
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD917474

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
only; Test and Evaluation; 14 MAR 1974. Other
requests shall be referred to Night Vision
Laboratory, Fort Belvoir, VA 22060.

USAEC ltr, 12 Apr 1974



 

 

 
Best Available 

Copy  
for all Pictures 



N 
No. 4 

PHOTOEMISSION IN THE 
1-2 MICRON RANGE 

FINAL REPORT 

J. S. ESCHER 

1973 December 

SPONSORED BY 

ADVANCED RESEARCH PROJECTS AGENCY 
ARPA ORDER NO. 2102 

NIGHT VISION LABORATORY 
U S ARMY ELECTRONICS COMMAND 

FORT BELVOIR, VA. 22060 

CONTRACT NO. DAAK02-72-C-0412 

RCA ELECTRONIC COMPONENTS 
DAVID SARNOFF RESEARCH CENTER 

PRINCETON, NEW JERSEY 08B40 

DISTRIBUTION STATEMENT 

V 

■ 

*S r 

the Director, Night Vision Laboratory, Fort Belvoi 
Virgini* 22060 

The views and conclusions contained in this document are those 
If heTt^rs and should not be interpreted a-ece«an V 
reoresentina the official policies, either expressed or implied of 

S SÄ««"«* P^9cts A8encv or the us-Government- 

4,»' r 

•A 

v^ 



I M^P^WB»WW —-'" - w^^m^m^m' 

Report No, 4 

FINAL REPORT 

1972 April 17 - 1973 October 16 

PHOTOEMISSiON IN THE 1-2 MICRON RANGE 

Contract No. DAAK02-72-C-0412 
ARPA Order No. 2182 
Program Code No. 2D10 

Effective date:  1972 April 17 
Expiration date:  1973 October 16 
Amount of Contract:  $267, 511. 

Principal Investigator:  John S, Escher 
Phone Number:  609-452-2700, Ext. 2560 

Report prepared by: 

J. S. Escher 
Electro-Optics Laboratory 
RCA Electronic Components 

Sponsored by 

NIGHT VISION LABORATORY 
U.S. ARMY ELECTRONICS COMMAND 

Fort Belvoir, Va.  22060 

and 

ADVANCED RESEARCH PROJECTS AGENCY 
Washington, D. C.  20301 

^ ^ C 

v >' • 

< 

1973 December 6 

DISTRIBUTION STATEMENT 

;iwmmmi*^*~*k** Director,  Night Vision Laborator 
Fort Belvoir, Virginia 22060. 

RCA ELECTRONIC COMPONENTS 
David Sarnoff Research Center 
Princeton, New Jersey 08540 

v» 

s 
V 

p 
> 

■ 

 ■-■-"■-' MaHMriMMIHI —- —  —-- tmm 



r —   " iw> .inii niwnw 

SUMMARY 

Work under this contract has focused on a field-assisted 1-2 micron- 

sensitive photoemitter with a reverse biased Ge p-n J««*1«1^ • ™ 
Cs-O-activated emitting layer of negative electron affinity (NEA) GaAs. 
The p+-GaAs provides an effective single-crystal low-work-function large- 
area biasing contact for the Ge p-n junction and allows the n-Ge to be suf- 
ficiently thin for optimal performance.  Calculations show that some cooling, 
perhaps to -80oC, will be necessary to reduce the dark current well below 
the signal level.  More detailed theoretical calculations (than those reported 
in Quarterly Report No. 1) are presented which show that 1-4/ quantum efici- 
ency in transmission is possible from either a GaAs/Ge or an InP/Ge device. 
The opti.nal design parameters are calculated, and the sensitivity of the 
parameters is discussed.  GaAs/Ge growth using the metal chloride and organo- 
metallic vapor phase epitaxy (OM-VPE) methods has been studied in some 
detail. Only the OM-VPE process results in a true p-GaAs/n-Ge heterojunc- 
tion essential for our device. The metal chloride process suffers from Ge 
autodoping into the initial GaAs growth layer. Vacuum activation levels of 
thick GaAs/Ge have been very high in the reflection mode - comparable to 
homojunction GaAs/GaAs activation levels.  Ultra-thin di fused functions 
(less than 1000 ! deep) have been successfully fabricated usxng the OM-VPE 
method.  Furthermore, negative electron affinity has been achieved on 
sables as thin as 0.15 micron of GaAs grown on Ge by OM-VPE. These resuls 
coupled with photovoltaic and electroluminescent measurements indicate that 
GaAs/Ge grown by OM-VPE should be suitable for the 1-2 micron device.  Sig- 
nificant progress toward demonstrating the feasibility of this device has 
been prevented during the last six months of the contract by the failure 
of both mesa and planar-type diodes to survive even moderate heat-cleaning 
cycles in vacuum.  Probable breakdown mechanisms are discussed,and possible 
"fixes" are mentioned.  Because of the diode breakdown problem, field- 
assisted photoemission experiments have not been possible. 
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1.  INTRODUCTION 

The research conducted under ^^^ ^•S^^ttTiT 
ing a photoemitter with high quantum effici^y

h'
0
re
1 COup'ed with encour- 

wi^h low dar. current.  Calculations P^f ^-onTenfitive photoe.it- 
aging experimental results, i^icate ^at       field.assisted photoemit- 
ter is feasible. Our device is a Ge p n J"^"™ finity (NEA) emitter for 
ter utilizing a single-crystal -ft ^.^^/J^^/dltail in the Appen- 

problems. 

II.  TECHNICAL DISCUSSION 

i:L:r::r!^:a::iSrr^onSe.:;: P^ 
experimental  results strongly  suggest  that^f ^JT*   for waveiengths much 
greater  from a non-field-assisted photoemittmg d^/^^^ photo- 
frcater  than 1.2 microns will be P-^J-1^^^  ^3  a^y have  suffered 
Litter devices designed  for ^ater  than JJjJ^S   (less  than'10^).  high 

S TufreirCthl^nrc iZlslZ TToZ ^SSUl   and non-reproducible 
results. 

Two promising design  types  are  the ^^^JZ^^*^^ 
and  the  tunneling emitter.     The  ---^^^^i^^^at    if  a metal  film 
a hot electron emitter.     Problems with  ^ f6^6*^^'     surface.   the 
is  used to make  large-area ^ectrical

n
COn^"u

0"'he
in

e^e metal  film before 
photoexcited hot f-trons  are  sev rely att nua        ^eZr^ce n-region  is 
reaching the metal-vacuum interface.     "•  ^    contact,   the photoexcited 
made  thicker and thereby becomes  ^^^^^^f^^^.^ndn-region.5 

electrons  are again severely attenuated  J»^^^ btSkd«« in the 
Tunneling emitter designs  have  suf  ered ^^Jf^^^,diffusion  length) 
insulator  region and Poor^ desi field. 

of  the emitting layer.       A completely wnr\rBrs  recently.7    The  severe 
assisted biasing has been proposed by  sev"al

i
WOr

t^
SXe

1 Vterojunctions 
problem faced by most such designs,  however,  *• »* "JJJ £~ ^ iev kT 
Lst be  grown.    The heterojunction interface jst not have ^^^i ^ 
barrier  in  the conduction band,  otherwise,  photoexcited eiectr 

trapped and  lost. 

The bulk of our program was based on •^^^^S^Äti^J^ 
assisted hot electron device which offers  the possibility of  relatively 

" MMtedlHMiHI ■-■ 
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»eaBltlvlty oat to tho band gap of 0., aPproxl»ately 1.8 «l"°"
a; *»** 

rosace i/activatad «ith Cs-0 '^I^VVa en" f     aTallows 

Stroms).  The highly-doped GaAs ^«J«^^" contact or biasing the 

olxl018/cm3 (see Appendix). 

Because of the excellent lattice match (GaAs. 5.654 ^ <t i^LlUy 
and ^efficient of thermal expansion match between GaAs and Ge the quality 

of the G^sShould be sufficiently good so ^^^^f-f ^ffufing to the 

0.9 micron, the GaAs becomes optically transparen  except o^refle^^ 

losses at the GaAs vacuum interface. 32/ and at the ^ 
,.4%). Light of wavelengths greater than 0.9 ^"^^ed electrons in 
Ge where it photoexcites electron-hole pairs. Photoexcl^f^f" iunc. Se P-Ge difLse to the ^pletion region o^he reverse b a     ^^ 

tion where the field sweeps them into the ^ fdj.inaiiy 
Hence this device should have a very broad band sens^vl,:y ™ ™  ,,„ 
fion^ode from the cut-off wavelength of the vacuum g^J^^ 
device to the band-gap-limited emission of the Ge.  ^^f'/^^^ in 
can be made to operate in the transmission mode by thinning 

the p-Ge. 

B  Th. Electron Tran^r.nt Contact and the Differential Grade Device 

the hot electron losses will be low enough to allow "^^ iaö« Appendix 
1-2 um emission.  Calculations discussed ^Section l« "J *" jne Pp 

Indicate that the thickness Iff of the flat b^ -Ge -st be ^00 Ä to 
reduce hot electron losses to an acceptable ^f'    f  J^ffJ, emission 
section another field-assisted device which is capable or i ^ M 
that does not require hot electron transport but only thermalized trans- 

port. 

'-'- ^.^m  ----- -   ^ A 
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Figure 2(a) and (b) shov the energy band diagram for this device in 
the unbiased and biased state, respectively. We initially proposed liquid- 
phase epitaxially grown GaAlSb as the detecting and emitting layers, xespec- 
tively. The principle of operation of the device does not depend o  hese 
particular materials, however. Note that photoexcited electrons generated 
in the narrow band gap GaAs layer can move by thermal diffusion through 
the intermediate GaAlSb layer into the NEA GaAlSb layer and into vacuum. 
As with most heterojunction devices, the interfacial recombination velocity 
will be a critical parameter in the operation of this device. Also long 
electron diffusion lengths are desirable.  For both these reasons, liquio- 
phase epitaxy (LPE) would have the advantage over vapor-phase epitaxial 
(VPE) growth for this particular device. An important difference between 
this design and other similar heterojunction thermalized transport devices 
(see Fig. 3) is the grading of the Intermediate layer of our device.  The 
relative injection of holes and electrons into the GaAlSb is controlled 
by the abruptness of the barrier instead of the relative heights of these 
barriers.  The doping of the intermediate layer is low compared to the 
emitting or detecting layer so that the applied bias is mostly across thi. 
layer.  A non-graded structure such as in Fig. 3 requires that, under 
suitable bias, the barrier for electron injection (11 in Fig. 3)  go away 
under bias before the necessary hole barrier (B2 in Fig. 3) vanishes.  Note 
that there must be no conduction energy band notches of ikT in magnitude 
for this or any completely thermalized emitter design. 

A difficult materials question for the graded intermediate layer is 
whether such a very large degree of band gap grading can be accomplished. 
To date, we have been able to grow flit-band GaAlSb on GaAs by LPE. Acti- 
vation results on two GaAlSb samples have been very poor. Because of the 
severe materials growth problems faced by this design, we did not continue 

work on the differential grade device. 

C. Calculations - Dark Current 

In operation, photoexcited electrons in the p-Ge which diffuse and 
fall into the n-Ge hole without being emitted cause a forward bias of the 
CaAs/Ge heterojunction.  The ß of the p-n-p transistor times this current 
1= injected from the GaAs under the hole barrier and crosses into the p-Ge. 
This current is not observed outside the device. The dark current that is 
emitted is due to the fraction of electrons thermally excited in the flat- 
band p--Ge which is able to cross the n-Ge, enter the p-GaAs, and be emitted 
into vacuum.  The thermal generation of electrons in the p-Ge is given by 

2 

J = 
eD n    eD n, 

n po (1) 

= 100 cm /sec, L = 10 pm, 

L p 
n     n*po 

J is ^Ixio'7 amp/cm2 at 250C using Dn 
n. = 2.5xl012/cm3, and p  = IxlO^/cm^. 
density (difference between foliage and hard targets  [A. D. Schnitzier 
and J. Malamas, "Image Detection and Air Glow"]) is ^IxlO"0 amp/cm^ at 

The available signal current 

-'-'■"*---■■■ - - ^täm^^i^^^mttmimmäjm^mmmmmm t 
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Fig.   2.     Differential grade heterojunction emitter 
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Fig.  3.    Thermalized electron emitter with flat-band intermediate 
layer. 



1.55 ym.  Assuming f/1.4 optics reduces this level by ^1:10.  Hence, the 
incident signal level is 'vlxlO"" amp/cm2.  It is clear that some cooling 
of the device will be necessary.  Cooling to -20oC will reduce the gener- 
ated dark current an order of magnitude below the signal level, but -80oC 
(dry ice) would be better. 

D.  Calculations - Quantum Efficiency In Transmission 

In this section, we outline the results of calculations made on the 
expected transmission quantum efficiency for the GaAs/Ge device.  The 
details of the calculation are in the Appendix. The calculated trans- 
mission quantum efficiency of the complete device is conveniently broken 
up into three parts:  First, the photoelectron generation and diffusion 
in the flat-band p-Ge into the p-n junction.  Second, the hot electron 
transport across the p-n junction.  Third, the electron injection into 
the GaAs and diffusion into vacuum.  Note that all calculations assume 
A = 1.55 m, transmission-mode operation, an effective AR coating on the 
back, and T = -80oC. 

The transmission quantum efficiency of just the flat-band p-Ge is 
quite good.  Assuming an electron diffusion length of 10 pm and a back sur- 
face recombination velocity ratio of 1.0 (i.e., S divided hy  the diffusion 
velocity of L/T) gives a 7C% transmission quantum efficiency into the p-n 
junction at 1.55 pm. The otpimal germanium thickness for the above condi- 
tions is %3.5 pm, although increasing this thickness to 10 pm only reduces 
the transmission efficiency by 45%.  (See Figs. 1A and 2A of the Appendix.) 
The above calculation was performed using the usual thermalized electron 
diffusion equation and should be a realistic estimate of the actual 
efficiency from this part of the device. 

Next, we consider the efficiency of the p-n junction region where 
the electrons are now "hot". The theoretical model used here is that of 
D. J. Bartelink, et al,,9 appropriately modified for our case of no impact 
ionization. That is, we will restrict the reverse bias on our junction 
such that avalanching does not occur.  Results of these calculations (see 
Appendix, Figs. 3A-8A) show two important facts.  First, we want highly 
doped p-Ge to minimize the electron losses in the depletion width of the 
biased junction.  The limit on p-type doping is given by the fact that 
we need an ^1.5-2.0 volt breakdown voltage, and >1018/cm3 will break down 
due to tunneling before this level of bias. The second fact is that we 
need to minimize the width of the flat-band n-Ge region. This region, 
ideally, must be 500 8 or less. Assuming Ixl0l8/cm3 p-Ge, a 1.6 volt 
bias, 250 X n-Ge region, 85 X hot-electron mean free path, .037 eV energy 
loss per collision to optical phonons, and T ■ -80oC gives a total trans- 
mission probability across the junction (incL ding quantum mechanical 
reflections at the n-Ge/p+GaAs interface) of 40%. There are many more 
approximations in this calculation than in a thermalized transport calcu- 
lation.  However, we have tried to use the best data available and to 
make reasonable approximations where necessary. 



The final stage is the NEA emitter itself. Again, the calculation is 
based on the thermalized diffusion equation. We have assumed infinite back 
surface recombination at the n-Ge/p-GaAs interface. The appropriate absorp- 
tion coefficient u to use is approximated by the following. There will be 
^0.3 to 0.4 eV (above GaAs conduction band) hot electrons entering the GaAs. 
The mean penetration depth or range for these hot electrons can be estimated 
by using the random walk equation 

A i^F 
P 

(2) 

where A = 8i A is the mean distance between collisions and N is the number 
of collisions before thermalizing.  Since .037 eV is lost per collision, 
N % 10.  Hence R \  250 X, and, for L >>  R, a ^ 1/R = 40/micron.  Using 
this value of a and L = 1.0 ym gives an optimal transmission quantum effici- 
ency of -^30% for a GaAs thickness of 500 A.  Increasing the GaAs thickness 
to 0.1 micron only reduces this efficiency to ^20%.  Assuming an NEA sur- 
face escape probability of 25-50% gives a total emitted transmission quantum 
efficiency through the GaAs of 5-15%. 

The complete transmission quantum efficiercy of the entire device is 
then estimated to be 

QET % (0.7)(0.40)(.05-.15) 

QET \  1-4% at 1.55 ym . 
(3) 

The above calculation has been repeated for the case of NEA InP/Ge. 
Within the uncertainties stated above, the result is slightly better since 
In? has a 0.1 eV lower band gap. The lattice match (5.869 vs 5.657 X) is 
much worse than that of GaAs/Ge; however, as long as L(InP) >>    Range(lnP), 
the over-all transmission efficiency will not be significantly reduced. 
(See Fig. 9A in the Appendix.) However, such a large lattice mismatch, 
3.7%, may lead to high reconbination due to a large number of interface 
states. 10 

E.  Epitaxial Growth of GaAs on Ge 

One of the main objectives and accomplishments of this contract has 
been to determine the optimal conditions for the growth of high quality 
single-crystal thin films of p-GaAs on Ge within the requirements of Zn- 
doping concentration and minimal As diffusion into the Ge.  In this section, 
we describe some of the growth experiments that we have made to achieve our 
objective for the GaAs/Ge device. 

During the course of this study, we found very early that substrate 
preparation or the Ge plays an important role in determining the quality 
of the resulting epitaxial film. The best results to date have been 
obtained using Ge substrates which are both mechanically and chamically 
polished. After mechanical polishing, the wafers are first etched with 

_—t 
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CPA to remove work damage from the mechanical polishing treatment.  Then 
the wafers are chemically polished with a quscH^O+sodium hydroxide+l^C^ 
solution using a pix pad. The wafers are then cleaned thoroughly with TCE 
in order to remove any traces of wax remaining after demounting from the 
polishing block. This was followed by an ultrasonic cleaning to remove 
any small particles of the polishing pad which may have remained from the 
chemical polishing treatment.  Finally, the wafers are vapor etched for 
3-5 minutes in a HCI+H2 atmosphere (1:30 dilution) at a temperature of 
approximately 8250C, thereby providing a clean oxide-free surface on which 

to deposite the GaAs film. 

1.  Metal Chloride Vapor-Phase Epitaxy 

The meltal chloride vapor-phase (MC-VPE) growth system was used 
initially to prepare GaAs/Ge films for this contract. The growth system 
is identical to that previously described by Tietjen and Amick1  in which 
GaCl combines with As vapor to form GaAs via the reaction 

2 GaCl + iAs4 + H2 ^ 2GaAs + 2HC1  . (M 

The GaCl is formed by passing HCl over a heated quartz boat containing Ga 
whereas the As vapor is formed as a result of the thermal decomposition of 
the ASH3.  The GaAs films are doped p-type by introducing Zn vapor into 
the system during growth. This is accomplished by passing H2 over a heated 
quartz bucket containing the metal.  The doping level is controlled simply 
by raising or lowering the bucket temperature. Note that HCl is an active 
by-product of this growth process.  As a result, GaAs films less than 
approximately 0.5 micron thick suffered severely from autodoping effects 
of Ge.12 The Ge acts as an n-type dopant and more than compensates the 
1019/cm3 Zn doping concentration for thin films. The autodoping problem, 
being a fundamental problem with this growth system, has led us to employ 
the organometallic vapor-phase (ÜM-^E) growth method during the remainder 

of this contract. 

2.  Organometallic Vapor-Phase Epitaxy 

The OM-VPE growth process13 has two important advantages for our device 
over the MC-VPE process described above.  First, the OM-VPE process has no 
active by-products such as HCl which might lead to autodoping problems noted 
with MC-VPE of GaAs/Ge.  Second, the usual GaAs growth temperature for the 
OM-VPE process is 100-150oC lower than that for the MC-VPE process.  The 
lower growth temperature results in thinner diffused junctions in the Ge 
than dot-- the MC-VPE process.  (See Section G.)  Essentially no NEA acti- 
vation results were available on OM-VPE GaAs before this contract.  There 
had been some concern that GaAs grown by this process may suffer from 
carbon contamination and thereby not yield nigh activation levels.   This 
worry proved to be unfounded, and excellent activation results have been 
achieved on GaAs/GaAs and GaAs/Ge grown by OM-VPE.  (See Section F.) 
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I  GaAs/Ge Activation 

b.CM. GOAS and Ce th\1ual">
n[° ^f t/^nerally high activation l.vels 

These expeetatiena h"e
t
be,i" ^""'"caAs/cl (under 0.5 micron) aamples 

frM 'I'  SSfm Tr/C^i'va lir. l-la are witUn experi-enta! varia- 

Table ■ ahowa Ce reanua to f^J^^ZT^^ Äa! 

N^e that ail results are for "f -f'™;'"^ ^['Jlrt that the activa- 
same surface as that from which ^fXahlah vacuum system. Furthermore, 

Tl^  SU-SS S^cSi-r^Ä ahsorptlon of „lass (««,. 

^ ,4  P'Hr.st  for the thick 
There are two general —^^^^ Jf^C-VPE and OM-VPE are quite 

sables tested, the GaAs/Ge resu! s or ^ »^ ^ such samples f 

good. Considering the fact t^at1
S° '^.^^ activation levels are satis- 

each have been activated, we ^el that ^ ^    thin samples. GaAs Ge 
factory. The second S-eral resu  \^futodo?ing  of the grown epitaxial 
grown by MC-VPE most likely suffers tr  ^     autodoping effect of Ge 
by Ge due to the active ^Hs making activation to NEA impossible.  Sxmi- 
heavily compensates the p+-GaAs ******* to suffer from 
larly grown thin samples, *™*^™l*i£Z  important for our device, 
this problem. This latter result - P^^f^ by OM-VPE coupled 
The ability to achieve ^A on very thxn G^s/Ge g^^ ^ Section Q) ^ 

with reduced diffusion of f^^^^^device. 
this growth process most suitable tor our a 

Analysis of thin GaAs films activated to NEA ^"g**£* 
fact that'the diffusion length J-^J^^ Shite-light sensitivity 
thickness.  Fig. 4 shows the calcu;a^af ^^ity) from GaAs as a function 
(surface escape probability -^^/^ micron thick and for 0.1 to 5.0 
of the cathode thickness from 0.0 to 0.5 ^r     sensitivity is indepen- 
Mcron diffusion lengths  Nott that ^ -axlab *    ^^ ^ >_ 
dent of diffusion length for L - 0.5 "llcr^-     he oa5 and 0.30 ym thick 
then the 250 tP 475 .A/lm ^^^J^^Tu^ot  approximately 45%. 
cathodes correspond to a surface escape pr estimate of 
Analysis of yield shapes near threshold ^ot g     Z^  ^ ^^  j 

diffusion length or -thode
1
thl

1
C

e
k

1"
eS

c
S

u;ve shapes for different cathode 
and 6 which show theoretical ^ ^.^^^g. 7 shows, however, that 
thicknesses and cathode diff^10n

h^d fur'thin GaAs depends strongly on he yeield curve shape near threshold ur * "    J£    -^ abs ption 

Se^ir^::^-^--^ - ™ ^ Thebest 
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TABLE I 

GaAs/GaAs and GaAs/Ge Activations 

GaAs/substrate, 
process, thickness 

GaAs/GaAs 
MC-VPE, thick  5.   ym 

GaAs/GaAs 
LPE, thick 

GaAs/GaAs 
OM-VPE, thick 

GaAs/Ge 
MC-VPE, thick 

GaAs/Ge 
OM-VPE, thick 

GaAs/Ge 
MC-VPE, thin 1.0 pm 

GaAs/GaAs 
MC-VPE, thin 0.3 ym 

GaAs/Ge 
MC-VPE, thin 0.3 pm 

GaAs/Ge 
OM-VPE, thin 0.3 \m 

GaAs/Ge 
OM-VPE, thin 0.15 pm 

Maximum 
uA/lm 

1700 

1550 

1475 

1475 

1375 

1000 

420 

35 

475 

250 

Typical 
pA/lm 

1300 

1200 

11 
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THEORY GoAs 
REFLECTION MODE 

L = I.OO/i 
S/V = 10,000 

Tc=O.I, 0.2,0.3,0.4,0.5/1 

Nn = 5xlO|8/cm3 (Zn) 

0.1 1 
0.4 0 5 0.6 0.7 0.8 

WAVELENGTH IN MICRONS 
0.9 1.0 

Fig. 5  Calculated quantum yield curve for NEA GaAs. Diffusion 
Length L is 1.0 ym and the back surface recombination 
velocity (GaAs/Ge interface) is taken to be infinite. 
The curves shown are for 0,1 through 0.5 ym cathode 
thickness Tc.  Escape probability is 100%. 
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(%) 

0.1 

THEORY GaAs 

REFLECTION MODE 
S/V = 10,000 

Tc = 0.30u 
J8/ctn3 (Zn) 

0.4 0 5 0.6 0.7 0.8 
WAVELENGTH IN MICRONS 

0.9 1.0 

Fig. 6. Calculated quantum yield curve for NEA GaAs.  Cathode 
thickness Tc is taken as 0.3 ym and the back surface 
recombination velocity is infinite.  Diffusion length 
L is varied from 0.1 to ;>0.5 ym.  Escape probability 

is 100%. 
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w 

100 I   '   I   '   I 

10 I x 10 /cm 

"R 

(%) 

l8/._3 

THEORY GaAs 

L >0.50/t 
S/V =1,000 

B ^1.00 

Na= I xl0l8/ctn3 

(Zn)   l.lxlo'Vcm3 

3 xlo'Vcm 
6xlOl9/ctn3 

: 

0.4 0.5 0.6 0.7 0.8 
WAVELENGTH IN MICRONS 

Fig. 7. Calculated quantum yield curve for NEA GaAs.  Cathode 
thickness Tc is 0.15 ym, diffusion length L is >0.50 um, 
back surface recombination velocity is infinite, and 
the escape probability is 100%. The Zn doping concen- 
tration is varied from lxl018/cm3 to 6xl019/cai3. 
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lOOr-n 1 1 1 1 1       |       f 

(%) 

r 

'0.4 

EXPERIMENT 

GaAs/6e 
CC857A 
"X" THEORY 

Tc • 0.30M 

L = 0.50/1 
S/V ■ 10,000 

2.6xl019 (Zn) 
B » 45 % 

SR = 475 t50/iA/lm 
(MEASURED, CORRECTED 

FOR GLASS) 

1 
0.5 0 6 0.7 0.8 

WAVELENGTH IN MICRONS 
1.0 

Fig 8.  Calculated and experimental NEA GaAs quantum yield 
curves. The best fit calculated curve is for 
Tc = 0.30 ym, L = 0.50 ym, and a surface escape 

probability of ^45%. 
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,, ,  i tnr a 2 öxlO^/cn.3 doping concentration while the estl- 
flt Is obtained £or a Z.hxiu /cm "J* probability are only 

..tes for the ^^^•^^SISTMIISJ fro» the yield 

^rfii! KST.: ^«SiS.? SS.*- *»« concentration measured 
by the IR plasma resonance technique. 

G.  P-N Junction Formation In Ge 

'    formation of  the p-n Junction In ^isP-bably the most crltlca! 

and difficult atep In the fabrication    °    '"^"^^ depth of 
discussed in Section D and In the —^ "^ *" The achievement 
the n-Ge layer must be vMO X '".^ff f icult but has been aecompllsl ed 

^t^ ^ff^ZtT SATS, soa! of much of our 

effort on this  contract. 

^0 n PP wafer  is exposed to As  during the  growth of  the 
in practice.   ^J^/S oü«^*  such as  grOWth  teniPerature' GaAs.    All  the variables of  the ^aAs  growtn * h and nature 

growth time,   condition of  ^^/"^"f^/^'i'^nt of  a very  thin 
of  the As diffusion into  the Ge.     '0* ^.JS^ST-j;  a P-n Ruction 
diffused layer,   it  is not  necessary  "^^"^^GLS  growth.    The 
in the Ge by diffusion or  ion ^^^^g!*^ defused n-Ge layer 
process of  growing GaAs/Ge  results a^a

r
tiC^^e

in
o^r

d
experimental work 

^ust below  the grown ""^^^J^TL such a way as  to 

rsraa'uy XÄt^^Ä conditions  for high quality 
GaAs and sufficiently  thin n-Ge junctions. 

The arsenic diffusion into the p-Ge can be simply described by the 
one-dimL^al diffusion equation for atomic diffusion. 

Jfiil^I = D(T) ^^- 
3t 3X2 

(5) 

uhere C is the l.purlty concentration and MT)  the dlffuslo^coefflclent 

ftLf SiH
0acGeecaoLrnrtlon"o^eoTnaeStLtlon C,   the soXutlon to M-   (5) 

is given by 

C(x,t)  - Cserfc(x/2/Dt) 
(6) 

c ~~A  «- ^c t-h*» time of diffusion, 
where x is the distance below the -^^^^f^fLpTtaining technique 
Taking the p-n Junctlon^boundary^as^seen^n^n^ng^ J^^ for the 

to be when C/C 

unction boundary as seen -•.» ».. —0— —a 

rS!l, Eq. (6) can be solved JOj;!^««JS:^ ^ to be when C/Cs % 0.1. hq.  o, ^.J^^J^ approximately by 
depth of diffusion versus time of dittusion give  FF 

X(T.t)  % 3/D(T)t 
(7) 
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The diffusion constant varies over a limited temperature range as 

D(T) = D e-AE/kT 
o 

(8) 

where D0 is the diffusion coefficient extrapolated to infinite temperature 
and AE is the activation energy of diffusion. (See, for example, Ref. 17, 
p. 29.)  Hence, we have, for a constant diffusion time, 

- AE/kT (9) 
X 

log X 

log X 

D(T) 

2 ■ -AT/kT 

1/T  . 

(10) 

(ID 

We have employed the angle lap staining technique extensively through- 
out this contract as a method of determining the thickness of the GaAs 
growth and the depth of the As d^ffusion into the p-Ge wafer.  A 5° angle 
block was used, and an n-type stain (465 ml H2O -i- 57.5 g CuS04 + 50 ml HF 
+ light) was applied to show the depth of the As diffusion. A magnifica- 
tion of 1000X allowed junction depths to be measured down to approximately 
1000 A.  Occasionally the n-type stain fails to stain or it stains only 
partially. This situation can cause confusion, and therefore the procedure 
should ideally be repeated at least once. 

One of the first experiments performed was a test of Eq. (7). A series 
of MC-VPE GaAs/Ge samples was made in which the Ge wafer was first exposed 
to As at 800oC for various times, and then a thin GaAs epitaxial layer was 
grown.  The thin GaAs layer (1-2 microns) makes the angle lap and staining 
measurements much easier. The thickness of the n-Ge stands out as a dark 
band between the lighter p-Ge and p-GaAs layers.  Fig. 9 is a typical 
example of a 5° angle lap and n-stain using 500X. Using this measurement 
technique, we have generated the data for Fig. 10. The time axis in Fig. 10 
reprerents the exposure time of the p-Ge wafer to As prior to the GaAs growth. 
Note that the time for the GaAs growth is only 1-2 minutes, and therefore 
the additional As diffusion which occurs during growth is negligible except 
for the shortest diffusion times, samples #7-6-72:4 and #5-24-72:3. Also 
shown in Fig. 10 are three theoretical curves usinc Eq. (7) for 
D = 1.5 1 .5x10"^ pm^/sec. The fit to the data is reasonably good, and 
the range of values for the diffusion coefficient of As into Ge at 800oC 
is in good agreement with reported values.18 

An obvious result of the above experiment is that the As diffusion 
into the p-Ge is much too deep for our device using the 800oC diffusion 
temperature and the usual MC-VPE GaAs growth temperature of 750oC. There- 
fore, a second series of MC-VPE GaAs/Ge samples was grown in which there 
was no prior As diffusion before GaAs growth. The only variable which was 
changed was the GaAs growth time. A constant 750oC growth temperature was 
used.  Fig. 11 summarizes the results of this series. The As diffrsion 

18 
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Fig. 9  5° angle lap with Cu n-stain on sample #9-12-72:1. This 
was a 2-minute GaAs growth at 750oC and Zn doped. 
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Fig.   11.    Depth of As diffusion into the  p-Ge wafer and thickness of 
the epitaxial GaAs vs growth time in minutes at  750PC. 
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depths are much smaller - but still, at best, a factor of approximately 10 
too great.  Also note that the thickness of the GaAs and the depth of the 
As diffusion are roughly equal.  As a result, it would appear that achiev- 
ing a 0.1 to 0.2 micron thick GaAs layer with a 250-500 X deep As diffusion 
is impossible with the MC-VPE growth system using 750oC as the growth temper- 

ature. 

The only other convenient variable at hanu is the growth temperature. 
The effect of temperature on the As diffusion is very strong as seen in 
Eq. (8).  A third series of MC-VPE GaAs/Ge samples was grown with no prior 
As diffusion; a constant growth time, 90 seconds; and varying the growth 
temperature from 750oC to 600oC.  Fig. 12 summarizes the results of this 
experiment.  The experimental points were measured from angle lap and 
staining nhotos, and the linear behavior is consistent with Eq. (11).  We 
note at cnce that the required thin diffusions are possible by going to 
growth temperatures of approximately 600oC. Visual examination, however, 
of samples grown at 625 and 600oC show largely polycrystalline growth. 
Figs. 13, 14, and 15 show the deterioration of the epitaxial growth with 
reduced growth temperature.  Note that these samples are not Zn doped. 

Vhe poor quality GaAs films grown at the reduced growth temperatures 
coupled with the Ge autodoping problem noted in Section E led us to 
completely abandon the MC-VPE process for our device.  The remainder of 
the contract has focused on Ga\s/Ge  grown by the organometallic vapor- 
phase technique. This is a promising growth mechod for our device for 
two reasons.  First, the growth temperatures are 100 to 150oC lower than 
for MC-VPE and, second, there are no active by-products of the growth 
process.  The quality of the GaAs/Ge grown by 0M-VPE is excellent as seen 
by the good activation levels achieved and discussed in Section F. 

Table II summarizes the results of a number of OM-VPE GaAs/Ge growths 
made under different conditions. Two things are apparent from these 
results.  First, the typical n-Ge As diffusion depths are smaller by a 
factor of 2 to 10 than those of samples grown by MC-VPE.  This is most 
likely due to the 100-150oC lower growth temperature.  Second, the depth 
of As diffusion for all but sample #935 is still too deep.  The main reason 
for this is that all samples but #935 were intentionally exposed to arsine 
prior to GaAs growth. Also, many of them were grown at 660oC instead of 
at 630oC. The higher growth temperature generally gives a deeper As dif- 
fusion which is consistent with our experience with MC-VPE GaAs/Ge samples. 
(630oC is approximately the lowest practical GaAs. growth temperature con- 
sistent with good quality GaAs growth on Ge using the OM-VPE process.) 
Sample #935 is particularly significant la that the GaAs is approximately 
the right thickness, according tö our calculations, while the n-Ge region 
is extremely narrow - less than 1000 X. i.e„, below the thickness resolu- 
tion of our angle lap and staining procedure. Note in Table II, that, for 
the samples marked with a double asterisk C**)i the n-stain most likely 
did not work effectively since the dept.i of the n-Ge region for these 
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1000/T (»K) 
1.20 

Fig.   12.      Depth of As  diffusion into p-Ge wafer material vs 1000/T(oK) 
for constanv growth time of 90 seconds.    T is growth temperature 
in 0K.     The GaAs  thickness  for  this data varied  from 0.7 yja to 
0.9  (am  - much  thicker than the optimal GaAs  thickness of ~0.1   JII 
based on recent  calculations  (see Appendix). 
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Fig. 13. 

^OOX 

650oC GaAs on Ge growth for 1.5 minutes, sample 
#10-25-72:2, no Zn doping. This sample looks 
bright and shiny to the unaided eye. 
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Fig 14.  6a50C GaAs on Ge growth for 1.5 minutes, no Zn doping, 
sample #10-25-72:1. This sample looks hazy to the 

unaided eye. 
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Fig. 15.  600oC GaAr. on Ge growth for 1.5 minutes, no Zn 
doping, sample #10-23-72:2.  This sample looks 
like dull polycrystalline growth to the unaided 

eye. 
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Table II 

Sunnnary of 5° Angle Lap on GaAs/Ge OM-VPE 

*Measured from 5° angle lap 

**n-stain probably failed on 

and staining technique, 

these angle laps. 

Growth   G rowth 
GaAs* 
(ym) 

! 

Sample 
Number 

Substrate 
Number 

Substrate 
Polish 

Temperature 
(0c) 

Time 
(min) 

n-Ge* 
(pm) 

As 
Time 

689 62173C In 630 2 1.6 .4 1 min 

728A I,C925 In 660 3 1.6 .9 1 min 

729A LC925 In 600 1.5 .7 <.!** 1 min 

730A LC925 In 630 1.5 
•7 «w,!** 1 min 

731A LC925 In 660 1.5   .9 «w.l** 1 min 

811 5.5 «-cm Out 660 2 .55 .7 15 sec 

812 5.5 ü-cm Out 660 2 1.0 .5  i  30 sec 

813 5.5 Si-cm Out 660 2 .85 .5    45 sec 

814 5.5 n-cm Out 660 2 .85 .5 30 sec 

818A 5.5 n-cm Out 660 2 .8 .4 30 sec 

818B LC925 In 660 2 .7 .2 30 sec 

821A LC925 In 660 2 .8 .35 45 sec 

822A LC925 In 660 2 .8 <.l** 

.2 

30 sec 

30 PH3 

82 3A LC925 In 660 2 .8 15 ASH3 

857A LC925 In 660 1 .5 .5 30 sec 

857B LC925 In 660 1 .5 .4 30 sec 

914A LC925 In 660 1/2 .2 .5 30 sec 

915A LC925 In 660 3/4 .3 .6 30 sec 

935 5.5 fi-cn In 630 1/2 .3 $.1 0 
_ 
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samples is anomolously low.  The angle Jap and staining procedure, however, 
was repeated three times on different parts of sample «35 to confirm 
that the n-Ge depth was indeed less than 1000 X.  We believe that sample 
#935 represents a material whose properties are so close to ideal that 
serious vacuum photoemission testing seemed justified. All attempts to 
vacuum Utt this and other samples have been frustrated by premature diode 
breakdown due to diode heating in vacuum.  Details of these experiments 

are disucssed in Section H. 

The maximum solubility of As in germanium at approximately 800oC is 
2xl020/cm3.19 As a rough measure of the concentration of As diffusing 
into our germanium, a lightly doped, 5.5 ohm-cm, Ge substrate was exposed 
to arsine at 800oC for 45 minutes. The resistivity of thp n-type skin 
was measured using a standard four point probe technique.   The thick 
ness of the diffused layer, 12.0 microns, was measured by angle laP ai}d 

staining procedures. The resistivity was then computed to be 1.2x10 - 
ohm-cm which corresponds to an n-type concentration of approximately 
3xl019/cm3.21  The experiment was repeated once again, but this time 
phosphine was used as the dopant gas. A lightly doped wafer was exposed 
for 45 minutes at 770oC. The depth of diffusion was much smaller, aPPn^1- 

mately 1.5 microns. However, the resistivity was measured to be 2.2x10 - 
ohm-cm, corresponding to an n-type doping concentration of approximately 
lxl019/cm3. Therefore, both As and P enter the Ge in about the same con- 
centration, but the diffusion rates are very different. Very thin (less 
than 1000 8) diffused junctions are easily possible with P diffusion into 
Ge. This result suggests the possibility of using InP/Ge instead of 
GaAs/Ge.  UP does have a lower band gap by about 0.1 eV and does achieve 
NEA.  However, the lattice mismatch between InP and Ge is rather bad, J.Ö/.. 
This would most likely lead to a very high density of interface states 
which may yield severe recombination centers for minority carrier elec- 
trons. Nevertheless, there are enough interesting features of InP to 
justify trying it if the GaAs/Ge device shows some feasibility. 

There are two major electrical requirements that the Ge p-n junction 
must satisfy for optimal device performance.  First, the breakdown voltage 
and reverse saturation current should be reasonably close to the best values 
reported for Ge, slO"4 amps/cm2.  Second, the p-n junction must be able to 
survive the heat cleaning cycle used in the Cs-0 activation procedure of 
t-he GaAs. We have not been able to solve the second requirement in the time 
period of this contract.  Initial attempts to observe diode 1-V character- 
istics were frustrated in two ways.  First, areas larger than about 5 mm by 
5 mm had shorted junctions, probably due to inclusions of localised defects 
within the area causing breakdown.  Second, steel probes were used initially 
whose pressure on the GaAs surface tended to cause permanent breakdown of 

a previously good junction. 

These initial problems were solved by first evaporating approximately 
1 mm diameter, 1000 8 thick gold ohmic contacts onto the top GaAs surface. 
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Th.n small pieces of Uard Wax W were melted over the gold ohmic contacts. 
TheVx »a allowed to »elt Into roughly circular areas o£ 1-5 m.  dlame er. 
lour to sil  such areas separated by CaAa cap be formed opto a slpgle wafer. 
The vafer «aa thep etched 1P a 97% HN03,3% HF aolutlop at room temperature 
Z  30 Routes. The etch vaa successful lp etching »•**"«» *%f 

our reverse breakdown voltages in Ge approach the ideal . The "^ 
breakdown of the more heavily doped p-Ge junction is about 2-°J0^S a™lt 
is reasonably close to the ideal reverse breakdown voltage. The 60.0 volt 

th; situation current fro. our mesa type diodes is often rather high  This 
fact also suggests a surface leakage problem but could also result from 
excLsive bu'lk damage in the Ge junction region due. P«hap«.^o J ££ 
polishing job on the Ge or to poor quality germanium.  Section H discusses 

this problem in more detail. 

H.  Device Fabrication and Testing 

in this section, we describe some of the more significant fabrication 
and testing methods we have employed during the course of this contract. 
Diode tlbrLation. photovoltaic and electroluminescence measuremens^n 
vacuum diode testing are discussed below. The vacuum activation of GaAs/ 
v/as discussed in some detail in Section F. 

1.  Diode Fabrication 

Most of our experimental studies on diodes have been on mesa-type devices. 

The fabrication ol 'these diodes is discussed in Section ^^^ÜSL 
fabrication procedure has been successful in making reasonably low ^akage 
diodes (aS-^ amps/cm2 at -I.5 volts) as large as 5 mm by 5 mm from GaAs/Ge 
wafers. However! this is the exception; most diodes larger than approximately 
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Fig. 16.  Ge p-n junction I-V characteristic for the ^.02 
ohm-cm p-Ge Ga-doped wafer material.  Substrate 
//LC925, MC-VPE sample #9-8-72:1.  Note that this 
particular sample was given a normal heat cleaning 
cycle usad for our Cs-0 activation procedure of 
the GaAs.  The mesa diode and I-V characteristic 
were both made after this heating. This is a 
typical I-V for this material.  Typical diode 

areas are .03-.80 cm . 
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Fig. 17.  Ge p-n junction 1-V characteristic for the 5-6 
ohm-cm p-Ce Ga-doped wafer material.  Substrate 
#Qe62173C, MC-VPE sample #10-3-72:2.  Note the 
much higher reverse breakdown voltage in compari- 
son with the .02 ohm-cm Ge material, as expected. 
Diode area is approximately 0.12 cm^. 
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3 mm in diameter suffer from high leakage.  The source of this leakage 
is thought to be associated with edge breakdown since slightly smaller 
low leakage diodes can very often be fabricated from previously poor mesa 
diodes.  Also, in general, our experience has been that the smaller the 
edge perimeter of the diode, the more likely that the diode will have low 
leakage. All photovoltaic and electroluminescence measurements have been 

made on mesa-type diodes. 

In addition to mesa-type diodes, we have, during the last few months 
of this contract, been working on the fabrication of planar-type diodes 
on Ge wafers. The planar-type diode is thought to be more resistant to 
premature edge breakdown - especially upon diode heating in vacuum.  The 
mesa-type diode is not a passivated diode. The p-n junction edge is exposed 
at the perimeter of the etched mesa. A planar-type diode has a passivation 
layer which serves to delineate the size and shape of the junction but also 
covers the junction edge. Our original attempts to make a planar diode 
were based on e-beam evaporated Si02, approximately 1500 A thick. After a 
p-Ge wafer was coated with S^, it was then masked with black wax to 
delineate a number of different sized areas ranging from 1x1 to 4x4 mm. 
After the black wax had dried (about 12 hours at 50oC), the exposed holes 
in the black wax mask were etched with 1HF:2H20 for 5 minutes at 25 C. 
This HF etch removes the Si02 but does not significantly etch the Ge water. 
The black wax mask is then removed with TCE leaving an Si02 on Ge mask with 
holes.  In order to fabricate p-n junctions, we then exposed these prepared 
wafers to arsine or phosphine for 5 to 1: minutes at approximately 775 C. 
The As and P are the n-type dopants which will rapidly diffuse into the 
exposed Ge in the Si02 mask but, ideally, should diffuse very slowly into 
the polycrystalline S^.  Diodes formed in the above manner using the 
e-be?m evaporated Si02 were ohmic in every case. The reason for the fail- 
ure of these diodes is thought to be twofold. The quality of the Si02 
formed on Ge using the e-beam technique is not regarded as being very 
good;23 pin holes or cracks in the film can easily be sources of diode 
failure.  Also, the thickness of the Si02 film probably is not sufficient 
to prevent diffusion of the arsine or phosphine through the film and into 
the Ge.  For these reasons, we have been using most recently S1O2 grown on 
Ge by the silane process.24 This is the process that is sometimes used 
commercially for MOS devices. Relatively thick layers can be grown by 
this process (up to 1.0 micron), and the film quality is generally very 
good.  Our only experiments to date using Si02 films grown in this fashion 
have been on films approximately 6000 X thick as calculated from counting 
interference fringes formed by monochromatic light.  Holes were masked 
and etched into the film as before. Again, the masked S^tGe wafers 
were exposed to phosphine to form Junctions. Good junctions were formed 
this time with 5 minute phosphine exposures.  Fig. 18 shows a typical 
1-V characteristic from such a planar passivated Ge diode. Wafers that 
were exposed for 15 minutes, however, showed consistently ohmic diodes. 
The failure of these diodes is thought to be due to phosphorus diffusion 
through the passivation film. This conclusion is tentative and needs to 
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50 pA/div vertical 
0.5 V/div horizontal 

Fig. 18.  Ge p-n junction L-V characteristic for .02 
ohm-cm p-Ge Ga-doped wafer material.  This 
diode is a planar-type diode fabricated using 
approximately 6000 A thick silane-grown Si02 
as a passivation layer.  This diode does not 
have GaAs grown on the p-Ge but, rather, the 
wafer was exposed for 3 minute? to phosphine 
at 7750C.  The junction d^pth is only 0.2 to 
0.3 micron.  The diode area is ^0.2 cm2. 
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in a hydrogen atmosphere until the wafer achieves ^e desired dxffus on 
cempe/ature. 775°C.  The^reheat cycle ot aPProx -ely   o   minute^ 

^"a" ^[^ufficirnt rd-irierprlL1^^^^ exposu^ in which 
1 e the a^olic d ffusion'of phosphorus into the Si02 would P-ceed much 

case tne acom    nhntcvoltaic  or electroluminescence measurements have 

diodes. 

2  Photovoltaic Measurements 

ments on thick and thin GaA8/Ge samples grown ^* "^ ^ ^cronj 

The .oat interesting resolts, however, ate seen on »•«»«»•?? ^c      ' 

GaAs/Ge samples. Fig. 20 shows P^f»™1" ' '""^^^If'"L «easure- 
mcldent 1^" "avelength or a f ^^  ^l""^"» auto^tlcall, 

^Veütr uänt^ Ä^^ -eleogth  M-a-t^e .lodes ^s e 

light, were use        microns in Fig. 20 is believed to be due to the 
approximately 0.» to i.y microns u rj.s. ^ ^rnnc.  1n ,-he bulk p-Ge 
t ■  ^^^^^,n  Tt- Is likelv that photoexcited electrons in the DUIK. P ^ 
^rrV^r^olLftei^he Ce Junction and are responsible for most 
of this signal.  A few photoexcited holes -e generated in the^nGe reg 

However, their contribution to the tota signal Jj J^g.^i^SIlC 
thickness of the n-Ge is on the order of only * ^ron-  ^e P 
response from 0.4 to 0.7 micron, however "^ .^S/°^f N"^ that 

Light of these wavelengths is ^"-f^f-f/ts^f^he^-ite polarity, 
this signal is a factor «* ««^ ^t^J Jj frl  photoexcited holes in 
T^QOO fart« mieeest strongly that tnls signax i& *.*!»■ f 
Ihen-Galrrgfon which then diffuse into the p-GaAs ^.jg «•^^ 
lected. Photoexcited electrons in the p-GaAs region which *4™V^ " 
ÜGLS region would also produce a signal of ^"Tf ^^^TS^. 
p-GaAs is quite thick, as much as 5 microns. H^nce' ^^^f^inK far 
Lnerated in the p-GaAs would most likely recombine before diffusing ar 
enough to le    ollected in the n-GaAs region. For this -ason we feel 

Tha^the photovoltaic response seen from 0 4 to 0 7 ^-/^^aAs/Ge. 
support of the energy band diagram outlined in Fig. 19A tor nL 

Figure 21 shows the measured Photovoltaic response from a thick 
GaAs/Ge sample grown by OM-VPE. The response from 0.9 to 1.9 microns 
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p-6e 
in18 

GaAs/Ge, MC-VPE 

(A) 

GaAs/Ge, OiVi-VPE 

(B) 

Fig. 19. Derived energy band diagrams for MC-VPE GaAs/Ge (A) 
and OM-VPE GaAs/Ge (B). These diagrams are consistent 
with photoemission and photovoltaic measurements. 
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most likely from the Ge p-n junction. The sign of this response is con- 
sistent with photoexclted electrons In the p-Ge wafer diffusing Into the 
n-Ge and being collected.  Note that In this figure and Fig. 20 there Is 
a ripple In the curve around 1.27 microns. This ripple Is a well known 
spurious effect associated with the Gary 14 and is not a true Photovoltaic 
response behavior." The photovoltaic response from 0.8 to l-f5 *icr°^ 
in Fig.   21 is quite different than that seen for the MG-VPE GaAs/Ge sample. 
First, note that this signal is seen only in the presence of a ne8at^ 
bias voltage. Also note that the sign of the signal is opposite to that 
of the Ge p-n junction signal.  Furthermore, the peak of this response 
is near 0.9 micron. GaAs is nearly transparent at 0.9 micron. Hence, 
the measured response from 0.8 to 1.15 microns is probably not due to GaAs 
but to photoexclted holes in the n-Ge which diffuse into the p-GaAs and 
are collected.  Since we see no zero bias photoresponse from 0.4 to U.Ö 
micron analogous to the GaAs p-n junction response of Fig 20, we conclude 
that there is probably no n-GaAs present. Therefore,  GaAs/Ge grown by 
OM-VPE results in a true heterojunction which i»  essential for the sue 
cessful operation of this device. Again, the measured photovoltaic 
response from the OM-VPE GaAs/Ge sample is consistent with th^e"ergycnnn^ 
band diagram outline in Fig. 19B. Overall, then, the photovoltaic response 
measurements are consistent with the proposed energy band diagrams of Fig 
ure 19 but are not conclusive proof for their validity. 

We have made additional photovoltaic response measurements on thin 

(,1.0 micron) GaAs/Ge samples grown both by MC-VPE and OM-VPE.  ^ f n^a1' 
these measurements do not yield as much Information as those of Figs. 20 
and 21.  For zero bias, thin GaAs/Ge photovoltaic response curves show a 
Ge p-n junction behavior from approximately 0.5 to 1.9 micron. The onset 
of photoresponse. 0.4 versus 0.5 micron, for example depends only on the 
thickness of the GaAs. Hi have looked for additional GaAs-related photo- 
response using different magnitude and polarity of bias. However, the 
strength of the Ge P-n junction signal is so great as to ■"^«J*J« 
photoresponse from the thin GaAs. The thin GaAs/Ge 8™wnby MC-VPE did 
show a very weak GaAs p-n junction response under -6.0 volt bias; however, 
the signal was more than lO* down from the peak Ge p-n junction response 
Finally, we note that the Ge p-n junction response Itself Joes respond to 
an applied bias.  Reverse biasing this junction enhances the signal as 
much as a hundred-fold, depending on the strength of the bias while for- 
ward biasing the Ge p-n junction reduces the Ge P^oresponse. The effect 
of an applied bias on the Ge photoresponse is much larger on the lightly 
doped (vL0l5/cm3) p_Ge substrate material than on the more heavily doped 
material (.10l7/cmP3). This observation is consistent with the fact that 
the effective junction depletion layer width under bias is much wider for 

lighter doped p-Ge. 

3.  Electroluminescence Measurements 

We have been successful in observing GaAs electroluminescence from 

an OM-VPE GaAs/Ge sample. The GaAs was approximately 1.0 micron thick, and 
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the wafer was divided into three mesa diodes.  Each mesa was outlined with 
black wax so that only the GaAs is uncovered. The edges of the mesa are 
covered.  The wafer was placed under a microscope outfitted with an S-l 
image intensifier and therefore capable of seeing GaAs electroluminescence. 
Each mesa was then reverse biased (relative to the Ge p-n junction) and 
light output was sought. Two mesas failed to shov my output. However, 
the third did show definite light output. The diode had to be biased 
until 5U to 100 mA reverse current was being drawn, on a pulsed basis. 
Our interpretation is that the Ge diode is in a heavy avalanching mode; 
a fraction of these hot electrons from the Ge diode are successfully 
entering the GaAs, thermalizing, and radiatively recombining in the GaAs. 
Similar measurements were made on MC-VPE grown GaAs/Ge mesa diodes. No 
electroluminescence was detected from these diodes. 

The observation of electroluminescence from our device is quite signi- 
ficant.  It means that it is possible to transport hot electrons from Ge 
into the GaAs emitting layer. The electroluminescent measurement described 
above was not a quantitative measurement, and, hence, the relative effici- 
ency of electron transport could not be estimated. Additional electro- 
luminescence measurements should be made, however, to study the uniformity 
of emission and to obtain some estimate of the relative output. 

4. Vacuum Diode Testing 

The final testing phase of our device consisted of placing a wafer of 
isolated GaAs/Ge diodes into our all-metal ultrahigh vacuum system in order 
to test each for field assisted photoemission. A necessary requirement for 
the optimum operation from our device is the achievement of NEA on the GaAs 
surface.  At present, the only known way to achieve NEA on a semiconductor 
surface is to use a sputtering and heating procedure or a heating only 
procedure in order to obtain a suitably clean surface.  In the case of 
GaAs, the heating procedure is typically fron 10 to 60 seconds of heating 
at 500 to 600oC.  It is essential, therefore, that the device diodes be 
able to withstand a heating cycle of this kin,d. Our experience to date, 
however, has been that both mesa and planar-t^pe diodes become ohmic for 
typically 10 to 20 seconds heating at A00oC or higher. This experimental 
fact has been responsible for the lack of vacuum photoemission experiments 

during the course of this contract. 

Almost all our vacuum diode testing experience has been with mesa- 
type diodes. We have found that approximately half the mesa diodes^on a 
given wafer break down after only baking out the vacuum system (250oC for 
16 hours). The remaining good diodes can be exposed to C« or Cs and O2 
without noticeable changes in the I-V characteristics. However, as men- 
tioned above, a few seconds heating to 300 to 400oC will, without excep- 
tion, result in ohmic diodes. The ohmic breakdown occurs independent of 
whether the diodes had been previously exposed to Cs at any time or not. 
The ohmic diodes can be removed from the vacuum system, however, and 
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re-etched. The new diodes fabricated from the remaining ohmic mesas are 
in almost all cases good. This fact indicates strongly that the diode 
breakdown is an edge rather than a bulk breakdown.  For this reason and 
because it has been noted that several monolayers of Cs on clean vacuum- 
exposed junctions can cause heavy edge diode leakage, & we have carried 
out an effort to make and test planar-type diodes from Ge substrates. 

For our application, planar-type diodes offer three potential advan- 
tages over the mesa-type diodes.  First, the junction edge being buried 
under a suitable passivation layer may prevent or significantly reduce 
atomic As migration at the junction which is probably the cause of the 
mesa diode breakdown.  Second, the junction edge in a planar diode would 
never be in atomic proximity to the Cs-0 used to activate the GaAs, Third, 
the passivation layer used, such as Si02, can be doped lightly in such a 
way as to form a guard ring type structure which could significantly reduce 
edge leakage problems. Toward the end of this contract, we were successful 
in the fabrication of planar-type diodes from p-Ge wafers, as previously 
discussed in Section H-l. Our experiments on vacuum testing the planar- 
type diodes were limited to only two wafers of diodes prepared in identi- 
cal fashion.  Both wafers had simple phosphorus-diffused planar diodes. 
There was no attempt to ^row GaAs in the exposed Ge holes.  The reason 
for making simple diffused p-n junctions was to avoid the complication 
that might arise with an extra GaAs layer on top of the diffused Ge p-n 
junction. The depth of the diffused phosphorus junction was 0.2 to 0.3 
micron. Approximately six good junctions were fabricated on each wafer. 
The wafers were then mounted in the ultrahigh vacuum system. After 
rechecking the 1-V characteristic for good diode behavior after mounting, 
the system was evacuated and baked out overnight at 250oC. After bako- 
out, each diode was I-V tested. Approximately halt the diodes were ohmic 
or showed large leakage. The remaining diodes were essentially unchanged 
from their prebake-out I-V characteristic. One of the wafers was then 
exposed to Cs and various Cs plus O2 cycles. The remaining good diodes 
on this wafer showed no change upon being exposed to Cs and O2.  Field 
enhanced photoemission was looked for but not observed.  However, this 
fact is not surprising since the junction depth was deliberately too 
great for hot electron emission, and, furthermore, the n-Ge surface was 
certainly dirty. Next, the wafer was heated slowly to approximately 400oC 
for 15 seconds and slowly cooled back to room temperature. This single 
heat treatment "destroyed" the remaining planar diodes.  In every case, 
the remaining diodes were ohmic. The second wafer of diodes was similarly 
heat-treated with the same results. The only difference between the two 
wafers was that one was 1018/cm-J p-Ge (100) while the other was 3xl017/cm3 

p-Ge (100).  Overall, the planar-type diode showed no better heat resis- 
tance than the mesa-type diodes. 

The mechanism of the planar-type diode breakdown, however, may be 
quite different than the mesa diode breakdown mechanism. There is a 
possibility that the passivation layer of 6000 8 of Si02 is not doing its 
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job effectively. That is, the passivation layer itself may be shorting 
out the diodes.  During fabrication of the diodes, the n-type dopant, 
phosphorus in our case, will diffuse into the SiC^ to some degree.  If the 
P should diffuse completely through the passivation layer, all diodes would 
test ohmic. We believe we have seen this case when the P diffusion is 
allowed to continue beyond approximately 10 minutes at 7750C. The good 
diodes were fabricated using a 5-minute diffusion.  It is, therefore, 
possible that the mild 400oC heating in vacuum drives the diffused P 
through the remaining Si02 and into the Ge below the passivation layer. 
If this does happen, then all diodes would measure ohmic or at least begin 
to show large leakage. The cure for this mechanism of breakdown would be 
to use a thicker passivation layer and/or to dope the passivation layer 
with a p-type compensating dopant.  (Other passivation layers such as AI2O3 
should also be tried.) These corrective ideas have not tested to date. 

In summary, premature diode breakdown in vacuum has been a most dif- 
ficult problem.  Based on a number of different experiemtns using the mesa- 
type diode, we feel that the mesa diode is not able to withstand even mild 
conventional heat-cleaning procedures in a vacuum environment. Even if the 
mesa diode could survive, the application of Cs onto the clean exposed Ge 
p-n junction may lead to severe leakage. Potentially, the planar-type 
diode has a better chance for our device. Although the first vacuum experi- 
ments on planar diodes were disappointing, there are a number of possible 
"fixes" that might work.  If, after further experiments, it becomes clear 
that neither the mesa nor the planar-type diode can survive conventional 
heat-cleaning procedures, then other techniques would have to be investi- 
gated. Among these would be the possibility of fabricating the device in 
the same vacuum system as used to activate and thereby avoiding the neces- 
sity of heat cleaning. Another possibility would be to investigate ways 
of protecting a crystal from the time of growth until placement in the 
vacuum activation system. These and other possibilities, however, are 
relatively involved investigations that are more appropriately separate 

research studies in themselves. 

III.  CONCLUSIONS AND RECOMMENDATIONS 

In this final section, we outline the major accomplishments achieved 
during the course of this contract and our recommendations for further work 

in this area. 

A. Major Accomplishments 

1. Theoretical calculations indicate that a GaAs/Ge or InP/Ge 
device is capable of 1 to 4% quantum efficiency in trans- 

mission at 1.55 ym. 

2. Considerations of dark current indicate that cooling will be 

necessary - perhaps to -80oC. 
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3. The organoraetallic vapor phase epitaxy growth method is 
most suitable for growing the GaAs/Ge device. 

4. Ultra-thin diffused junctions ( 500 A) can be fabricated 
using the organoraetallic process. 

5. Thin GaAs (0.3 m) has been activated to NEA with reason- 
ably good escape probability (45%). 

6. Photovoltaic measurements show that organoraetallic grown 
GaAs/Ge gives ideal heterojunction behavior. 

7. Electroluminescence has been observed from the GaAs of a 
reverse biased GaAs/Ge device. 

8. Both mesa and planar-type diodes have been successfully 
fabricated. 

9. Both mesa and planar-type diodes fail to survive moderate 
heat-cleaning cycles needed to achieve clean surfaces in 
vacuum. 

B.  Recommendations for the Future 

1. There remains about six months further work to optimize 
Ge wafer preparation and GaAs growth. Ge polishing and 
pre-growth preparation is still a problem. 

2. A great deal more work is needed on electroluminescence 
and internal photoemission related experiments to defin- 
itely determine the feasibility of the GaAs/Ge hot electron 
approach to 1-2 micron photoemission. A full year's effort 
could be spent on non-vacuum, on-the-bench type experiments. 

3. A most serious problem faced by our project and others using 
a biasing approach to enhanced photoemission is that of diode 
breakdown in vacuum. We have already spent over six months 
effort trying to solve this problem. At least another six 
months effort will be needed. 
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IV.  APPENDIX 

In this Appendix we discuss in more detail the calculations made for 
the transmission quantum efficiency of the GaAs/Gc device. In particular, 
the model and approximations are pointed out. Furthermore, the sensitivi- 
ties of most of the design variables are shown in the figures which follow. 

We begin with a calculation of the transmission quantum efficiency of 
the flat band p-Ge layer to 1.55 micron radiation.  1.55 micron is chosen 
since the atmosphere has a window at this wavelength, and germanium is a 
direct band gap absorber of light at this wavelength.  Reference to 
If. C. Dash and R. Newman, Phys. Rev. 99, 1151 (1955) gives a« 0.5/micTon 
at 1.55 \m*    We shall assume an effective antireflection coating has been 
applied to the back of the germanium so that the back reflectivity at 1.55 

^m is approximately zero. We need to solve 

-D2n(x) + ^l = G(a,x) (1) 

subject to the boundary conditions of 

»^l^w ■ s-wl dx  'back back 
(2) 

and 

n(x)l . v ''junction 
= 0  . (3) 

The yield in transmission is then grven by 

YT- 
dx 

o junction 
(4) 

where I is the incident light intensity, S is the back surface recombina 
tion velocity, T is the electron lifetime, D is the electron diffusion 
constant, and G(a,x) is the generation function. In general, 

G(x) =Ae+aiX+Be-«x (5) 

where A and B are functions of the reflectivities of the back and front 
surfaces, a,  and the thickness of the germanium. 

We have solved this equation and put its solution onto our time-share 
computer system. Graphical results for reasonable input values are shown 
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mm 

In Fles 1A and 2A.  Note that,for a wide variety o£ situations, the optimal 

^„anl^ thtcnesa la ^ .a.. As expected, the hacR ^"^^^ 

^eloclt, S has the ^ff r£^ -^^Tl"" I  dillu'sl^ ^loclty. 

?he glr-anL La  becomes a problem, even a lO-micron thick layer »th 
ut   m     s/v = 1 0 Is 457. efficient. Hence, this part of the GaAS/Ge 

\:2l Ts\liy  afficle«' and a transmission efficiency of over 501 is most 

realistic. 

We now turn to the p-n junction region and a calculation of the effec- 
tive efficiency of electron transport across this region. The basir model 
Tuse here is'that given by R. E. Simon and i F WilUarns Phys Rev. 
TPtters 18 485 (1967) which was based on the work of D. J. Barelink, 
J " MoU, and I I. Meyer. Phys. Rev. 130. 972 (1963).  The •£»• «< 
Williams results pertain to the case where ^. the mean free path for ioni- 

Silir^SctLK. is .uch greater than .  ^^I^^^ CST 

port problem across a junction, one for E » E0 and one for E « E0 where 
l"     r       ....     -c J-U„ o1c,o^mn and F.  IS elven DV 
oort problem across a junction, uue ^L   ■ ~-   -0 —- —- 
is the mean kinetic energy of the electron and E0 is given by 

_ 
e ¥   L 

Eo = 3E 
(6) 

in this equation, F is the field in the junction and E is the mean energy 
loss per cotlisi^n with an optical phonon. Our situat?on with a germanium 
n-n iunction and -1-2 volt reverse bias lies between these two cases.  Simon 
nd Sliams oint'out that, for such an intermediate case the two solutions 
give essentially the same results. Therefore, we have used the E » E0 solu 

tion which is given by 

N(T) = exp (7) 

„here T is the total electron energy lost to phonon collisions (measured from 
the top of the p^e conduction band), E is the germanium band gap, and E0 is 
as defined above.  For this model, a constant field is assumed. 

F --* 
E + Vr 

"f + Wd 
(8) 

where VB is the applied reverse bias, W, is the width of the ^pletion region 
Tfor a given bias), and Wf is the width of the flat band n^e region. The 

eld gfvln by thi expression is an effective field which Bartelink. Moll. 
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no electrons are lost in traversing the n-Ge layer.  For the parameters used 
in Fig. 5A, we have a total transmission probability of 49.1% and 40.37» for 
InP/Ge and GaAs/Qe, respectively. 

Figures 6A, 7A, and 8A give the total transmission probability versus 
the width of the n-region, applied bias voltage, and energy gap of the 
emitting layer, respectively.  The results in Figs. 6A-8A do not include 
the quantum mechanical transmission effects.  Neglecting quantum mechanical 
effects does not appreciably influence the parameter dependence. Trans- 
mission probabilities were obtained simply by excluding all electrons having 
energy below the emitting layer band gap and including all those above in 
these figures. 

Note that, for efficient emission through the p-n junction, the width 
of the flat-band n-region should be ^500 A. In fabrication of this device, 
however, the actual width of the n-region can be somewhat larger since the 
junction depletion region with applied bias will extend into the n-region. 
The extent of the field penetration depends on the relative doping concen- 
trations of both the p- and n-regions. A reasonable design aim, for the 
n-region thickness, is ~500 A. 

Finally, we turn to the calculation of the transmission efficiency of 
the emitting layer itself. This calculation utilized the same diffusion 
equation used for the flat-band p-Ge calculation.  However, an important 
difference is that we have ~.3-.4eV electrons incident on the back of the 
emitting layer instead of light. We assume that the resulting spatial 
generating function in Eq. (5) can be approximated simply by using an 
effective value for a, Qb« The mean range of penetration can be estimated 
by using the random walk equation 

R = )yf* (9) 

where \p = 85 A and N is the number of flectron-phonon collisions before 
thermalizing in the conduction band of the emitter.  Since E = .03 eV per 
collision and, from Fig. 5A, (E) ~ .3-.4 eV, we have N 10.' R = 85s/N 

250 A and c^. M 1/R M 40 (im-^-. We have solved the diffusion equation for 
Qb ■ 10., 20., 50., and 100. nm"l, assuming that the interface can be char- 
acterized by S/v = cc,    since the n-Ge/GaAs or n-Ge/InP interface should be 
a perfect sink for electrons.  The resulting yield (electrons emitted/elec- 
trons arriving in the emitting layer) versus emitting layer thickness is 
shown in Fig. 9A, assuming a unity NEA surface escape probability.  Assum- 
ing a surface escape probability of .25-.50 gives a transmission yield of 
~5-157o for an emitter thickness of ~0.1 |im.  Since L » l/ut, the trans- 
mission yield is essentially independent of L.  In fact, since 01, 5; 40 |im  , 
very little is gained for L ^ .025 n.m.  Thus, the quality of the emitter 
need not be particularly good.  Therefore, the InP/Gc system may be suitable 
despite lattice mismatch. 
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The total transmission quantum yield Q.E.j of the complete device 
is obtained by multiplying the separate probabilities calculated. The 
resulting efficiency  for  1.55  ^un radiation is 

or 

Q.E.T(1.55 um) M (0.70)(0.40)(0.05-0.15) 

Q.E.T ~ IX+t    . 

(10) 

(ID 
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to survive even moderate heat-cleaning cycles in vacuum. Probable breakdown mechan- 

isms are discussed, and possible "fixes" are mentioned. 
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