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band, tuneable response. The upper |ayers conprise a heavily doped n type

Iayer over a p type layer. The cut-on absorption edge is determned by the ,
anount of doping in the uppernost |ayer and the cut off absorption edge can:

be varied by applying a reverse bias voltage to the n-p junction formed by
t hese | ayers. The "Encycl opedia O Sem conductor Technol ogy” :

(Encycl opedia Reprint Series), ed. by Martin G ayson, John Wley & Sons
New York, US, teaches the optim sation of the amount of generated radlatlon
that can be emtted froma LED. Although this docunent refers to the use of
the Moss-Burstein shift to render the substrate of a LED transparent to
radi ati on produced therein, the reference is nade in relation to GaAs =~
devi ces in which the key phy5|cal mechani sm of operation is, in fact, that
t he radlatlon generated in the p type material has energies bel ow the
bandgap of the material. Using n-type material to extract the radiation is
advant ageous because it elimnates the very strong free carrier absorption
associated with p type nmaterial. The Mdss Burstein shift in GaAs is snall
and it is unlikely that the effect mould be of. S|gn|f|cant use in these
devi ces. WD 96/ 04686 '
PCT/ GB95/ 01679
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2 ' In a conventi-onal LED structure; an evaporated netal contact is applied
to the top fqdfogesg! @ | ayer structure which includes a p-n |petdnesMierd Ni s

contact can obscure a significant portion of the emtting area of the LED
and hence lead to a reduction in external effici ency.j=Moreovers—rfthr |
| ayers of material, current crowding is likely to ocqg urrHlsatatLF‘s%h%I%EN
vertical current through the contact |ayer is |argely constREBLAEED 0 1 Bhw
in the area of the device under the top cont act (see WBJoyce and S H
Venmpl e, Journal of Applied Phyisli tafradéd 138 g) I

the light output fromthe top surface of the deV| ce. This effect is
particularly severe in devices fabricated with p-type upper contact |ayers
due to the | Bhe pobiréntt gnesmthon ds ¢oncerned/ws tnideviehrsc for produgingFaianiam in
| R LEDs thesendu08! £iF%afla kbt 81‘@@%1&%@@&@%9&9 @p@@éruﬁ)@dd’lﬂ@é tplaggz.&ﬁﬁr
devi ce’ structure and extracting t I ght fromthe substrate side.
necessary t of{&hquehrnai é*F]a‘s\?\Y??dé'ﬁ;l‘?"}?“Fﬁet% bR tArablen prﬁaédﬁ%‘éq%gBur r us
structure (C A Burrus and Bl MIller, Optical Comrunications, 4, 307 '

(1971)) or t ; gr.ow fhe deyvice der .band- bstrate whi i S

subst anti al | ARREBE (91 ﬁgeﬁ ﬁgE@ﬂm%ﬁY? rge g?@‘ﬂ’;? RT ot DPRRET48 yceérs, Bot h

of these apppnmahe]w |feadtieopalrdobies Wift Gispliaps dendi connfuaibeatians disee for example
A A Bergh and P J Dean "Light Emitting Diodes", Clarendon Press Oxford
1976). Technologies based on GaAs, GaP and InP and alloys grown as thin

layers on these materials (eg Al,Ga,_,As grown on. GaAs) are well developed

and provide devices producing radiation of wavelengths from 0.5 x 10"%m to
1.7 x 10°%m '

Historically, fequirements for LEDs with operating wavelengths of longer

than 1.55 x 10 ®m have been much more limited and consequently such devices

have been the subject of much less development activity.

There' is. cur;'ently a _growing interest in the development of cheap._
qQuantitative, selective and low power gas detection apparatus. Many gases
have vibration-rotation absorption bands in the wavelength range {2 to 5] x
10°%m which provide a characteristic signature of that gas. An optical
system based on an LED operating at the characteristic absorption
wavelength has the potential to meet these system requirements. Moreover,

% such an LED based system would be more power efficient than the alternative
system based on a thermal infrared source. '

Gases of particular interest include methane with an absorption at

3.3 x 107 ém, carbon dioxide with an absorption at 4.2 x 10 %m and -carbon

' .
| monoxide w1th an absorption at 4.7 x 107°m
|
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The former approach introduces additional process stepis together with -
associ | emrs of etch depth control (possibly requ gﬁﬁ row h of
additigﬁgqﬁ@%gg stop layers) and can | ead to |ncreased agégégmresrgtanpe
and device heating. In the latter, it = 3, d suitable

| atti ce matched wi de gap substrate natgffi t he use of
ternary or quaternary alloys which are rreouamﬂummﬁjflcult to obtain.

The above problens are equally rel evant t
oper at i i) a BorveatDorhli DED atedktueg| Gin evaporaté@mgﬁdloé%ct is applied tod
PCT/ GB95/ 01679 cording
to thi sé? n\%e tslugﬁa%e I""f ?ulag tstwucf'u ° wé" § mc&?“g%sum ﬁ Hé“dft o|non'%i’n %t he

wavel encartactmpd Qbef;uxe 1&)[ségmqf‘npa@t Portird| ef rthe wmpms @gea of the LED
and hence lead to a reduction in'external-efficiency. Moreover, in thin

layers of material, current crowding isllikely to occur, that is the
vertical current through the contact layer is largely constrained to flow
in the area of the device under the'top contact (see W B Joyce and S H
Wemple, Journal of Applied Physics, 41, 3818 (1970))3. This further reduces
the light output from the top surface of the device. This effeet is
particularly severe in devices fabricated with p-type upper contact layers
due to the low'mobility of holes in III/V semiconductors.
In GaAs/AlGaAs IR LEDs these problems of light extraction have been'ﬁet by )
inverting the device structure and extracting the light from the substrate
side. It is necessary to .either etch a window in the substrate to produce
a Burrus structure {(C A Burrus and B I Miller, Optical Communications, 4,
307 (1971)) or to grow the device on a wider band—gap substrate which is
substantially transpareht at the operating wavelength of the device. Both
of these approaches lead to difficulties in device fabrication. .

The former approach introduces additional process steps together with-
associated problems of etch depth control (possibly requiring the growth of
additional etch-stop layers) and can lead to increased access resistance
and device heating. In the latter, it is necessary to find suitable
lattice matched wide gap substrate materials, necessitating the use of
ternary or quaternary alloys which are frequently difficult to obtain.

The above problems are equally relevant to the fabrication of devices for

operation in the mid infrared region.
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mut t i ple | ayers of sem conductor nmterial; ‘a sem conductor substrate and
a pair of eI arrangedtofacrlitate application of a v Ss
t he devi ce, é&@% erised in that the substrate is transpare#t.i'ltégﬁw:iﬁﬂ0
radi ati on produced by the device by virtue of a Mss- Burstel n shift,

i nduced by suitabl efdopi ng of the substrate 3mter| al . U pret c?\,ﬁa:—"'
embodi ment the substrate naterial conprises a |ayer of “tty‘% “TBMS@G&H to
within the range 10[err]cnferr] to 5 x 10[err]cnferr]. ZP-OFERer

llor ifs e 5 r Edde”b&ﬂ:'oﬁﬁiﬁg &b echagbsiigat eonmat Brghal ﬁ{sﬁmg ses%a f‘b?)éﬂodﬁ?lﬂ% byaiam.an
n oped to in th glonjerr] o 5 X errjcnferr
In a further Hté& %r"faéf'a gd???gﬁté( 5r11é ﬁ{ll%'i S’f e Ps SHPTIEFR conduct or -

multlple layers of semiconductor material;

a semiconductor substrate and

a pair of electrodes arranged to facilitate application of a voltage across

the device,

characterised in that the substrate is transparent to radiation produced by
the device by virtue of a Moss-Burstein shift, induced by suitable doping

of the substrate material.

In a preferred embodiment the substrate material comprises a layer of
n-type InAs doped to within the range 10%cm™3 to 5 x 10'%cm3.

In a further preferred embodiment the substrate material comprises a layer
of n-type InAs doped to within the range 3 x 10'%cm™3 to 5 x 10'%cm3

In a further preferred embodiment the multiple layers of* semiconductor
! ' material comprise a layer of n-type InAs doped to 5 x 10*7cm™3 and a layer
: of p-type InAs doped to 5 x 10'%cm3

In a further preferred embodiment the multiple layers of semiconductor
material comprise a layer of n-type InAs doped to a level of 10'%cm, a
layer of undoped InAs and a layer of p-type InAs doped to a level of 5 x
1018cm™3

i : In a further preferred embodiment the transparent substrate is formed into

a lens.
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material conprise a |ayer of n-{ypgsldidis A ,Q x 10[err]cnferr] and a ’
| ayer of p e I nAs doped to 5jx 10[ RepACEST ' S In af eferred
enbodi n¥ 96’E‘Xé“mﬂ tiple layers ¢ t erial ng)r#%’eég | ayer

of n-type InAs doped to a |level of 10[err |ee=a=1aye ed InAs and a

| ayer of p-type InAs doped to a level gf 5 ﬁ*ﬂi[&{err]cnﬁ%ﬁ\[p—i In a further
preferred enbodi nent the transparent substidate i 8 formé&.inthla | ens.:

WO 96/ 04686 GBQ5/01679
4 1 nAs 1L EDS gpid witﬂ 6—369& RREAH 1hANHe & %;sgapsei f ﬁomc&@[%rvkc & rl, have

been fabrlcated on n-type substrates with a doping |evel of 10 err]cn{err]
Such a fabricated on n-type substrates with a doping level of - 10 cm™3

device has an emission spectrum with a peak of 3.44 x 10-%m (corresponding :
to an energy, E = 0.36eV) and a Full Width Half Maximum (FWHM) of 0.4 X
10°%m (E = 0.04eV). The substrate is transparent only to light in the tail
of the emission spectra (wavelength > 3.7 x 10‘6m, E < 0.335eV), and light
from this region has been imaged using a mechan1ca1 raster scan. The

p —

resulting images have shown that, as a result of current crowding, nearly

all optical emission takes place under the contact metalisation.

A mid infrared device similar to the above, in which the substrate is
transparent over the whole spectrum of light generated in the active
region, will facilitate extraction of much more light.

By the current invention the substrate of a mid-infrared emitting device'is
rendered ‘transparent using the Moss-Burstein shift (E Burstein, Phys.

Rev., 93 104 (1954); T-S Moss, Proc. Phys. Soc. 1367 775 (1954)). This
allows growth of active layers used to generate the light on a transparent |

substrate which is not chemically different in composition.

Wheﬁ.a semiconductor is heavily doped withﬂan-n-typé dopant there exists a
critical doping density above which, in terms of conductivity, the material
behaves like a metal. The Fermi energy (E,) is shifted to within the
conduction band so that the probability of occupation by electrons of some
states within the conduction band is significant. Under these conditions
(for radiation within speclflc wavelength ranges) optical absorptlon is

. suppressed and the material is rendered substantially transparent.

I
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L] . :
device has an em ssion. spectrumwi th a peak of 3.44 x 10[err]m
(correspondi ngotegpsgasener gy, E = 0.36eV) and a Full Wdth Fblfpyaﬁﬁﬂﬁﬁ‘
(FWHM of 0.4 x 10[err]m (E = 0.04eV). The substrate is transpare gpto
light in the tail of the em ssion spectra (wavelength > 3.7 x 10[err]m E <
0.335eV), and light fromthis region has beeg inaged using a nmechani cal
raster scan. The resulting i mages have shown that, as a result of current
crowdi ng, nearly all optical em ssion takes place under the contact
net al i sati on.The fagnidudefofatiee Mdey i Barssein Ishift OEt (defahed as tie whergy where
substrate is fra e spegiq, f.,J-l.ght ted |
active regi on%hewgﬁﬁgg‘}'f %;6%%&2)%?%? ?% n&oﬁ Hnﬁcqhg rr‘{)arlgg ﬁng%?&%e%@giénrgaipﬁs
current invergiven hh&hegxpressionsf a nid-infrared enmitting device is
rendered transparent using the Mdss-Burstein shift (E Burstein, Phys. Rev.,
93 104 (1954); T S Mbss, Proc. Phys. _Soc. 1367 775 (1954)). This
allows growth of active layers used to %éh@rgfée“hé'%kght-Un'a'transparean
substrate which is not chemcally different in conposition. When a
sem conductor .i s heavi doped, wi th an n-type.dopant. it here exi st
critical dopi*R§Tedhsh %ab#eq%ieéﬁ?tﬁ’% Pﬁgﬁ’é’lﬁf&g‘%ﬁl’& PRFSS7, a’?‘iﬁn@& &ial
behaves |i ke givertdoping Heasfey s ghvengyprrokisately ity she fimpllidit egdduiont he
conduction band so that the probability of occupation by electrons of sone

' ' 8n2Em(Ep), 3 '

1 2
3—1:2-(—_—)2 =jn ...................... (2)

o

where n is the doping density and m(E) is the energy dependent mass of
electrons in the conduction band which is given by

2
m@E _ . E E ) Eatd e (3)
w0 U+ 2+ 5o rzeriny

where E; is the bandgap of the semiconductor and A is the spin-orbit
splitting in the valence band. (See N W Ashcroft and D Mermin "Solid State
Physics” Saunders College Philadelphia 1976) pp36-37 and G Bastard, Acta
Electronica 25 147 (1983) for the derivation of equations (2) and (3)
respectively).

The siée of ;he Moss-Burs;ein shift is approximately inversely proportional
to the band gap for a III-V semiconductor (for a given doping density).

The bandgap of InAs is one quarter that of GaAs and the Moss-Bursteiﬁ shift
is therefore four tiﬁes larger. The definition of substrate transparency
is taken to be an absorption coefficient of 100cm !, corresponding to an
absorption length of 100 x 10-n. Optical meaéhrements have shown that, in
InAs, the energy where the absorption coefficient has this value is
increased from 0.3Y4eV (3.64 x 107°m) in nominally undoped material to
0.48eV. (2.3 x 10°%m) with a doping density of 3.8 x 10'%cw3 (J R Dixon & J
M Ellis, Phys. Rev., 123, 1560 (1961)). This shift in absorption renders
the substrate substantially transparent to the radiat;on emitted by low
doped.InAs whose characteristic spectrum is described above.



states within the conduction band is significant. Under these conditions
(for radiation within specific wavel ength ranges) optical_, Lon is .
suppresvggaamt he material is rendered substantially trhﬁ?@?%‘l.’f . VO
96/ 04686 o , PCT/ GB95/ 01679
5 The magni tude of the Mbdss Bursteip shift E (defined as the energy
where the absorption coefficient drops to half its value in undoped
material) is - given by the expression: - E

- E[ erripg 1ol & dibh i1 ddw be described, by -example,- with réﬂérencéwﬁérehéﬂ:efr] and
nMerr] are the %I ectron and hole effective nmasses and E[err] at a given :
|

dopi ng ERMSKIZE EiBReSelim MAFRXi mately by the inplicit equation

Figure 1 represents a typical light emitting'diode of the prior art; -

Figure 2 represents a proposed structure which is typical of the current

invention;
Figure 3 represents a preferred structure of the current invention;

Figure Ba represents a layer structure used to form an actual embodiment of
the current invention, figure 4b the actual embodiment so formed, figure lic ‘
a device similar to that found in the prior art, formed for comparison . '

purposes;

Figure 5 shows a comparison:between the plots of output inteﬂsity versus

“drive current for the devices represented by figures 4b and 4c.

Figure 6a represents a layer structure used to form a second embodiment of
the current invention, figure 6b the actual embodiment so formed figure 6c
a device similar to that found in the prior art, formed for comparison

purposes and

Figure 7 shows a comparison between the plots of output intensity versus
- drive current for the devices represented by figures 6éb and 6c.

. Referring to Figure 1, a typical LED 1 of the prior art includes an opaque
substrate layer 2 of p-type material, a layer of p-type material 3 and a
layer of'n-type material 4. An evaporated metal contact 5 is applied to
the top of the device and a second contact 6 is applied to the substrate 2.



‘ ' '
[err] where n is the doping density and n(E) is the energy dependent nass

of electrons_j onduction band which is given by 79
[err] ,mherﬁ@féé&sfé:i_s t he bandgap of the semi conductor and [lé(rnr" B?sém?he

spin-orbit splitting in the valence band. (See N WAshcroft and D Merm n
"Solid State Physics" Saunders Col | ege Philadel phia 1976) pp36-37 and G
Bastard. Acta Electronica 25 147 (1983) for the derivation of equations (2)
and (3) respectively). The size of the Moss-Burstein shift is

ggrr;r OXi gat tel mdr]@xgro@ekatﬁhop@rﬁbt&r%hltaf?a@eﬂ%ﬁnﬂh g@giiemr bétwekh-dbntacts 5 and
conductor, (for .a given dopin nsity). e.handgap of, | nAs i.s. . on .
quarter that Q);"‘%at;&? g‘?ﬁf"{:ﬁ Cﬁ\’)‘gg?thF%tr?&e%tF? ysa{q‘ﬁjgvlse%%rt TRYR € erggglce

I gr ger. The di&]t ;Etai-gélgncmi‘stsmhmﬂrai €1ow amdparthecyoritact FkenConsehgerddy the
absorption coefficient of 1., £O : ' a r 83t th .
of 100 x 10[ e&rcr"’]“.‘r'ﬁe r%% i gaﬁpg:glgisﬁéré‘rl:r%n ss %ﬁg@g@gﬁ%&% %‘ﬁaatft ,Qri?éral%?n%sel, 9{}%&6&89
ener gy wher e teltweerbdeyens dnansbéf ehishets dhnectlyi belpw| ¢rntiast ihcr Thes e8184i6m of

0.34eV (3.64 540l s’ FéBrekBnMAby alnkYbrokdAPEFWB IR FAdn &ch a device is

restricted by the opaque substrate 2 and the metal contact 5.

Referring to Figure 2, a typical device of the invention 10 utilizes a
highly doped n-type substrate 11 to provide an exit path which is
transparent to the radiation produced by the device. A n-type layer 4 is
grown on the substrate and a thin p-type contact layer 3 is grown
uppérmost. The p-type contact layer 3 is coated with an insulating layer
12 in which a window 13 is opened to define an area'of contact between
p-type contact layer 3 and metallic layer 14. Since the metallic layer 14
is extended over the surface of the insulating layer 12, the contact area
between layers 3 and 14 can be made as small as lithography will allow
without introducing bonding problems. Individual devices may be bonded to
a suitable header 15 using a suitable conducting medium 16 such as

conductive epoxy resin.

Electrical contact is made to the n-type substrate 11 by means of a
suitable metallic contact 6, applied remoteiy from the emitting area of the
device. The high electronic mobility in the material of the substrate 11
togethér with the proximity of the active region to the p-type contact 3
prevents current crowding in the'substrate 11 being significant in this

i . geometry.

During operation, a potential differencé is applied between header 15 and
contact 6 and current flows through the device. Light (as represented by
arroﬁs 9) is produced at the active region 8 of the device and may exit the
device through substrate 11. The active regioh 8 is restricted, by current
crowding in layer 3, to that area of the junction be;ween layers 3 and 4

which is directly below window 13.



0.48eV (2.3 x iO[err]n) with a doping density of 3.8 x 10[err]cnferr] (J R'
Di xon Phys. Rev., 123, 1560 (1961)). This sorption
rendergwgﬂgkg%%strate substantlally transparent to the ra§* ?lon emtted by
| ow doped I nAs whose characteristic spectrumis described above. WO -
96/ 04686 PCT/ GB95/ 01679

6 The invention wll now be describe% by exanple, with reference. to the
followi ng figures in. which: Figure 1 represents a typical |ight emtting

di ode ofpd EﬁtétrnlamremhencyFbgwhe deviRB RipPBESHtRADEPROEGE Bt {41QliHIgeanhy Ch IS
typical  of t F{ q
intern ection at the interface between substrate 11 and air.
Referring to figure 3 the external efficiency of the device is improved by
forminglthe substrate_11 into a hemispherical or perabolical lehs. . This
~may be achieved by standard polishing or etching’ techniques well known to
those skilled in the art. Alternatively, a lens may be attached to a flat

substrate.

Referrihg to figure la, a starting layer structure 17 was formed comprising
a 300 x 1076m thick n-type substrate 2 of InAs doped to 5 x 1016cm;3. a 10

x 107%m layer of n-type InAs 11 doped to 4 x 1018cm‘3, a2 x.10"%m layer of
n-type InAs 4 doped to 5 x 10'7em™3 and a 2 x 10°°m layer of p-type InAs 3
doped to 5 x 10%em-3. In this example, layers 3, 4 and 11 were deposited
by Metal Organic Chemical ‘Vapour Deposition but other suitable  techniques,
for example Molecular Beam Epitaxy, will be apparent to those skilled_in'
the art. :

“Also, a number of possible dopants are known. In this case sulphur was
used as the n-type dopant and zinc was used as the p-type dopant.

" Referring to figure 4b, in order to fabricate a device of the current
invention 18, a sample of the starting layer structure represented by
figure 4a was taken and the lower substrate layer 2 was first thinned to a
thickness of 100 x 107%m. A 100 x 10®m square 5 of Au/Ti contact .
metalisation was deposited on top of the layer structure and a metal
contact 6 of NiGeAu was deposited on the bottom of the substrate 2. This
lower cdntact 6 contained a hole 19 centred on, and slightly larger than,
_the top contact 5. The substrate'layer 2 which is opaque to radiation
produced by the device, was etched under the top contact 5 to expose the
heavily doped substrate layer 11, which is transparent to radiation

produced by the device.
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i nvention;
i nventi on;

enbeodi nent of

Figure 3 represents a preferred structure of the current

PoeEiRess? - epresents a |l ayer structure used to for};aI 0 ﬁ@g&‘ﬁ'

the current invention, figure 4b the actual emnbo

forned, figure 4c a device simlar to that found in the prior art, forned

for comparison purposes; Figure 5 shows a cpnparison between the plots of
output intensity versus drive current for the devices represented by

figures 4b and ‘4c. Figure 6a represents a layer structure used to forma
second enbodi Reférrahgtdee fcgu:reem: ian¥esid @iisdidpuaevite 2me1am1ataltoeamdrm in

so forned fig

a that found in t

e 6¢ d gVice _
for conpari sogﬁ%ﬁfb%easr alh?f fsbf’g‘iﬁ'%gd fﬁfoﬁ%”zf%ﬁ%&”%?ﬁ#be#%eﬁg? ﬁ'@mﬁltﬁséc
of output intdagsrt gtmertsine mpresertedrignifigore tlae dfhei desiceepas fahtimhtby by
figures 6b 'ange&fsiting a 50 x 107%m diameter TiAu contact 5 on top of the layer

structure and etching a ~8 x 10 %n mesa 21 around the top contact. A
metal contact 6 of NiGeAu was deposited on the bottom of the substrate.

Referring to figure 5, comparison of the plots of output intensity versus
drive current for the device of the current invention 22-(as represented in
figure 4b) and of the prior art 23 (as represented in figure 4c) show that,
for a given drive current, the mean power output is typically about five

times greater for the device of the current invention.

Referring to figure 6a, a second embodiment of the invention was fabricated
from a layer structure (grown by molecular beam epitaxy) on a substrate’of
n-type InAs 11 rendered transparent in the waveleﬁgth range of interest by
doping to 2 x 10'%cm 3., The structure comprised a 10°m leyer of n-type
InAs 4 doped to a level of 10'%cm, a 2 x 10°°m layer of undoped InAs 24 and
a2 x 10°%n layer of p-type InAs 3 doped to a level of § x 10'8cp-3

Referring to figure 6b, in order to fabricate a device of the current
invention 18 a 10™*m x 10™%m square mesa 21 was etched into the epitaxial
structure represented by figure 6a and a Ti/Au contact 5, slightly smaller

" than the mesa, was deposited on top. A NiGeAu contact & was deposited on

the substrate 11 and had a 5 x 10f"m diameter hole centred on the mesa 21
in order to allow light to exit the device. A lens (not 'shown) may be.
fitted to substrate 11 in order to improve the ﬁerformance of the LED in an

optical system.

Referring to figure 6¢c, a front emission device 20 similar to that found in
the pfior_art was fabricated, for comparison purposes, from the same basic
layer structure represented by figure 6a. The device was fabricated by
depositing a 50 x 10'6ﬁ diameter'TiAu contact 5 on top ef the layer
structure and etching a 2 x 10™m mesa 21 around the contact. A metal
contact 6 of NiGeAu was deposited on the bottom of the substrate.



‘Referring to Figure 1, a typical LED 1 of the prior art includes an opaque °

subst r: N& 2 of p-type material, a |layer of p-type goand a
| ayer g?ﬁn%typé material 4. An evaporated netal contact |sﬂappf| ed to the
top of the device and a second contact 6 is applied to the substrate 2.

WD 96/ 04686 PCT/ GB95/ 01679

10
7 During operation, a potential difference is applied between contacts 5
and 6 and the vertical current (as represented by arrows 7) through the

de;/l ce néféra»wgeltb m;gaﬁbr'm %ﬁpéz@.sﬁﬂ:@tﬂ Blﬁﬁtj%llo%&%tf‘ﬁ@{ﬁp%@tlrﬁ;e?gfﬁﬁseamt Iy t he
aC|vere 1S I ricte 6] a e (0] e ion i
ot weontf o Putoent b efedekfod gl Ft Eubreng, frenBiin o0l rrrreehtel 51 0y
| i ght - ( &tgurepétes end e bie tpird¢obrarke?d dias oveprogerftednirs fehume Ge)ishowi that,
restricped oy JeaPRANUESURS LA foans BB%kr BELAR! ’i‘.l, Jp° 05 Atout ‘nine times

greater for the dev1ce of the current invention.



Referring to Figure 2, a typical device of the invention 10 utilizes a

hi ghly dopedgns ﬁ; ubstrate 11 to provide an exit path whi chpdGenosnisre
trgnsparent to e radiation produced by the device. A n-type layer 4 is
grown on the substrate and a thin p-type contact layer 3 is grown
uppernost. The p-type contact layer 3 is coayed with an insulati ng | ayer 12
I n which a wndow 13 is opened to define an area of contfaets=s

contact layer 3 and netallic [ayer 14. Since the netalli
ext ended overcliaigssurface of the insulating |ayer 12, t 5;
between |l ayers 3 and 14 can be nmade as small as Ilthogr 7
wi t hout i ntroduci ng bondi ng probl ens. Individual devices may be bonded to a
suitabl e headler ADlight repisting tidyeec fonmpaadiding resdation] 6n sthehwavelengtitucangee
epoxy resin. El gk ¢85 GOgAgt dnprfBdg L0 the n-type substrate 11 by
means of a sw abl e rretal?lc contact 6, applied remotely fromthe emtting
area of the device. The high electronic nobility in the material of the
substrate 11 guogesleclapérshot Benpdonsi:fidry n@ertie; active region to the p-type
contact 3 prevents current crowding in the substrate 11 being significant
in this geonetry. During operation, a potential difference is applied _
bet ween header sébicanduciont sukistBatandndurrent fl ows through the device. Light
(as represented by

a pair of electrodes arranged to facilitate application of a voltage across

the device,

characterised in that the substrate is transparent to radiation produced by_
the device by virtue of a Moss-Burstein shift, induced by suitable doping

of the substrate material.

2. The light emitting diode of claim 1, where the substrate material
comprises a layer of n-type InAs doped to within the range 10'%cm™3 to
5 x 10'%cm™3.

3. The light emitting diode of claim 1, where'the substrate material _
~ comprises a layer of n-type InAs doped to within the range 3 x 10*%cm™3 to
5 x 10'%cm3,

4. The light emitting diode of élaim 1 where the multiple layers of
semiconductor material comprise a layer of n-type InAs dopéd to 5 x

10'7cn™3 ‘and a layer of p-type InAs doped to 5 x 10'8cm™3

’5. The light emitting diode of claim.l where the multiple layers of
semiconductor material comprise a layer of n-type InAs doped to a level of
10%8%cm, a layer of undopéd InAs and a layer of p-type InAs'doped to a level
of 5 x 10%cp3

6. The light emitting diode of claim 1 where the transparent substrate is .

formed into a lens. _ I

et Has Been Replaced

T



arrows 9) is produced at the active region 8 of the device and may exit the
devi ce through substrate 11. The active region 8 is restrict ent
crowdi ng in ?" %6 to that area of the junction between Iasghr'” 95?3%{9
which is direct I y bel ow wi ndow 13 WD 96/ 04686

PCT/ GB95/ 01679 - 8 The external
efficiency of the device represented by f4fpire 2 is linmted by internal
reflection at the interface between substrate 11 and air. Referring to
figure 3 the external efficiency of the ' i's 1nproved byformggthe
substrate 11 into a hem spherical or ?‘E‘qﬁ ﬁ@?b |l ens. This ma chi eved

by standard polishing ox etchin techn to thgfSe. skilled in
the art. Aternati veM ens V\?at sgbeﬂgte
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Referring to figure 4a, a starting layer structure 17 was formed conpri sing
a 300 x 10[err]mthick n-type substrate 2 of InAs doped to 5 X

10[ err]cn{ erVO 9684686 x 10[err]m|ayer of n-type InAs 11 doped®¢HGBISP1679
10[err]Jcnferr], a 2 x 10[err]mlayer of n-type InAs 4 doped to 5 x
10[err]cnferr] and a 2 x 10[err]mlayer of p-type InAs 3 doped to 5 x
10[err]cnferr]. In this exanple, layers 3,64 and 11 were deposited by Metal
Organi ¢ Chem cal Vapour Deposition but other suitable techniques, for
exanpl e Mol ecul ar Beam Epitaxy, w |l be apparent to those skilled in the.
art. Al so, a nunber of possible dopants are known. In this case sul phur
was used as the n-type dopant and zinc was used as the p-type dopant.
Referring to figure 4b, in order to fabricate a device of the current
invention 18, a sanple of the starting |layer structure represented by
figure 4a was taken and the | ower substrate layer 2 was first thinned to a
t hi ckness of 100 x 10[err]m A 100 x 10[err]m square 5 of Au/Ti contact

nmet al i sati on was deposited on top of the layer structure and a netal
contact 6 of N GeAu was deposited on the bottom of the substrate 2. This

| ower contact 6 contained a hole 19 centred on, and slightly |arger than,
the top contact 5. The substrate layer 2, which is opaque to radiation
produced by the device, was etched under the top contact 5 to expose the
heavi |y doped substrate |ayer 11, which is transparent to radiation

produced by the device. .
3 Fig.3.
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9 Referriqﬁidhﬁ&ﬁure 4c, a front em ssi.on device 20 5i”"%k§@hﬁﬁﬁ&m
e pri

found in th

or art was fabricated, for conparison purposes, fromthe

sane basic.layer structure represented by figure 4a. The devi ce was

fabricated by

depositing a 50 x 10[err]m dgageter Ti'‘Au contact 5 on top of

the layer structure.and etching a ~3 x 10[err]m nesa 21 around the top
contact. A nmetal contact 6 of N GeAu was deposited on the bottom of the

substrate.

Referring to figure 5, conparison of the plots of output
intensity versus drive current for the EE ' 94 t he current invention 22_.17
& e

(as represented in figure 4b) and of th Pt 23 (as represented il 3

figure 4c) sh
typically ab

i _five tines greater for the device of the current inv

4

~ Fig.4b.
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Referri ng to figure 6a, a second enbodi nent of the invention was fabricated
froma layer_structure (grown by nol ecul ar beam epitaxy) on a of
n-{ype | nAs WO 01467 e transparent in the wavel ength range &’&’%@%gr"g‘is‘f’ by
doping to 2 x 10[err]cnferr]. The structure conprised a 10[err]m | ayer of
n-type InAs 4 doped to a level of 10[err]Jcm a 2 x 10[err]mlayer of
undoped InAs 24 and a 2 x 10[err]m | ayer ffS p-type I nAs 3 doped to a | evel
of 5 x 10[err]cnferr]. Referring to figure 6b, in order to fabricate a
device of the current invention 18 a 10[err]mx 10[err] m square nesa 21 was
etched into the epitaxial structure represented by figure 6a and a Ti/Au
contact 5, slightly smaller than the éggl@a deposited on top. A N GeAu
contact 6 was deposited on the substrat " and

hol e centred o e—HE A b

had a 5 x 10[e24] mdli anet er
o H—tfe—devree. A

L, a

| ens (not" showp)—hey-—b V- B -
performance of pthe LED in an optical system
front em ssionjdevice 20 simlar to that found in the prior art was
fabricated, fok conparison purposes, fromthe sane basic |ayer s}ructjure
represented by |figure 6a. The device was fabricated by depositing a J0 x
10[ err] m di anetjer Ti Au contact 5 on top of the layer structure d etlching-
a 2 x 10[err] m{mesa 21 around the contact. A netal contact 6 of /N was
deposited on thEe-poTTOoNMT O THE SupStTatre. 7

s’ 1
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.Referri gure 7, conparison of the plots of output,d '
ve{sus dri v‘ggafm# for the devi ce of the current |nventlontpféﬁ%%gIM&X
represented in figure 6b) and of the prior art 23 (as represented in figure
6c) show that, for a given drive current, the nean power output is up to
about nine times greater for the device BfSthe current invention.

Fig.5.
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11 C ai ns. 1. A light emttNRDnfapdd bW ERiGsEDidde radi ation in the
wavel ength range 2.5 x 10[err] to 5 X conpr|5|ng mul tiple
| ayers of InAs including a substrate of n-type InAs, a layer of n- type

that lﬁé?t i is?égﬁg%ﬁg%ﬁftkﬁ%w o s b bR 50
Subsirate mCan i SleghbipagneiE sheckrul ANEE pRfcH: LS R BHAIED (H¥face

substrate rraithenpedblcmqﬂgp&sén*smgvmthl n the range 10[err]cnerr] to 5 X
10[err]cnerr]. 3. The light emtting diode of claim1 where the
substrate material is doped to within the range3x10[err]cmto 5 x

10[err]cne WEy s f er of

n-type | nAsi‘{éhtaglp g Eobeagg k eve?)eﬁg}'é Bé&%“gil%g%’égr IC er r)]]e %ﬁﬁ}e’ I ay I of

p-type | NASpinpoSaRFdisptayd ah€ ¥ethmihicationsSdesfor L6ty é Al A Bergh and P J Dean "Light
Emitting Diodes", Clarendon Press Oxford 1976). Technologies based on GaAs, GaP and

InP and alloys grown as thin layers on these materials (eg Al,Ga; xAs grown on GaAs) are

K)

D

well developed and provide devices producing radiation of wavelengths from 0.5 x 10%m to N
1.7x 10°m.

US Patent 4,144,540 discloses an infrared detector composed of four layers of epitaxially
grown material that is doped for selective wavelength absorption. The device has a narrow
band, tuneable response. The upper layers comprise a heavily doped n type layer over a p
type layer. The cut-on absorption edge is determined by the amount of doplng in the

~ uppermost layer and the cut off absorption edge can be varied by applymg a reverse bias

voltage to the n-p junction formed by these layers.

The “Encyclopedia Of Semiconductor Technology” (Encyclopedia _Réprint Series), ed. by
Martin Grayson, John Wil_ey & Sons, New York, US, teaches the optimisation of the amount
of generated radiation that can be emitted from a LED. Although this document refers to the
use of the Moss-Burstein shift to render the substrate of a LED transparent to radiation
produced therein, the reference is made in relation to GaAs devices in which the key
physical mechanism of operation is, in fact, that the radiation generated in the p type
mateﬁal has energies below the bandgap of the material. Using n-type material to extract the
~ radiation is advantageous because it eliminates the very strong free carrier absorption
associated with p type material. The Moss Burstein shift in GaAs is small and it is unlikely

that the effect would be of sighiﬁcant use in these devices.

AMENDED SHEET

AMENDED Snect.
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5. The light emtting diode of claiml where the |ayer of n-type {nAs is
doped to a | evel of 10[err]cnferr] the layer of p-typellpnAs. ts: dUped to

a, evel of 5 x 10[err]jcnferr] and further - conprising & | ayer of 'undoped
InAs. - 6. The light emtting diode of claim1l where the transparent

substrate’is formed into a | ens. 11 T

R 0 o

Claims,

1. A light emitting diode for '_producing radiation in the wavelength range 2?.5 x10%t0 5%
10 comprising multiple layers of InAs including a substrate of n-type InAs, a layer of
n-type InAs located on said substrate and a layer of p-type InAs, characterised in that the
substrate is transparent to radiation produced by the diode by virtue of a Moss-Burstein
shift induced by suitable doping of the substrate material.

2. The light emitting diode of claim 1 where the substrate material is doped to within the

~ range 10%cm™ to 5x 10%%cm™,

3. The light emitting diode of claim 1 where the substrate material is doped to within the -

range 3 x 10"%cm™ to 5 x 10*%cm™.

4. The light emitting diode of claim 1 where the layer of n-type InAs is doped to a level of
5 x 10"cm™ and the layer of p-type InAs is doped to a level of 5 x 10"%em>.

5. The light emitting diode of claim 1 where the layer of n-type InAs is doped to a level of
10"%cm™ the layer of p-type InAs is doped to a level of 5 x 10"8¢m? and further

comprising a layer of undoped InAs.

6. The light emitting diode of claim 1 where the transpafent substrate is formed into a lens.

a1 : )
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