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potentielle a progression lisse

et monotone a €te €tabli au niveau d’une heétérojonction
entre (InGa)As type p et InP non dopé€, pour permettre un
transtfert efficace des €lectrons conducteurs de la couche
(InGa)As:p (14) a la couche InP:¢p (20). Ce gradient
d’énergie potentielle a ¢te ¢tabli a 'aide d’une couche
d’alliage a semi-conducteur type p a graduation

compositionnelle (16) et

d’une couche de champ

incorporee InP type n (|

8) 1nterposce au niveau de

["heterojonction. La couche d’alliage a semi-conducteur
a graduation compositionnelle distribue spatiallement la
discontinuite de la bande conductrice de "’hetérojonction
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(57) A smooth and monotonic potential energy gradient
was established at a p-type (InGa)As - undoped InP
heterojunction to efficiently transfer conduction
clectrons from the (InGa)As:p layer (14) to the InP:¢
layer (20). This potential energy gradient was established
with a compositionally graded p-type semiconductor
alloy layer (16) and an n-type InP built-in field layer (18)
interposed at the heterojunction. The compositionally
oraded semiconductor alloy layer spatially distributes the
conduction band discontinuity of the (InGa)As - InP
heterojunction and the InP:n built-in field layer
climinates potential energy barries from the conduction



OPIC

OFFICE DE LA PROPRIETE

CIPO

(CANADIAN INTELLECTUAL

INTELLECTUELLE DU CANADA 3 PROPERTY OFFICE

(InGa)As-InP, et la couche de champ incorporee InP:n
¢limine les barrieres d’énergie potentielle provenant de
la bande conductrice sur une large gamme de
polarisations appliquées de 1’extérieur, y compris les
polarisations non appliquees de 'exterieur. Le gradient
d’énergie potentielle a progression lisse et monotone
ains1 ¢tabli favorise le transfert efficace des €lectrons
conducteurs en raison de leur dérive de la couche
(InGa)As:p a la couche collectrice InP a bande interdite
large, ou 1ls viennent contribuer au courant de sortie des
dispositifs ¢€lectroniques utilises, quel que soit leur
nombre. L utilite¢ de cette structure de gradient d’¢énergie
potenticlle a ¢t¢ deémontrée dans un dispositif a
photocathode a ¢lectrons transfereés, dans lequel on a
utilis€¢ le transfert efficace des photoé¢lectrons de la
couche absorbante (InGa)As:p a la couche de transfert
d’¢lectrons InP:¢.

I*I Industrie Canada  Industry Canada

(11) (21) (C) 2,201,737
86) 1995/10/25
87) 1996/05/09
45) 2000/05/16

band over a wide range of externally-applied biases
including no externally applied bias. The smooth and
monotonic potential energy gradient thus established
promotes efficient transter of the conduction electrons
due to dnft from the (InGa)As:p layer to the large
bandgap InP collector layer where they contribute to the
output current of any number of electronic devices. The
utility of this potential energy grading structure was
demonstrated 1n a transferred-electron photocathode
device wherein the efficient transfer of photoelectrons
from the (InGa)As:p absorber layer to the InP:¢ electron-
transter layer has been utilized.



PCT

WORLD INTELLECTU AL PROPERTY ORGANIZATION
International Burean |

‘s_m

a W0

|| 1
] L] ]

4
\

v *
) ;

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification

WO 96/13864

_.r.
:
z
S
g
=
£
:
:
g
=
2

a
@

9O May 1996 (09.05.96)

(43) International Publication Date

HO1L 31/075, 31/105, 31/109

JP, KR, European patent (AT,
GB, GR, IE, IT, LU, MC, NL,

4

CA, CN,
FR,

BE, CH, DE, DK, ES

PT, SE).

*
-

PCT/US95/13779 | (81) Designated States

(21) International Application Number

25 October 1995 (25.10.95)

(22) International Filing Date

With international search repors:.

Published

US

1 November 1994 (01.11.94)

ty Data:

iori

08/332,880

®

(30) Pr

3550 Bassett Street,

INTEVAC, INC. {US/US]

Santa Clara, CA 95054-2704 (US).

(71) Applicant

(72) Inventor: DAVIS, Gary, A.; 243 D Street, Fremont, CA 94536

(US).

2201737

26620 St. Francis Road, Los Altos

*

Hills, CA 94022 (US).

(74) Agent: COLE, Stanley, Z

(54) Title: HETEROJUNCTION ENERGY GRADIENT STRUCTURE

20
18
16
14

.

.O'ﬁ;h' I-’o v's

.00 00 00 00 90

g
L

.o oo ootc 0. 00 %

®

ST e ey
ad

*e o 0Pe

g

& K J
otetero e oY% % 0%’
BRI
S 2 2 XU C U X U

Fa o, % 3 b Tl T R E ST R
‘1. s .‘.‘0"}"‘?’ 5. - ,.‘, .. L’

OO P P OO EESESSGOE

]
". m e K "‘- . w S V- x»'ﬂyw )
S T, :*”, .h.\':“‘f"*;'.'::.“":?lzlfl‘-.o':f:fi ,t,h_’l%'.’o,l‘c.o.l:?fs':‘p.t'l ::‘ _a.{\.f-‘.. }o::
A : : T as .

Do
T B LAF P o v A s e araar.
D TS S

A ARt o b

e

e

..i:,‘\,“.:

R I S
ALV WIRSRAY ¢

RN

vateld K -
Cata =%y \‘)n':’r.._ ot e
1= hg\

A L
)'.,;r.( i"i:ﬁ.

R
T a1 e N

B A, a2 S el TPy raty
LIS Tt ST I

== = -
:::':f'.'_" ).'&’r ‘0:-:
WA RS A e A
ol N

777777

7

o B " - T .
R RTCERIC R X IOREY Pl N
A Vat flv.ﬁ:f\,i,\.&im

-type semicon
O]

field layer elim

1n

bbb 0 N 5 8 QL A S
O OUC a0 hHE 2 aoxX O
mmgWCbamﬁmmMMe
&= it&.mr.mn 5L c 80
ca olsc om..WJ b
& o O VJmW,f.II mUvmm mm
tlnlaany npalomoaol y
SES< B8 ETTO0OREd My
=T - QO B g TEN
O mwﬂu v S O RVmW
& WS AR o= .l.mm Mmhm © Hw Mm 4
Cn_u.cm mm.IOdeVJ o S
- gl L a Sl
= g0 30GE~ 5 >
Q - )..wunn.. > 808
ORE-REE-£0 O
o ou {'m ._.ﬂpvmtm n
m.“.qu b S ~ O ma
K o J e Wﬂm .mnr ab
g .42 e g 538 = o
S5 85 8 0n 08888
SgEegREEo g
S 8 o A — = =3
o - L @W & 9 ..m
mm w U QL b mm (&)
7 4 O = . L
<EZESER-H . =
=
§28ehEsc a
S ET R &
EE5IP2EEEREes
m “r O m G

conduction electrons from the (InGa)As
(InGa)As - InP heterojunction and the InP

tributes the conduction band discont

ally graded p
posed at the heter

(§7) Abstract

L ]
"
CBC B I X 2 K D0 N K % LK ’
P OOOODOOOOOOONOOL
AAASONOTOOOOOOOE
AARAAASASIEAAOOOCOONE
MAARSANAARARRSASOON
s”...’."’....."
AN ICIH MM MNN ARSI
) L Q’ ’.”Q’ ” ’Q Q‘ ". " & ’. 0‘ 0. .. " '. " ...’.
."..0".0'.’.....‘..
-Q...."CO.......C..‘O
' .“..’..‘..'”“‘..’...“.."..’.".’
..0....0.............

ternally

Ing nNo €X

fudi

L 4

1aS€S Inc

*

externally-applied b

" L Adaﬁédéffédédfdaéfffﬁ.
X ﬁﬂﬁﬁﬁﬁﬁ%ﬁ%ﬂ%ﬁﬂﬁ%&ﬂ%ﬁ
-, SOOOOOOOTOOSOOOOOOOC
"

: DA AN AN X IH XX
Yoo et ot et et et et e et e et e e e te et
AN OOOOOOODOODOL
SO OO OOOCOODOOOODOC
o ¢

\ BRI ANHNX
PSCOC O IOOONOOCIOC IO S
ROSOSCSE X O M OOOOOOOOOTOOOL
IO U, 000000.0000000000000004.

A/ 00 00 00 00 0000 00 00 0’00 0000 00 00 00 0000 00 00 .

QOQHOOOCQOQOOQQO

; A A
&&&A&&&I&A&A&&Q&&A&:
Y . 5% S YOOOOOO
.wowooyuononmnon.”.uyu.v.uo.wrwo».oowrw.m
AAAAABAOOOOOOOOOL

.
&
OO R
SOSOOOOOOOOOOOOCKICOCH
BOOQOOOOOOOOOCOOCOC RN
IO U UK
NAOOOOO
2CIICH IO
A
.”Q"Q"t”.“’"’”’”’“."0”0”‘”0”0”0”.“’”’”00&
n.”'.............”b
AAARRAASAAOOOOOOOOOCOC
AR AASAARRARAASASOHOOOSON,
. oo e’
R COCI AU XM NN AN KN
R ILIAM R IR AR AN AAAAAAL
ARRRASAOOOOSOOOT
o.’..’....'...".”"
AARARABAASOOOOOOOOOC
AAAAAAARARAARNASOANOCOOOE
AARRAAANABOSOOOOOC
AASAAARSOOSOOOOOOOONC
ANRMNRARARAARAAOOOOO
.......0.0..6’.0.0.'.
» ¢ o ¢S
RARAASASOAAIOOO %Ho XX
N . 4
&ﬁ&&&&&&&&&ﬁﬂf&&&&?l
AASAAEOASOODOOOOOL
.‘0..0...0’0...0""6
‘..'.’.0.‘.‘0."...’.
AR AARRARN AN AN
PO C VP CO ¢ % ¢ 606+ 400
NAASOHO
.c“onouoH4uoﬂoHo“ououonouonooonooqnooooo.
AAAAOOOOOCOIODOOOOONC
AABOOOOOOOODOODOOOOC
ABAOOSOOOSOIOOOOOOC
AASASABOOODOOOOOOOOC
OO AN XXX
NABASOOOOOOCOOOOOOC
DOOOOKICNIIRNN N XX
AAAARAOIOIDOSOOOOOODOOL
AAARAARAARANASAOOOOOOS
AAARAAARAAAASNACOOOSOO]
AAAAARARARARAAANSOOOOOC
L MAAAN AAAO
_&A&&&ﬂ&&fﬂféfﬂﬁéfffi
Y IO IO I C O LK X )L
; A
e oooouououoﬂo“o“.Houonoﬂoﬂououoﬂcﬂouooo.
oﬂwuoooo,ooowcwowoooooowoowocooowrwrwcor
) * ” SO0
*Q???VV%?V?VV%?V%?&%
. ® ¢ [ ]
Aﬂ&&h&&&ﬁﬁ&&ﬁffﬂ%&bf
PSOSOSOSIOOOON OOOOOOOOO0
AAARRAAARRABASOOOOOOONS
AAANRARRAARAARASNOOOOOOC
» ® » * & &
AAAARAAAARNSAAAOOOE
AAAANAANAAAAASABOOOOO
OGN IONK NI
..wuoooowooo¢oo¢wtﬁooroooowfooooofw
coooooooooooooooIVQ.

<* &

* ¢Pe

LA IO

> ¢ ¢ @

* e 40

*

o 9 ¢4

®

000’5000000000.00.0.0....

applied bias. The smooth and monotonic poten-

.4

AP

|

tial energy gradient thus established promotes ef-

p absorber layer to the

-
[

p layer to the large bandgap InP collector layer where they

L
-

t transfer of photoelectrons from the (InGa)As

icn

the effic

in

transferred-clectron photocathode device where

¢ electron-transfer layer has been utilized.

L
-

contribute to the output current of any number of electronic devices. The utility of this potential energy grading structure was demonstrated

ficient transfer of the conduction electrons due to drift from the (InGa)As

in a
InP




10

15

20

25

30

WO 96/13864 9 2 0 1 7 3 :? PCT/US95/13779

HETEROJUNCTION ENERGY GRADIENT STRUCTURE

Background of the Invention

1. Field of the Invention

This invention relates to (InGa)As-InP heterojunction devices
utilizing a InP:a collector to extract electrons from a (InGa)As:p layer
and more particularly to heterojunction devices having a smooth and
monotonic potential energy gradient at the heterojunction for

establishing drift of the conduction electrons from the (InGa)As:p layer

to the InP:o layer.

2. Description of the Prior Art
Heretofore, the efficient transfer of electrons from (InGa)As:p to

InP:n has been achieved In the collector junction of heterojunction

bipolar transistors through the use of grading layers to smooth the

conduction band discontinuity. These devices rely on the built-in field
of the extrinsic heavily-doped (InGa)As:p base and InP:n collector or on
externally-applied reverse biases of the heavily doped base-collector

junction to provide the electric field necessary to remove the

conduction-band barriers at the junction. While these devices provide a

smooth and monotonic variation in the conduction band at the

heterojunction, they are limited In use to extrinsic p-n heterojunctions

which can support a sufficiently large electric field. The incorporation

of a intrinsic layer into this junction, as may be desired for instance to

reduce the base-collector capacitance, would decrease the electric

field. at the junction and cause the formation of potential energy

barriers to the conduction electrons.

The application of any such grading structure to (InGa)As

CURSTITUTE SHEET (RULE 26)
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2

photodetectors has not been reported. Conventional p-i-n (InGa)As-
InP photodetectors utilize a low-doped (InGa)As absorbing layer and

extrinsic n- and p-type InP contact layers to circumvent problems
associated with the conduction and valence band discontinuities.
This approach precludes the use of thick InP:g layers which would
trap photogenerated electrons at the band discontinuity and greatly
reduce the efficiency of the photodiode. The insertion of a thick
intrinsic region is necessary to reduce the junction capacitance and
improve the frequency response of the photodiode. Conventional
photodiodes rely on the depletion of the (InGa)As absorber region to
reduce the junction capacitance. This approach requires the use of
large applied voltages to depleté the absorber layer due to its

residual doping background and results in large dark currents due ‘to

thermally generated electrons in the small bandgap depletion region.

SUMMARY OF THE INVENTION
It Is therefore an object of an aspect of this invention to provide an
efficient means of transferring electrons from an extrinsic (InGa)As:p layer to

a InP:@ collector layer.

It is a further object of an aspect of this invention to reduce the

- capacitance of (InGa)As:p - InP:n and (InGa)As:p - InP:p heterojunctions

through the use of a depleted InP:g layer without significantly degrading the
efficient transfer of conduction electrons from the (InGa)As:p to the InP layers
or increasing the thermally generated current associated with depleted low-
bandgap layers.

It is another object of an aspect of this invention to provide a
(InGa)As:p - InP:@ - InP:n structure which efficiently transfers conduction
electrons from the (InGa)As:p layer to the InP:n layer with no externally
applied bias. |
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It Is another object of an aspect of this invention to provide a
(InGa)As:p - InP:@ - InP:p structure which efficiently transfer conduction

electrons from the (InGa)As:p layer to the InP:p layer with small externally
applied biases.

Briefly, these and other objectives are achieved by interposing a
semiconductor alloy grading layer and an n-type InP built-in field
layer between the (InGa)As:p layer and the InP:g layer of the
heterojunction device. Starting with the crystalline (InGa)As:p layer
of the junction, a p-type semiconductor alloy layer is grown in which
the composition of the alloy is controlled so that the electron

affinity of the alloy gradually varies from that of the (inGa)As:p

layer to that if the InP:2 layer. Examples of semiconductor alloy

systems appropriate for this layer include InxGai-yAsi.yPy and

(AlsGa1-s)1-tintAs where x and y or s and t, the alloy constituent

fractions, are varied to yield the proper electron affinity variations.

The two alloy fraction variables in these quaternary alloys provide

for the required variation in electron affinity with an additional

degree of freedom provided to meet other growth constraints. An

example of such an additional constraint might be the requirement

that a uniform lattice constant be maintained throughout the grading

layer growth. Following the growth of the alloy grading layer, an n-

type InP layer is grown to provide the built-in field, and the undoped

InP collector layer is grown. The dopant concentration in the p-type
alloy grading layer and the n-type InP built-in field layer, the

thicknesses of these layers, and the profile of the compositional

variation with position in the alloy grading layer are all chosen such

that the conduction band energy exhibits a gradual decrease from the

(InGa)As:p layer to the InP:2 layer under the influence of any

externally applied voltages to be used in the final device operation.
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Generally this will require that both the semiconductor alloy grading

layer and the InP:n built-in field layer are fully depleted with a

gradual drop in the conduction band energy from the (InGa)A:p to the

InP:@ with no externally applied voltages. Additional layers may be
grown on the InP:g layer as dictated by the final device design.
Conversely, this invention could be implemented by starting with the
InP:o layer and reversing the order of deposition of the layers and the
alloy constituent profile of the alloy grading layer.

The smooth, monotonic drop in conduction band energy from the
(InGa)As:p layer to the InP:g layer caused by the variations in the

composition of the alloy grading layer and the fixed charge resuiting

from the ionized dopants in the semiconductor alloy layer and the

InP:n built-in field layers is evidence of an electrochemical field

which causes the drift of electrons from the (InGa)As:p layer to the

InP:2 layer. (InGa)As:p conduction electrons encountering this region
of the structure will be swept across the interstitial layers due to
this field with minimal loss of conduction electrons due to trapping
at potential barriers or recombination in this region. In this manner
conduction electrons are efficiently transferred from the small
bandgap extrinsic (InGa)As:p to the large bandgap intrinsic InP:.o
collector which can be utilized to reduce the junction capacitance
without excessive contribution to the thermally generated collected
current. The extraction of electrons from the (InGa)As:p layer will
provide a diffusion current in the (InGa)As:p layer which will
additionally assist the flow of conduction electrons from the bulk of
this extrinsic layer. Conduqtion electrons introduced through
photoabsorption throughout the bulk of the (IinGa)As layer or

introduced at a buried junction through the application of a forward

bias, as in a heterojunction bipolar transistor, are directed to the
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5
heterojunction under the influence of a diffusion current and through

the heterojunction under the influence of a drift current.

While the utility of the present invention is directed primarily
to the efficient transfer of electrons at (InGa)As/InP

heterojunctions, the most general form of this invention is

applicable to a wide variety of semiconductor heterojunctions. The

present invention has application to any heterojunction wherein it is

desired to efficiently transfer electrons from a small-bandgap, large

electron affinity p-type semiconductor to a large-bandgap, small
electron affinity undoped or n-type semiconductor. The

implementation of this invention requires only that a gradually

graded alloy or virtual alloy be grown at the heterojunction which

provides electron affinity matches to the two semiconductor

materials. Examples of heterojunction systems which are

appropriate for this invention include the GaAs/(AlGa)As and

GaAs/(InGa)P systems.

Further aspects of the invention are as follows:

A 11l-V semiconductor heterojunction structure comprising:

a p-type (InGa)As electron source layer of conduction electrons
through photogeneration or diffusion transport of electrons;

a depleted p-type IlI-V semiconductor grading layer formed over the
(InGa)As layer;

a depleted n-type InP built-in field layer formed over the semiconductor
grading layer;

an undoped InP:@ electron collector layer formed over the built-in field
layer.

A p-i-n photodiode comprising:

an InP:p substrate;

a back-surface contact pad forming an ohmic contact to the substrate:

an p-type (InGa)As absorber layer formed over the substrate;
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a depleted p-type Ill-V semiconductor grading layer formed over the
(InGa)As layer;

a depleted n-type InP built-in field layer formed over the semiconductor
grading layer;

an undoped InP electron collector layer formed over the built-in field
layer;

an n-type InP layer formed over the undoped collector layer:

and an exposed surface ohmic contact to the n-type InP layer.

A transferred-electron photocathode comprising:

an InP:p substrate:

an p-type (InGa)As absorber layer formed over the substrate:

a contact pad forming an ohmic contact to the substrate or absorber
layer;

a depleted p-type Ill-V semiconductor grading layer formed over the
(InGa)As layer;

a depleted n-type InP built-in field layer formed over the semiconductor
grading layer;

an undoped InP electron collector layer formed over the built-in field
layer;

a top surface Schottky barrier over the undoped InP layer.

A semiconductor heterojunction structure comprising:

a p-type electron source layer;

a depleted p-type semiconductor layer overlying said electron source
layer;

a depleted n-type semiconductor built-in field layer formed over said
depleted p-type semiconductor layer; said depleted p-type semiconductor
layer being positioned between said electron source layer and said built-in
field layer, said depleted p-type semiconductor layer having a substantial
electron affinity match at the surface thereof in contact with said electron
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source layer and a substantial electron affinity match at the surface thereof in
contact with said built-in field layer; and

“an undoped electron collector layer formed over the built-in field layer,
said undoped electron collector layer having a larger bandgap and a smaller
electron affinity than said electron source layer, said built-in field layer having

a substantial electron affinity match at the surface thereof in contact with said
collector layer,

and at least a graded segment of varying composition between

(a) said surface of said depleted p-type semiconductor layer in
contact with said electron source layer and

(b) said surface of said built-in field layer in contact with said
collector layer, to achieve differences in electron affinity.

BRIEF DESCRIPTION OF THE DRAWINGS

Further objects and advantages of the present invention and the

cause and operation of the gradient of potential energy will become

apparent from the following description taken in conjunction with

the drawings in which:

FIG. 1 is an schematic sectional view of the invention,

FIG. 2 is an energy level diagram of the conduction band in an

implementation of this invention having a quadratic dependence of

the alloy composition on position in the graded region under the

condition of zero externally applied bias,

FIG. 3 is a comparison of the quadratic and piecewise linear

alloy composition grading profiles,
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FIG. 4 is an equilibrium‘ér;‘ér'gy level diagram of the conduction
band in an implementation of this invention having a piecewise linear

dependence of the alloy composition on position in the graded region

under the condition of zero externally applied bias,

FIG. 5 is a schematic sectional view of a p-i-n photodiode

structure incorporating the invention,

FIG. 6 is an energy level diagram of the p-i-n diode of FIG. 4

under the condition of zero externally applied bias,
FIG. 7 is a schematic sectional view of a transferred electron
photocathode structure incorporating the invention, and

FIG. 8 is an energy level diagram of the transferred photocathode

of FIG. 6 under the condition of 2.1 volt externally applied bias.
DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to FIG. 1 there is shown the schematic sectional

view of the present invention including the semiconductor alloy

grading layer 16 and the I[nP:n built-in field layer 18 interposed at
the junction between the p-type (InGa)As layer 14 and the undoped

InP layer 20. The grading layer in this structure i1s comprised of a

semiconductor alloy whose composition can be adjusted to yield an

electron affinity equal to that of the large band gap material such as

InP for one composition and that of the small band gap material such

as (InGa)As for another composition subject to any other constraints

imposed by the growth process or device design. For the purposes of

this discussion of the preferred embodiments, it will be assumed

that maintaining a lattice match to InP is such a constraint although

this may not be rigidly required of this invention. The

InxGa1-yAsi-yPy and (AlsGa1-g)1-tintAs alloy systems both are
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appropriate for this invention. In the InxGa{-yAs1-yPy system, the

constraint of maintaining a lattice match to InP can be met if the

group lll and group V compositions are related by x = 0.532 + 0.468 v,

and the alloy can have an electron affinity which is equal to that of

InP for y=1 and equal to that of lattice-matched Ing.532Gap.468As

for y=0. While this material system presenté the easiest

conceptualization of the present invention, it suffers from current

technological limitations in that it is difficult to maintain lattice-
matched grades over the group V compositional range 0<y<1 and the
incorporation of dopants into the alloy varies drastically with alloy

composition. In the (AlsGa1-s)i-tintAs alloy system, a lattice

match to InP can be maintained approximately for a indium fraction

of 0.532 independent of the relative compositions of aluminum and

gallium. The lattice-matched alloy has an electron affinity equal to

that of Ing.532Gaqp.468As for the composition s=0 and an electron

affinity equal to that of InP for the composition s=0.44. This value
of the composition for an electron affinity match to InP is
determined from the 0.16eV valence band offset between lattice

matched (InAl)As and InP, the 0.50eV conduction band offset between

(InAl)As and (InGa)As, and the linear dependence of bandgap energy on

aluminum partial fraction, s, in this alloy system. Regardiess of the
accuracy of the identification of the composition s=0.44 as that
which vyields an electron affinity match to InP, it is clear that this
alloy will have an electron affinity match to InP for some lattice-
matched composition. This alloy system is readily grown over the
composition ranges appropriate for the current invention and exhibits
uniform dopant incorporation over this compositional range under
reasonable growth conditions. The bandgap energy for a lattice-

matched alloy composition s=0.44 is 1.07eV leaving a valence-band
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discontinuity of 0.28eV to the InP:g layer. This valence-band

discontinuity has no effect on the function of the present invention.
An additional method of implementiing the semiconductor

grading layer 16 is to utilize a superlattice having spatially varying

layer thicknesses to produce a virtual alloy having the desired

gradual change In electron affinity. For example, a superlattice

consisting of (InGa)As:p wells and InP:p barriers could be used with

gradually varying layer thicknesses to implement the desired

electron affinity variation. Near the (InGa)As p-type layer such a

superlattice would consist of relatively thick wells and thin barriers

to yield a virtual alloy which is arbitrarily close in electron affinity

match to the (InGa)As layer. Near the end of the graded region, the

superlattice would consist of relatively thin wells and thick barriers

to yield a close electron affinity match to InP. In the intervening

region, the well and barrier thicknesses would be varied to yield a

virtual alloy having the desired electron affinity profile appropriate

for this 1nvention.

The ability to spatially distribute the conduction band

discontinuity constitutes one requirement of the present invention.

Another requirement is the ability to provide an electrostatic

potential energy which at all positions In the grading Ilayer

overcomes the chemical potential energy either through building-in

such an electrostatic potential or through the application of external

biases. In this way, there is a gradual decrease In the

electrochemical potential for conduction electrons passing from the

(InGa)As:p to the InPiz. In the preferred embodiment of the present

inventio'n, an adequate electrostatic potential is provided by the

equilibrium depletion of the I[nP:n built-in field layer so that no

external bias is required to eliminate conduction band barriers to the
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drift of electrons from the (InGa)As to the InP. This embodiment

necessitates the thickness of the grading layer being less than or

equal to the depletion depth into the p-type layer caused by the InP:n

built-in  field layer and additional layers of the total device

structure, and that the InP:n built-in field layer is fully depleted
under the condition of no applied bias. For example, if a uniform

acceptor concentration of 2x1017 cm-3 is used in the grading layer

and a uniform donor concentration of 5x1017 cm-3 is used in the

InP:n built-in field layer, the depletion depths will be approximately
550A into the grading layer and 220A into the built-in field layer.

Under these conditions, a grading layer which is less than or equal to
550A thick and a built-in field layer which is 220A thick are

appropriate. Such a junction provides a built-in potential of 0.87V,
of which 0.40V drops across the graded region. This net
electrostatic potential energy drop of 0.40eV is more than sufficient

to overcome the 0.22eV net chemical potential energy increase in the

graded region.
In order to ensure that the electrostatic potential energy

overcomes chemical the potential energy contribution in the
conduction band at all points in the graded layer, the profile of the
graded region composition with position must be well behaved. Under
the typical depletion approximation the electrostatic potential

varies with position in a quadratic dependence:

2
q Na X |2 X
X , 1+—) —— 1 4+ — 2

AEes(x) = -q ¢y (X) ==

Here q is the electron charge, Ng is the acceptor concentration and &p

is the relative permittivity of the grading layer (both assumed to be

constant), xp is the depletion depth in the grade, and x is the position
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in the grade with -xp< x <0. The quantity o is equal to the net

electrostatic potential energy drop across the graded region due to

depletion: for the example cited above it has a value of 0.40eV. If

the chemical potential energy follows the same functional form but

5 has a smaller magnitude than the electrostatic potential energy then

the electrochemical potential energy will exhibit the gradual

decrease in going from the (InGa)As to the InP which is key to the

present invention. Hence an (AlGaln)As grade having the composition

profile

10 s =0.44 (1 +—$—-)2

P

or an (InGa)(AsP) grade having the profile

X 2
y=(1 +*;(-:)

will give an electrochemical potential for conduction electrons of

AEch =B (1 + -5-—)2

P

15 where here B is the net chemical potential energy ditference across

the graded region (equivalently, the conduction energy band

discontinuity or electron atfinity difference between (InGa)As and

InP) and is equal 0.22eV for the lattice-matched alloy. The

electrochemical energy for conduction electrons In the graded region

20 under this grading scheme is then

AEc(x) = AEes(x) + AEch(X) = -(a - B) (1 + —)°

P

which exhibits the desired gradual decrease iIn conduction band

energy. This behavior is shown in FIG. 2 which is a conduction band

energy diagram for the structure presented in FIG. 1 with the dopant

29 concentrations and quadratic alloy composition profile stated above.
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In this figure the (InGa)As layer is in the region x < -550A, the alloy
grading layer is in the region -550A < x <0, the depleted InP:n layer is
in the region 0 < x < 220A, and the undoped InP:g layer is in the region
x>220A. This band diagram is for the case of no externally applied
biases and clearly shows the 0.18eV potential energy drop for
conduction electrons going from the (InGa)As to the heterojunction at
x = 0 and an additional 0.18eV potential energy drop for conduction

electrons going from the edge of the heterojunction to the edge of the

built-in field layer at x=220A. The former 0.18eV potential energy

drop is merely the net electrochemical potential energy drop o -B

stated above.

While quadratic compositional grades are clearly sufficient for
the graded alloy region of the present invention, they are not
necessary and are non-trivial to implement during the structure
growth. Numerous other suitable grading profiles are readily
conceived which will create the desired effect of a smooth

monotonic drop in the electrochemical potential for conduction

electrons. One example of such an alternate composition profile is

the piecewise linear profile defined as

: 3
y =0 -)(p<x<--ZXp

3 - _ 1
--Z-Xp to vy —O.SatX--4Xp

y' graded linearly from y' = 0.0 at x

1

0.5 at x -7 Xp to y = 1.0 at x=0

y graded linearly from V'

where y'=y for (InGa)(AsP) grades and y'=s/0.44 for (AlGaln)As
grades. This profile is presented graphically in FIG. 3 along with the

profile of the quadratic grade. The piecewise linear profile is a

simple approximation to the quadratic profile. The calculated

conduction band energy diagram for the present invention utilizing a
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piecewise linear alloy composition grade is shown in FIG 4. This
energy band diagram exhibits a smooth monotonic potential energy
drop with a few kinks associated with changes in the rate of change

of the composition with position, but exhibits no potential barriers.

An alternative approach to this invention is to use the final

portion of the graded region serve as the built-in field layer rather
than using an InP:n layer. In this approach the graded layer, layer 16
of FIG. 1, would consist of a partial grade of p-type alloy and the
built-in field layer, layer 18 of FIG. 1, would consist of the
remainder of the alloy grade having n-type doping. This approach has
the advantage of keeping all of the electrostatic potential drop Iin the
region where the chemical potential increase is occurring rather than

having a portion of the electrostatic potential drop occur in a region

of constant chemical potential.

The application of the present invention to a p-i-n photodiode

structure and a transferred-electron photocathode structure are

shown in schematic cross-section in FIG. 5 and FIG. 7 respectively.

In FIG. 5 is shown the back-surface contact 10, InP:p substrate 12,

(InGa)As absorber layer 14, semiconductor alloy grading layer 16,

built-in field layer 18, InP:g drift region 20, InP:n+ contact layer 22,

and top surface ohmic contact metal 24. Light which Is incident on

the top layer of this structure will generate photoelectrons in the

(InGa)As absorber layer 14 which must pass through the InP:g drift

layer to contribute to the photocurrent of the device. The present

invention provides efficient transfer of the photoelectrons from the

absorber layer to the drift layer through the elimination of potential

barriers and trapping discontinuities. The band diagram for one

design of such a device is presented in FIG. 6 which shows both the

conduction energy band, the valence energy band, and the average
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electrochemical potential for the device at equilibrium. In this
diagram the InP:p substrate is located at x < -2um, the (InGa)As:p
absorber in the region -2um < x < 0, the alloy grading layer and built-

in field layer in the vicinity of x=0, the InP:g drift layer in the region

0 < X < dum, and the InP:n+ contact layer in the region x > 5 um. The

lack of potential barriers to carrier drift from the absorber layer to
the drift layer is apparent from the conduction band of FIG. 6. This
device will have significantly higher operational speed due to the low
capacitance due to the thick drift region and low dark current due to

the extrinsic nature of the absorber layer in comparison to

conventional (InGa)As p-i-n detectors.

The transferred electron photocathode structure of FIG. 7
consists of a glass window 30, InP:p- substrate 32, substrate ohmic
contact 34, absorber layer 14, semiconductor grading layer 16, built-
In field layer 18, InP:g drift region 20, high-field InP:p layer 44,
Schottky barrier metalization 46, and cesium/cesium oxide

activation layer 48. In this device light incident on the glass window

30 Is generate photoelectrons in the (InGa)As absorber layer which

must be transferred to the InP:g drift layer and heated in the high-

fleld InP:p layer to be emitted from the photocathode and contribute

to the collected device current. This device requires an externally

applied voltage of greater than 2V applied to the Schottky barrier

contact referenced to the substrate ohmic contact in order to create

the high-field surface region and pull out potential barrier to

electrons presented in equilibrium by the p-n-i-p structure. The

energy band diagram for this device under an applied bias of 2V is

presented in FIG. 8. In this figure the InP:p substrate is situated in

the region X < -1um, the absorber layer in the region -1um < x < 0O,

the alloy grading layer and built-in field layer near x=0, the drift




10

15

WO 96/13864 2 2 0 1 7 3 '? | PCT/US95/13779

14

layer in the region 0 < x < 0.5u, the InP:p high-field layer in the

region 0.5um < x < 0.65um, and the Schottky barrier in the region x >

0.65um. The elimination of potential barriers to photoelectrons

drifting from the absorber layer to the drift layer is clear from the

conduction band of this diagram..

It will be apparent to those skilled in the art that the objects of

this invention have been achieved by providing a gradient in potential

energy for conduction electrons travelling from an (InGa)As layer to

an InP:g layer for the purpose of increasing the efficiency of the

electron collection. The current invention allows for the use of

extrinsic low bandgap (InGa)As absorber layers and depleted large-

bandgap InP:g layer to reduce the collection of thermally generated

current from depleted low-bandgap material, reduce the capacitance

of the aggregate heterojunction, and improve the time response

junction. In its most general form this invention can be used to

efficiently transfer electrons from a small-bandgap large electron

affinity semiconductor to a large-bandgap small electron affinity

semiconductor.
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THE EMBODIMENTS OF THE INVENTION IN WHICH AN EXCLUSIVE
PROPERTY OR PRIVILEGE IS CLAIMED ARE DEFINED AS FOLLOWS:

1. A IIT-V semiconductor heterojunction structure
comprising:
a p-type (InGa)As electron source layer of

conduction electrons through photogeneration or diffusion

transport of electrons;

a depleted p-type III-V semiconductor grading layer
formed over the (InGa)As layer;

a depleted n-type InP built-in field layer formed

over the semiconductor grading layer;

an undoped InP:g electron collector layer formed

over the built-in field layer.

2. The heterojunction structure of Claim 1 in which the
(InGa)As electron source layer is replaced with an
(AlGaln)As layer.

3. The heterojunction structure of Claim 1 in which the
(InGa)As electron source layer is replaced with an
(InGa) (AsP) layer.

4, A p-i-n photodiode comprising:

an InP:p substrate;

a back-surface contact pad forming an ohmic contact
to the substrate;

an p-type (InGa)As absorber layer formed over the
substrate;

a depleted p-type III-V semiconductor grading layer
formed over the (InGa)As layer;

a depleted n-type InP built-in field layer formed
over the semiconductor grading layer;

an undoped InP electron collector layer formed over
the built-in field layer;

an n-type InP layer formed over the undoped
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collector layer;
and an exposed surface ohmic contact to the n-type

InP layer.

5. The photodiode structure of Claim 4 1n which a
segment of said grading layer is within the n-type built-

in field layer.

6. The photodiode structure of Claim 4 in which

sald grading layer is within saild depleted p-type
semiconductor layer and said grading layer 1s 1lmplemented
with a super-lattice structure having graded layer

thicknesses to yield a virtual alloy grade.

7. The photodiode structure of Claim 4 in which the
(InGa)As absorber layer 1is replaced with an (AlGaln)As

absorber lavyer.

8. The photodiode structure of Claim 4 in which the
(InGa)As absorber layer is replaced with an (InGa) (AsP)

absorber layer.

9. A transferred-electron photocathode comprising:
an InP:p substrate;
an p-type (InGa)As absorber layer formed over the

substrate;

a contact pad forming an ohmic contact to the

substrate or absorber layer;

a depleted p-type III-V semiconductor grading layer
formed over the (InGa)As laver;

a depleted n-type InP built-in field layer formed
over the semiconductor grading layer;

an undoped InP electron collector layer formed over

the buillt-in field layer;

a top surface Schottky barrier over the undoped InP
layer.
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10. The photocathode structure of Claim 9 in which said

grading layer is within the n-type built-in field laver.

11. The photocathode structure of Claim 9 in which said
grading layer 1s within said depleted p-type
semiconductor layer and said grading layer is implemented
with a super-lattice structure having graded layer

thicknesses to yield a virtual alloy grade.

12. The photocathode structure of Claim 9 in which the
(InGa)As absorber layer is replaced with an (AlGaln)As

absorber layer.

13. The photocathode structure of Claim 9 in which a p-

type InP field layer is interposed between the undoped
InP collector layer and the Schottky barrier.

g

14. The photocathode structure of Claim 9 in which the

(InGa)As absorber layer is replaced with an (InGa) (AsP)
absorber layer.

15. A semiconductor heterojunction structure comprising:

a p-type electron source lavyer;

a depleted p-type semiconductor layer overlying said
electron source laver;

a depleted n-type semiconductor built-in field layer
formed over said depleted p-type semiconductor lavyer;
said depleted p-type semiconductor layer being positioned
petween said electron source layer and said built-in
field layer, said depleted p-type semiconductor lavyer
having a substantial electron affinity match at the
surface thereof in contact with said electron source

layer and a substantial electron affinity match at the

surface thereof in contact with said built-in field

layer; and
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layer; and
an undoped electron collector layer formed over the

built-in field layer, said undoped electron collector
layer having a larger bandgap and a smaller electron
2ffinity than said electron SOUrce layer, sald built-1in

field layer having a substantial electron affinity match
at the surface thereof in contact with said collector

layer,
and at least a graded segment of varying composition

between
(a) said surface of said depleted p-type

semiconductor layer in contact with said electron source

layer and
(b) said surface of said built-in field layer

in contact with said collector layer, to achieve

differences in electron affinity.

16. The heterojunction structure of Claim 15 in which

said segment is within the n-type built in field layer.

17. The heterojunction structure of Claim 15 in which
said segment is within said depleted p-type semiconductor
layer and said segment is implemented with a super-
lattice structure having graded layer thicknesses to

vield a virtual alloy grade.

18. A semiconductor heterojunction structure in
accordance with Claim 15 in which said segment extends
across said depleted p-type semiconductor layer and said

depleted n-type semiconductor built-in field layer.

19. A semiconductor heterojunction structure in
sccordance with Claim 15 in which said segment 1is

entirely within said depleted p-type semiconductor layer.

50. A semiconductor heterojunction structure 1in
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accordance with Claim 19 in which said segment extends

across said depleted p-type semiconductor layer.

21. A semiconductor heterojunction structure in
accordance with Claim 15 in which said segment 1s

entirely within said built-in field layer.
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FIG. 1

FIG. 2
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