplan-
tation, these compositional limits may be extended.

[0007] It 1s a basic part of the method used and the
achieved resulting surfaces that a metal 1s first deposited.
That 1s, 1n the case of thermally sensitive at melting point
temperature materials, a protective layer, and for these
materials and the pulsed electron beam, most appropnately,
a metal 1s used. In this umique combination, the metal caps
the material during the high temperature produced by expo-
sure to the pulsed electron beam, and does not allow it to
decompose.

[0008] Blue LED’s and lasers are of particular importance
to not only to complete the optical spectrum but for very
high density Digital Video Disk and other optical storage
applications. A particularly diflicult problem for these mate-
rials relates to the substrate necessary to grow thin layers
that comprise the laser, L.E.D or other electronic or opto-
clectronic device (Reference 3). The substrate performs
several functions from providing the mechanical support, to
thermal management, to allowing epitaxy to take place
through its crystal structure and dimensions, to being either
clectrically active through impurity doping or insulating
again possibly through impurity doping. Group III-Nitride
substrates are the ideal materials for homoepitaxy of these
materials. It 1s known that the growth of large (over a few
mm 1n diameter) single crystal substrates, 1s extraordinarily
dificult to achieve compared to GaAs or InP, for example,

which are commercially available to 150 mm Outside Diam-
cter (OD).

SUMMARY OF THE INVENTION

[0009] The product of a method of modifying the crystal
quality of a compound semiconductor material which 1s
comprised of the following:

[0010] A. Provide a layer of a compound semiconductor
material, wherein compound semiconductor material com-
prises a metal component and a non-metal volatile compo-
nent and layer comprises a top surface;

[0011] B. Place said layer of said compound semiconduc-
tor material mto a metal deposition tool and deposit a layer
of metal upon said top surface;

[0012] C. Place said layer of said compound semiconduc-
tor with said deposited layer of said metal imnto an 1on
implantation tool and implant non metal component into
said layers;

[0013] D. Place said layer of said compound semiconduc-
tor with said deposited metal layer and said implanted
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non-metal component mto a pulsed electron beam tool and
expose said layers to a pulsed electron beam.

0014] Additionally:

0015] The product of method above A-D, wherein said
compound semiconductor layer 1s deposited on a foreign
substrate.

[0016] The product of method above A-D, wherein said
compound semiconductor layer comprises Group III-Ni-
trides, other Group III-V, Group 1I-VI or Group IV-IV.

[0017] The product of method above A-D, wherein said
compound semiconductor layer 1s deposited by an epitaxial
deposition method selected from a group consisting of
Hydrnide Vapor Phase Epitaxy, (HVPE), Metal Organic
Vapor Phase Epitaxy (MOVPE), Molecular Beam Epitaxy
(MBE) or similar technologies.

[0018] The product of method above A-D, wherein said

metal component layer comprises Aluminum, other Group
I11, or Group I, or Group I, or transition or lanthanide or any
other metal element of the Periodic Chart. Additionally,
more than one metal element may be used together as one

layer over another.

[0019] The product of method above A-D wherein said

implanted non-metal component comprises of Nitrogen
ions, or other volatile element.

[0020] The product of the method of above A-D, wherein
the energy of said implanted non-metal component 1s
selected to be suflicient so as to go through said deposited
metal component layer.

10021] The product of method above A-D, wherein the

amount of said implanted non-metal component 1s selected
to be suflicient to provide an excess of said non-metal
component into said compound semiconductor layer.

[0022] The pulsed electron beam comprises an energy of
a range approximately 0.01 Joule per cm” to 2 Joules/cm?,
of a pulse duration of less than a microsecond and a diameter
of at least 3 mm. The pulsed electron beam may be used
sequentially more than once and may be moved over the
surface of said layers 1n a controlled manner. Finally, said
pulsed electron beam 1s stationary and said layers are
exposed to said electron beam by moving said layers 1n a
controlled manner.

10023] The product of method above A-D, wherein said

exposing of said layers to said electron beam occurs under
a background gas pressure and wherein said gas comprises
Nitrogen, or Oxygen or other gas.

LIST OF FIGURES

10024] FIG. 1. Modified Compound Semiconductor Sur-
tace block diagram.

DESCRIPTION OF THE INVENTION

EXAMPLES

[0025] The pulsed electron beam process requires a con-
ductive surface 1n order to be highly uniform. This 1s done
by evaporating a metal such as Aluminum or other Group 111
metal or other metal such as a noble metal 1n the range of a
ten to a thousand, or more, nanometers (FIG. 1). This
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provides the basis to improve the crystallinity of a Group
I1I-Nitride, other Group I1I-V, Group II-VI or Group IV-IV
layer or substrate surface but also to alter the electrical
properties of the substrate or layer as follows:

Example 1

Pulsed Electron Beam Through Deposited
Aluminum Layer

[0026] A. Deposit a high purity layer of Aluminum metal
in the range of 0.01 to several micrometers thick. This can
be by ebeam evaporation or by a Chemical Vapor Deposition
or other technique, as long as high purity 1s achieved. The
use of Aluminum 1s significant not only because 1t 1s a Group
[II metal and highly conductive but also because Al _Ga, N
layer alloy can be produced. At concentrations below about
1 atomic percent, the Aluminum will not alter significantly

the material properties of GaN.

[10027] B. Use a pulsed electron beam as wide as 100
mmOD, generated by capacitor discharge. Typically, an
clectric field of approximately 10 to 100 KiloVolt 1s used, a
total of 1-50 Kilo Amperes, with a pulse width under a
microsecond, typically of 80 to 500 nanoseconds, resulting
in an energy fluence from 0.1 to 10 Joules per cm”. The
clectron beam pulse may be repeated as necessary to opti-
mize the results.

10028] C. The result of the pulsed electron beam is to raise
the surface temperature from ambient to approximately 2300
Celcius, the boiling point of Aluminum metal. As the surface
temperature rises by the energy transier, a portion of the
Aluminum may evaporate while another portion of the
Aluminum atoms move from the surface into the underlying
material. In the case of Aluminum, given 1ts reactivity, 1t can
alloy with the Group I1I-Nitride substrate material. Since the
pulse 1s sutliciently short, decomposition does not occur and
1s Turther controlled by the capping Aluminum layer.

[0029] D. The resulting Al Ga,_ N alloy as well as the
surface to some depth, 1s now of lower EPD as a result of
filling the voids and other defects and defect annihilation by
solid state diffusion and alloying. By use of higher energy,
such as going from under 20 KV to up to 1 MV or multiple
pulses, the depth of Aluminum diffusion, defect annihilation
and alloying can be controlled as needed for electrical or
optoelectronic device applications

[0030] E. Any remaining Aluminum layer or even the
alloy generated at the top surface, can be etched off leaving
an 1mproved crystalline surface and more suitable for
example for high yield laser layer deposition.

Example 2

Pulsed Electron Beam Through Deposited Indium
Layer

[0031] A variation of Example 1 is where Indium metal 1s
used instead of Aluminum. This 1s particularly important
since 1n this case, the resulting In, Ga,_ N layer, which has
a larger crystal lattice further improves the GaN crystal
structure by expansion.

Example 3

Pulsed Electron Beam Through Deposited Boron
Layer on Group III-Nitride

[0032] Another variation of Example 1 is to use Boron
which has the advantage to produce a better metal contact
due to the higher energy bandgap than Gallium Nitride 1tself.
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Example 4

Pulsed Electron Beam Through Deposited Dopant
Laver

10033] An important variation of this process is to deposit
a dopant metal element for a Group III-Nitride such as
Group II metals Magnesium, Zinc, Cadmium or Beryllium
and Group VI metallic Tellurium. A two metal system may
be used with a Group III deposited on top of and either
Group II or Group VI metal. Upon pulsed electron beam
exposure the dopant element 1s driven into the substrate at
some depth and as necessary, through multiple pulses to
achieve better distribution uniformity. Additionally, given
the very surface temperature achieved by the pulsed electron
beam the dopant concentration may reach a higher level as
well as higher electrical activation and greater depth than by
any other thermal technique.

Example 5

Pulsed Electron Beam Through Aluminum (or
Indium) after Nitrogen Ion Implantation

[0034] In an additional effort to repair the GaN crystal
structure after step 1 above and prior to use of the pulsed
clectron beam, a dose of Nitrogen 1s 1on implanted through
the Aluminum (or Indium) layer. The dose 1s chosen to be
suilicient to provide additional Nitrogen to bond with vacant
Gallium to Nitrogen bonds as well as the additional depos-
ited Aluminum or Indium and thus again {ill the voids by
expanding the crystal lattice.

Example 6

Nitrogen Containing Alloy Formation

[0035] Ga,In, N _As,_ alloys are technologically impor-
tant for laser used optical fiber systems but are extremely
difficult to produce with high Nitrogen content due to the
thermodynamic instability at reversible growth conditions.
The pulsed electron beam process can affect such high
Nitrogen content alloy formation since 1t 1s not an equilib-
rium growth process.

[0036] In order to produce Ga,In; N, As,  alloys, start
with a GaN substrate and deposit a layer of Arsenic and a
layer of Indium and then follow the above steps 1n Process
I with a pulsed electron beam process. This forms a top layer
with high Nitrogen content which can then be used for
epitaxy of these alloys.

Example 7

Pulsed Electron Beam Processing of Group I1I-VI
Materials

[0037] As in the above Process I to III a pulsed electron
beam 1s used to improve the crystallinity of various Group
[I-VI materials such as Zinc Selenide, Zinc Oxide and others
as well as to eflect doping p or n type by depositing the
proper metal. For example, a Group 1 or Group V metal may
be used to effect p-type doping.

Example 8

Pulsed Electron Beam of Group IV-IV Matenals

10038] Group IV-IV materials are becoming technologi-
cally very important for even more stringent applications
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than Group III-V semiconductors. Silicon Carbide has
greater radiation tolerance and higher operating temperature
and voltage range than the Group III-V semiconductors.
Typically S1C single crystals formed by expensive sublima-
tion processes have undesirable micro defects, known as
micro pipes, which reduce the yield of processed devices.
By using a pulsed electron beam process as described above
these defects may be reduced. Additionally, by depositing a
dopant element such as Boron or Aluminum or a Group V
and exposing to a pulsed electron beam the Group IV-IV can
be doped more easily than by thermal processing as 1n a
furnace. Finally, 1on implantation may be used to further
improve dopant level by using Silicon 10n for example.

Example 9

Pulsed Electron Beam of Metal Contacts

[0039] Metal contacts to compound semiconductor mate-
rials need to be ohmic, as low as possible electrical resis-
tance and adherent. Additionally the surface only where the
contacts are must be heated not the entire device structure
with the substrate, which 1s not possible 1n a furnace. These
problems are overcome by use of the process. This 1s
achieved by first depositing the metal(s) and then exposing
to the pulsed electron beam at the correct tluence to reach
high enough surface temperature to reduce series resistance
and 1mprove adhesion.

PREFERRED EMBODIMENTS

[0040] 1. This application, in part, relates to currently
available growth process which produce free-standing
GaN, other Group III-V, Group II-VI and Group IV-1V
substrates. These crystals are temperature sensitive par-
ticularly at or above their melting point. When grown by
lack of availability or other requirement on a lattice
mismatched material, the crystal defects are very large 1n
number, i.e. 107*-10*'%cm?. In the case when epitaxy is
required to grow Group I1I-Nitride devices such as lasers,
the vields are very poor. The product of method 1n
application Ser. No. 11/014,304 1s the reduction by at least
two orders of magnitude of surface defects that 1s neces-
sary to produce commercially useful substrates of this

type.

10041] 2. The use of deposited metal as an encapsulating
and material modifying layer 1s important in several ways.
First, 1t 1s necessary to spread out the electron beam.
Second 1t 1s sacrificial and can be sputtered ofl during
volatile element implantation or blown off by pulsed
clectron beam. Third 1t can be reacted out to the metal
containing alloy. Fourth, during the volatile element
implantation, the entire substrate may be heated to about
500 C., which reduces the radiation damage. Fifth, the use
of the metal layer effectively slows down the implanted
Nitrogen 1ons and thus the radiation damage 1s mini-
mized. And, Sixth, in the case of a dopant element such
as a Group II for Group III-V or a transition or rare earth,
the electrical as well as optical crystals may be altered.

10042] 3. The use of ion implantation is standard in
semiconductor technology. However, 1t i1s also well
known that radiation damage due to high energy of the
implantation process requires a high enough temperature
to anneal out, which 1s estimated at 24 of the melting point
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(Reference 3). In the case of Galllum Nitride that 1s
around 16350 Celcius. Additionally, N implantation may
result in a porous, amorphous material with gaseous
inclusions due to decomposition and therefore not obvi-
ous. Even higher levels of N implantation may result in a
higher concentration of interstitial Nitrogen, which would
produce a higher Nitrogen overpressure which 1s neces-
sary to anneal out the defects to a greater degree but then
at an even higher temperature. By exposing only the top
surface to the pulsed electron beam, the rest of the
material 1s not heated which 1s an advantage 1n processing
devices.

[10043] 4. Given that these compound semiconductors are
sensitive and prone to decomposition at higher than
ambient temperatures, any technique which can improve
the crystal defects of grown walers as compared to a
boule, needs to be very fast, at sub microsecond duration,
such as the pulsed electron or laser techniques.

[0044] 5. In the case of ion implantation damage, a
directed energy beam such as a pulsed electron beam has
been demonstrated to anneal out the damage, at the
appropriate energy level or fluence, as energy per cm”.
The voltage used as well as the energy fluence, 1n Joules
per cm”, affect the charachteristics of the beam such as
surface penetration. Additionally, the beam must be con-
trolled to be as uniform as possible to achieve uniformity
of heating and thus crystallimity repair. The fluence
required for this application 1s 1n the order of 1 Joule per

sz .

[0045] 6. When the pulsed electron beam 1is highly
focused, such as approximately 1 mm?, the highly focused
beam can lead to very rapid and localized temperature rise
and thus to vaporization and consequently deposition of
the target material on a substrate (Reference 6). In this
application, a wide beam of the necessary fluence, 1s
required to produce annealing and reaction to relieve the
radiation damage on a larger scale and be of commercial
value. The result of the directed energy beam such as the
pulsed electron beam 1s to raise the surface temperature
from ambient to well over 1000 C. depending on the
fluence and other factors such as energy coupling to the
surface. As the surface temperature rises by the energy
transfer, the Aluminum or other metal atoms from the

deposited and melted Aluminum or other metal layer on
the surface, difluse rapidly into the underlying material. In
this case, Aluminum, given 1ts reactivity, 1t can alloy with
the Gallium Nitride substrate material and 1n the process
compress the interstitial Nitrogen to very high pressure
and temperature. Since the pulse 1s sufliciently short,
decomposition does not occur and 1s further controlled by
the capping Aluminum Nitride and Aluminum layer. This
AlGaN alloy formed from the surface to some depth, 1s
now of lower crystal defect density as a result of filling the
voids and other defects and defect annihilation by solid
state diffusion, alloying and very high temperature and
pressure. This 1s eflectively then 1s also a surface polish-
ing technique.

10046] 7. By use of multiple directed energy pulses, in the
case of AlGaN by HVPE, the temperature rise as well as
depth of Aluminum diffusion, increase. This leads to
greater defect anmihilation and the crystallite size
increases by several fold and the X Ray Diflraction half
width decreases compared to the single pulsed layers.
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[0047] 8. By use of a dopant metal layer alone or in
combination with Aluminum for example in a Group
I1I-N1itride material, the electrical and or optical properties
of the material may be modified. Again this 1s achieved
only at the surface without exposing the entire device
structure to the high temperature. Furthermore, the impu-
rity level may be controlled and reach a higher level than
that achieved from a furnace, due to the higher tempera-
ture achieved by the pulsed electron beam.

[0048] 9. In the case of metal contact treatment by the
pulsed electron beam the top surface only 1s exposed
avoiding the possible decomposition problems of furnace
treatment.

[0049] 10. In the case of alloy formation where by ion
implantation of the volatile non metal component a higher
concentration and improved crystal quality may be
achieved than by another growth technique.

[0050] While the invention has been described in terms of
certain preferred embodiments and material systems, modi-
fications obvious to those with ordinary skill in the art may
be made without departing from the scope of the invention.
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What I claim 1s:

1. A top surface modified compound semiconductor mate-
rial product formed by a method comprising:

providing a layer of said compound semiconductor mate-
rial, wherein said compound semiconductor material
comprises a metal component and a non-metal com-
ponent and said layer comprises a top surface;

placing said layer of said compound semiconductor mate-
rial into a metal deposition tool and depositing a layer
of metal component upon said top surtace;

placing said layer of said compound semiconductor with
said deposited layer of said metal component mnto an
ion 1mplantation tool and implanting non metal com-
ponent mto and through said metal layer;

placing said layer of said compound semiconductor with
said deposited metal layer and said implanted non-
metal component into a directed pulsed electron beam
tool and exposing said layers to said energy beam.
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2. The product of claim 1 wherein the said semiconductor
material 1s a Group III-V material.

3. The product of claim 1 wherein the said semiconductor
material 1s a Group II-VI matenal.

4. The product of claim 1 wherein the said semiconductor
maternal 1s a Group IV-1V matenal.

5. The product of claim 1 wherein the said metal layer 1s
a Group III element.

6. The product of claim 1 wherein the said metal layer 1s
a Group I element.

7. The product of claim 1 wherein the said metal layer 1s
a Group II element.

8. The product of claim 1 wherein the said metal layer 1s
a transition metal.

9. The product of claim 1 wherein the said metal layer 1s
a lanthanide metal.

10. The product of claim 1 wherein the said metal layer 1s
any other metal 1n the periodic chart of elements.

11. The product of claim 1 wherein the said metal layer 1s
a combination of two or more metals.
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12. The product of claim 1 wherein the said metal layer 1s
a combination of Group II and Group III on a Group III-V
material.

13. The product of claim 1 wherein the said metal layer 1s
a combination of Group I and Group II on a Group II-VI
material.

14. The product of claim 1 wherein the implanted element
1s a non metal.

15. The product of claim 1 wherein the said implanted
clement 1s Nitrogen.

16. The product of claim 1 wherein the said implanted
clement 1s Carbon.

17. The product of claim 1 wherein the said implanted
clement 1s Silicon.

18. The product of claim 1 wherein the said implanted
clement 1s Oxygen.

19. The product of claim 1 wherein the said implanted
clement 1s any other nonmetal element of the periodic chart
ol elements.
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