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13. ABSTRAC 

Efficient photoemission from InAs,  P  (Cs-C) with a bandgap-limited threshold at 

1.4 microns vas  observed.  Indirect measurements of the composition and thickness 

. of the Cs-O low-work-function surface show that the surface consists of about one 

/.monolayer of Cs, followed by approximately one monolaysr of cesium oxide. These 

data make an interpretation of the low-work-function properties of Cs-0 in terms 

of the heterojunction model (based on the bulk properties of Cs20) questionable. 

The escape probability as a function of wavelength for NEA photoemitters is calcu- 

lated with the aid of the heterojunction model.  The theoretical escape probabil- 

ities are in good qualitative and quantitative agreement with the experimental 

values.  It is shown that recently reported photoemission out to 1.3 microns is 

not in disagreement with the heterojunction model. 

Vapor phase epitaxy of GaAs on Ge, Spinel and GaAs substrates is briefly disci'ssed, 
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TECHNICAL RKPOKT  SWL^IARY 

u 

The technical objective of this prügrnm is the development of an efficient 

photocathode for the ±.5  micron region of the infrared spectrum.  No such 

photocathode exists today.  The concept of the heterojunction photocathode pro- 

posed by us earlier ' , represented a new approach to the development of an 

Infrared cathode. 

This approach, exploited on this contract, led to the discovery of the 

most efficient (at that time) 1.06 micron photocathode  . Further improvements 

in this cathode 'iave been mr.de, and even today it remains the most efficient 

1.06 micron phoiocathode yet developed.  Continued development of infrared 

cathodes on this project has led to photocathodes having, for the first time, 

usable response out to 1.3 microns, see Section 1.0. 

In Sect'ion 1.0 of this report VM summarise our results on the long-wave- 
i 

length photoemission from "heterojunction-type" cathodes.  Theoretical implica- 

tions of our results are also given.  In Section 2.0, the escape probability, 

which is the major determining factor in the efficiency of these cathodes is 

calculated and compared to the experimental data out to 1.4 microns.  It is 

shown that the peak quantum efficiency to be expected at 1.5 micronc is on 

the .order of 0.01%. Although this may be useful in certain applications, it 

is not considered adequate to warrant further development.  Thus, we have 

abandoned the simple "reterojunction" cathode approach in favor of an approach 

which provides for optical absorption in a small bandgap material which is 

in contact with a large bandgap material known to have a high electron escape 

probability. 

(1) H. Sonnenberg, Appl. Phys. Letters 1A  289 (1969). 

(2) Quarterly Management Report //I (Feb. 10, 1970); H. Sonnenberg, 
Appl. Phys. Letters 16, 245 (1970). 
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The first sttp in this approach is the epitaxial, growth of materials, 

This work is discussed in Section 3.0.  Infrared phdtocathodes with 17,  or 

better efficiency at 1.5 microns appear feasible by this approach. 
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1.0 LONG-UAVELEMGT11 PHOTOEMISSION FROM InAs,     P 
  1-X X v 

In early 1970 we  reported   tK'. discovery of the InAs.. ■, rP« oc 

photocathodc, which at the time v/as the most efficient 1.06 micron photo- 

emittei yet developed.  This was the first major step in the development of 

(2) 
infrared cathodes on this program.  Since then, James et al   have achieved 

even higher quantum yields at 1.06 microns in better quality InAs1_-P_.  Compar- 

(3) able results were reported by Fisher et al,   in Ga,  In As.  In each case, 

the photocathode surface was treated with Cs and 0- to lower the work function 

of the'catnode material to establish a negative-electron-affiuity condition. 

Although the.  experimental results reported by different investigators have been 

roughly comparable, the function of the Cs and 0„ in lowering t^he \.urk  1 unction 

of the photoccthode material has recently bee:, the subject of considerable con- 

troversy.  On the one hand is the interpretation in terms of the heterojunction 

M 5) model, '  which ascribes bulk properties to a Cs„0 layer assumed to be present 

in the low-wcrk function surface. On the other hand is the interpretation in 

terms of a surface dipole layer of Cs and 0« (6,3).  In this section we present 

our results on the long-wavelength response of InAs.. P photocathodes and re- 

port on indirect measurements of the thickness and composition of the Cs-0 low- 

work-function surface. 

The infrared photoresponse of three different InAs.  P photoca diodes 

developed on this project is shown in Figure 1.  Curve 1 is repeated from refer- 

ence 1 and curves 2 and 3 represent our more recent results on InAs- 95^0 75 

and InAs0 .?_ fi respectively.  Curve 3 is of most interest since it shows 

relatively-efficient, bandgap-liraited photoeraission out to 1.4 microns.  At 

1.3 microns, the quantum yield o£  this cathode is 0.016%. 

5- 
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In  the pnst, We have attempted to explain our results In terras of 

the hetcrojunction model,  the validity of which has now been questioned (e.ro 

The major objection to the hcterojunctioa model was raised by direct-chemical 

analysis   of the Ca  content of GaAs (Cs) and GaAs (Cs-0) photocathodes.  It 

was shown that if Cs 0 is formed at all, peak sensitivity is reached with the 

equivalent of one monolayer of Cs and one monolayer of Cs 0.  Clearly the Cs~0 

low-work--f unction-surf ace properties are difficult to explain with a model 

based on the bulk properties of Cs 0, when only one monolayer of Cs 0 is present. 

We have indirectly measured the thickness of the Cs-0 low-work- 

function surface on InAs  P by a different technique and find, in agreement 

with Sommer et al^  , that the Cs-0 layers may be sufficiently'.thin to make 

the heterojunction interpretation questionable.  The thickness was estimated 

as follows:. The Cs generation rate was first stabilized.  Next, the InAs,  P 
j 1-x x 

crystal was cleaved and the time taken to optimize the surface with Cs only 

recorded. Maintaining this set Co rate, CL was then introduced simultaneously 

at an exposure level such that the rate of increase in photoemission from the 

cathode was maximized.  The total 0o exposure was measured with an Ultek Partial 

Pressure Analyzer by integrating over the exposure period.  To determine the 

total Cs and 0- exposure, we assume that the Cs and CL sticking coefficients 

do not change significantly with coverage. 

Sensitization of electron-affinity photocathodes by the simultaneous 

exposure to Cs and 0- described above, differs from the standard method which 

involves the alternate application of Cs and 0-.  We have been using the simultan- 

eous-exposure technique for a number of years now and find that in our work, this 

method gives better results, particularly with smaller bandgap materials.  The 

■ 
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philosophy behind the technique is that for a glVBn raEft of Cs exposure, the 0 

exposure should be adjusted to give a maximum rate of increase in photocmissiou 

in order to minimize the thickness of the lov:-work-function surface.  This in 

turn would maximize the escape probability, and thereby optimize the photoresponse. 

It seems likely that at least part of the controversy over Cs-0 low-work- 

function surfaces is due to differences in the processing technique. In our work 

the simultaneous technique was used exclusively. 

Table I summarizes our findings for InAs^^P^... The first two columns 

of data give the ratio of cesium to oxygen assuming that all cesium is converted 

(7) 
to oxide  .  The first column gives the ratio of cesium to oxygon for the case 

in which the photoresponse is optimized at 6328R, and the second^column gives the 

ratio for the case in which the photoresponse is optimized at 10,OOoS.  If a 

stochioiptric Cs-0 compound is formed(5), then this ratio should remain constant. 

The ratio does not remain constant.  However, the ratio of cesium to oxygen given 

in the'next two columns, where it is assumed that one monolayerC8) of Cs is not 

converted to oxide, remains relatively constant, suggesting that our Cs-0 low- 

work-function surfaces consist of a cesium layer and an oxide layer, the Cs layer 

being slightly less than a monolayer thick(9).  If we assume that the oxide, is 

Cs20, then the thickness of the low-work-function layer can be estimated from the 

Cs exposure and the relative bulk densities of the Cs20 and of the Cs. The 

coverage, in terms of monolayers of Cs and Cs20 are given in the last two columns. 

The photoyield in the visible (6328^) is optimized with a coverage of 

only about 1 monolayer of Cs and 0.8 monolayers of Cs^.  This case should cor- 

respond most closely to the coverage required for GaAs and is in excellent agree- 

ment with the findings of Sommer et al(6) for GaAs.  However, when the photoyleld 

is optimized at 10,OOoX the coverage increases to approximately 1 monolayer of 

Cs and 1.4 monolayers of Cs^.  Apparently thicker cesium oxide coverage is 

necessary to optimize the photoresponse of smaller-bandgap materials.  This is 

in contrast to the claim made in Rcf. 2- 

g ■ 
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Figure 2 shows the effect of the thicker oxide layer on the photo- 

response of sample number I,  The response in the visible spectrum decreases, 

whereas the threshold reponse increases. The decrease in the" response if- likely 

the result of increased electron scattering in the thicker oxide layer and the 

increase in the infrared yield is probably associated with a decrease in the work 

function of the Cs-0 surface which more than compensates for the increased scat- 

tering in the thicker layer. 

Subject to the assumptions implied in this paper, the following con- 

clusions can be reached: 

1) Relatively efficient photoemission with a bandgap-limited-threshold 
• .. 
/  at 1.4 microns can be achieved in InAs,  P . 

1-x x 

2) The low-work-function Cs-0 surface probably consists of a Cs layer 

/    slightly less than a monolayer thick, followed by an oxide layer 

r of monolayer dimensions. 

;  3) For optimum infrared response, small bandgap materials require thicker 

/      oxide coatings than do larger bandgap materials. 

The fdet that relatively efficient photoemission was observed with a 

bandgap-limited threshold at 1.4 microns shows that earlier predictions^10^ of 

the lor.g-wavelength limit of Cs-0 covered photocathodes have overemphasized the 

influence of the interfacial barrier (if it exists).  Furthermore, since the 

thickness of the Cs-0 low-work-function surface appears to be of monolayer pro- 

portions, the concept of the heterojunction cathode ^'^ based on the bulk 

properties of Cs20 if used at all, must be used with caution. However, in con- 

trast to a previous interpretation of bandgap-limited photoemission out to 1.3 

microns % as shown in Section 2.0(11), bandgap-limited photoemission out to 1.4 

microns can not be taken as evidence for the absence of an interfacial barrier, 

nor evidence for an interfacial-barrier height less than 0.89 eV. 
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iUO ESCAPE PROBABILITY OF NEGATIVE-ELECTRON-AgFIKIXY PHOTOEMin'ERS 

(3) 
Fisher et al   recently reported bandgap-limitcd photoemission 

out to 1 3 microns.  They, along with Williams and TietJGn(12), take this 

as evidence for either the absence of an interface barrier nr for an in- 

ternal barrier considerably smaller than 0.96 eV. They conclude further 

that this Is evidence against the heterojunction Interpretation of photo- 

emission from NEA cathodes,  in this section, we show that the results ©f 
(3) 

Fisher et al   can be adequately interpreted within the framework of the 

heterojunction photocathode(4,5), containing a non-zero interface-barrier. 

Settlement of this question is important in establishing confidence limits 

In the theoretical predictions of the infrared-yield for cathodes utilizing 

Cs-0 low-work-function surfaces. 

The simple energy-band-vs-position diagram of the heterojunction 

model shown in Figure 3 forms the basis for our calculations.  One of the 

Important simplifying assumptions in our calculations is that the structure 

and all processes are one dimensional.  The NEA structure consists of three 

regions: the bulk or absorbing material, the low-work-function surface-material. 

and vacuum.  Both the bulk and surface regions are divided into flat-band and 

non-flat-band portions.  The interface barrier (at x = a) and the surface 

barrier (at x = a + b) are the two features which most strongly influence 

photoemission. 

V 
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Photons incident: upon the structure from the ritht will experience 

MmmkS!L**  the two barriers. We consider no other attenuation mechanic 

for photon» with energies less than the surface-material bandgap.  The re- 

flection losses arc combined, and the fraction of- incident photons which 

penetrates the bulk material is (1 - R), 

Monochromatic light with photons of sufficient energy will be 

absorbed in the bulk region.  The process is exponential and characterized 

by an absorption coefficient a.  The absorption coefficients of interest' are 

sufficiently small that the characteristic absorption distance. 1/a, is much 

larger than the entire region from the left of the bulk band-bending region 

to the surface-vacuum interface.  The distribution of absorbed photons, and 

thus generated electrons, if a 1:1 process is assumed, is 

f (x) - No ae x < a (1. 

. where No is the incident photon density, and a is the position of the 

surface-bulk interface. 

Some of the electrons diffusing and drifting toward the interface 

will recombine with holes.  This loss mechanism is characterized by a re- 

combination length. I,  and is exponential in nature. The number of electrons 

which reach the vacuum interface, if we neglect band structure effects, is 

^(1-R) 

1 + l/ctL (2) 

The electrons generated by the absorbed photons are "hot"; they 

have energies greater than the minimum conduction-band energy.  Thus, in 



addition to fccombination, tlie electrons undergo collisional enorgy-loas 

by electron-phonon Interaction.  This is a rai.do!u--walk process characteriried 

by the following equation: 

F ■' exp 

1/2 

1 " ( *±-
]i    '     n'      ' (3) 

Urtiere AE and Li  are. the rac.n energy-loss per collision anc' the mean-free 

path respectively, E.   and E. are the initial and barrier energies (E, > E, ). 

£ is the distance to the barrier, and F is the fraction of electrons which 

overcomes the barrier.  From Eq. (3), a distribution of electrons in energy 

vs. distance is derived. 

Since the interface barrier is thin, electrons with insufficient 

energy to surmount it, may tunnel through the barrier.  The WKB a.iproxima- 

tion for the tunneling probability is 

exp 
-/ 

1 
kdx 

2m(E_(x) - E) 

k « 
■h 

(A) 

where m is the electron mass, E, (x) is the barrier energy at x, E is the 

electron energy, 2Tih is Planck's constant, and x and x.. define the tunneling 

Interval. When the expression for the parabolic potential of the surface- 

layer side of the interface barrier of Figure 3 is substituted into Eq. 4, 

the tunneling probability becomes: 

P " exp i ~j2aiV,-V0)   (b-a) 
1 2' E-V2 \ 

" vrv2 / 

-(»■■(■•(SH 
') 

(5) 



     - 

All electrons reaching the surface barrier with energies less 

than that  of the surface barrier are lost.  For those with energy greater 

than that of th;? surface barrier we calculate the quantuia mechanical re- 

flection coefficient.  The non-reflected portion of the sufficiently- 

energetic electrons which arrive at the surfacc-layer-vacuum interface 

escape into vacuum. 

The hot-electron energy-loss, and the curved-band bulk-region 

(o < x < a) cause the electrons to be distributed in energy.  To perform 

the calculation, distributions mast be calculated at x » o, x = a, at the 

parabolic edge of the interface barriei, and at x = a + b.  Each distribution 

is dependent upon the preceding one.  To simplify the calculation, the 

initial electron-distribution may be approximated by the following expres- 

sions: 

I 

•(x) = "j 

Nna     - (1/a -a) .< x < a 

(6) 

otherwise 

In addition, numerical integrals are required at several points.  Because 

of the Involved nature of the calculation, a computer program was written 

to perform the evaluation. With this program, it is a straightforward 

matter to evaluate photoemission efficiency as a function of any parameter 

in the model. 

The parameter values used are in accord with accepted values. The 

width of the curved-band bulk-region is lOOR; that of the surface layer was 

assumed to be 3oR.  Referring to Figure 3, V was taken to bo -0.3 eV.(5,2) 

/(, 



V^. was choscni so that the internal-barrier heigh* au measured from the 

( 2) 
Fermi level is 1.17 eV.   V„ and E were also chosen to be in accord with 

I a 

the experimental results.    The mean-free paths were taken to be 50A and 

lOA in the bulk and surface regions respectively.  The 'electron energy-1OL'.G 

per collision is .05 eV.  The absorption and reflection coefficients were 

calculated from known values for the binary materials.  The recombination 

length depends on the quality of the actual material, and was chosen accord- 

ingly.  The reflection coefficient and the recombination length are needed 

only to calculate the quantum efficiency, which is lie escape probability 

multiplied by the factor of Equation 2  For escape-probability calculations, 

these two parameters are not required. 

As previously noted, the problem is constrained to be one dimensional. 

No account has been taken of thermal excitation of electrons over the inter- 

face barrier, nor was Schottky-barrier lowering considered.  Hot-electron 

energy-loss is neglected in the tunneling region.  While the surface region 

is at most ten atomic layers thick, it is treated as a bulk semiconductor. 

i The band-bending regions are assumed to be parabolic. 

A comparison of the theoretical and experimental wavelength-dependence 

of the electron escape-probability for negative-electron-affinity photoemitters 

is shown in Figure 4 •  Curve (1) is generated from a cillection of experi- 

mental estimates of the escape probability, a^d curves (2) and (3) represent 

respectively the theoretical esc pe-pj bability when it is assumed that the 

interface barrier height is 1.1/ cV,  idependent of wavelength (Curve 2) or 

(Curve 3) varies in the manner shown in reference 2.  The experimental point 

at 0.9 microns is for GaAs and reflects the spread in escape probability ob- 

(3 13) talncd by different investigators. ' '  The next five escape probabilities 

(3> are for Ga,  In As and are taken from Fisher et al.   The point at 1.4 microns 

is an estimate of the experimental escape probability for our XnAs. ,Pn , , 

discussed in Section 1.0. 
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Quantitatively, the experimental and theoretical curves are within 

a factor of two over the range from 0.9 microns to 1.2 microns. The qualita- 

tive agreement is equally encouraging.  Consequently, the fact that 'bandgap- 

(3 1 2) 
limited" photoemisslon has been observed out to 1.3 microns  ' "  or even 1.4 

microns (Section 1.0) can not be taken as evidence against the hetercjunction 

interpretation for NEA cathodes.  If anything, (as shown in Figure 4) this could 

be taken as evidence in favor of the heterojunction model. 

Clearly, the issue involving the interpretation of the Cs-0 low- 

vork-function surface is not settled.  To our knowledge the only evidence which 

appears to contradict the heterojunction model is the evidence that the thick- 

ness of the low work-function layer may be of monolayer dimensions.  It is dif- 

ficult to see how the low-v;ork-function properties of Cs-0 could be explained 

in terms.of the bulk properties of Cs 0 (as in the heterojunction model) when 

only one or two monolayers of the material are present.  However, for the thick- 

ness determination, it is assumed that the bulk density of Cs and Cs^O char- 

acterize the low-work-function surface.  Although this may be a reasonable as- 

sumption, it has not been verified   .  Direct measurements of the thickness of 

optimized Cs-O low-work-function surfaces could settle this point. 

Because of the good agreement between experiment and theory, wo can 

predict that for Ga,  In As and InAs.  p NEA cathodes utilizing Cs-0 low-work- r 1-x x l-x^x 

function Burüaces, the peak quantum efficiency at 1.5 microns will be at best 

on the order of 0.01%. 
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3.0      MATERIALS GROVTH 

In the. last qvarter uc have successfully grown GaAs on Ce, Spinel 

and Ga/.s substrates. Gallium diethyl chloride was used as the Ga source.  For 

the Arsine source, a 5% min of Arsinc in high-purity-BL v/as used. Gas-phase 

etching, occurs in the reaction mixture if the substrate temperature is above 

750 C.  Growth takes place near 600OC. 

The best results so far were obtained in a vertical rf-hcated, flow- 

type reactor» constructed of quarts, Teflon and stainless steel.  The tempera- 

ture of the pyrolytic graphite r.usceptor is monitored optically with a Ratek 

Infrared Thermometer, as well as with a thermocouple embedded in the graphite 

susccptor in close proximity to the substrate.  Before deposition, the sub- 

strates are heated to 750 C for 10 minutes to remove surface contamination. 

The temperature is then lowered to 600 C and GaAs grown for about 90 minutes. 

j    GaAs material grown by this method was comparable to bulk material. 

However, we have experienced difficulty with reproducibility.  Figure 5 shows 

a photoluminesceace spectrua of one of our GaAs layers grown on a Ge substrate. 

•;       In the coming period we should be able to eliminate the problems 

with reproducibility and get the doping and thickness parameters under control. 
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