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S U M M A R Y

Transferred—electron (TE) photoemission in the reflection

an d transmission—mode to 1.7 microns was achieved for the first

time from a Ag/p —In 53 Ga ~7
As /InP photocathode. A peak reflec-

tion—mode quantum yield of 1.6% at 1.3 microns was measured in

an experimental ultrahigh vacuum photoemission system. Al-

though TE photoemission has been achieved over the entire

InP-InGaAs P alloy range , the focus in this program has been on

In 53 Ga~~~7A s . Extens ive LPE materials work has been carried

out investigating the optical and electronic properties of

In 53 Ga~~~7As . Optical absorption coefficient mea surements are

pr e s e n t e d a lon g w i th  ph o t o l u m in e s c e n c e  and Van der Pauw data .
Mo nte Carlo simulation studies of the TE process in p—InP and

p— In 53 Ga k 7 As have been made. The emphasis in the calcula-

t ion s has  b een to s tu dy the  e l e c t r o n  ener gy di s t r ib ut ions at
the emitting surface versus applied bias and doping concer’—

t r a ti o n .

Further experimental work on the Ag/p —In 53 Ga ~7
A s c a t h o de

should focus on an understanding of the temperature dependence

of the bias— assisted photoemi ssion process and a detailed

investigation of dark current emission . Electron energy dis-

tribution measurements would be helpful in understanding the

physics of the photoemission process and could be compared with

t he Mon te Ca rl o c a l c u la t ions .
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1 . I N T R O D U C T I O N

Present photocathodes , including the newer negative -

electron —affinity (NEA) types , are limited to a useful (‘0.1%

quantum efficiency) photoem isslon yield out to about 1 .1 mi-

crons. The reason for this limitation is due , for the most

part , to a practical work function minimum of about 1 .0 eV at

the electron emitting surface. Externally —bi a sed photocathodes

however can extend this limit by lowering the vacu um energy

level with respect to the Fermi level in the bulk. It is the

general purpose of this work to investigate the transferred —

electron (TE) effect in various Ill—V semiconductors in order

to achieve photoem ission into the 1 — 2 micron range.

A number of p— n junction , MOS , Schottky —barrier , field—

emission , and heterojunction bias—assiste d photocathodes have

been proposed and experimentall y studied over the years. None

of these however has shown reasonably efficient photoemission

beyond 1.1 microns. In 1974 however , Bell et a1 1 
experi-

mentally demonstrated a bias— assisted Ag/p — InP cathode using

for the first time the TE mechanism to achieve photoem ission.

The long wavelength threshold was that of the bandgap of InP ,
— 1 .35  eV , and the quantum yield with bias was reasonably good ,

0.5%. Encouraged by this result , work at Varian on TE photo —

cathodes has progressed steadil y over the past four years with

significantly higher yields and longer wavelength response

being achieved.

TE photoemission is based on the fact that for certain

Ill— V semiconductors such as InP , G aAs , I n G a A s P  a l l o y s  a nd
others 

2 ,3  electrons can be promote d to the upper conduction

band valleys with reasonable effici ency for electric fields

greater th~in 10 V/cm. Consider the energy band diagram of

Fig. 1 . The cathode shown here is a low band gap (~ 0.9 eV)

p— InGaA sP alloy on a p—In P substrate. Photogeneration of

minority carrier electrons can be achieved either by photons

_ _ _ _ _  - -~~
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incident upon the electron emitting surface , the reflection —

mode of operation , R , or by photons incident upon the back

substrate side , the transmission—mode of operation , T. Photo—

generated electrons quickly thermalize to the bottom of the

f—conduction band minimum and a fraction begin to diffu se

toward the emitting surface. A reverse biased bchottky — barr i er

surface contact depletes the p— InGaA sP cathode , establishing a

field near the emitting surface of greater than V /cm. The

p—I n GaA s P electron emitting layer must be lightly p—type In

order to achieve reasonably low Internal Schottky—barrier

leakage currents and at least several tenths of a micron of

high electric field region needed for efficient e1c ’tron trans-

fer. Electrons which successfully transfer to the upper con-

duction band valleys (e.g., L and X In the case of 111 — V

alloys) or sufficiently hot r— electron s are then emitted over

the surface energy barriers Into vacuum. A low work function

is attained by treatment of the Schottky — barrier metal and

emitting surface with cesium and oxygen In a fashion similar to

NEA activations.
11 

A thin Ag film 150 A thick serves as an

electron —permeabl e , hole—barrier biasing contact. Fig. 2 shows

R and T— mode quantum yield curves from a O .9—eV Ag /p— InGaA s P

cathode showing zero bias and bias-assisted yield. 5 The T-

yield being higher than the H—y ield Is a combined result of a

low surface recom b ln ation ve lo c i ty at the cathode — substrate

Interface , a reasonably good (- 1. 0 micron) electron diffusion

length , proper active cathode layer thickness , 1 — 2 microns ,

and a polished , antireflect ion—coat ed substrate back. The

short wavelength cut—off at 0.95 micron In the T— y ie ld Is due

to the sharp optical absorption edge of the p—InP substrate.

The long wavelength threshold is determined by th~ direct

bandgap of the active cathode layer. The onset of the bias —

assisted yield is typ ically 0.5 to 1.0 V and the maximum bias —

assisted yield occurs for a 5 to 10 V bias. See Fig. 3.

3
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Dark current emission from TE cathodes is characterized by

a rapid incr e a sf wit h  a p p l i e d  bias beginning below ~~~~ A/ cm
2

— 6  2t o  values above 10 A/cm . The on~iet of detec t a b l e  bias —

as~.ist ed dark current emission is typically 1.0 V. A cold

c a t  h o d e  e f f e c t  c a n  o c cu r  if t h e  a c t i v e  p — t y p e  c a t h o de  l a y e r  i s

g r o w n  on an n — t y p e  substrate. Reverse biasing the surface

Schottky — ba rrier is at. the same tim e forward bias ing the

s u b s t r a t e — e p i t ; i x l a l  p — n  j u n c t i o n , t h e r e b y  i n j e c t i n g  a l a r g e

n u m b e r  of  e l e c t r o n s  f r o m  t h e  su b s t r at e  i n to  t h e  a c t i ve  c a t h o d e

l a y e r  a n d  h e n c e  I n t o  v a c u u m .
1 

I d e a l l y  a p — t y p e  s u b s t r a t e , or  a

su i t a b l y-grown buffer lay er , is necessary for meaningful dark

current measurements. The rapid increase in dark curren t. with

i p p l i t d  bia s suggests a mechanism of Impact ionization by hot

holes Iri j e ted by the reverse —biased Schottky—barrier contact .
5

T t i .  m a x i m u m  e l e c t r i c  f i e l d  n e a r  t h e  s u r f a c e  of the m e t .a l—s em i—
5 16 3c o r d L ’ t o r  I n t e r f a c e  i s  1 x 10 V / e m  f o r  10 /cm dopir 1 g and

m o d e ~~ 3 — 5 V b i a s .  E l e c t r i c  f i e l d s  on t h i s  o r d e r  a re  n e c~~3 —

s ; t r y  t o  a chieve significant impact ionization. Unfortu n ately

d e t a i l e d  I n f o r m a t i o n  on i o n i z a t i o n  c o e f f i c i e n t s  f o r  h o l e s  a n d

e l e c t . r o n s  i n  I n G a A s P  a l l o y s  a r e  n o t  a v a i l a b l e .  H o w e v e r  u s i n g

s o me  e a r l y  d a t a  on I n P 6 a n d  a s i m p l i f i e d  a n a l y s i s  s h o w s  t h a t  a n

1m p a c t  I o n i z at i o n  m e c h a n i s m  f o r  d a r k  c u r re n t  e m i s s i on f rom TE
c a t  t I d i s  is  c e r t a i n l y  p l a u s i b l e .

O n e  of the important applications of a practical 1 —

2 m icron phot .ocathod e would be for a passive night vision

d e v l ~~tr whe re the long wavelength response of the cathode could

take ad v a n t a g e  of th e strong airglow radiation beyond 1 mIcron.

Fig. 14 sh r w s  a set of cathode response curves for ~ EA GaAs ,

S—20 , 3—1 , and a TE c~tt h ode of Ag/ p—In 53 Ga 47 A s unde r modest

bi as. T h e  out standing potential of the TE cathode for 1 —

2 m i c r o n  a p p l i c a t i o n s  Is clearly evident.
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2.  M A T E R I A L S  G R O W T H  E X P E R I M E N T S

T h e en t ir e m a t e r ia l s  e f f o r t  u n der t h i s c o n t r a c t  h a s
focused on liquid—phase —e pitaxia l (LPE) growth of lattice—

matched InGaAsP alloys on InP substrates. At the beginning of

this contract period , 1 975 , encouraging progress was being made

i n  t h e  L P E  g r o w t h  of l o w e r  b a n d g a p  q u a t e r n a r i e s  ( <  1 . 0  e V )  on

(111)—oriented InP substrates. By 1976 the LPE technology for

growth of lattice—matched InGaAsP alloys on (11 1)—InP was under

good control and high quality layers could be grown over the

entire InP— In 53Ga 117As lattice—matching range. With the

demonstration of field—assisted yield from a Ag/p — In 53 Ga 47 As

cathode out to 1 .7 microns , emphasis in the materials area has

been on InGaAs. A significant development was the recent

ability to grow In 53 Ga 47 As on (100)— InP. Details of this

work can be found in the ARPA reports under Contract DAAK O 2—

74—C— 0132 and the articles by Sankaran et al ,~~’
8 

Hyder et al ,9

10 , 11and Antypas et al.

A brief summary table of some Van der Pauw results on

InGaAsP alloys on (100) InP Is shown in Table I. An analysis

of the mobility results in terms of impurity and alloy scatter-

ing has not been done to date . The temperature dependence of

the net carrier concentration and mobility in a p—In 53 Ga 47 As

sample intentionally doped with Zn is shown in Fig. 5. From

the slope of the temperature dependence of the carrier concen-

tration an acceptor activatio n energy of 8 meV ~ 2 meV is

deduced. A somewhat higher value is found from photolumines —

cence measurements discussed in Sec. 11 . It should be pointed

out that the results shown in Table I are for unbaked melts

with the single exception of the first sample (# FB—QF—1 001— O)

in which special care was taken in melt and boat preparation.

The other samples represent typical da y—to—day values without

special melt or boat preparation s.

8
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T A B L E  I

E L E C T R I C A L  P R O P E R T I E S  OF L P E  I n G a A sP  A N D  I n G a A z LAIE RS
GROWN ON SEMI—INSULATING (100) InP

Carrier
Conduc- Density Mobility

Bandgap(eV) Dopant t ivity (cm 3) (cnii 2 /V- see)
Sample No. at 3000 K (atom T4 Type 3000 K/77° K 3000 K/77° K

InGaAsP 
15

FB-QF-1001-O 1 .20 Undoped n 8.6/3 . lxIO  2366/42837

InGaAsP Zn
FB— SQ— l i i O 2 — 0  1.20 5x10 5 p 4.5x 10

15
/ —-— 120/---

InGaA s
FA-ST-2501-O 0.75 Undoped n l .7/ l .4x 10 16 7573/ 14424

InGaA s Zn
FA-ST-2502-O 0 .75 3.5 x ~~~~ p 4.7/2 .3x10

16 
98/225

tnGaA sP
FA-QT-802-O 1 .04 Undoped n 2.O/1.8x10

16 
4094/909 1

InGaAsP 
16

F}3-SQF-090-23 0 .95 Undoped n l.8/ 1.7x10 4165/6553

9

•1 . • •  — S .



- .

10 17 
Y I I I I I I I I I

p - In0 53 Ga0 47 As/lnP (100) 
-- 

(Zn ) (Cr )

- 

SLOPE ~. 88°K 
-

10 16 
.16

102

1000/ F (°K) 1

F i g .  5. H o l e  c o n c e n t r a t i o n  a n d  h o l e  m o b i l i t y  v e r s u s
t e m p e r a t u r e  f o r  a p — I n  ~~~Ga 4 1 A s / I n P ( 1 0 0 )
s a m p l e .
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3 .  M E A S U R E M E N T  OF T H E  OP T I C A L  A B S O R P T I O N  C O E F F 1 C I E N T

OF In  53 Ga 47 A s

A n  i m p o r t a n t  parameter needed in  t h e  o p t i m i z a t i o n  of

a l m o s t  a l l  o p t o e l e c t r o n i c  a p p l i c a t i o n s  is t h e  o p t i c a l  absorp-

tion coefficient , (h ) .  l n  t h e  c a s e  of p h o t o c a t h o d e s , 1/ ( h
(~ V (~ V

is an approximate measure of the depth of ph otoelectron genera-

tion from the surface of incident photon radiation. It is

important that the active photocathode thickness be >> than 1/
a

f o r  r e f l e c t i o n  m o d e  c a t h o d e s  a n d  1/ f o r  s e m i t r a n s p a r e n t
CL

cathodes for optimal response. (h ) f o r  In  ~~ Ga 1. 7 A s h a s  b e e n
12 a V .~~~ • I

m e a .~u r e d  by  1. Takeda et al only over a narrow photon energy

r a n g e  of  0 . 7 5  — 0.82 eV. We have extended these measurements

t o  1 . 1 0  eV a n d  g i v e  an a p p r o x i m a t e  f o r m u l a  f o r  v .~ Ii t h a t  i~II V
useful for modeling purposes.

T h e  m e a s u r e m e n t  t e c h n i q u e  u s e d  to  m e a s u r e  ( h  ) was that
V

of m e a s u r i n g  t h e  o p t i c a l  t r a n s m i t t a n c e  t h r o u g h  a t h i n  e p i t a x i a l
InGaAs layer grown on InP ( 1 0 0 ) .  T h e  o p t i c a l  t r a n s m i t t a n c e
T(h ) is given by

Li — R 1 ( h  ) J L 1  — 8 2 ( h  f l e x p ( —  (ii ) t )  1 )T ( h )  1 -  R 1~~h ) R 2 ( h ) e x ~~( _ 2 ( h ~~~t ) V

where R 1 (h ) and R2(h ) are experimentally measured optical
V

r e f l e c t a n c e  f r o m  t h e  I n G a A s  s u r f a c e  a n d  t h e  b a c k  ( p o l i s h e d )  I n P
substrate surface. t is t h e  m e a s u r e d  I n G ~~A s e p i t a x i a l  thick-

ness which was 3.85 microns in this experiment. Fig. 6 shows

the measured optical reflectance oata from 1.25 t o  0 . 7 5  eV .

E q .  (1) can be rewritten to deduce (h ) d i r e c t l y  f r o m  t h e
ci V

e x p e r i m e n t a l , R i , R2 , a n d  T ( h  ) measurements.
V

(h  ) :11n{(1 -R 1 )(1-R2 )/2T + [ (1_ R 1) 2 (1-R2) 2/14T2 + R1 R 2 ] 1”2 ) (2)
ci ‘I 

t

T h e  e x p e r i m e n t a l l y  d e t e r m i n e d  vs h f o r  I n  
53 Ga 4 7 A s  i s

shown in Fig. 7. Also shown in Fig. 7 are two calculated

11
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F i g .  7 .  O p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  v e r s u s  p h o t o n
e n e r g y  f o r  In 53 Ga 147 A s .
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V

curves , a 1 and These curves were calculated from the

e m p i r i c a l  f o r m u l a s

It (hV) [E  ( I n G a A s ) / E  ( l n P ) ] 1” 2 a ( Y )  ( 3 )
1 g g In P

and

~ • (hv) [E (InGaAs)/E (InP)]ci (y) (LI )
g g InP

w here Y E hV +E
g
(IrP) - E

g (InGaA s) 
and E

g (InP) 1 .3 5  eV ,

l• g ( I n G a A s )  0.75 eV at 300°K. (L
1~~~

(hV ) data of P h i l lp p  and

Eh renreich were used .
13
~~

i LI U s i n g  0 . 75 eV f o r  t h e  300 °K b a n d g a p

of InGaA s gives a reasonable fit to th e (~ vs  hV d a t a , is  i n
good agreement with Takeda et al

’
~
2 a n d  i s i n good  a g r e e m e n t

w ith our photolum inescenee data. Eq. (3) has been used suc-

ce ss ful ly in approximating the higher ba nd gap (1 .35 — 1 . 10 eV)

InGaAsP quat e rn ary alloy optical absorption coeffic 1ent .~. Eq .

(14) however seems to give a better fit to the experimental

InG aA s data. Eq. (3) and (14) are us e ful for modeling various

opto electronic devic es In v o l v i n g  the InP— ln Ga h sP alloy system.

Similar empirical relations can be used with other Ill -V ter-

n ary and quat e rn a ry al l o y s  such as GaA s—GaA s P , G a A s — G a A 1A s ,

G a A s— G r i l n A s , I n P- ln A s P , etc w i t h i n  the direct optical tran si—

tion region and for mode st energy gap v a r i a t i o n s  from the

t l n a r y  a l loy.

114
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14 . PH OT O L U M I N E SC E NC E M E A SU R E M E N T S O N I n
5~

Ga 147A s / 1n P (1O O )

Photolum inesc ence (PL) measurements have been routinely

do ne on b o t h  n a n d  p — t y p e  I n  53 Ga 147 A s / I n P  s a m p l e s .  T h e  b u l k
of t h e s e  m e a s u r e m e n t s  w e r e  m a d e  a t  77 °K a l t h o u g h  occasionally

300 °K d a t a  a r e  taken. The PL setup consists of a L e x e l  M o d e l
9 5 — 2 , 2 — W  a r g o n  io n l a s e r  o p e r a t i n g  a t  5 1 1 4 5  A ( 2 . 14 1 e V ) , a
Perkin —Elmer Model 2 1 0  monochromator with 1 . 1 4  m i c r o n  g r a t i n g
(6140 lines/mm) , and a PbS photoconductor detector (300 °K). The

laser beam is chopped at 82 Hz and the PL signal synchronously

detected with a PAR Model HR8 lock—in amplifier. A dry—ice—

cooled RCA Model 7102 photomultiplier (S— i ) is used for higher

energy PL measurements above about 1 .0 eV. 77°K measurements

are conveniently made by immersing the sample directly into a

LN 2 dewar. This technique is relatively fast and allows a

number of samples to be tested in a short time. The disad-

vantage is a certain amount of “bubble noise ” due to the slow

b o i l — o f f  of t h e  l i q u i d .

Fig. 8 is a 300°K PL spectrum of an uridoped , n—type

I n  ~ 3Ga 147 A s / I n P ( 1 0 0 )  s a m p l e  # F B — P T O — 6 2 9 — 1 9  w i t h  n 2 x
1O~ /cm 3 . When the radia tive recombinat ion is a band —impurity

transition (i.e. , valence band to shallow donor level) , the

photon energy PL peak is given by hV(P L peak) Eg — E
~ 

+ 1/2

K B T , w h e r e E g is t h e  e n e r g y  b a n d g a p ,  E 1 t h e  i m p u r i t y  ( d o n o r )
level , KB the Boltzm an constant , and T the temperature. The

sample was not well heat sunk for the 300°K experiment and

therefore the PL spectrum peak in Fig. 8 may be somewhat low

due to sample heating effects. Takeda et al found the room

temperature PL peak for n— type In 53 Ga 147 As to be at O .7~I9 eV ,

10 meV higher than our data. The full width at half maximum ,

FWHM , of the PL spectrum at 300°K is 55 meV In our case com-

pared with 39 meV reported by Takeda et al.

Fig 9 shows the 770K FL data for the same sample as that

in Fig. 8. The PL signal strength is enhanced about a factor

15
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Fig. 8. Photoluml ne scence spectrum at 300°K from an
undoped In 53 Ga 147A s sample.
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F i g .  9 .  P h o t o l u m i n e s c e n c e  s .~ at  77
0 K f r o m  t h e  s a m e

sample as that In r d .
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of 5 0 X , t h e  p e a k  m o v e s  t o  0 . 8 0 3  eV a n d  t h e  FW }-I M d e c r e a s e s  t o
20 meV . Takeda ’s PL measurements showed a peak at 0.810 ev

with a FWHM of 114 meV . This time there is a 7 meV difference

i n  PL peak energies w ith our data again the lower energy. The

d i f f e r e n c e  c o u l d  be du e  t o  s i m p l e  c a l i b r a t i o n  e r r o r s  or s l i g h t
compos ition differences between samples.

The bulk of the photocathode work has be en with Zn-doped ,

p-type lnG aAs . Fig. 10 shows a 77°K PL sp e ctrum on sample

#FA—PT - 390 1—O which is Zn—doped with a hole concentration of

5 x i 0 16 /cm 3 . The main PL peak is w i t h i n  exp e rimental uncer-

tainty at the same energy as the undoped PL p e a k  a n d  r e p r e s e n t s

transit ions very close to b a n d — t o — b a n d .  The lower energy

shoulder at 0.788 eV is associated with the Zn and represents

conduction band to accep tor level transitions. From th i s  we

d e d u c e  E
i (Zn) as 13 meV 14 meV in InGaA s . Also note that t h e

FWHM is now 28 meV , 8 meV h igher than the undoped FL spectrum

due to the broaden ing effect of the Zn. As the Zn concentra-

t ion is increased , the relative intens ity of the Zn PL peak

increases as well. Fig. 1 1 shows the 77°K PL spectrum from a

higher Zn—doped sample , # F A — P T — 5 1 0 1— 0 , wh ere the hole concen-

tra tion is 1 x 10
17

/cm 3 . In t his case only the Zn peak is

resolved . A similar behavior with Zn-doping is ob .~’erved w ith

lnP wnere E
1
(Zn) 35 meV .

18
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Fig. 10. Photolu tn inesce nce spectrum at 77
0K from a low

p— type In
53

Ga 147 A s sample.
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F i g .  1 1 .  P h o t o l u m i n e s c e n c e  s p e e t r u m  at  77 °K f r o m  a higher
p — t y p e  In 53 Ga~~~7 A s s a m p l e .
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t ) MONTE CARLO SIMULAT 1ON STUDIES OF THE TE PHOTOCATHODE

Wo rk was b e g u n  In  t h e  f a l l  of 1977 on a computer simula-

t i o n  of the elec t ron transport processes in th e  fi e ld—assist ed

p hoto cathod e using the Monte Carlo technique. This work , pe r-

formed by Dr. T .J . M a l o n e y  of t h i s  l a b o r a t o r y , has foc used for

t h e  most part on the A g/ p— InP fi e l d — a s s i s t e d  cat .hode sin :e most.

of our exper imental work has been w i t h  this mat e r ial and t h e r e

i s sufficient , data on the necessary mat .er i als paramet e rr n e e d ’ d

for t he program. Preliminary resu 1t s of the InP ca l c u l a t i o n s

have been p resented already
15 ’ 16 a n d  p l a n s  are t o  p ub l i s h a

det a iled ac count in the near future.

Monte Ca rlo m e thods h ave been success fully used in t.he

past to simulate electron tr ansport in semicon ductors.
17 

The

techn ique has m ostly been used to derive f u n d a m e n t a l  transport

propertie s (e.g., average electron v e locity, electron tempera-

t u r e , el ectron energy d i s t r i b u t i o n s )  under c o n s t a n t — f i e l d

cond itions. The basic concept In such a computer s i m u l a t i o n  is

t.o follow an electron , assumed to be typical , for a long time

( o r  ma ny  e l e c t r o n s  f o r  a s h o r t  t i m e )  I n  t h e  s o l i d , a l l o w i ng I t

to be accelerated by the electric fie ld , sc attered by impuri-

t i e s  a n d  by t h e  v a r i o u s  p h o n o n s , transferred among the conduc-

tion valle ys , and so on. Random numbers are used to select the

t ime of flight between scattering events , the scatt ering pro-

- 
cess fo r a particular event , and the final state of the elec-

t r on a f t e r t h e  e v e n t , so that the behavior of a ty p i c a l  elec-

tron is simulated. By averaging the appropriat e quant .it les

over the total flight time one can derive such things as

average velocit y, energy and k—spa ce histograms , electron tem-

perature , and the startup transient (velocity vs time or di s—

tance) of electrons in a suddenl y— a p p l i e d  field.

Although most Monte Carlo work on electron transport has

been for simple constant -fie ld conditions , it Is in princi ple

possible to use the technique to simulate a real electronic

2 1
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d e v i c e  c o m p l e t e  w i t h  n o n u n i f o r m  f i e l d s  a n d  e v e n , i f  necessary,

t i m e  d e p e n d e n c e .  S u c h  efforts are likely to be frustrating and

e x p e n s i v e  if the device is , s a y ,  a field effect transistor with

time dependent electric fields influenced by i n t e r n a l  s p a c e
charge. 18 However , the field-assisted photocathode lends it-

self particul arly well to Monte Carlo simulation because time

dependence is neglig ible and because the electron charge densi-

t ies (set up by low light levels) are too low to influence the

l in e a r l y graded electric field produced by the reverse bias on

the Schottky-barrier. In the Monte Carlo model for the photo—

c a t h o d e , electrons are generated in the bulk with a spatial

distributio ii appropriate to the optical absorption coefficient

for the chosen photon energy . The latter also determines the

in itial energy of the electron. When the electrons reach the

s e m i c o n d u c t o r  s u r f a c e , the program takes note of the electron ’s

e n e r g y ,  k-vector , and conduction band , then records this infor-

mation tefore generating another electron in - t h e  bulk. The

Monte Carlo simulation produces a profile of the eleictrons
— reaching the surface that helps pred ict the performance of a

photocathode.

The  e m p h a s i s  in t h e  c a l c u l a t ions has  b e e n  on s t u d y i n g  t h e
effects of applied b ias and emitter doping on the energy dis-

tribution of ph togenerated electrons . In the case of Ag/p—InP

emitters , the r ~lectrons tend to bunch up close to the bottom

of the L valley at the emitting surface. See Fig. 12. This is

a general feature of the calculations . For higher biases or

higher doping , the number of r e l e c t r o n s  d e c r e a s e s  r e l a t i v e  to
those which transfer into the L and X valleys , as ex pected.

See Fig. 13 and 114 . The average energy in each valley also

increases with bias and doping as can be seen in Fig. 15 and

16. Assuming a 0.77-eV Schottky-barrier height for Ag/ p-InP
8
,

a work function of 1.10 eV , and a doping level of 3 x
1O 16 /0m 3 fixes the vacuum level at the emitting surface 0.30 eV

a b o v e  t h e  r valley , 0.01 eV below the L , and 0.21 eV below the

X. Therefore there is an effective NEA condition for the

22
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high e r mass valleys in the case of Ag/InP. It Is also clear

from the results of Fig. 15 and 16 that there could also be a
fair number of hot F electrons contributing to the t~~t.al elec-

tron current Into vacuum .

The question of how many of the electrons whose energy Is

above the vacuum level at the surface can escape into vacuum ,

i.e., the surface escape probability is a d i f f i c u l t  theor e tic a l

problem involving the matching of Bloch waves In the solid to

plane waves in vacuum. Fortunately some research has been d (1ne

in this area by Dr. M .G. Burt at t h e  Universit y of Cambr idge.
20

In a recent exchange of letters with Dr. Burt , we have acquired

some information on the surface escape probability from (1 1 1 )

l n P . The calculat ions of Dr. Burt have been convolved w i t h  t h e

Mon te Carlo results for a A g / p — I n P ( 1 1 1 ) B  cathode and compared

w i t h  experiment in Fig . 17. Rather good agreement in both

magnitude and bias dependence is achieved ,. Extension of these

ca lculations to (100)—o riented emitt ers is under way.

Toward the end of this period Monte Car lo simulations have

~begu n on the Ag/ p— In 53 Ga 147A s field — assisted cathode. Esti-

mates of the various materials input parameters into the mod el

were deduced from binary end poi nt data on GaAs and InA s where

necessary. A F-L conduction band separation of 0.85 eV was

u s e d  with a O. 5O—eV Schot t ky—barrier height . 19 A zero applied

bias energy band diagram for thi s case is shown in Fig. 18. It

is interesting to note that even for thi s cathode , the L valley

at the surface lies at or sligh tly above the vacuum level. F

electron s , on the other hand , face a O .85-eV vacuum level

barrier t.o emission at the surface. For a relativel y high 5.0

V bias and 1 x 10 15 /cm 3 doping, 60% of the photogenerated

electr - Ins lie In the ~ conduction band with an average energy

of 0.75 eV. The remainder are in the L conduction band with an

average energy of 0.20 eV . For the same 5.0 V bias but 1 x

10
16 /nm - d o p i n g ,  o n l y  3 7 %  ar e  in  t h e  U c o n d u c t i o n  b a n d  w i t h  an

a v e r a g e  e n e r g y  of 1 .77 eV and the remainder in the L with an

28

- ‘~ . ~~~~~ . - - .



I T T ~ I T I -T

~—.--
-- -0------- -

E

H -
~~~~~~~

- SE-
Q.

0..

H ~~od

-~~~~~~ .

Q ) L
—
C .

~
—

~~~
—---.-

~ 
- 

~~~~~~~~~~~~~~~~~ ~~~~~~~a L
L4J S-V

o “~~~~~

C 0 ( 0 .-I

• LI~~~~~~~
~~~~ >.. k— ,~~~~ 0.
— I_. —

.0

— 
° 

- V U)

0.) —
—4 V

0.) E
-

~~~~~~~

E~~~~~~~

-
~~~~~~~~

0

C u
— .2~

- I - —

I .~~~~~~~ ~~~~~~~~ I - - ~~~~~~~~~~~~~~~~~~~ - ~ I I I ~~
~~~

.
~~
,. CV~~~~~C.J~~~~~-~~~~~~~ o’ o6 ~~~~~~~~~~~~~~~~~~~~~— — — _ 4_  —

~i ~(%) 
P1311 Wfl 1UPflO U0!~D3IJ8~J

29

-
~~ 

- . _ t~~~j~~ 

.- 

-



I >
> I.~ 0
0 in

0

A ‘-. II

1 // .~.c., 1 I  
I-

~~~~ liII ~~~

__ _ _  _ _ _ _ _ _  
1 ‘2

I-> 0>  00
~— 0
0 0

II II II II Lr..

K A ~~UI UI UI UI UI

I.-

30

_ _ _ _ _ _ _ _  4



V

average energy of 0.77 eV . Hence ignoring possible quantum

mechani cal surface escape probability effects , transferred

electrons into the L conduct ion band and 0.85 eV or hotter F

electrons will have a reasonable chance of being emitted into

vacuum . Since the direct bandgap of In 53 Ga 147As Is only 0.75

eV at 300°K , there is the possibility that the electrons will

begin to avalanche even at low to modest bias voltages. This

proces s was not included in the Monte Carlo calculations.
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6 . PHOTOEMISSION STUDIES OF Ag/p-In 
5~~

Ga 147 A~~/InP

PHOTOCATHODES

Vacuum processing of Ag /p—In 53 Ga 14 7 A s o atho de s Is iden-

tical to that used for Ag /p—InP emitters. Details of this

process have been discussed elsewhere. 21 
The first at .temp~ a t

a c t i v a t i n g  a Ag/ InGaA s cathode was quite suceessful . See

Fig . 19. At room temperature the A g / p— I n G aA s  S c h o t t k y— b a r r i e r

leakage in the reverse bi as direction is often q u i t e  lea ky due

t o the relat ively low Scho t tky — barrier height on p — l n G a A s  o~
0.5 eV . Cooling to abo ut —100 °C however is mor e than ~u ffI—

c l e r t  t.o reduce the internal Schottky — barr l er junction curr e nt

to p e rmit several volts of reverse bias to he a p p l i e d .  As

further ma terials improvements have been made or vac uum pro-

cessing techn i q u e s  optimized , other Ag /InGaA s cathodes have

b e e n  v a c u u m  t e s t e d .  T h e  m a i n  r e s u l t s  of ’  t h e s e  e x p e r i m e n t s  h a v e
22recently been published.

‘W ithi n the last i~-w m o n t h s  a record fi e ld—assisted y i e l d

of 1.6% at 1.3 microns from a Ag /p—InG aA s cathod e was a c h i e v e d .

~ ee F i g .  2 0 .  T h e  cathod e is LPE grown on a ln P (100) oubstr ate.

The p—typ e dopant is Zn and t h e  a c c e p t o r  c o n c e n t r a t i o n  i s  a b o u t

~ x 10
16

/cm 3 . The m o b i l i t .y  i s  100 cm 2
/ V - se c  a t  ~ 00 K . Inter-

est ingly this cathode failed t o  show any f i e l d — a s s i s t e d  photo—

em ission at 300 °K .  T h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  f i e l d -
assist,ed yield is quite variable from sample t.o sample and the

reason for its behavior is not . certain at this t . i m e .  F i g .  21

shows detailed photoemissio ri yield data from a A g /p—I n G aA s

cat hode near threshold for three different. cathode tempera —

t ur e s .  T h e  s h i f t  i n t h r e s h o l d  w i t h  t e m p e r a t u r e  is  d u e  t o  t h e
b andgap v a riation with tempera ture and is consis t ent with P1..

measurements discuss ed in Section 14 .
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7.  C O N C L U S I O N S  A N D  R E C O M M E N D A T I O N S

Very encouraging progress has been achieved under this

contract in both materials development of InGaAsP alloys

lattice — matched to InP and photo emission results from TE photo—

cathodes in an experimental ultr ahigh vacuum system. A great

deal of basic materials work has gone into the LPE growth of

lnGaAsP alloys with particular attention given the lower band—

gap alloys and In 53 Ga 147 A s in particular. Proper melt compo-

sitions and growth parameters have been established such that

high quality, lattice—matched InGaA sP layers can be grown on

either (100) or (111)—orie nted InP substrates over the entire

bandgap range (1.35 to 0.75 eV) of lattice —matching quater—

naries. Photoluminescence and Van der Pauw analysis techniques

have been used extensively to characterize the grown layers in

addition to vacuum photoemission activations. Sharp , strong

photoluminescence spectra and high mobi lities are characteris—

tic of InGaAsP alloys when lattic e—matched conditions and

careful LPE— growth techniques are followed.

Transferred-electron photoemission has been achieved over

the entire bandg ap range of InGaAsP alloys. Most attention ,

however , has been given to Ag/ p—In 53 Ga 147 As cathodes. Both

reflect -ion and transmis sion—mode respo n se have been demon-

strated. Because the internal Schottky—barrier leakage current

is relatively high at room t~im per atu re , most of these cathodes

have been ope iated under cooled conditions , 150 °K . Typ~~cai

reflection —mode quantum yield is 0.10% out to 1 .65 microns

cooled and 0 .01% at room temperat ure. The temperature depen-

dence of the yield is not fully understood at this time and is

variable from sample to sample. The best quantum efficiency

achieved to date has been 1.6% at 1.3 microns from a cooled

Ag / p — I n  53 Ga 
147

A s cathode. Dark current emis sion seems to be

associated with an impact ionization mechanism from hot holes

from the internal Schottky —barrier junction curren t.
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A number of areas of investigation can be cited for

further research. In the materials area there is more work

needed in further improving the quality of growth of

In 53 Ga 147 As alloys both in terms of electrical properties and

cosmetics. Of particular interest would be the study of impur-

ity and alloy scattering mechanisms in relation to electron and

hole mobi lities in InGaA sP alloys. Also there is a need to

study deep levels in this materia l since such levels could

possibly play an important role in both the temperature depen-

dence of the photoemis sion and the dark current emission from

InGaAsP alloy TE cathodes. A lthougn reasonably good success

has been achieved with the InGaAsP alloys in terms of photo—

emission results , there has been very little work done on other

Ill—V systems that could potentially offer higher quantum

efficiency, longer wavelength response , room temperature opera-

tion , or lower dark current emission.

In the vacuum photoemission area there are a number of

areas in which further work is warranted. There is more work

needed on understanding the physics of electron emission from

TE cathodes. One useful techni que is electron energy distri-

bution measurements. These mea surements , although difficult to

perform experimentally , should offer valuable information on

the emission process. These measurements could conveniently be

compared with the Monte Carlo simulat ion model programmed for

the TE cathode. More work is needed on optimizing the vacuum

activation procedures used to process TE cathodes and a great

deal more work is needed on understanding dark current emis—

sion. The mechanism of dark current emission needs to be

firmly established as well as viable techniques to minimize

dark current emission. Detailed internal junction and dark

current versus bias and temperature measurements would be

helpful.

37

. 
‘ - -~~~~ - 1-~ 

. - - — - 

— - ~~~~~~~~~~~~~~~~~~~~~ -



In summary it can be said that the TE cathode has already

demonstrated outstand ing potential as a 1— 2 micron photo—
cathode. However , there is clearly much more investigative

work to be done before the full potential and limitations of

this device are known .
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