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FI ELD OF THE | NVENTI ON This invention relates to the' manuf act ure
of galliumnitride-based devices. In palticular, the invention is directed
towards inproving the electrical characteristics as well as the |ight
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FIELD OF THE INVENTION

This invention relates to the manufacture of gallium-nitride-based devices. In
particular, the invention is directed towards improving the electrical characteristics as

well as the light extraction from gallium-nitride-based light emitting devices without

incurring material cracks.
BACKGROUND OF THE INVENTION

Gallium nitride (GaN)-based compounds have wavelength emissions in the
green and blue range of visible light and in the near ultra-violet. Because single
crystals of gallium nitride are difficult to gfow, commercial GaN substrates are
unavailable for the epitaxial growth of GaN-based devices. Currently, most GaN-
based light emitting devices (LEDs) are epitaxially grown on a sapphire substrate.
The difference in lattice constants and in coefficients of thermal expansion between
the sapphire substrate and the GaN-based semiconductors makes it difficult to grow a
high quality GaN-based epitaxial layer on the sapphire substrate. Furthermore, a
highly conductive P-type GaN semiconductor is nearly impossible to obtain due to
combinations of high N-type background concentration and low P-type doping
activity. Although the basic heterojunction device concepts have been well
understood for many years, these difficulties stymied the development of efficient
heterojunction lasers and LEDs emitting green or blue light using an (Al Ga,_),In, N
(where 0< x < 1 and 0< y < 1) material system (heretofore known as AlGalnN).
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These technological advances have greatly accelerated the progress in device

development of an AlGalnN maferial system for optoelectronics and other

applications.

Recent advances have allowed the growth of good AlGalnN devices on
substrates other than sapphire, although these substrates are not yet widely available
commercially. New buffer material systems other than AlGalnN (such as zinc oxide
Zn0) have also been used. Thick AlGaInN single crystals have been grown on
silicon and sapphire wafers by hydride vapor phase epitaxy (HVPE) and subsequently
used as substrates for AlGaInN device growth. Silicon carbide (SiC), ZnO, bulk
GaN, and various garnets have also been used with success. These substrates usually
have much better lattice matching to GaN than sapphire and may not require a
preliminary buffer layef to obtain good quality device layers. However, in all cases,
whether or not a buffer layer-is used and depending on the desired device properties
(such as color of the emitted light), tﬁére still is a significant difference in lattice
constants between the substrate and some of the AlGaInN device layers. This comes
about because the lattice constant (as well as the electrical and optical properties) of
a (ALGa,.),In; )N layer changes with the molar ratios x and y. As a result, material
quality issues are encountered similar to the ones with the growth on sapphire.

Generally, growing a buffer layer over the substrate allows good quality N-
type and P-type device layers to be grown. But, when the N-doping of an AlGaInN
device layer is increased above 2E18 cm® as measured by Hall effect (for instance

for a Si-doped GaN layer within an LED), some of the device layers exhibit severe
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performance severely and affects reliability.
An LED having increased N-type doping in one or more device layers while
having good material quality is a highly desirable feature for optimizing the electrical
characteristics (e.g. forward voltage and series resistance). It would be further
beneficial if the dopings could be further optimized to provide for improved carrier

injection and pair recombination to improve light output efficiency.



cracki ng when the highly-doped | ayer exceeds a few mcroneters ([err]ns) in
t hj cknéss because of the large lattice msmatch and thermal expansion
coefficient difference with the substrate. Prior art devices mnimze
cracking by using a thin | ayer when hidh doping is required or by |owering
t he doping when a thick layer is required. As the doping of a device |ayer

i ncreases, the thickness of the | ayer decreases to avoid cracki ng. However,
a thick first device layer (typically 3-4 [err]ns) is needed to nmaintain
material quality while the high dopings can inprove the electrical and
optical performance of the device by |Iowering the N-contact resistance, the
forward voltage, and the bul k YRSVARGAE BHRINVENEIOM e N-doped | ayers.
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4 carrier injection and recombination characteristics without inducing cracking of the

device layers. This is achieved by fabricating a compound N-type device layer that
has several sub-layers. For each desired electrical characteristic or property, there is
a corresponding N-type doped sub-layer. The thickness of each sub-layer is carefully
selected to avoid material cracking: the higher the required doping, the smaller the
corresponding thickness.

For a light emitting device (LED), a compound N-type device layer has three
sub-layers. The doping level of each sub-layer has been selected to optimize a
selected physical property. The first sub-layer is undoped or lightly doped to avoid |
cracking and is grown to the desired thickness for good material quality. The second
sub-layer is heavily doped to provide good N-contact, forward voltage, and electrical
resistivity characteristics and is kept correspondingly as thin as necessary to avoid
material cracking. The third sub-layer is doped to the desired level to provide
optimum carrier injection and pair recombination in the active layer of the device: its
doping is typically lower than the second sub-layer’s, and correspondingly its
thickness can be greater if so desired.



SUMVARY OF THE | NVENTI ON N-type doping in Ill-V-nitride

seni conduct or conpounds, i.e. GaN-based conpounds such as GaN, A GaN,

Al I nN, InGN, or AlGalnN, can be optim zed to inprove N-contact electrical
resistance, turn-on and forward voltage®, mnority carrier injection and
reconbi nation characteristics wi thout inducing cracking of the device

| ayers. This is achieved by fabricating a conpound N-type device |ayer that
has several sub-layers. For each desired electrical characteristic or
property, there is a corresponding N-type doped sub-layer. The thickness of
each sub-layer is carefully _selected to avoid material cracking: the higher
the required doping, the snBRIEEDESGRIPHENOFIHERRANINGSI ckness. For a
light emtting device (LED), a conpound N-type device |ayer has three
sub-1layers. The doping | evel of each sub-l|ayer has been selected to
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l'ightly doped to avoid cracking and is grown to the desired thickness for
good nateriépﬂﬁﬂamihyﬁﬁ¢ﬁé“§bﬁﬁhd sub-layer is heavily doped to provide
good N-contact, forward voltage, and electrical resistivity characteristics
and is kept correspondingly as thin as necessary to avoid materi al
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optimum carrier infection and pair reconbination in the active [ayer of the
device: its Hgpedg is typically |ower than the second sub-layer's, and
correspondingly its thickness can be greater if so desired.



5 | BRI EF DESCRI PTI ON OF THE DRAW NGS

Figure'l illustrates a device of the present invention, where an N-type,
conmpound | ayer is grown first. Figure 2 illustrates a fabrication
process flow chart for the device showdin Figure 1.

6 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 illustrates an N-type LED 10 of the present invention. An
(AL Ga,..),In, N buffer layer 14 is positioned on a substrate 12, such as a sapphire
substrate. A compound device layer 16 of N-type AlGaInN is positioned over the
AlGalnN buffer layer 14. A D(ouble)-H(etero) structure is formed from a device
sub-layer 16C, and from an active layer 18 and a single or composite P-type layer 20
of AlGaInN compound-semiconductor grown over the compound device layer 16.

The compound device layer 16 has three sub-layers 16A,16B, and 16C of N-
doped AlGalnN material, such as GaN:Si. Each sub-layer has a unique doping level.
The first sub-layer 16A is lightlj doped to avoid cracking and is grown to the desired
thickness for good material quality. The doping level of the first sub-layer 16A may
be N=2E18 cm? (as measured by Hall effect) and the associated thickness may be
3.5pm. The second sub-layer 16B is heavily doped to provide good N-contact,
forward voltage, and electrical resistivity characteristics. The doping level of the
second sub-layer 16B may be N,= 8E18 cm™ (as measured by Hall effect) and the
associated thickness may be kept at or below 0.4um to avoid cracking. The optional
third sub-layer 16C is doped to the desired level to provide optimum carrier injection
and pair recombination in the active layer 18 of the device. The doping level of the
third sub-layer 16C may be N, = 2E18 cm™ (as measured by Hall effect). The third
sub-layer provides independent doping control for optimum current injection and
recombination in light emitting double-hetero-structure devices, such as blue and

green light emitting diodes (LEDs) and lasers (such as edge-emitting lasers and

Vertical-Cavity-Surface-Emitting-LaserS) .

Figure 2 illustrates a process flow chart 30 for the device shown in Figure 1.
In step 40, the buffer layer is formed directly on the sapphire substrate. In step 50,
the first N-type device sub-layer is formed directly on the buffer layer at growth
temperatures that range from 300 C to 1500 C, while the thickness of the first sub-



Figure 1 illustrates an N-type LED 10 of the present invention. An
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1. I n st ep th ranges filoor 3Q0C 10a4680Ci s forned directly on the sapphire
substrate. In st t he first N—t'#)e devi.ce sub-J|

50 . r,is forned
directly on the oierEp-gvetipayhe gromusing one of Mapy, availablf XechignesSueh 8, 200 C
to 1500 C  véigdrdniebitlid Vipok PRaE epitaxy TOMVPE] (aldoRealled metal-organic chemical

vapor deposition (MOCVD), molecular beam epitaxy (MBE), gas source MBE
(GSPMBE), or hydride vapor phase epitaxy (HHVPE). The (AL Ga,,),In, N sub-

layers may or may not have the same chemical composition (i.e., same x and y molar

ratios). The composition and/or doping of the sub-layers may change abruptly from
one sub-layer to another, or may instead be smoothly graded over a finite thickness,
or may be graded over the entire thickness of the sub-layers. '

Although a compound N-type layer ha\}ing three sub-layers has been
illustrated to improve the following characteristics; N-contact electrical resistance,
forward voltage, current injection, and radiative recombin;ation, without inducing
cracking of the device layers, additional N-type sub-layers may be added such that
the composition, thickness, and doping level of each layer accommodates a desired
electrical characteristic or physical property for the device. The compound structure
is further extendible to alleviate cracking problems occurring in other, highly N-

doped or P-doped layers sequences in semiconductor devices.



7 layer may vary between 1.0 [err]mto 300 [err]min thickness. In
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t hi cknegs fs kepgt thi & enough to avoid cracking:

dopi ng, the smaller the sub-layer thickness. In step 70, the optional
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i njection and optical reconbination. In step 80, the rennining device
| ayers are fornmed over the conposite device |ayer at a growmh tenperature
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(OWPE) (also called netal -organic chem cal vapor deposition (MXCYD),

nol ecul ar

t he
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phase epitaxy

beam epi t.axy.(MBE),. gas source MBE (GSPMBE), or hydride vapor
phase epitaxy (H@Pé)‘.i(‘%‘\"%eco('gﬂ"fg’g] rGa[err])[err]In[err] N sub- |ayers may or
may not have thea%ﬁ@@l@?@d conposition (i.e., sanme x and y nol ar
and/ or

ratios).

The conposition

dopi ng of the sub-layers nmay change

abruptly from one cembetrl/devidedayen§l6)of (AhGahini Nspesitibried osemthe hl y gr aded
over a finite thickness,

substrate, including a first and second sub-layer (16A,16B), wherein each sub-layer
has an associated composition, thickness, and doping level selected fora
corresponding physical property; '

wherein the composition and thickness associated with each of the sub-layers
is carefully adjusted to minimize material cracking such that the higher the doping of
the sub-layer, the thinner the thickness of the corresponding sub-layer.

2. A device, as defined in claim 1, further comprising:

a buffer layer (14) interposing the substrate and the compound device layer.

3. A device, as defined in claim 2, the compound device layer further
including a third sub-la‘yer (16C), having an associated doping level, positioned
over the second sub-layer, wherein the associated doping level of the third sub-layer
is selected to provide the physical property of optimum carrier injection and pair

recombination in the active layer for light emission.

4. A device, as defined in claim 1, wherein the associated doping level of the
first sub-layer (16A) is selected to provide the physical property of good material
quality and the associated doping level of the second sub-layer is selected to provide

the physical property of low electrical resistivity and low device forward voltage.



or may be graded over the entire thickness of the sub-layers.

Al t houg | ayer having three sub-layers has been
illustrated to rove the follomnng characteristics; N-contact electrical
resi stanc 'Jll“,mﬁ Ell c"llm current i®jection, and radiative

reconblna u0|ng cracki ng of the device | ayers, additiona
N-type sub- Iayers nay be added such that the conposition, thickness, and
dopi ng I evel of each |ayer accommbdates a desired electrical
characteristic or physical property for the device. The conpound structure
I's further exten ibI t.0 aIIe t.e cracki ng probl ens, occurri g I.n_qt her,
highly N doped orA i SHER &%) mﬁgr@c@m&ew grein the agsprigtsAdioptng: erévfﬁvs

8 1.
A devi ce co rr%crolnd su% -layer (16B) is heavily doped as compareglt@‘h{\ésdssocliatgd &;mxg level

of the first sub-layer.

6. A device, as defined in claim 5, wherein the compound device layer (16)

has a graded doping from the first to the second sub-layer.

7. A device, as defined in claim 6, wherein the compound device layer (16)

has a graded composition from the first to the second sub-layer.

8. A device, as defined in claim S, wherein the compound device layer (16)

has a graded composition from the first to the second sub-layer.

9. A device, as defined in claim 5, wherein the ratio of the associated doping

levels of the first and second sub-layers is between 1 and 100000.

10. A device, as defined in claim 4, the compound device layer (16) further
including a third sub-layer (16C), having an associated doping level, positioned
over the second sub-lay.er, wherein the associated doping level of the third sub-layer
is selected to provide the physical property of optimum carrier injection and pair

recombination in the active layer for light emission.

11. A device, as defined in claim 1, wherein the compound device layer (16)

consists of P-type (Al,Ga,.,),In, N material.

12. A device, as defined in claim 1, wherein the compound device layer (16)

consists of N-type (Al,Ga,_,),In, N material.



a substrate (12); and a conpound device | ayer (16) of

(Al Ch[_er_L],)_[_e,LL]_Ln.[_e_LL]_N, positioned over the substrate, including a first
and second sub-layer (1 6A, 16B), wherein each sub-layer has an associ ated
corrpojllllm:mlﬂlnlmmnm* and dop| ng | evdD sel ected for a corresponding
physi wherein the conposition and thickness associ at ed
with each ‘of "t h& sub- layers is carefully adjusted to minimze material
cracki ng such that the higher the doping of the sub-layer, the thinner the

t hi ckness of the correspondi ng sub-1ayer. 2. A device, as defined
in claiml, further conprising: a buffer layer (14) interposing the
substrate and the conpound device | ayer. 3. A device, as defined

in claim2, the thnaalevitegsdetited yeiind 12, Wirtein Ul dsshcirgedddping veludf- | ayer
(160, havi ng an associ at ed dop| ng | evel, positioned over the second

sub- 1 ayer, thedsl slubtlﬁeer&h(s@cls 8¢ e@e@mrngl ¢ dheahysicakprepartyi ofgosd materiadr i s
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first sub-layer (16A)" is selec ed to provide the "physical property of good
mat eri al quubltageg. and t he associ ated doping | evel of the second sub-layer is
selected to provide the physical property of low electrical resistivity and
| ow device forward voltage.

14. A device, as defined in claim 13, wherein the associated doping level of
the second sub-layer (16B) is heavily doped as compared to the associated doping
level of the first sub-layer (16A).

15. A device, as defined in claim 14, wherein the compound device layer has

a graded doping from the first (16A) to the second sub-layer (16B).

16. A device, as defined in claim 14, wherein the compound device layer has

a graded composition from the first (16A) to the second sub-layer (16B).

17. A device, as defined in claim 14, wherein the ratio of the associated

doping levels of the first and second sub-layers (16A,16B) is between 1 and 10000.

18. A device, as defined in claim 13, the compound device layer (16) further
including a third sub-layer (16C), having an associated doping level, positioned
over the second sub-layer (16B), wherein the associated doping level of the third
sub-layer (16C) is selected to provide the physical property of optiinum catrier

injection and pair recombination in the active layer for light emission.

19. A device, as defined in claim 18, wherein the associated doping level of
the second sub-layer (16B) is heavily doped as compared to the associated doping

level of the first sub-layer (16A).



9 ) 5. A device, as defined in claim4, wherein the associ ated
dopi ng‘Wnd sub-layer (16B) is heavily doped as conpared
to the associated doping fevel of the first sub-Ilayer. 6. A
devi ce, rlm im5, whereinlfthe conpound device | ayer (16) has
a grade my Hm' Mfl rst to the second sub-I ayer. A
devi ce, ‘as def itnell i n aim6, wherein the conpound device | ayer (16) has
a graded conposition fromthe first to the second sub-| ayer.

A device, as defined in claim5, wherein the conpound device | ayer (16)

has a graded conposition fromthe first to the second sub-I|ayer.
9. A device, as defined in claim5, wherein the ratio of the associ ated

doping 1 evel sygt N idk! sderBfn TSR0 D, il BUShshg, Dot veen T and
a buffer layer (14) interposing the substrate (12) and the compound device
layer (16). '

21. A device, as defined in claim 20, wherein the ratio of the associated

doping levels of the first and second sub-layers (16A,16B) is between 1 and 10000.



10. A device, as defined in claim4, the compound device |ayer (16) further
i ncluding a third sub-layer (16C), having an associ ated dopi ng | evel, '

posi ti oned over the second sub-layer, wherein the associated dopi ng

| evel of the third sub-Iayer is selected to provide the physical
property of optinmumcarrier injection and pair reconbi nation in the
active layer for |ight em ssion. 11. A device, as defined in
claim1l1, wherein the conpound device | ayer (16) consi sts of P-type
(Alferr]Gferr])[err]In[err]N material . 12. A device, as
defined in claim1, wherein the conpound device |ayer (16) consi sts of
N-type (Al[err]Ga[err])[err]In[ferr]N material. 13. A

device, as defined in claim12, wherein the associated doping | evel of the
first sub-layer (16A) is selected to provide the physical property of good
mat eri al
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quality and the associ ated doping | evel of the second sub-layer (16B) is
selected to provide the physical property of low electrical resistivity and
| ow device forward voltage. 14. A device, as defined in claim13,
wherein the associ ated doping | evel of the second sub-layer (16B) is
heavi |y doped as conpared to the associ ated doping | evel of the first

sub-l ayer (16A). 15. A device, as defined in claim14, wherein

t he conpound devi ce | ayer has a graded doping fromthe first (16A) to the
second sub-layer (16B). 16. A device, as defined in claim 14,
wherein the conpound device | ayer has242graded conposition fromthe first
(16A) to the second sub-layer (16B). 17. A device, as defined in
claim 14, wherein the ratio of the associated doping | evels of the first
and second sub-layers (16A, 16B) is between 1 and 10000. 18. A

device, as defined in claim 13, the conpound device |ayer (16) further
including a third sub-layer (16C), having an associ ated doping | evel,
positioned over the second sub-layer (16B), wherein the associated dopi ng
| evel of the third sub-layer (16C) is selected to provide the physical
property of optimumcarrier injection and pair reconbination in the active
| ayer for |ight em ssion.
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FORM BUFFER LAYER OVER SUBSTRATE
CARRIER INJECTION/RECOMBINATION AND LIGHT
Figure 2

FOR LOW ELECTRICAL RESISTIVITY AND
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19. A device, as defined in claim18, wherein the associated doping |evel
of . the second sub-layer (I 6B) is heavily doped as conpared to the
associ ated doping |level of the first sub-layer (16A).

20. A device, as defined in claim19, further conpri sing: a buffer
| ayer (14) interposing the substrate (12) and the conpound device | ayer
(16) . 21. A device, as definedBSERAIIai m 20, wherein the ratio of

the associated doping levels of the first and second sub-layers (16A 16B)
is between 1 and 10Q@QIMIZING ELECTRICAL DOPING WHILE REDUCING MATERIAL
CRACKING IN ITI-V NITRIDE SEMICONDUCTOR DEVICES

N-type doping in III-V-nitride semiconductor compounds, i.e. GaN-based
compounds such as GaN, AlGaN, AllnN, InGaN, or AlGalnN, can be optimiied to
improve N-contact electrical resistance, carrier injection, forward voltage, and
recombination characteristics without inducing cracking of the device layers. The
N;type layer is constructed of sub-layers such that an N-type sub-layer is provided
for each desired characteristic or property. The thickness of each sub-layer is
carefully selected to avoid material cracking: the higher the required doping, the
smaller the corresponding thickness.

In illustration, the buffer layer of a light emitting device (LED) has three sub-
layers. The first sub-layer is lightly doped to avoid cracking and is grown to the
desired thickness for good material quality. The second sub-layer is heavily doped
to provide good N-contact and electrical resistivity -characteristics and is kept
correspondingly as thin as necessary to avoid material cracking. The third sub-layer
is doped to the desired level to provide optimum carrier injection and pair

" -recombination in the active layer of the device.

(Figure 1)



