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(57) L’mvention concerne un  dispositif  a
semi-conducteur en nitrure utilis€ surtout comme
¢lément de diode laser et de diode ¢lectroluminescente.
Afin d’améliorer la sortie et de réduire Vi, on dote le
dispositif soit d’une structure a trois couches dans

(57) A nitride semiconductor device used chiefly as an
LD and an LED element. In order to improve the output
and to decrease VI, the device 1s given either a
three-layer structure in which a nitride semiconductor
layer doped with n-type impurities serving as an n-type

laquelle une couche de semi-conducteur en nitrure dopee
avec des mmpuretes de type n servant de couche de
contact de type n dans laquelle une €lectrode n est formee
est placeée entre des couches de semi-conducteurs en
nitrure non dopees, soit d une structure a super-réseau en
nitrure. La couche de contact de type n présente un

18 -3

concentration de porteurs excédant 3 x 10" "cm ~, et sa

resistivite peut €tre inférieure a 8 x 10_3Qcm.

I*I Industrie Canada  Industry Canada

contact layer where an n-electrode 1s formed 1s
sandwiched between undoped mitnide semiconductor
layers, or a superlattice structure of nitride. The n-type

contact layer has a carrier concentration exceeding

3 x 1018%em™

8 x 10> Qem.

, and the resistivity can be lowered below
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Abstract

A nitride. semiconductor device used chiefly as ‘%an LDv and an
LED element. In order to impfove the ou'tput and to @ecrgase VL,
the device is given either a three-layer structure . in which a
5 hitride semiconductor layver doped with n-type impurities serving
as an'h-type contact layer where an n-electrode isiformed is
sandwi.ched between undoped nitride semiconductor léyers; or a
superlattice structure of nitride. The n-type contaé:t layer has
a carrier concentration exceeding 3 x 10" cm™, and thefresi‘stivity

10 can be lowered below 8 x 107°Qcm.
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Title of the Invention

NITRIDE SEMICONDUCTOR DEVICE

Technical field of the Invention

' - This invention relates to a device provided wi{th a nitride
semiconductor (InAl.Ga,, . N, 0=x, 03y, x+y=1) including light
emnitting devices such as LED (light emitting diode) and LD (laser
diode), solar cells, light receiving devices such: as optical
sensors and electronic devices such as transistor; and power

devices.

Background of the Invention

'i Nitride semiconductors have been recently produced as
materials used for a high bright pure green LED anc{ a bilue LED
in various light sources for a full color LED display, a t-raffic
signal and an image scanner and the like. These LEDs bas:.cally

have such a structure that a buffer layer, a n-side cqntact layer

made of Sl-doped GaN, an active layer of SOW (Single Quantum Well)

made of InGaN or MQW (Multi Quantum Well) including InGaN, a p-side
claddlng layer made of Mg~doped AlGaN and a p-s:.de coﬁntac’t layer
made of Mg-doped GaN are laminated sequentially on tl.le sapphire
substrate. Such LEDs show excellent properties and for e;fample,
at 20mA, for blue LED having a light emitting wavelength of 450nm,
omW of output and 9.1% of an external quantum eff1c1ency can be
achieved and for green LED having a light emitting wavelength of

520nm, 3mW of output and 6.3% of an external quantumﬁ efficiency
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‘can be achieved.

The inventors have first realized laser emitting of 410
nm at room temperature by using the above nitride méteri.als and
reported it in Jpn. J. Appl. Phys. 35(1996)L74 and Jpn J Appl.
Phys. 35(1996)L217. The laser device comprises the DH st;ructure
where the active layer is MQW having InGaN well layez;s andshowed
the following data: .

Threshold current: 610mA;
Threshold current density: 8.7kA/m2;
Wavelength: 410 nm

(pulse width 2 um and pulse cycle 2ms)

The inventors have first succeeded in CW (Continuous-
Wave) Oscillation or Operation at room temperature and féported
it in Gijutsu-Sokuho of Nikkei Electronics issued on Dec. 2, 1996,

Appl. Phys. Lett. 69(1996) and Appl. Phys. Lett. 69(1996) 4056.

The laser diode showed a l1ifetime of 27 hours at 20°C under

the threshold current density of 3.6 kA/cm®, the thresioldfiroltage

of 5.5 V and the output of 1.5 mW.

Thus, nitride semiconductors have been produced as mét'erials
for a LED. And for a LD, continuous-wave oscillation or oée;ation
of as long as a few tens hours can be achieved. Howevér, a further

enhancement of the output is required in order to use LEDs for

b

1llumination lights, outdoor displays exposed to the'dire-ct'rays

'0f the sun and the like. And it is necessary to impi-ove,LDs, in

order to decrease the threshold in LDs and realize a longer lifetime

of the LDs and to use the LDs in light sources such as the
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light-pick-up, DVD and the like. Said LD showed a for&ardicurfent
of 20mA and a forward voltage (Vf) of near 3.6 V. Further decrease
of Vf leads to decrease of generation of heat in ‘the .device,

resulting in increase of reliability. It is extremely important

"to décrease_the threshold voltage in the laser devices to realize

a longer lifetime of the devices. é

In view of such circumstances, this inventibn has been
accomplished. The main object of the present invention is to
enhance the output of the nitride semiconductor devgi.ces :-'s_uch as
LED and LD and to decrease Vf and the threshold voltége thereof,

resulting in the enhancement of the reliability of i:he d—évices.

Particularly, the first object of the present invention is to

increase the carrier concentration in the n-type contact layer
and decrease the resistivity thereof. |

Further, the second object of the present invention is to
provide an n-type nitride layer structure inwhichithe?éarrier
concentration in the n-type contact layer is increased and the
crystallinity of the nitride semiconductor layer férmed*on the

n—-type contact layer can be enhanced.

Disclosure of the Invention

According to the present invention, there is provided a‘nitride
sémiconductor device comprising an above~-mentioned n-;:ype;c:o‘ntact
layer in a specific three-layer laminated structuré Or a super
lattice structure. .

According to a first aspect of the present inve}xtion, there

1s provided a nitride semiconductor device, which is a light
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emitting device, comprising at least a substrate an n-ﬁype éoht'act
layer forming an n-electrode, an active layer where eE‘ectrons and
holes are recombined and a p-type contact layer forming a p-
electrode, each layer being made of nitride semiconductor, wherein
the n-type contact layer is made of a nitride semicon@eto; doped
with ann-type impurity and has a first surface and a secénd shrface,
and undoped nitride semiconductor layers are formed élose‘to the
first and second surfaces, respectively, resultf—ng 1n the
three-layer laminated structure of the n-type contapt laver.
In this case, an undoped nitride semiconductorilayér means
an 1intentionally not doped layer and includes a ﬂitride
semiconductor layer which may contain an impurity originally

contained in the raw material, unintentionally.introduced by the

~contamination within the reactor and by diffusion from the other

layers which is ihtentionally doped with an impurit;y, aﬁd_also
a layer which 1s considered to be a substantially undoped layer
because ofdoping in a very small amount (for example, é‘esié‘_‘tivity
of 3X10™ Q cm or more). An n-type impurity includés Group IV

elements such as Si, Ge, Sn and the like and Si is pref?erred. The

nitride semiconductor layers which are laminated thegewith,

including the n-type contact layer may be made of fér example,

GaN, InGaN and AlGaN and preferably, the n-type contac;'_t layer may
be made of GaN including no In or Al in the termof the cryé_tall.inity.
While the undoped nitride semiconductor layers which_’ are formed
on the both sides 0of the n-type contact layer will bé described

below in detail. In the case that the n-type contact layer is the
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second layer of the three-layer lamlinated structurei, the first
nitride semiconductor layer formed on the substrate side thereof
may be preferably made of GaN or AlGaN and the nitride séniconductor

layer formed on the opposite side of the n-type contact layer to

the substrate may be preferably made of GaN, InGaN or AlGaN.

Particularly, the representative of the three-—laye‘;r laminated
structure may include the three-layer laminated sofructure of
undoped GaN layer (third layer) / Si—-doped GaN layer (s'econd layer)
/ undoped GaN layer (first layer) in which the n-type cc;ntacj:t layer
(second layer) doped with Si is sandwiched between %theundoped
GaN layers. |

The second nitride semiconductor layer (n-t;ype contact
layer) can have a carrier concentration of not less tha‘n 3X10Y%/em’
and the resistivity is less than 8X10™ Q *cm in the%}termof the

mobility of the layer. The resistivity of the conventional n-

type contact layer has been limited to 8X10™° Q * cm (for example,

.

US-A 5,733,796). The decrease of the resistivity ca_,én loWer VL.
The resistivity of 6X10™ Q * cm or less can be achiei;red énd more
preferably, 4X107° Q - cmor less. The lower limit is nét sp;ec__ified
and it_is desirable to adjust to 1X10™ Q *cm or o‘re. If the
.resistivitybecomes lower than the lower limit, the amount of the
impurity becomes too much and the crystallinity of ;.‘the nitride
semiconductor tends to decline.

Moreover, a buffer layer which is grown at a ;température

lower than that for the first nitride semiconductor 1s preferably

formed between the substrate and the first nitride semiconductor
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layer. The buffer layer may be made by for example, growing A1N,

GaN, AlGaN and the like at the temperatures ranging from 4007TC to

900°C to the thickness of 0.5um or less and acts as a underlying

layer for relaxing a lattice mismatch between the substrate and
the first nitride semiconductor and growing the ffrst nitride
semiconductor layer having a good crystallinity. Pértiéﬁlarly,
in the case that the first nitride semiconductor léyer 1s made
of GaN, the buffer layer may be preferably made of aGaN
Further, the thickness of the third nitride semiconductor
layer may preferably be 0.5 um or less. More preferab'ly, the
thickness of the third nitride semiconductor layer’ may be 0.2

um or less, most preferably 0.15 um or less. The lower limit is

not specified and it is desirable to adjust to 10 angstroms or
more, preferably 50 angstroms or more and most preferably 100

angstrom or more. Since the third nitride semiconductor layer is

an undoped layer and usually has a high resistivity of 0.1 Q -

cm or more, in the case that the third nitride semiconéiuctor layer
is thick, Vf tends not to decrease. - -
According to a second aspect of the present invéntion,
there is provided a nitride semiconductor device, whié:h is a light
emitting device on a substrate, comprising at leazit anl_'n—type
contact layer forming at least an n-—-electrode on thé substrate,
an active laver where electrons and holes are recor;bin-é-d and a
p-type contact layer forming a p-electrode, each layel’r being made
of nitride Semiconductor, wherein the n-type contacif. lajrer is a

super lattice layer made by laminating at least a nitride
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semiconductor doped with an n-type impurity and an undépedsnitfide
semiconductor layer doped with no n-type impurity. Also, as in
the case of the first nitride semiconductor device des c#:ibed above,

it is preferable that the first and third nitride semiconductor

'layers are not doped with an n-type impurity or are _doped by the

concentration of an n—-type impurity smaller than that-in the super

~ lattice layer and are formed close to the first and second surface .

of the n-type contact layer, respectively in a manrier tha-t the
: o

second nitride semiconductor layer (n-type contact layer) is

interposed between the first layer and the third or§e.

In the second nitride semiconductor device:?\'-, the super

lattice structure means a structure made by laminating"f: the nitride

semiconductor layers which has a thickness of 100 Qngstroms or
less, more preferah;ly 70 angstroms or less and mosé- preferably
50 angstroms or less in the multi-layered structure. - And in this
specifications, the super lattice structure or layeﬁ includes a
type of multi-layered film made by laminating 1ayer§ wh:fch have
different constitutions from each other and a type of ml.;lti-layered

film made by laminating layers which have the same cc:j'nsti;“tu__tions

‘and different amounts of a n-type impurity from each other.

Further, an undoped nitride semiconductor layer meax_is a Snitride
semiconductor layer which is not intentionally doéed with an
impurity and has the same meaning as in the case of the_; above first
light emitting device. 2 ‘

Also, in the second nitride semiconductor device, abuffer

layer which is grown at a lower temperature than that f;or the first
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nitride semiconductor layer may be formed between the substrate
and the "fi.rst nitride semiconductor layer. The buffer layer may

be made by for example, growing AlN, GaN, AlGaN and the like at

the temperatures ranging from 400C to 900C to the thickness of
0.5umor less and acts as a underlying layer for relaxi;ng aélattice
mismatch between the substrate and the nitride semicénduétor and
growing the first nitride semiconductor layer. ha?ing -a good
crystallinity. '

| The second nitride semiconductor layer mayi be made by
laminating two kinds of nitride semiconductor layeré wh:i:ch have
different band gap energy from each other and may.‘ be fgade by
laminating another nitride semiconductor between said two kinds
of nitride semiconductor layers. -

In this case, said two kinds of nitride séinicdnductor
layers preferably have different concentrations of an"‘i n-type
‘impurity doped from each other. Hereinafter, the cdhfigur.ation
of the' super lattice layer in which the nitride sémicohductor
layers have different concentrations of an impurity from each other
is called modulation doping. '

Also, in the case that the second nitride semiCQnductor
layer is formed by laminating two kinds of layers‘f whiéh have

different band gap energy from each other, the layer hagf_ing-__-.;a higher

_band, gap energy may be doped with a n-type impurity?in a larger

amount or the layer having a lower band gap energy tﬁay be doped

in a larger amount.

And in the case that the second nitride semiconductor layer
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is formed by laminating two kinds of layers which have different

band gap enerqgy from each other, one of the layers 1s preferably
is not doped with an impurity, that is, is an undopeéi layer. 1In
this case, the layer having a higher band gap enerqgy may b.e doped
with an n—-type impurity or the layer having a lower bar;d gap eﬁergy
may be doped.

Further, in the present invention, said seéond hitride
semiconductor layer may be made by laminating two kinds of layers
which have the same constitutions except different coﬁcentérations
of a n-type impurity from each other. In this case; oné-bf the
two kinds of nitride semiconductor layers is pre ferabiy an undoped
layer which is not doped with a n-type impurity.

Particularly, a typical n-type contact layér in a form
of a supér lattice structure is made by laminating ".faltern.ately
nitride semiconductor layers selected from the combinafions of
GaN/GaN, InGaN/GaN, AlGaN/GaN and InGaN/AlGaN and either one of
the nitride semiconductor layers is preferably dopéd with Si.

Further, in the case that the third nitride s;iuicoﬁductor

layer is provided, it is preferable that the third nitride

semiconductor layer is undoped and has a thickness of 0.1um or

less. More preferably, the third nitride semiconduct_‘-gpr layer has
a thickness of 500 angstroms or less, and most pre%erably, 200
angstroms or less. The lower limit of the thickness thé third
nitride semiconductor layer is not particularly spec;ifiecgir énd is
desirably controlled to 10 angstroms or more. In tfxe case that

the third nitride semiconductor layer is not a super lattice layer,
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but an undoped single layer, the resistivity thereof is usually

as high as 1x101Q * cm or more. Therefore, when the third nitride

semiconductor layer is grown to the thickness of more than 0.1

pm, contrarily, Vf tends not to decrease. When the third nitride

semiconductor layer is an undoped layer, the nitride semiconductor

- layer has a good crystallinity and the active layer whjich is grown

thereon also has a good crystallinity, resulting .1n the good
improvement of the output.

The n~-type contact layer constituting the super lattice

structure can have a carrier concentration of not less than 3 x

10**/cm’® and considering the mobility of the layer, the resistivity

thereof is less than 8x 107°Q *cm. The resistivity of the prior

n-type contact layer is limited to 8x 10 Q - cm, but the decrease

of the resistivity can lead to the decrease of V£, as: in the case

of the first nitride semiconductor device. The}; reaﬁli'zable

resistivity is 6x 10° Q cm or less and more preferébly, 4% 107°
Q +cm oxr less. The lower limit is not particularly specified and
desirably controlled to 1x 10°Q * cm or more. If the resistivity

is below the lower limit, the amount of an impurity ;is tﬂzc’)o much
and the crystallinity of the nitride semiconductor tends to
deteriorate. * .
Brief Explanation of the Drawing

Fig. 1 is a schematic sectional view of thé LEﬁ device
structure of an embodiment according to the pres;entiii invention.
- Fig. 2 is a schematic sectional view of thé LED device

structure of another embodiment according to the present

10
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invention.
PREFERRED EMBODIMENT OF THE INVENTION
Embodiment 1

The first light emitting device according to.; the present

invention comprises a nitride semiconductor layer which has an

at least three—~layer laminated structure between the éctive layer
and the substrate. The first nitride semiconductor layer is
undoped, so as to grow a second nitride semiconductor;: layer which
contains a n-type impurity and has a good crystallinéity.; " If the
first nitride semiconductor layer is intentionally d'ppedffrith an

impurity, the crystallinity thereof deteriorates% and 1t 1is

difficult to grow a second nitride semiconductor whiégh has a good

crystallinity. Next, the second nitride semiconducﬁor layer is

doped with a n—-type impurity and has a low resistivigy and a high
carrier concentration, to act a contact layer for forming a
n-electrode. Therefore, the resistivity of the secéond f._hitride
semiconductor layer is desirably as low as possible:_ to obtain a
good ohmic contact with the n-electrode material and 13 preferably

lessthan 8x107°Q ecm. Next, the thirdnitride semicon;iuct@rlayer

is also undoped. This is because the second nitride sémiconduCtor

layer which has a low resistivity and a large carrier concentration

does not have a very good crystrallinity. If an ac;tive; layer,
cladding layer and the like are grown directly on such a'second
nitride semiconductor layer, the crystallinity of tfhosé layers
deteriorates. When the third nitride semiconductorplayer which

is undoped and has a good crystallinity is interposed between those

11
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layers, the third nitride semiconductor layer acts f_as a buffer
layer for growing the active layer. Further, when an uhdoped layer
having a relatively high resistivity is interposed ;betw'een the
ac.tive layer and the second layer, the leak current of the device

S canbe prevented and the backward withstand voltage canbe enhanced.
And the second nitride semiconductor layer has': a 'carriler
concentration of more than 3 x 10**/cm®*. An n-type impué:ity include
IV group elements and preferably Si or Ge is used,mor-? pré:%e-rably
Si. '

10  In the first nitride semiconductor light emitf‘:ing device,
due to the undoped first nitride semiconductor layer"~between the
active laver and the substrate, the second nitride semicohductor
layer doped with a n-type impurity can be grown in sﬁch a -manner
that the crystallinity of the second nitride semiconductor is

15 maintained. Therefore, the second nitride semi‘conc%uctdr layer
doped with an n~type impurity which has a good crystéi.llinity and
éa large thickness can be grown. Moreover, the un;ioped third
nitride semiconductor layer acts as an underlying ]gayef having
a good crystallinity for the layer to be grown thereon. The}efore,

20 the resistivity of the second nitride semiconductor iayercan be
reduced and the carrier concentration thereof can be inc:reased,
resulting in the realization of the nitride semicondéctor:d,evice
having an extremely high efficiency. Thus, accort::.iing"i--vto the
present inirention, a light emitting device having a low Vf and

25 threshold can be realized and the heating value of the device can

be decreased, with the result that the device haVing- a high

12
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reliability can be provided.
Embodiment 2
The second light emitting device according to; the present

invention comprises a nitride semiconductor super léttice layer

5 asan-—-type contact layer between the active layer and the substrate.
This super lattice layer has a first surface and a sec;ond _surface

ahd comprises a first nitride semiconductor layer whicéh is.-undoped

or has a lower concentration of a n-type impurity tghan ”that of

the second nitride sémiconductor layer on the firstésurface, SO

10 as to grow a super lattice layer having a good crystalj;inity. The

AL

first nitride semiconductor layer is most preferably:undeed and
may be doped wit"h‘a n-type impurity in a smaller amount th'an that
in the second nitride semiconductor layer, because. the second
nitride semiconductor layer is in a super lattice strt;iature. The

15 n-type impurity includes IV group elements and preferably, Si or
Ge is used and more preferably, Si.

Next, when the n-type contact layer is in a super lattice
structure, each nitride semiconductor layer constituting the
super lattice layer has a thickness of not mofe thaﬂ{the Jelastic

20 stain limit and therefore, the nitride semiconductor ]};ayer' h;:nving
very few crystal defects can be grown. Moreover, ithe crystal
defects developing through the first nitride semiconciuctO_r layer
from the substrate can be prevented to some extent, the third
nitride semiconductor layer having a good crystalliﬁitf can be

25 grown on the super lattice layer. What is worthy oﬁ mention is

that the effect similar to HEMT can be obtained.

13
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This super lattice layer is preferably%i fotmed' by
lamihating alternately a nitride semiconductor laygr having a
higher band gap energy and a nitride semiconductor iayer having
a band gap enerqgy lower than that of said nitride sémicdnductor
layer having a higher band gap energy, the two la,ﬁyers._. having
different impurity concentrations. Thickness of the --ihitride
semiconductor layer having a higher band gap energy and; the nitride

semiconductor layer having a lower band gap energy Wthh cor_i-st'i tute

the super lattice layer is preferably controlled to bg within 100

angstroms, more preferably within 70 angstroms and most preferably

within a range from 10 to 40 angstroms. If the thic-licnesg, of the
two layers exceeds 100 angstroms, the nitride semiconductor layer
having a higher band gap energy and the nitride semiconéiucté)r layer
having a lower band gap energy become thicker than ;the .e‘lastic

strain limit and microscopic cracks or crystal defécts ‘tend to

develop in the film. While the lower limit of the tf’hickhess of

the nitride semiconductor layer having a higher banc_i gap energy

and the nitride semiconductor layer having a lower ban;d gap enerdgy
is not specified and may be of any value as longas it 1s morii_:atomic
layer or thicker, it is most preferably 10 angstroms or greater.
Further, the nitride semiconductor layer having a hig;er band gap
energy is desirably made by growing a nitride semiconcziuctct;;r which

includes at least Al, preferably Al,Ga, N (0<X=1) Wﬁile the

nitride semiconductor layer having a lower band gap ehergy may be

anything as long as it is a nitride semiconductor having a band

gap energy lower than that of the nitride semiconductor layer having

14
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a higher band gap energy, 1t is preferably made of a nitride
semiconductor of binarymixed crystal or ternary mixed ,Tcrystal such

as Al,Ga,.,N (0<Y=1, X>Y) and In,Ga, ,N (0=2Z<1l) which ’?an be grown
easily and provide good quality of crystal. It is parti.cularly

5 preferable that the nitride semiconductor layer: having a higher
‘band‘ gap energy is made of Al,Ga, N (0<X<1) whic;h does not
substantially include In or Ga and the nitride semiconéiuct;r layer
having a lower band gap energy is made of In,Ga,.,N (0§Z<i) which
does not substantially 1include Al. And for the purpose of

10 obtaining super lattice of excellent quality of céystal, the
combination of Aleal_xN (0<X=0.3) with the mixing péoportion of

Al (value of X) being not more than 0.3 and GaN is mostj_éprefer_able.
When the second nitride semiconductor layer constitute a

cladding layer which functions as a light trapping;layer and a

15 carrier trapping layer, it must have a band gap energy--higher than
that of a gquantum well layer of the active layer._ A nitride
semiconductor layer having a higher band gap energy -;s made of a
nitride semiconductor of high mixing proportion of Ala It fxas been
very difficult to grow a crystal of nitride semicondu;:tor;_of high

20 'mixing proportion of Al according to the prior art,-g- beééu‘se of
cracks which are likely to develop in a thick film. In the case

of a super lattice layer according to the present invent;.on , ﬁowever,
cracks are made less likely to occur because the crystal lS grown

to a thickness within the elastic strain limit, even w‘hen a singl—e

25 layer constituting the super lattice layer is made with a SOmewhat

high mixing proportion of Al. With this configuratj:on, a layer

15
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having a high mixing proportion of Al can be grown with "goodqual'ity

of crystal and therefore, effects of light trapping.and carrier

trapping can be enhanced, resulting in reducing the threshold
voltage in the laser device and reducing Vf (forward?}fvoltage) in
the LED device. '

Further, it 1is ©preferable that nwtyp; i;_npurity
concentration is set to be different between ';che nitride

semiconductor layer having a higher band gap energy ané thei-_ni tride

semiconductor layer having a lower band gap energy o‘f the second

nitride semiconductor layer. This configuration is the so—-called
modulation doping. When one layer i1s made with léower' n-type
impurity concentration or is preferably undoped with the :ifmpurity
and the other layer 1s doped in a higher concentr:%ation, this
modulation doping is also capable of decreasing tl'i;e tfiieshold
voltage and Vf. This is because the presence of a .'E;aye: 'hlaving

a low impurity concentration in the super lattice 1ay§r increases

‘the mobility in the layer, and coexistence of a layer having a high

concentration of impurity makes it possible to form a snper lattice

layer even when the carrier concentration is high. That is, it
is supposed that the coexistence of a layer of low impurity

concentration and high mobility and a layer of hi th j;mpurity

concentration and high carrier concentration allows a g.ayer- having

" a high impurity concentration and high mobility to be a d’ladding

- layer, thus decreasing the threshold voltage and Vfi

When a nitride semiconductor layer having a high band gap

energy 1s doped with an impurity in a high concentration, the
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N TYF R

modulation doping effect 1s supposed to generate two-gimen-sidnal
electron gas between a high impurity concentration layer and a low
impurity concentration layer, so that the resistivify decreases
due to the effect of the two-dimensional electron gas In a super
lattice layer mad.e by laminating a nitride semi_cond%ﬁcto_if layer
which is doped with an n-type impurity and has a high band gap enerqgy
and an undoped nitride semiconductor layer with a lbw band gap
enerqgy, for example, the barrier layer side 1is depléted*in the
hetero-junction interface between the layer which is dopéd with
the n-type impurity and the undoped layer, whilg elgctrons
({two—-dimensional electron gas) accumulate in the vic.zi:nityof the
interface on the side of the layer having a lower band;gap Since
the two-dimensional electron gas is formed on the lov;er b.and gap
side and therefore the electron movement is 'not subject to
disturbance by the impurity, electronmobility in the snper lattice
increases and the resistivity decreases. It is supposed that the
modulation doping on P side is caused by the efféct of the
two-dimensional positive hole gas. 1In the case of p fayenf,.‘ AlGaN

has higher resistivity than that GaNhas. Thus it is supposed that,

20 because the resistivity is decreased by doping AlGaN Ewith:p_ type

25

ii.mpurity in a higher concentration, a substantial ?ecrease is
caused in the resistivity of the super lattice layer', théreby making
it possible to decrease the threshold value when the device is made.

When a nitride semiconductor layer having a low bnnd gap
energy is doped with an impurity in a high concentration, -such an

effect as described bellow is expected to be produced. When the
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AlGaN layer and the GaN layer are doped with the sam? amounts" of

Mg, for example, acceptor level of Mg becomes deeier and the

activation ratiobecomes lower in the AlGaN layer. In the GaN layer,
on the other hand, acceptor level of Mg becomes less aeep,and the

Mg activation ratio becomes higher than in the AlGaN layer. When

doped with Mg in a concentration of 1 x 10°°/cm’, for example, carrier
concentration of about 1 x 10*/cm’ is obtained in GaH, while the

concentration obtained in AlGaN is only about 1 x 10"%/cm3;f' Hence

in the present invention, a super lattice layer is mad:fg from AlGaN

and GaN and the GaN layer from which higher carrier cdncentration
can be expected is doped with greater amount of impurity, ﬂthereby
forming super lattice of a high carrier concentration; Mo':reover,
because tunnel effect causes the carrier to move through the AlGaN
layer of a lower impurity concentration due to the sﬁper .lattice_

structure, the carrier is not under substantially no inflﬁénce of

the AlGaN layer, while the AlGaN layer functions also as a cladding

‘layer havirig a high band gap energy. Therefore, even wﬁen the

nitride semiconductor layer having a lower band gap energy is doped
with a greater amount of ‘:I.mpurity, very good effect canﬁlbe c-aibtaine.d
in decreasing the threshold voltage of the laser de_vice. or LED
device. The above description deals with a case of forming the
super lattice layer on p-type layer side, although silgilar effect

can be obtalned F_a_lso when a super lattice layer is formed on the

n layer side,

When the nitride semiconductor layer having a higher band

gap energy is doped with an n~-type impurity in a high concentration,
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the amount of doping in the nitride semiconductor layer having a
higher band gap energy is preferably controlled within a range from
1 x 107/cm® to 1 x 10?°/cm’®, or more preferably within a raﬁge from

1 x10*/cm® to 5 x 10'*/cm®. When the impurity concentration is lower

than 1 x 10'"/cm?, the difference from the concentraf?tiorif" in the

:nitr.'-i.de semiconductor layer having a lower band gap energy becomes

too small to obtain a layer of high carrier concentrfétioh. When
the impurity concentration is higher than 1 x 10*°/cm®, on the other
hand, leak current in the device its-elf tends tp inérease.
Meanwhile the n-type impurity concentration in j;,:he nitride
semiconductor layer having a lower band gap energy may be at any

level as long as it is lower than that of the nitride s.gmicqhductor

layer having a higher band gap enerqgy, but it is prefé,rably lower

than one tenth of the latter. Most preferably the nitride

semliconductor layer having a lower band gap energy is‘{ undcf;ped, in
which case a layer of the highest mobility can be obtained. waever,
because each of the component layers of a super lattice iayer is
thin, some of the n-type impurity diffuses from i:he :nitride
semiconductor layer having a higher band gap enerqgy intc; thenitride

semiconductor l'ayer- having a lower band gap energy. Therefore,

the n-type impurity concentration in the nitride sémiconductor

layer having a lower band gap energy is preferably 1 x 10%/cm® or
less. The n-type impurity is selected from among the elen;ents of
IVB group and VIB group of the periodic table such as Si, Ge, Se,

S and O, and preferably selected from among Si, Ge and S The effect

is the same also in case the nitride semiconductor I'ayer having
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a higher band gap energy is doped with less amount of n—t}pe impurity
and the nitride semiconductor layer having a lower band gap enerqy
is doped with greater amount of n—-type impurity. Alathoudgh, the
above description deals with a case of modulation doping in which
the super lattice layer is preferably doped with an impurity, it
is also possible that the impurity amount in the nitride
semiconductor layer having a higher band gap energy is the same
as in the nitride semiconductor layer having a lovbr band gap
energy.
Ih the nitride semiconductor layer constitutiixg the super
‘lattice layer, the layer doped with the impurity ‘in a higher
concentration is preferably doped so that such a distribution of
impurity concentration 1is obtained, that the i}-:mpurit_y
concentration is high in the middle portion of the semicqeductor
layer in the direction of thickness and is low (or} preferably
undoped) in the portions near the both ends. When the s.sgper_-.;-.'_:lattice
layer is formed from the AlGaN layer doped with Si ae n--t;pe iﬁtpﬁrity
and the undoped GaN layer, the AlGaN layer releases electrons as
donor into the conductive band because it is doped Wlth Si and the
electrons fall in the conductive band of the GaN which has a low
potential. Because the GaN crystal is not doped witﬁh tk;e donor
impurity, carrier disturbance due to an impurity doe§ not';;oﬂccur.
Thus the electrons can move easily in the GaN crystal,{ namely high
- electron mobility 1s obtained. This is similar to tﬁe e_f;fect of

the two-dimensional electron gas described previously, thus

increasing the mobility of the electrons substant:i.‘elly, in the
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transverse direction and decreasing the resistivity. f’urtner, the
effect is enhanced when the central region of the A1GaN layer having

a higher band gap energy i1s doped with the n-type i@urity in a
high concentration. That is, among the electrons that ;ove in GaN,

5 electrons are more or less subject to disturbance by’ the n-type
:unpurity ions (Si inthis case) which are present in AlGaN However,

when end portions of the AlGaN layer in the direction af thickness

are undoped, electrons become less subject to the disturbance of

Si, and therefore mobility in the undoped GaN layer’x_ is further

10 improved. Similar effect isobtainedalso when super lattice layer
is formed on the p layer side, although the action 1s different
somewhat, and it is preferable that thenitride semiconc;uctor layer
naving a higher band gap energy is doped with the p—tﬁ:e impurity

in a higher concentration at the middle portion therec’éf and doped

15 in a lower concentration or undoped at both end portiqns thereof.
Although the impurity concentration distribution may also be
realized in the nitride semiconductor layer having a‘:f'.’ lower band

gap energy doped with the n—-type impurity in a higher con;é:entrzation,

a super lattice layer made by doping thenitride semconductar layer

20 having a lower band gap enerqgy in a higher concentration tends to

have a iess effect.

In the device according to the present invention, the third
nitride semiconductor layer is also undoped or doped with an n-type
impurity in a concentration lower than that in the secend nitride

25 semiconductor layer. If the third nitride semiconductor layer

containing a large amount of impurity is grown directly on the top
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layer of the super lattice layer, the crystallinity of the third

nitride semiconductor layer tends to deteriorate. Thérefore, the

third nitride semiconductor layer is doped with an n-type impurity

in a low concentration and most preferably undoped, so as to gJYOwW
the third nitride semiconductor layer having a good crystallinity.
The composition of the third nitride semiconductor layer is not
matter of importance. But the third nitride semicongfluctér layer
is preferably made of InGa,,.N (0=XS1), more prefera;bly In,Ga, N

(0<X=0.5) and in such a case, the thirdnitride semicoriiiuctbr;layer

'sac'ts as a buffer layer for the layers to be grown thereon, with

the result that the layers above the third nitride sémicc@,nductor

layer can be easily grown. Further, when the layer having a

relatively high resistivity such as an unodped sinéle layer 1is

interposed between the active layer and the second lafer, the leak

current in the device can be prevented and the backwa?d withstand

voltage can be enhanced. :

Example 1

Super lattice structure LED |

Undoped GaN//Si doped GaN (B)/undoped GaN (A)/ /undci;:ed GaN
Fig.l is a schematic sectional view of the LED structure

of one example according to the second embodiment of.% the 'tpresent

invention. The method of manufacturing the device of; the fpresent

invention will be described in conjunction with thi?;s drawing.

A C-plane sapphire substrate 1 is set in the reactor

and the inside atmosphere of the reactor is fully replaced with

hydrogen. The temperature of the substrate is increaé‘ed to 1050 °C
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with hydrogen being flown in order to clean the substriate.‘ As the
substrate 1, in addition to C-plane sapphire substrate, the
insulating substrate such as R- or A-plane sapphire s;Jbstrate and
the spinel (MgAl,0,) substrate and the semiconductor substrate such

as SiC(including 6H, 4H 3C), Si, ZnO, GaAs, GaN and the llke may

‘be used.

(buffer layer 2)

Subsequently, the temperature 1is decreased?to 510C. A
buffer layer 2 made of GaN having a thickness of about 2:00 anéstroms
1s grown using ammonia and T™™G (trimethylgallium) as a squrce of
GaN. -

(Eirst nit.ride semiconductor layer 3)

After growing the buffer layer 2, only TMG is: stopped and
the temperature is increased to 1050C. At 1050°C, in’ the Same way
u51ng ammonia and TMG as a source of GaN, a flrst nltrlde

semiconductor layer 3 made of undoped GaN was grown to the th.ickness

of 5um. The first nitride semiconductor layer is’ grown at a

temperature higher than that in the case of the buffer layer, for

example, at 900°C to 1100°C. The first nitride semlconductor layer

3 can be made of In,,AlYGal_x-,N (OSX 0=<Y, X+Y=<1) and the. compo51tlon

‘thereof is not a matter of importance. But prefe;rably, the first

nitride semiconductor layer is made of GaN or Al,Ga,.N ﬁith'x being

not more than 0.2, with the result that the nitride semiconductor

layer having a less crystal defects can be easily obtained. The
thickness of the first nitride semiconductor layer is not a matter

of importance and is larger than that of buffer layer, uéually being
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not less than 0.1 gm. Since this layer is an undopéd layer, it
is similar to the intrinsic semiconductor and has aifresistivity
of larger than 0.2 *cm. The resistivity of the first nitride
semiconductor laver may be decreased by doping an n-t;}pe impurity
such as Si and Ge in a less amount than that in the second 'hitride
semiconductor laver.

(second nitride semiconductor layer 4)

Subsequently, at 1050°C, an undoped GaN lagéer Hév‘ing a
thickness of 20 angstroms is grown using TMG and ammonia_;_ gas,f 'Next,
at the same temperature, silane gas is added and a GaN,:layer doped
with Si to 1 x 10*/cm® is grown to the thickness of 20 angstroms.
Thus, a pair of A layer made of undoped GaN layer havinqi a thickness
of 20 angstroms and B layer made of Si-doped GaN having a thickness
of 20 angstroms is grown. The pair is laminated in ‘250 layers,
resulting in a second nitride semiconductor layer 4‘éin the form
of super lattice structure having a thickness of 1 K.

s
%
ves

- (third nitride semiconductor layer 5)

Next, only silane gas is stopped and at 1050"(3.,;5f in the same
way, a third nitride semiconductor layer 5 made of ungoped GaN 1is
grown to the thickness of 100 angstroms. The third -nitride
semiconductor layer 5 can be made of InAl,Ga, , N (O_S..X, OS.-Y, X+Y

=1) and the composition thereof is not a matter of ;importance.

r——

But preferably, the third nitride semiconductor laye;: 1S imade of
GaN, Al,Ga, N with X being not more than 0.2 or In,Ga, N with Y being
not more than 0.1, with the result that the nitride semiconductor

layer having less crystal defects can be easily obtained. 1In the

24




CA 02298491 2000-01-24

case of that the layer made of InGaN is grown, when the nitride

semiconductor layer including Al is grown thereon, cracks are

prevented from developing into the nitride semiconducto; layer

including Al.
5 (active layer 0)
Next, the temperature is decreased to 800°C ancjij' the -,carrier
gas is chan'ged into nitrogen. An undoped In, ,Ga, (N ]_;%‘ayer having
a thickness of 30 angstroms is grown, using TMG, TMI
(trimethylindium) and ammonia to form an active layei’: © having a
10 single quantum well structure. This layer may have; a multiple
quantum well structure made of InGaN. -
(p—-side cladding laver 7)
Next, the temperature is increased to 1050C and using T™MG,
i‘I‘MA, ammonia and CpZMg (cyclopentadienyl magne_SiunS ’ a. p—-side
15 cladding layer 7 made of p~type Al, ,Ga, ,N doped Mg to 1 ><.102""/c:m3
is grown to the thickness of 0.1 um. This layer fur;ctic;ns as a
carrier trapping layer. This layer is desirably made Qf a nitride
semiconductor containing Al, preferably Al,Ga, N (0£Y<1)?. It 1is
desirable to grow a Al,Ga, ,N layer with Y being not mére than 0.3
20 to a thickness of not more than 0.5 um, so as to obtéain a layer
having a good crystallinity. .
And the p~side cladding layer 7 may be a super la;tice layer.
When a super lattice layer is in the p-side layer V-i,region, the
thresholds are further decreased and a good result is obtained.
25 Any layer in the p-side layer region may be a super laftice layer.

(p—side contact layer 8)
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—

Subsequently, at 1050°C, using TMG, ammonia and CpZMcj, a

p-side contact layer 8 made of p-type GaN doped with Mg t;o 1 x 10*°/cm’

is grown to the thickness of 0.1 um. The p-side contact layer 8
aiso can be made of InAl,Ga,,.N (0=X, 0=Y, x+Y$’1) and the
5 composition thereof is not a matter of impottance. But -preferably, .

the p—-side contact layer is made of GaN, with the resf_llt that the

cts. can be

nitride semiconductor layer having less crystal def;
easily obtained and a preferable ohmic contact with the;p electrode
_mate;ial can be achieved. ‘ ' :

10 | After the reaction is completed, the temperature is
decreased to room temperature. Additionally, aémeaiing is
performed to the wafer at 700C in nitrogen atmospher? wifhin the

reactor, so as to make the p-type layers less resistive.
After annealing, the wafer is removed out of the r?éactor.
.15 A mask of a predetermined shape is formed on the top su;i‘f'a_i:e of
the p-side contact layer which is an uppermost layer%;and etching
-1s conducted from the p—side contact layer side with RIE (r.eactive
ion etching) apparatus, to expose the surface of the se‘é}:ond nitride
semiconductor layer 4, as shown in Fig.l. ” -
20 After etching, a transparent p—electrode 9 cdntai_ning Ni
and Au and having a thickness of 200 angstroms is fc;rmed_on the

almost entire surface of the uppermost p-side contaét la}er and

a p-pad electrode 10 made of Au for bonding is fo;:med- on the
p-electrode 9. Meanwhile, a n-electrode 11 containfhg W and Al
25 1s formed on the surface of the second nitride semiconductor layer

4 which has been exposed by etching. Finally, an insﬁlating film
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12 made of Si0O, is formed to protect the surface of the:p-electrode

9, as shown in Fig. 1. Then the wafer is scribed and cleaved into

LED devices which are 350um by 350um square.
For this .LED device, pure green light emiss%.on of 520nm
5 was obtained at a forward voltage of 20mA. VI .was éecreased by
0.2 i:o 0.4 V and the output was enhanced by 40 to 50%§ at 20mA, as
compared with the conventional green light emitting;?;_ LED made by
laminating on the substrate a buffer layer made of GaN, n-side
contact layer made of Si doped GaN, an active layer mgde of InGaN
10 in the form of a single quantum well structure, a p-sade claddlng
layer made of Mg doped AlGaN and a p-side contact layer made of
Mg doped GaN sequentially. The staticwithstand voltage was h:Lgher
' than that of the conventional LED by 5 times or mo:,e. '
Example 2
15 LED in the form of a super lattice structure
Si doped GaN//Si-doped GaN (B)/undoped GaN (A)//Si doped GaN
With the same procedures as in Example 1, the fgi.rstfznitride
semiconductor layer 3 is made by growing GaN doped with S.'I. to 1
x 10Y/cm’ to the thickness of 3 um and the third nitrlde
20 semiconductor layer 5_15 made by growing GaN doped m.th Si1 to 1
o 10'"/cm’. The other constructions of the LED device v;ere.thé same
as in Example 1. Compared with the LED device in Example 1, the

output was decreased by about 10% and Vf and static wlthstand
voltage were almost the same. ‘

25 Example 3

LED in the form of a super lattice structure
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Undoped GaN//Si doped GaN/undoped InGaN//undoped Gay

The LED device was fabricated in the same n_ianner as in
Example 1, except that the second nitride semiconducto;;r was formed
as follows.

That is, at 1050 C, using TMG, ammonia gas ?and Si gas,
a GaN layer doped with Si to 1 x 10”/cm’® which has a t}hickhess of
25 angstroms is grown. -Subsequently, at 800 C, uSingEI'MI,--‘-'IMG and

ammonia gas, an undoped InGaN layer having a thickngss of 75 pu

'm is grown. In this way, A layer made of Si doped GaN layer having

a thickness of 25 angstroms and B layer made of undoped. InGaN layer
having a thickness of 75 angstroms are laminated alfernately in
100 layers, respectively, resultiﬁg in the secénd nitride
semiconductor layer in the formof a super lattice strué:'ture having
a total thickness of 2 um. . -

The LED in the form of a super lattice struct'u;e Of Example

3 had almost similar properties to those of Example 1.

‘Example 4

LED in the form of a super lattice structure

Undoped GaN//Si doped AlGaN/undoped GaN//undoped GaN
With the same procedure as in Example 1, the seéond ;ﬁtride

semiconductor layer 4 is made by laminating alternately A layer

made of undoped GaN layer having a thickness of 40 a}ngstfom and
B layer made of Al, ,Ga, N layer doped Si to 1 x 101°/cxn3§venl-y which -
. has a thickness of ' 60 angstroms, in 300 layers;, rc-:épectiﬁely,
resulting in a super lattice structure having a tota}l thickness

of 3 um. Other constructions of the LED device are the same as

28




10

15

20

235

CA 02298491 2000-01-24

in Example 1. The LED had almost similar properties'to thosé of
Examplé 5

LD in the form of a super lattice structure ‘
Undoped InGaN//Si doped GaN (B)/undoped GaN (A)/ /urfdoped GaN

Fig. 2 is a schematic sectional view showing the structure

of the laser device according to another example of ‘the present

invention. In this drawing, the device which is cut in the parallel
direction to the resonating plane of the emissioﬁ is shown.
Example 5 will be described with reference to Fig. 2 '

With the same procedure as in Example 1,on§the C-plane
sapphire substrate, a buffer layer 21 made of GaN haviné a thickness

of 200 angstroms, a first nitride semiconductor 1aye:r 22_;-.=made of

undoped GaN having a thickness of 5 um, a secénd nitride

semiconductor layer 23 in the form of a super la‘ttic;e structure
having a total thickness of 3 um made by laminating A lager made
of undoped GaN layer having a thickness of 20 angstrom and-'B layer
made of Si doped GaN having a thickness of 20 angstro;\s afe grown
(the second nitride semiconductor layer 4 has the same c;onstruction
as that of Example 1). ‘

Other substrate than the sapphire may be ubed. On the

substrate made of other materials than nitride semicoriductor like

sapphire, a first GaN layer is grown. A protective film o'n which
a nitride semiconductor such as Si0O, cannot be easily gown is formed
partially on the first GaN layer. A second nitride seinicoﬁnductor
layer is grown on the first nitride semiconductor léyer via the

protective film and thus, the second nitride semiconciuctdr layer

-
R
B
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is grown in the transverse direction on Si0,. The second nitride

semiconductor layer links with each other in the_f' transverse

direction. The second nitride semiconductor layer obtained in

this way is most preferably used as a substrate, so as to achieve
a good crystallinity of the nitride semiconductor.: Whén this
nitride semiconductor substrate is used as a substrate§, the'_._'buffer
layer is not needed to be grown.
(third nitride semiconductor layer 24)

At 800C, wusing TMI, TMG and ammonia, -’a thlrd ?ﬁitride
“_semiconductor ,layer made of undoped Ing ,sGa, .sN is g;rown to the
thickness of 500 angstroms. N i
(n-side cladding layer 25)

Next, at 1050°C, a n-type Al, ,Ga, ,N layer doped with Si to

1 x 10*’/cm’® which has a thickness of 20 angstroms an§ an undoped

GaN layer having a thickness of 20 angstroms are laminated
alternately, in 200 layers, resulting in a super lattic;e stfructure
having a total thickness of 0.8um. The n-side claddi;‘ig l-aYer 254
-functions.as a carrier trapping layer and light tr'appi%g ldyer and
1s preferably made of a nitride semiconductor containing Al, more
preferably AlGaN. The total thickness of the super léttice layer

1S preferably controlled within the range of from IQO angstroms

to 2um, more preferably within the range of from 500 angstromns

to 2um. Moreover, the concentration of an impurity 1s hlgh in the
‘middle portion of the n-side cladding layer and low J.n both end

portions thereok.

(n-side optical wavegquide lavyer 26)
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I PRTPIT ,';fr‘

Subsequently, an n-side optical guide layer 26 made of
n-type GaN doped with Si to 1 x 10'/cm® is grown to tlie thickness

of 0.1um. This n-side optical waveguide layer func;:tion’s as an

optical wavegquide layer for the active layer and is desirably made

of GaN and InGaN. The thickness of the n-side opticil waveguide

‘layer is usually not more than 5 um, preferably 200 qﬁngstroms to
l gyum. This n-side optical wavegquide layer is usuall? doped with
an n-type impurity such as Si and Ge to have a n-type dbnduttivity
and particularly, may be undoped.
(active layer 27)

Next, at 800°C, an active layer 27 is made by laminatlng
alternately a well layer which 1is made of undoped Ino 2Gao alN and*
has a thickness of 25 angstroms and a barrier layer Wthh i1s made
of undoped 1In, ,,Ga, ¢V aﬂd has a thickness of 50 angstrc?ms y thereby
forming a layer of a multiple quantum well structure (MQW) having
a total thickness 175 angstroms. '
(p-side cap layer 28)

Next, at 1050°C, a p-side cap layer 28 whicl% has a band
gap enerqgy higher than that of the p-side optical wavéguide layer
8 and that of the active layer 6 and is made of p- type Jlkl0 3Gag, ;N
doped W1th Mg to 1 x 10*°/cm’® is grown to the th:l.ckness of 300
angstroms. The p—-side cap layer 28 is dopedwith a p—type 1mpur1ty,
but the thickness thereof is small and therefore th_é p-s;fide cap
layer may be of 1-type wherein carriers are compensatéd by doping
n-type impurity, preferably may be undoped and most préferébly may

be doped with a p-type impurity. The thickness of the p-side cap
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layer 28 is controlled within 0.1 um, more preferably within 500
angstroms and most preferably within 300 angstroms. When grown
to a thickness greater than 0.1lum, cracks tend to deyelop in the
p-side cap layer 28 inaking it difficult ¢to grom; a nitride
semiconductor layer of good quality of crystal.  In _;the ‘ease of
AlGaN having a high proportion of Al, the small thichiess can make
it for LD device to oscillate easily. When Al-YGai..YN-?‘has Y value
of not less than 0.2, the thickness is desirably contrelled within

500 angstroms. The lower limit of the thickness of the p- side cap

'laye'r 76 1s not specified and but the thickness is preferably 10

angstroms or more.
(p—side optical waveguide layer 29)

Next, a p—side optical waveguide layer 29 whieh has a band
gap energy lower than that of the p-side cap leyer 2&" and%{is made

of p~type GaN doped with Mg to 1 x 10"”/cm’®is grown to;’ a thickness

of 0.1uzm. This layer functions as an optical wavegu:ude layer for

the active layer and is desirably made of GaN and InGaN as in the

case of the n-side optical wavequide layer 26. This p-—-glde optical

waveguide layer also functions as a buffer layer when the p-side
cladding layer 30 is grown. The thickness of the p—Side optical
waveguide layer 1s preferably 100 angstroms to 5 u m, more
preferably 200 angstroms to 1 gm. The p-side opticel weyeguide
layer is usually to doped with a p-type impurity such as Mg to have

a p- type conductivity, but may not be doped with an 1mpur1ty

'(p-51de cladding layer 30)

Next, a p—-side cladding layer 30 is made by laminating
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alternately a p-type Al, ,Ga,,N layer which 1s doped with i*!g to 1

x 10°/cm’ and has a thickness of 20 angstroms and a p-type GaN layer
which is doped with Mg to 1 x 10*”/cm’ and has a thicfkness of 20

angstroms, thereby forming a super lattice layer ha\éing a total

thickness 0.8 um. This layer functions as a carrier trapping layer,

as in the case of n-side cladding layer 25. Also ':i_,- this layer

functions to decrease the resistivivty in the p-'-typeﬁ; layers due

to the super lattice structure. The thickness of the {p-—-side

cladding layer 30 is not specified and desirably is wi th:Ln the range
- :

of from 100 angstroms to 2 um, more preferably with:i;n the range

of from 500 angstroms to 1 um. The concentration of ;-.an impurity

may be high in the middle portion of the p-side claddi;ig. layer and

o
w”
s

..v.'.

“low in both end portions thereof.

{p—~side contact layer 31) )

Finally, a p~-side contact layer 10 made of p—ty;pe GaN déped
with Mg to 2 x 10°°/cm’ is grown to the thickness of 150 angstroms.
It 1s advantageous that the thickness of the p-side cdntadt layer

is controlled to not more than 500 angstroms, prefera&ly not more

ey
-

than 400 angstroms and not less than 20 angstroms, so as_jéto decrease

"the resistivity of the p-type layers and decrease the thj:e_shold

VOltége.

After the completion of the reaction, the wafer is annealed
at 700C within the nitrogen atmosphere in the reactorgto niake the
p-type layers less resistive. After annealing, tk;e wafer 1is
removed out of the reaétor and as shown in Fig. 2, the p-side contact

layer 31 and the p--sic:le~ cladding layer 30 which are ttfe uppermost
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?’-

layers are etched with RIE apparatus into a ridge gébmet;y with
a stripe width 4 um. | ‘

After the ridge geometry is formed, as showxi_ in Fiqg. 2,
the p-side cladding layer 30 which is exposed on both -fsideé of the
ridge stripe is etched to expose the surface of the second :riitride
semiconductor layer 23 on which the n-electrode is to be formed.
The exposed surface is made of a super lattice layer hagingc'a large

Next, the p-electrode 32 made of Ni/Au is féimecfon the
entire surface of the ridge. Next, as shown in Fig. 2, an insulating
’film 35 madé of S10, is formed on the surface of the p-side cladding
layer 30 and the p-side contact layer 31 except for the p~electrode
32. A p-pad electrode 33 which is connected electrically to the

p~electrode 32 via the insulating film 35 is formed. Meanwhille,

the n-electrode made of W and Al is formed on the su#faceof the

n-side contact layer 4 which has been exposed. :

After the electrode is formed, the back sur‘zfac-e. of the
sapphire substrate of the wafer is polished to the tihick_ness of
about 50 gm. And then, the wéfer 1s cleaved at thek M-plane of
sapphire and the bar with the cleaved facet being a resonatér plane

is fabricated. The bar is scribed and separated para_fllel to the

stripe electrode to fabricate a laser device. The resﬁltiﬁé laser

device configuration is shown in Fig. 2. When this laser device
was oscillated COntinuously at room temperature, the tﬂi’eshold

current density was decreased to about 2.0kA/ cm® and the threshold

voltage was about 4.0V, compared to the conventiohal nitride
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semiconductor laser device which could oscillate continuously for
37 hours. The lifetime was 500 hours or longer.

Example 6

LED in the form of a super lattice structure a

Unoped GaN//undoped AlGaN/Si doped GaN//undoped GaN |

With the same procedures as in Example 1, the sec?:fond nitride

semiconductor layer 4 is made by laminating a GaN layer which is

doped with Si to 1 x 10*”/cm’ and has a thickness of 20 angstroms

and an undoped Al, ;,Ga, so0N layer having a thickness of 20 angstroms

and growing such a pair in 250 times, thereby forming a super lattice

layer having a total thickness of 1.0 um (10000 angst:roms) The

other constructions are the same as in Example 1. }I'h.e similar
- results were obtained to those in Example 1.

As described above, the nitride -semiconduétor device

according to the present invention is made by laminatiiag tb;e first
nitride semiconductor layer which is undoped or ﬁa—s a small
concentration of impurity, the second nitride semicon@uctor'layer
of a super lattice layer which has a large concentration__j_of impurity

and the third nitride semiconductor layer which is unéoped_or has

a small concentration of impurity and therefore, the LED whlch has

low VE and the laser devicewhich has l1ow thresholds can be obtalned

Moreover, since the second nitride semiconductor layer has a low
resistivity, the ohmic contact can be easily obtained between the
n-electrode and the second nitride semiconductor layer and Vf is
decreased. LED and the laser device have been described in this

specifications, the present invention can be applied tg any device
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made of nitride semiconductor such as light receivinq’f~ devicés ‘and
solar cells, as well as power devices using the output of the nitride

-semiconductor.

Example 7

5 LED in the form of a three layer laminated structuﬁe
Undoped GaN//Si doped n-type GaN//undoped GaN
This LED is fabricated in the same manner as in :}"E:xample
1, as shown in Fig. 1, an example of LED device cgf tt_’xfe first
eﬁibodimerit according to the present invention, excépt .ghat the
10 n-tjpe contact layer ismade in the form of the three 1ay§"er laminated
structure. Therefore, only the n-type contact laver of the three
layer laminated structure will be described.:
(first nitride semiconductor lavyer 3)
In the same mannér as 1n Example 1, after tgxe grf;bwth of
15 the buffer layer 2, only TMG is stopped and the te:éxperai:ure is
increased to 1050C. At 1050°C, using TMG and ammonia éas as source

.gas, a first nitride semiconductor layer 3 made of undoped GaN is
"grown to the thickness of 1 .5um. The first nitride sémiconductor
layer is grown at a temperature higher than that in:the .case of
20 the buffer layer, for example, at 90 to 1100 C. The composition
of the first nitride semiconductor layer is not a ma‘;it;ter of
importance, but preferably is made of Al,Ga,_[Nwith X béing;wt mbre
than 0.2, with the result that the nitride semiconc;uctqsr layer
havipg less crystal defects can be easily obtained. Ti‘xe th‘.ickness
'.25 ._thereof is not a matter of importance, but is larger than that of

the buffer layer and usually is within the range of | from 0.1 to
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20um. Since this layer is an undoped layer, it is similar to the
intrinsic semiconductor and has a resistivity of laréer than 0.1

2 +cm. Since the first nitride semiconductor layer:is grown at

a temperature higher than that in the case of the biffer layer,

this layer is undoped, although this layer is differe?lt from said

buffer layer.

(second nitride semiconductor layer 4) i
Subsequently, at 1050C, using TMG arid amm{;'nia '?'._..'gas and

silane gas as an impurity, a Si doped GaN layer is grown to the

thickness of 3um. The second nitride semiconductor%. layér 3 can

be made of InAl,Ga, N(0=X, 0=Y, X+Y=1l) and the E_coméos.ition

-

~

thereof is not amatter of importance, preferably GaN, :Aleai,;_xN with

-~

X being not more than 0.2 or In.Ga, N with Y being not more than

0.1, with the result that the nitride semiconductor layer having

less crystal defects can be easily obtained. The 'fthiq%(nes‘;s of the
second nitride semiconductor laver is not a matter of im;;ortance
and preferably is within the range of from 0.1 to 20 ?pm, }bécause
the n-electrode is formed thereon. In the case that uséng the other

sapphire substrate which was not in the device structure, the

nitride semiconductor layers were grown to a GaN layer in the same

manner, the carrier density was 1 x 10'/cm’ and the resistivity

was 5 x 107°Q « cm.

(third nitride semiconductor layer 5)

Next, silane gas is stopped and at 1050C, a third,nitride

semiconductor layer S made of undoped GaN is grown to the th;'ickness

of 0.15um, 1n the same manner. The third <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>