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ABSTRACT

Electron field emission from semiconductors is investigated
both theoretically and experimentally. The theoretical predictions of
the general Stratton theory are calculated specifically for silicon, in
the [100], [110], and [111] directions. A method of simplifying the
calculation of the energy distribution for arbifrary semiconductor bands
is obtained, utilizing the effective mass approximation.

> Experimental field emission energy distributions (FEEDs) are
reported for both n~- and p-type samples of low resistivity. The experi-
mental distributions are characterized by a high intensity single peak,
of energy 0.4 eV or more below the Fermi level, with a subsidiary peak
of lower intensity, rising from just below the Fermi level. The larger
peak drops in energy with increasing field.’ E?esented data demonstrates
that this peak lowering is not attributable/}&ﬁsample resistance. Obser-
vation of the subsidiary peak is ligksd”fa/either low sample tempera-
ture or low doping, implying that the carrier ccncentration affects its
presence.

Efierimental FEEDs are compared to those expected theoreti-
cally. It is concluded that they are not similar. Comparisom with
photoemission work indicates that the large peak is due to a band of
surface acceptor states. The subsidiary peak is tentatively ascribed to

conduc tion band electrons.
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~ Finally, a phenomenological model of photo-field emission
(PFE) is proposed. Based upon both FEED and PFE experiments, this model
assumes that emission occurs primarily from surface states. A second
component of the current is due to tunnelling of photogenerated
electrons. In addition to photoconductivity, a self-regulating break-
down mechanism is necessary for qualitative agreement with experimental
data. One such mechanism, avalanche, is investigated for the dielectric
emitter model. Qualitative agreement is obtajued with the characteris-

tic non-linear Fowler-Nordheim behavior observed experimentally.

i ol




TABLE OF CONTENTS 4

ABSTRACT 0 00N COB L0000 0E0E0GOIE000EININGINOROROIEOCRTINUEOCEOIOIONRUIEROEES iii

LIST OF TABLES.'.OOQ.ICl..';.c.l.'......l............'.'..0..... vii

LIST OF FIGURESeccecccecosasccssasssonscssssosossrsrssansssonsse viii
ACKNOWLEDGEMENTSe e ceevrcesscscscscctnoccssesssssosancssascsssnses xi
Chapter

4 I. INTRODUCTION: cccssvocescccesocsaccnsssssnscnansscosoncns 1

i II- THEORY...ll.!...l.'.....l'.'. IR RN ERENNERENNEER RN NN NN 5

Field Emission from MetalSe.eecesecescoccsccccacsssccnccs 5
Field Emission from SemiconduCtOrSscsccrsscccacocossse 11
General FormalisM..ceeeecescccocccssossssrasscscncee i1
General Band ConsiderationBecececceccccosccccsscccas 14 !
Specific Conduction Band CalculationBecceceoccecesnse 19 |
. 100 DirectioNecececccecssssssnscescccascasovescns 19 ‘
110 ] DirectioNececsvecencserssscasasnssonssscnvsanee 19 !
111 ) Directioneceescecsscessascossscscesccscccnse 21
Valence Band CalculatioNisecececcesocssssssnsonnas 23

. Predicted Energy Distributions from Si [100]........ 24

III. APPARATUS AND EXPERIMENTAL PROCEDURES..ecececescsacecncs 29
Mechanical ComponentSccecececocccresscocecsecseccsscnns 29

vacu‘m Systm............'....Q'.Q..l....."l...l... 29 i

mergy Analyzel'.-....¢..-.o...-.--o¢oo---....o...... 31 ) \
Total Current-Voltage-Light MeasurementS.ccscesccecss. 35
Electronics.......l..I.II.....l..II..'...'...'I..I.Q‘. 38
Computer Interfacinge.ccescssscescoscccsccrccccacees 38
Hard'arell..............‘......O....Ol..'.’...'... 38
soft'.re.ll..".'..'....'....l..l.l.."..'..’..... 49
smple Preparation’l.Q.Q...'....l.....l.ll..'l........ 52

cutting Blmks from w‘fers-........‘.’....!l‘..'.l.. 52
Photolithosr‘phy........l.............'.l..ll..... 54
Abra’iv. cutting....l........olll...“......‘..l.. 56

Electrolytic Etchin&....l..'..........“C...l....'.. 57

Pre-Vacuum Processing...cccecoseevoececscccccscssnne 58

In-vacum proc.“ing....l....‘.....O.ll‘..l!...l.... 58

¢ IV. EXPERmmTAL RESUIITSI.-..-.ol.oooo..-o.c'lo..ot.c.oloo'o 61
mghtly mp.d Silicon-.....-o.ono-oocono.c!'..ol.!cc.o 61




TABLE OF CONTENTS (Continued)

Chapter

Energy DistributionScssceieeciccesscscocccacccncaness
Current-Voltage-Light CharacteristicSececececssceccee
Heavily N-Doped SilicCONesesceccccoccscscscicsnsoncanes
Energy DistributionS.ecccecccccceccccesscsccersconnsns
Field Desorbed Surfaceeccc.cesccccecscncecsescesss
Thermally Annealed SUrfac@..cccceccssssccccssoncsnse
Current-Voltage CharacteristicSccscseccocenoorsrenes
Heavily P-Doped SiliCONceesscecccesssscscsccacosesccns
Discussion and Comparison of ResultS..cececeeecsssecsss
Previous Work on Siceceececscccccccscssesccssrscanes
Previous Work on Other SemiconductOrSeeccececscssoses
Generalization and DiscussSionNie.cececcsscccscsssrsceens

v. P}IOTO-FIELD EMISSION......'......Q.(-.I..Q..’...Q.i'....'
IntroduCtion...l.l".'l.'.....".'.QOQQQ'Q‘;.OQI....QI.

A second Model".l..l..ll...l....l.l".’IO.C..I...I.IG
Account of Photoconductivityeseceosvocccsconsosnsans

Note on the Lifetime@..secccevccccccsoscncsssstsacass

Sample ResisStanCeecccevsesccessccsanscscstccssscnnnsns
Photogeneration of CarriersS..ccccccccsccscscssscccoes
Dielectric Hodel.l‘.........II....Q.C.....I.......O...

Full Model with BreakdOWn.scecsccsoccccessacesscncscss

VI. »‘ONCLUSION.'...J.'.‘.....'...I'.....'..l..'.......l....‘
SELECTED BBLIOGRAPHY.'......'.....Q.'...O.'.IQ.I..C..l.‘....ll.
APPENDIX. A: BASIC PROGRAM FOR EXPERIMENTATION..ccoeoceoscsccacss

APPENDIX B: MACHINE LANGUAGE PROGRAM FOR DATA ACQUISITION.......

vi

116
120
125
132




vii
LIST OF TABLES
Table Page
1. Hardware Addresses and Data AssignmentSe.cecescecessocescss 39

2.

Photo-Field Emission Surface Po%tential MeasurementS....... 66

2 -

AR LS




- e v b

—”
viii
LIST OF FISURES . J
Figure Page
1. Energy Diagram for Metallic Emitter with Applied Field.... 6

2. Definition of Emission Vectors and Angles....cecesccecsscs 8

3. Theoretically Predicted Free Electron Total Energy
DiStribUtionSecseovesssocssssassscssasseassesosscssvasses 10

4. Band Structure Of SiliCOBeececesscessascoscsnsocosscscassas 13

5. General Mapping of Constant Energy Ellipsoids onto
EMiSSion PlaNecsceccececcansssasssassasscasnscscsscscncse 15

6. Mapping of Constant Energy Ellipsoids onto (100) Plane.... 20
7. Mapping of Constant Energy Ellipsoids onto (11C) Plane.... 22

8. Effect of Temperature on (100) Distribution from
Degenerately N-Type Siececcecsscscccsscsccccccoscssocccnss 25

9. Effect of Temperature on (100) Distribution from
Degenerately P-Type Si.....--oo...--.................... 26

10. Effect of Fermi Level Position on (100) Distribution from
si at BOOK'.‘..'..............'.............'...'.'..... 27

11. Schematic Layout of Ultrahigh Vacuum SysteD..ssecesscsscses 30
12. Van Oostrum Energy AnalyZer.ccececececccecsscesrosessnnssne 32
13. Tungsten Calibration DistributioN..cecececcscscccacsccacee 34 !
14. Energy Diagram for Surface Potential Measurements...ciese. 37
15. Block Diagram Of EleCtrORiCS.ccsecccccaccssccccssoscsecsres 42
16. Buffer Board for Apple II Interfacinge.csecececssscecsacss 43
17. Address Decoding SeCtiON...ccrscescsscacssccasssscscvssces 44
18. Plotter COntroller.cccseessessssssasccccscscannssssasccases 45

19. Retarder and lens CONtrolleT.cccsscsccscscsscscscscsssscss 46

- - ;& T e g e o . '




LIST OF FIGURES (continued)

Figure

20.

21.

22.

23.
24.
25.

26.

27.

28.

29.

30.

3.
32.
33.
34.
35.
36.

37.

38.

Current-to-Voltage Converter (CVC) and Butterworth

Filter-o.o-n.-ooo.uoocoo..ool'-c..o-onoooaoao-ooou'.-.oo

Analog-to-Digital Converter (ADC)ececeesceccvrosssvecasasns

Cleavage Characteristics and Sample Orientation from
<100>-0riented Si WaferS.ececcscscesccsscocscscsnccsccns

Photolithographic Mask DesignSeccecececccccccesncscscccnas
Various Surface Conditions Observed for Emittersececcecececs

Illuminated vs. Dark FEEDs from High Resistivity

P—Type Siececsccsceccsssessosscocsnscscscscssscscnssssossses

Photo-Field~Emission (PFE) Fowler-Nordheim PlOtesececssasas

Effect of Surfasce Condition on PFE Light/Dark Current

Ratio 0 00000000 0800000000000 00Pes0R0sOOCRIPRTORIORIOOOICOIEOSITEIETPRICCE

PFE Offset Voltage as a Function of Total Currenteccecececes

78K PFE Current as a Function of Illumination
Wavelength at Fixed Applied Voltag@eecesccecaccsoncosncs

300K and 78K PFE Current as a Function of Illumination
Wavelength at Fixed Applied Voltageeceevecesecossccncocss

Onset, Peak Position, and Total Current as a Function of
Applied Voltage for Heavily N-Doped Si.ceeeeccosccnccens
300K FEED of Heavily N-Doped Si for Various FieldS.csesces
78K FEED of Heavily N-Doped Si for Various Fields...ece..e.
300K FEED of HeaVily N.Doped, Annealed Si........o-.......
Fo'ler-Nordhem Plot for Heavily N-Doped S 5
300K FEEDs of Heavily P-Doped Si at Various Fields........

Onset Position and Total Current as a Function of
Applied Voltage for Heavily P-Doped Siccevevecccvecsconse

Fowler-Nordheim Plot for Heavily P-Doped Si.ceeececcccacse

Page

47

48

53
55
62

64
65

68

69
70
T
3

5
76

78

81

82

ar

G B e G U

- e o crempe .

—




LIST OF FIGURES (continued)

Figure

39.

40.

41,

42,

43.
44-

45.

46.

47.

Proposed Model of Surface State Density from
Photoemission ExperimentSceecssscccscecsscsscscsccacsccace

Extension of Proposed Surface-State Model to Field
Emission from N-Type Siecececacscscecescaccccccscoccscaces

Log of Total Current as a Function of Inverse of Applied
Voltage for Photoconductivity Correction to F-N Theory..

Fowler-Nordheim Plot of Photoconductivity Correction to

F‘N Theory--.--............-....-..........-........-...
Fowler-Nordheim Plot of Revised Theory Without Breakdown..

Fowler-Nordheim Plot of Revised Theory with Hard
Breakdown MechaniSmMe.ceecerscoscecscccscesasscoscscaasses

Fowler-Nordheim Plot of Revised Theory with Soft
Breakdown MechaniSMe.ecesececescssccosccocssscsssscacccss

Fowler-Nordheim Plot of Revised Theory with Hard
Breakdown Mechanism Without Conduc tion Band
Contribution.cseeceescecsvsecsssccesccesssacessassnccnnssne

Fowler-Nordheim Plot of Revised Theory with Soft
Breakdown Mechanism Without Conduction Band
contribution...II...Q.O.......‘..'.C..'IQ.....'...'.C...

Page

89

90

95

105

111

112

114

115

. : ) T . :




e e e e

Xi

ACKNOWLEDGEMENTS

The author wishes to thank his research adviser, Professor
Tien T. Tsong, for suggesting this study, and for his encouragement arnd
patience during its course.

Further, the author thanks the members of the Field Emission
Laboratory, in particular Mr. Brooks MclLane for his electronics exper-
tise and for help in computer interfacing. Thanks are also due to Mr.

Thomas Kinkus, and Dr. Michael Martinka for their invaluable aid during

the course of this research. The author is indebted to many professors

at this university for productive discussions and for use of equipment
essential to the completion of this project. In particular, the aid of
Professor Monkowski and the services of the Solid State Device Labora-
tory of the Department of Electrical Engineering must be cited.

The author reserves special thanks for Mrs. Susan Herman for
her support and her patience.

Lastly, the author acknowledges the financial support of the
Applied Research Laboratory, the Pennsylvania Research Group, and the

Department of Physics in supporting this research.

fuin e

— e e ——




CHAPTER I

INTRODUCTION

Field emission (FE) from metals has been studied since the
1920's [26]. In 1928, theorists Fowler and Nordheim successfully pre-
dicted the FE current-voltage relationship [20]. Experimental verifi-
cation of this theory and utilization in work function studies of adsorp-
tion followed [26]. Field emission energy distribution work (FEED)
confirmed the "total energy” theory of Young, in 1959 [57,60]. These
theoretical foundations were based upon the free electron theory of
metals.

Serious experimental challenges, most notably the anomalous
FEED from tungsten's (100) plane [53], were met with a more compre-
hensive theory. This general theory, due to Stratton [51,52], takes
account of bulk band structure and its effects on the tunnelling
probability of non-free electron bulk electronic states. This theory
was considered to adequately explain the experimental results [23].

Due to the overall success of the Fowler-Nordheim (F-N) and
Stratton theories for metals, work was extended to field emission from

semiconduc tors. Strong deviations from F-N behavior were demonstrated

in the early research on CdS [4]. These were attributed to photocon-

\ . duc tivity, which could be adapted easily into the FN theory. Later,
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however, Busch and Fischer showed that work function measurements from
silicon showed an inverse relationship to that expected--n-type emitters
demonstrated a higher barrier than those of p-type (11]. Further, the
double peak with sharp energy gap, predicted by the Stratton theéry, was
not observed. Instead, two peaks of varying separation were generally
seen [34,36]. Also, wide energy distributions were observed even from
very heavily n-doped samples, contrasting greatly to those seen for
metallic emitters [28,30]. In addition, it was demonstrated that
photoconductivity could not account for the entirety of deviations in
emission from high resistivity samples (56].

This thesis presents a study of field emission from semi-
conduc tors, silicon in particular. It is based on an attempt to syn-
thesize the data of previous researchers with new experiments of FEED
and photon stimulated field emission (or Photo Field Emission, PFE, in
the literature). New analysis of this evidence is compared to both the
theoretical predictions of the Stratton theory, and proposed surface
state modela. In particular, the implications of photoemission studies
on Si are compared to the experimental results on FEED from semicon-
duc tors.

Using the results of this comparison, a new model of PFE is
developed. Although the model utilizes crude approximations of the
quantities involved, the predictions of the model show some qualitative
agreement to the actual experimental data. This model is meant to be an
incipient attempt to 1ink together the experimental parameters of the

PFE problem.

In undertaking the thesis, novel methods of sample prepara-

———— il




tion and data acquistion were developed. Photolithographic techniques
were applied to precisely define sample dimensions. A sujtable pre-
cleaning treatment was found to reduce surface desorption problems
usually associated with strong oxide layers on the Si. Also, an adapted
van Qostrum type electron energy analyser was interfaced to an Apple II
microcomputer. The computer control allows the user a number of fea-
tures, such as rapid data acquistion, graphing, and numerical differen=
tiation, which previously were performed manually. These techniques are
described in detail.

The application of the Stratton theory to the silicon band
structure is developed in an original way, using a simplified general
approximation to the constant energy shadows. This calculation reduces
the Stratton integrals to a form amenable to rapid numerical calcu-
lation. Direct application is made for emission from the silicon (100),
(110), and (111) planes.

The thesis begins with a synopsis of Young's free electron
FEED theory. This second chapter also contains a section comprising an
original extension of Stratton's general formalism to cover the
particular case of silicon. This provides a theoretical basis for
comparison of the experimental FEEDs which will follow.

The third chapter introduces the experimental apparatus and
electronics developed for FEED studies. Some brief discussion of the
software, also originated for this work, follows. Further, improvements
and innovations in the sample preparation are discussed. The equipment
used in PFE studies is also described in this chapter.

Experimental results are explained in the fourth chapter. The
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first section of this chapter summarizes results obtained from FEED,

PFE, ard F-N techniques, and gives surface micrographs for samples of

various dopings and temperatures. Subsequent sections of this chapter

compare these results to those of previous researchers. The last

section discusses a generalization of these observations by comparison

to the photoemission work of Wagner and Spicer.

The fifth chapter discusses PFE. Briefly deriving the
photoconduc tivity additions to the F-N equation, it is demonstrated that

these simple theoretical additions cannot completely satisfy the experi-

mental data. Using the conclusions of the fourth chapter, a new model

is developed, which yields more satisfying qualitative behavior.
The sixth chapter comprises a general conclusion to the
thesis.

Here, a brief summary is presented of the previous discussions.

Following the conclusion are appendices containing the computer programs :

utilized in this study.
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CHAPTER II

THEORY

Field Emission from Metals

The general theory of field emission from free electron metals
was developed in 1928 by Fowler and Nordheinm [20]. Their solution of the
current-field relationship, the Fowler-Nordheim (F-N) equation, provided
one of the first applications of wave mechanics to a tunnelling prob-
lem [26].

Young rederived the F-N equation along with the total energy
distribution (TED) in a classic paper [57]. The formalism is repeated
here, as silicon energy distributions will later be compared to the ap-
proximately free electron distributions from tungsten.

From Pigure 1, we see that

V(z) = v z<0 (1)

- -kez/4z ~ eFz 2>0 (2)
where the first term of (2) is due to the image potential energy, and
the second, the applied field. Here we diatinguish between energy
normal to the surface W, and total energy, E by

W=E - p12/2m - py2/2m

= p2/2m + ¥(2) (3)

S
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Energy Diagram for Metallic Emitter with Applied Field.
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where pi is the momentum in the ith direction, and m the free elec-
tron mass.

By defining the following terms, Young placed the problem on
managable ground:

N(W,E)dWdE = number of e~ incident at the surface in the
interval (E,E+dE),(W,W+dW) per unit time per unit area.

D(W) = probability of barrier penetration.

P(4,E)}dWdE = N(W,E)D(W)dWdE = number of e~ in interval
which penetrate barrier.

P(E)AE = ( fP(W,E)dW)dE = Total Energy Distribution.

j= e [P(E)dE = current/area = F-N equation.
Now we determine these quantities.

From Figure 2, we see that the component of V in the z di-
rection is|V]cos®. The relative area encompassed goes as sin®, so

N(w,E)dwdE = n(E)dE[ |[¥]|cos@sin®@d®do/4n] (4)
where w is the solid angle, 4x (steradians) the normalization, n(E) the
density of electrons. Then

V = n( I¥1c0e0)?) /2 (5)
and

-dW/n[v| = |¥]sin@cosede = -aw/[2m(E-v)]! /2 (6)
After substitution into (4) and integration over o,

¥(w,E)dwdE = -dWdEn(E)/2[2m(E-v)]! /2 (1)

using n(E)dE = 4(2)372(gv)! 245

b (expl (E-u) /kT] + 1) (8)
gives N(W,E)deE = =4nm dWdEe

h3(exp[(E-u)/kT] + 1) (9)

—— e b
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Using a tunnelling probability D(W) of the form

D(W) = exp[ ~c + (W -u)/d] (10)
where c = 4(2m¢3)1/2/}neF x
W( (k7)1 /2 /) (11)

d = ner/(2(2ma)' /2
o (ke%r)' 12 /0) (12)
Both t(y) and v(y) are tabulated functions of value near 1, and are
discussed following equation {20) in the next section.

Upon integration:

_WA

P(E)QE = /N(w,E)D(w)deE (13)
W=E

= 4nmd exp(-c-u/d) exp(E/d)dE (14)
X

hJ 1 + exp({E-p]/kT)

Then the total current density j is:

i= e/P(E)dE (15)

- [93F2/8n not ((a)2/0)] x
oxpl[ -4(2m)" o¥?/(3mem)] x [w((2)/?/0)]] =
(xkT/d) /(sin(~k1/4)) (16)
where a = (ke’F),

Energy distributions, typical of the free electron model de~
rived above, have been observed by many researchers. Various distri-
butions appear in Figure 3, as predicted by Young's equations above.
These show that the distribution widens with increasing temperature.

Although this fact has been borne out by experimentation, there have

-1
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also been found crystallographic directions of tungsten and molybdenum
vhich do not exhibit the free electron distribution predicted [53]. To
explain the phenomenon of "anomalous" energy distributions from metals,
Stratton's theory of field emission from non-free electron solids was
invoked [53].

This theory takes account of the actual band structure of

the sample in describing the transverse energy, and will be described in

the next section.

Field Emission from Semiconductors

General Formalism

The free electron calculation of Young was generalized to non-
free electron solids by Stratton [51,52]. This generalization has
apparently been quite successful in explaining the anomalies obtained in
TED's from tungsten in particular emission directions (23,53]. The
Stratton formalism has since been the general theory for field emiassion
from bulk states. Although measured TEDs from semiconductors do not
agree with this theory [5.30], it provides a theoretical basis for the
TED expected from bulk states. For this reason, the present section

comprises an investigation of the predictions of this theory.
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Stratton has pointed out that equation (13) may be written

(52]:

p() = [2e2(s)/n3] [f D) ap, ap, (17)
or equivalently:

P(E) = [2ef(B)/n(27)*] // D(W) dk, dk, (18)

where the integration ranges over the shadow, on the emission plane, of
the constant energy surface [23]. This form is useful for semiconductor
calculations involving subbands or multivalley bands. The P(E)
calculations for each component subband may be added algebraically [47].
To proceed further, one must know the explicit band structure of the
sample in question. That of Si, for example, is shown in Figure 4.

To use the Stratton formalism, one must first derive expres-
sions for the transverse energy Et' This transverse energy is unavail-
able for tunnelling, and must be subtracted from the total energy E in
the integral over D(W). The procedure is straightforward in the <100>
directions, for the constant energy ellipsoids of the conduction band
are either along or normal to these axes. For other directions, the
procedure for finding Et is non-trivial.

Further, the form of D(W) given in equation (10) is not gener-
al. The form used by Young was an approximation of the general WKB re-
sult, with image corrections, valid near EP' The general result
for metals is [23]:

D(¥) = expl-(4/3eF) (2m/22)! /2

x [o- (V-8 .
x v (ke3) "%/ (0 (W - Ep)] ] (19)
or D(W) = expl -0.685 (0~ (v - E.))3/2/p




{HY {000) —ekafn2T ¢ 00)

Figure 4. Band Structure of Silicon. From K. Seeger, Semiconductor
Physics, p.31. -

- —




14

1/2
x v(3.79F / (0- (W-5g))) ] (20)
with F in V/}, o, W, Eg, in eV. In the above equations, v(y) and

t(y) can be approximated by:

v(y) = AO + Aty + A2y2 + A3y3 (0¢y<1)
with AO = 1,0056, A1 = -0.1521, A2 = -1.0625, A% = 0.2083
and t(y) 1 + 0.1y

The correct form for semiconductors of dielectric constant £ differs

slightly, due to reduction of the image potential by the factor [ (K-1)/(X

1/2
+1)] , as discussed by R. Gomer [25].

General Band Considerations

Although the actual integrations must be performed to deter-
mine P(E) for any particular emission direction, the transverse energy
at the conduction band edge may be expressed exactly. For arbitrary
emission direction D = hi + kj + lk, there exist three sets of 2-fold
degenerate lobes--one pair per axis. The centers of these lobes are at
an energy of 3.7eV along each axis, from the origin [11]. Thus the
transverse energy along the emission direction is 3.7eVsinze, with & the
angle between D and the axis. But sine = (k2 + 12 )/(h%+ 2+ 12y
for the i axis, and the same for the other axes by cyclic permutation of

the indices. Thus

B, (k1) = 3.7eV (k%+12)/(n?+ x2+212) (21)

stj(m) ¢ 3,7eV (h2+ 12 )/(n? + k2 + 12 (22)




Pigure 5. General Mapping of Constant Energy Ellipsoids onto
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B, (mkl) = 3.7eV (n? + k2 )/(n2 + k2 + 1%) (23)

The general solution of P(E) for the silicon conduction band
may be made with the fcilowing assumptions. First, because of the
symmetry of the constant energy ellipsoids about their long axis, the
angle between the long axis and the emission vector D completely speci-
fies the shape of the transverse energy shadow. The dimensions of this
shadow, of course, must come from E and the effective masses.

Secondly, it is assumed that each 3-d constant energy ellip~
goid is mapped into a 2-d4 ellipse on the surface plane. This assumption
allows us to use the construction in Figure 5, whereby we must compute
the maximum transverse distance in the 2-d k-space of the emission plane
to determine a' for the 2-d ellipse. This a' in turn will give the
"effective" effective mass for the 2-d ellipse on the long axis. The
value for b' of the 2-d ellipse will always be given by the same value,
b. This is intuitively true because the width of the shadow of the 3-d
ellipsoid is constant, although the length of the shadow will depend
upon the angle 6.

We begin by describing the projection of the ellipsoid in the
5:i plane by

K(ky,ky) = ke2/82 + k,2/02 = 1 (24)
with a? = ZmIEfnz ;ovr e ?

putting the equation of the ellipse into standard form. Here, m_ and

mt are the longitudinal and transverse effective masses, of value 0.91m

and 0.19m respectively {8]. We wish to maximize the distance d(k,,k,) be-

tween a point k,,k, and the emission vector D = hi + ki + li, given by

d(ky,ky) = k8100 - k cose (26)

e
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Using the Euler-Lagrange multiplier method, we take

8d(ky,ky) = A5K(ky,ky) (27)

Ak,siné - Ak cose = A(2k,dk,/a2 + 2k,ak,/b?) (28)
or

(2kx-\/a? - siné)aky + (2k,A/b2 + cosd)iky = O (29)

for any 3ik,, dky. Therefore, each expression in parentheses in (29)
must be zero, so

ky* = a2sing/2A ; k,* = -bZcos6/2.1 (30)
Substituting (30) into (24) yields

k,*2/a2 + k,*’/bz = 9
so A = +(a%sin?e + b2cos?e)V?2 (31)

We choose the + sign, since maximal distance is obtained when
k>0, k,<0. Substituting into (30) again, gives

Kk * = a2sin®/(a2sin?e + bzcosze)”2

ky* =-b2cose/(a%sin?e + v2c0s2e)! /2 (32)
Again substituting (32) into (26) yields

d(k,*,k,*) = (a2sin?e + bzcosze)1/2 = g' (33)
The new 2-& ellipse must be:

ktzla'2 + kzz/b'2 =1 (34)
with

a'2 = 2o*5/i2 = a%sin?% + bZcos2e (35)

b'2 = 2mt5:/1$2
Installing a and b from equation (24) yields for a*:

o*(e) = mlsinze + mtcosze (36)
The general expression for conduction band transverse energy aust take

into account the shifted origin of the 2-d ellipse. As described in

Raw v Bmgaiwic 28,2 -




18 )

equations (21) to (23) this implies that
‘ﬂzkt“; /(2m*(8)) = 3.7eV sin?e
with ky, = [ (3.7ev)2a*(8) sin?e / 17)' /2 (37)
and a transverse \energy Et described by
E(8) = 1%k, + k )2/ 2u*(8)
+ % ?/(2n,) (38)
Finally, we may generalize the P(E) from the conduction band to:

P(E) = 2 x [ 2e8(E)/n(27)% ] x

3 a bl(kl)
2_?( / { /D(E -E,) dk,,] dkz) (39)

=t -3 ""(kz)
a = {thE/ ﬂz]1 /2 (40)

sine, = [h2(1 - 5,,) + k21 - 8,,) + 10 - 8,3)] x
1/(a?+ k? + 1?) (41a)
cos? = (8,,h2 + 8,k + 5,312)/(n?+ k? + 12 )  (a11)

8y = 1 4if i=j; O if i~

m* = m sin® + m cos?e (42)
ke = [2 (3.74V) m *sin% / 02]'/2 (43) ‘
b = [(2o,*/n%) x (2 - w%,% /20 )] /2 (44)
By = [BXky, + ko )2/ (20% ) + w2/ (2n )] (45)

It should be noted here that the shadow of each constant energy ellipsoid

is taken into account separately, even if the shadows overlap on the

emission planme. Calculations for the three major crystallographic planes

are described in particular in the following sections.

WG #5777
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Specific Conduction Band Calculations

[10017Direction

The general form given above, equations (39) to (45), can be
broken into two parts for the [100] direction. These two cases arise
because of the degeneracy in energy of the ellipsoids symmetrically
centered on the j and k axes, as shown in Figure 6, and the ellipsoids
doubly degenerate in momentum with centers on the i axis. It can be
shown that (39) simplifies to

P(E) = [2ef(E)/(h (27)%) ] x

(4/. (/bD(E - E,) dk,) di+
-a b

c

2 x (27:)/D(E - 1%,2/(2m,)) kdk, ) (46)
o
with a=c= [2np 51 /2
b= [2mlE/-ﬁ2 - mlkzz/mt]1/2 47
By = 1iXky + ko)?/(2m) + H2%22m, (48a)
ke = [2 (3.7eV)m, / 42]1/2 (48b)

(1101 Direction

The [110] direction conduction band of silicon exhibits 2-

fold momentum degeneracy of ellipses centered on the i and j axes. As

shown in Figure 7, ellipsoids centered on the positive side of these




20

Pigure 6. Mapping of Constant Energy Ellipsoids onto (100) Plane.
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axes lie above those centered on the negative side. These overlapped
ellipsoids still contribute to the transverse energy integrals over kt'
kz, though their shadows are degenerate with those of the ellipscids

above. For this reason, the form of P(E) for the conduction band is:

P(E) = [2ef(E)/M(27)°] x

a b1
(4 [[[p@E - E,) dkyy] dk, +
-./ _[1 t1 t1
a b2
2/[/1)(3 - Eyp) dky,) dk, ) (49)
-3 -bz

a= [thE/ﬁ2]1 /2

b, = ([2m,*/#% x [E - 4% %20 ])/2 (50)

m* = (m1 + mt)/2 ;om* = omy (51)

koy = [m,* 3.7ev/52]' /2

koz = [2m13-7er52]1/2 (52)

E, = [8%ky+ ko )2/2m* + 0% Y2n ] (53)
[111] Direction

The [111] direction is completely non~-degenerate in kt-space.
That is, the shadows of each of the six ellipsoids do not overlap for
reasonably low energies. However, the ellipsoids are degenerate in

energy, and so the general formula, equation (3¢), reduces to:

P(E) = [2ef(E) /s (27)%] x

b
6 x (j( /D(E -E, )dk,)dk,) (54)

-2 -p

— . ——hd
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Pigure 7. Mapping of Constant Energy Ellipsoids onto (110) Plane.
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with a= [2mtE/ﬂ2]1/2
b= [(2u*/2)(E - ﬂ’k,z/Zm,]’/2 (55)
o* = (2m1 + mt)/3
ko= [4 (3.7eV) n*/312]1/2 (56)

E, = [1%k, +k,)%/20% + #%Y2m,] (57)

Valence Band Calculation

The valence band calculation for P(E) proceeds from a
determina*ion of the transverse energy. The calculation is simpler from
the standpoint that the valence bands are maximal in energy at k=0 (a.e.
hole energy is minimal at E;O). Thus, the large transverse momenta,
associated with the conduction bands of indirect gap semiconductérs such
as silicon, are absent here.

We start with the general form of the constant energy surfaces
for the valence band. This equation is [8]:

E=E, - (1¥2m) x [Ak? + [B%k* + c¥(k 2,2 + k2,2 +

ky2k,2)]' /2] (58)
with A=4.0;B =1.1;C = 4.1 (59a)
This yields three effective masses for the valence
band:

m = n/(A-B) = m/2.9 ; m, = m/(A+B) = m/5.1

and m_ = m/A = m/4 (59%)

3
Taking the hole energy to be positive downward [47], relabelled EB', we

get:

3
P(E') = ‘21[2ef(3')/ﬂ(2n)3] x (27) x




\

24
Kmi
/D(E' * By + X+ Eg) k, dk, (60)
(4]
with k= (2mE' /021 /2 (61a)
and Ey = f%%2nm, (61b)

or, rewriting in terms of E' = - E - By, gives, for E { -Eg,
P, (B) = (2ef(E)M (27)3] x 27 x
a8

3
i;[o/n(-gns’kﬁzmi + X) ky dk,] (62)

vith a=(em( - -5, )/ 422 (63)

Predicted Energy Distributions from Si [100]

The equations developed in the previous sections allow
calculation of the expected FEEDs from Si. In particular, predictions
for the [100] direction appear in Pigures 8 through 10. The effect of
raising the electron temperature is demonatrated by the broadening of
the conduction band peak, demonstrated in Figure 8. Alternatively, the
effect of temperature broadening on the valence band emission appears in
Figure 9. By raising the Fermi level above the conduction band edge,
the conduc tion band distribution approaches that predicted for a free
electron metal, as shown in Figure 10.

In general, for a conduction band only a few tenths of an eV

below the Fermi level, the 300K distribution consists of a sharp apike,
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evidenced in Figure 10. For the normalized distributions plotted, the
valence band will be of low intensity. Of course, for emission direc-
tions other than the <100> set, conduction band intensity will be

greatly reduced. This stems from the non-zero transverse energy terms

within the Stratton integrals.

Conversely, the valence band disi{ribution does not change
shape if the Fermi level remains above it in energy. In such a case,
the valence band contribution only changes amplitude. However, if the
Fermi level is positioned within the valence band, the distribution from

this band narrows, as demonstrated in Figure 10, where both cases ap-

pear.
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CHAPTER III

APPARATUS AND EXPERIMENTAL PROCEDURES

Mechahical Components

Vacuum System

An ultra-high vacuum (UHV) system is employed in the FE study.
The UHV system is comprised of a stainless steel (ss.) chamber with
components connected to its Cu-sealed flanges. These components are
viewports, various ceramic feedthroughs, valves, a "cold finger" sample
holder, and a nude Bayard-Alpert ionization gauge. In addition, a
sealed palladium tube, silver brazed to a miniConflat flange, is
attached to the system. When heated with an alcohol lamp, the palladium
tube diffuses hydrogen into the chamber.

The chamber is evacuated by various standard pumps. From
atmospheric pressure, the system is initially roughed to 10'3 torr
by an Edwards Model ED-100 rough pump, via a Varian bakeable mini-
valve, mcunted below the chamber. The rough pump is then switched to
back an Edwards Model EO-2 oil vapor diffusion pump (d.p.). The d.p.
utilizes Dow Corning DC-705 pump fluid. A liquid aitrogen cold trap,
stationed above the d.p., reduces backstreaming of oil vapor, and is

connected to the chamber with a Granville-Phillips 1.S5-inch main valve.
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Figure 11. Schematic Layout of Ultrahigh Vacuum System.
Here, i.g. refers to the Bayard-Alpert ionization gauge,
and d.p. refers to the oil vapor diffusion pump.
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Also, attached to the rear of the chamber is a titanium filament
sublimation pump, or “"getter,"” which may be cryogenically cooled. A
schematic of the chamber and pumping system appears in Figure 11.

After the chamber pressure drops below 5 x 10=7 torr, the
system is baked to 280°C for 12 hours under a fiberglass oven.
During this bakeout, the getter is "flashed" by passing 45 Amps through
the filament for 3 minutes. This effectively degasses the filament and
getter walls. Periodically during baking, the getter is similarly
flashed. Finally, the heat is switched off and the system is cooled
slowly under the oven to reduce thermal strain on the ceramic
feedthroughs. The pumps bring the ultimate pressure below 4 x

10'11 torr after one bakeout, as measured with the integral nude

Bayard-Alpert ionization gauge.

Energy Analyzer

A high-resolution van-Oostrum type electron energy analyzer,
chosen for ease of construction and operation, and reproducibility of
results, was built by the author. Specifications, published by Swanson
and Crouser [53], were modified slightly for mounting and viewing ease
in the present UHV chamber. An Au-coated Cu cup comprises the final
collector; the rest of the analyzer is constructed of ty . 304 ss.,
except the viewing screen composed of phosphor coated Ni foil. Present
sizes of the apertures are as follows: {

(a) Screen probe hole: 0.069 inch
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(b) Lens: 0.139 inch

(c) Faraday cup: 0.273 inch
The analyzer is shown in cross section in Figure 12.

Though a 10meV resolution was claimed by design, the measured
resolution of the analyzer was only slightly better than 110meV, as
judged by the Young-Kuyatt criterion [59]. This criterion defines the
resolution as the energy difference between the 10% and 90% heights of
the leading edge of a O°K free electron emitter. The resolution was
not improved noticeably by the inclusion of magnetic shielding within
the UHV chamber. However, the resolution was significantly decreased by
the presence of any external magnetic field sources in the vicinity of
the chamber; for this reason, no ion pump was installed on the chamber.
A typical tungsten calibration run appears in Figure 13.

One of the changes made in the design of the analyzer was to
allow the collector Faraday cup to be removed. This allows optical
aligmment of the analyzer with the tip of the sample. The Ni foil

screen was modified from a flat plate into a semi-spherical truncated

cone, %o reduce distortion of the electron image.
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Total Current-Voltage-Light Measurements

Although the energy analysis is computer interfaced, total
current measurements as a function of light or anode voltage are
recorded manually. In this case, light is aupplied to the right side
wiadow, normal to the axis of the sample, by a Bausch and Lomb High
Intensity Monochromator. The monochromator is comprised of a model BL33-
86-39-01 Tungsten (Quartz-Iodine) Light Source, coupled to a model BL33-
86-77 digital readout IR Grating. Slits on the monochromator are
adjusted for a spectral width of 19mm. Two filters are employed to
eliminate the second order from the grating-~a #2403 Pyrex filter. with
cutoff below 605mm, and a #7-56 Corning filter, with a 900mm cutoff.
With these filters, the operational regime of the monochromator is 605mm
to 1800mm.

Anode power is supplied by a Computer Power Systems modél CPS-
100 0-30kV regulated power supply. The output from this supply is
applied both to the anode, via the 25kV Ceramaseal feedthrough, and a
200M:200kohm Victoreen resistor voltage divider. The divided anode
voltage is measured with a 4.5 digit Data Precision DMM model
248.

Before taking I-V data, the surface of the sample is observed.
This is undertaken by applying about 1kV to the phoaphor screen of the

analyzer. Screen voltage is provided by a Fluke model 408B High Voltage

— e
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maintained at about 100-200 volts. At this potential, negligible light
intensity is generated by the phosphor, eliminating any photo-
stimulation feedback to the sample.

Measurement of the surface potential at constant current is

obtained in the following way. As shown in Figure 14, the collector cup
is maintained at virtual ground using the Current-to-Voltage Converter
(cvc), described ip the Electronics section following, to measure the
probe nole current. Output from the CVC is monitored on a Data
Precision DVM. The anode potential is fixed in positive value. The
negative tip potential is varied until a current increase is observed.
This value is deemed the "cutoff potential.” The tip potential is
measured simul taneously using another Data Precision DVM. The cutoff

potential, anode voltage, and probe hole current readings are manually

recorded., Following these measurements, the total current is measured
by applying the sum of the previous anode and offet voltages to the
anode ring, and connecting an ammeter to the sample. Again, the sample

is thus at "virtual ground” potential.

H - o Tom L ey T T g " A=V I
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Blectronics

Computer Interfacing

Hardware

The energy analyzer is completely run by a microcomputer.
This provides rapid data acquisition, uniform and precise measurement,
signal averaging, numerical differentiati.n and smoothing, and data
storage. Further, both CRT and plotter outputs are available for rapid
viewing or hardcopy output of data.

Qutlined in Figure 15 is a flow chart of the hardware
interfacing. Beginning with the Apple II microcomputer (uP), decoding
of specific address codes sets an initial potential on the retarder
supply. The current-to-voltage converter (¢vC) measures the resulting
current on the retarder cup. This signal is passed through a
Butterworth filter and subsequently measured by the ADC, which converts
it to a 12~bit binary number: In two operations, the uP reads the
number, and adds it to previously accumulated data for the particular
energy level.

Various addresses are reserved for special purposes. These
address codes are decoded outside the computer and utilized %o switch
counters, control lines, or, in conjunction with the data bus, to put

digital values onto the plotter digital-to-analog converters (DACs).

| nd ‘f2====================================HI..

ivy o c
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TABLE 1

Hardware Addresses and Data Assignments.

Assignment

Address
Decimal|Hexadecimal
28680 $7007
28681 7008
28632 7009
32768 8000
32769 8001
32770 8002
32771 8003
32772 8004
32773 8005
32774 8006
32775 8007
32776 8008
32777 8009
32778 800A
32779 8008
32780 800C
32781 800D
32782 800E
32783 800F
32784 8010
32785 8011
32786 8012
32787 8013
32738 8014
32789 8015
32790 8016
32791 8017
32792 8018
32793 8019
32793 801A
32794 8018

V-Min, Byte #4, MSB
V-Min + 2.54mV, Byte #4, MSB
V-Min + 5.08mV, Byte #4, MSB

R, #Readings/2.54mV step
L, #Loops of total voltage range
YA

YB

GA

GB

Vi = Tip voltage, IB
Vi, HB

Anode voltage, IB
Anode voltage, HB
Tip type

Month

Day

Year

Lens voltage/2
Temperature in Kelvin/4
Offset voltage, IB
Offset voltage, HB

Venin, IB
V-min, MB
V-nin, HB
V-min + 2.54mV, 1B
V-nin + 2,540V, MB
V-min + 2.54mV, HB
V-min + 5.08aV, 1B

Notes: For data storage, $7007 to $S79FF and 38015 to $BFFF:
IB = Lowest Byte
MSB = Most Significant Byte

IB = Low 3yte

MB = Next Highest Byte HB = Next Highest Byte

For parameters, at the remaining locations in this table:
HB = High Byte
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TABLE 1 {continued)

Hardware Addresses and Data Assignments.

Address

Decimal {Hexadecimal

Assignment

49410 $c102 Increment Retarder DAC by 2.54meV.
49412 Cc104 Reset Retarder to 10eV
49416 c108 Data I3
49417 c109 Data High Nybble
49418 C10A Reset and Start ADC
49419 C10B Sample and Hold: Hold
49420 cioc Sample and Hold: Sample
49421 C10D Data Bus Diagnostic, = 255
49422 C10E Data Bus Diagnostic, = O
49424 cti0 North Plotter Motion, 2.54eV increment ¢
49425 c111 Northeast Motion #
49426 c112 East Motion -»
49427 Cc113 Southeast Motion Yy
49428 c114 South Motion ¢
49429 Cc115 Southwest Motion g
49430 Ci16 West Motion ==
49431 c117 Northwest Motion X
49432 ci118 Pen Up--Not Connected
49433 ci19 Pen Down--Not Connected
49434 Cl1A Load X HB
49435 C11B Load X Low Nybble
49436 c1c Load Y HB
49437 ci11D Load Y Low Nybble
49438 C1E Clear X
49439 C11F Clear Y
- o o T T R TR

e e——t
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The address codes used in the present interfacing are presented in Table
1.

The sections of the block diagram are shown in Figures 16
through 21. Each section is described briefly below.

1. Buffers. This wire-wrapped board, shown in FTigure 16,
slips into the Apple's interface slot #1. It protects the Apple from
outside transients, and is powered from the Apple's own power supply.
This board contains LS367 chips as unidirectional address bus buffers,
and a National Semiconductor #8304 octal data bus transceiver.

2. Decoding and Plotter Control. This wire-wrapped board,
shown in Figures 17 and 18, preliminarily reduces the designated 16-bit
addresses to managable 4-bit addresses. The 154 chip, shown in Figure
17, accomplishes this decoding. The addresses go to specific
peripherals called by the uP program. In addition, certain addresses
are completely decoded (using chips numbered 154 and LS42) to single
commands, connected to cascaded 4-bit counters (LS193 chips). These
counters drive two 12-bit DACs (Analog Devices AD DACSO-CBIV) for the
"X" and "Y" directions of the plotter. The data bus allows any preset
number to be placed on these DACs. This circuitry is depicted in Figure
18, '

3. Retarder Controller. Shown in Figure 19, this section
consists of a transformer isolated power supply and 7.5kV optoisolators, )
driving an isolated 12-bit DAC (Analog Devices AD DAC80-CBIV). This DAC
is connected to provide precise 2.54mV potential steps to the tip
through a unity gain 741 Op Amp buffer. Only two controls are utilized-

-a preset to -10V, and an increment command. The next increment after a

SR - v oo
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preset command sets the DAC to zero volts.

4. Current-to-Voltage Converter (CVC). The CVC consists of an
ultra-high impedance (10'% omm) precision FET Op Amp (Analog Devices
AD545KD) connected in the current-to-voltage converter mode. Mounted on
a solid teflon sustrate to minimize leakage currents, this CVC features
interchangeable feedback resistors RF’ giving output voltages of -Ii x
RF' The output from the AD545 is connected to a Butterworth low pass
filter. The CVC is illustrated in Figure 20.

5. Analog-to-Digital Converter (ADC). The ADC, shown in
Figure 21, is a 12-bit chip (Analog Devices ADST4KD), with a sample-and-
hold (S&H) on its input. The S&H (Analog Devices AD582KD) maintains the
input signal at a constant value during the "read” cﬁcle of the AD574.
In froat of the S&H are connected three FET input Op Amps in an
instrumentation amplifier scheme, to eliminate the common mode present
in the ground loop from the UHV chamber to the AIC.

6. Offset. Offset voltage is provided by a Hewlett-~-Packard
model HP6110A regulated DC power supply. The offset compensates for
potential differences between the sample surface and ground. The offset
need be applied only if the energy distribution cannot be measured with
the 10eV range attainable with the bare DAC. Otherwise this point is

grounded.

Software

The controlling program for data acquisition has two distinct

parts. The first, programmed in Basic, allows the user to input

—
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essential experimental information to the computer. This information is
requested by the program input statements, and stored along with the
actual acquired data for future reference. The date, sample type, lens
and anode potentials, offset voltage, and sample temperature are polled,
as well as the number of readings (R) and loops (L) desired and starting
and ending voltages for each loop. These last two parameters are called
YA, YB, GA, and GB in Table 1.

The second part of the control program is in 6502 machine
language. Though less interactive with the user, the machine language
performs 1000 times faster, and thus provides the necessary data
acquisition speed. Multiple precision addition can also be performed
easily and rapidly in machine language. The machine program's quadruple
precision ability allows for 232 bits of information to be stored
for each 2.54meV energy increment, corresponding to 220 full scale
readings. This capability remains unused; for most applications,
setting the experiment through L=50 loops and R=50 readings suffices.
However, for increased data smoothing or large feedback resistances,
vwhich require longer settling times, up to R=255 and/or L=255 are
possible.

The actual programs are contained on cassette tapes in the
laboratory, and in an appendix to the thesis. One merely performs a
]LOAD from the Basic program into the Apple, then flips the tape, types
]CALL =151 to put the computer into a machine language mode, then types
®6B00,6CFFR for reading the tape into the proper memory locations. The
user holds the Control button down and hits C to return to the Basic

program, then types ]RUN to use the progranm.

— v
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: Al though most elements of the program are readily prompted by

‘

‘ the 3asic program, the plotting software is slightly complicated. The

complications arise from the fact that the accumulated data appears as

I(V), and what is desired is dI/dV. Though this is a simple matter to

take dI/dv = [I(i+1) - I1(i-1)]/2, any fluctuations appearing in the

original data cause large oscillations in the calculated derivative. To

smooth the oscillations, one can change the definition of dI/dV to
dI/@v = [1(i*m) - I(i-m)]/(2m)

which reduces the oscillations by the factor m. The author has found

i that another manipulation will reduce the oscillations even further.

. This last method is to average the values at the points (i+*m), and (i-

m). Functionally, this amounts to defining I(i*m) to be

I(i*m) = [ 2 I(i*m3)]/[20%1]

j=-n

This implies that dI/dV should be

ar/av = ( Z" [1(i*m+3) - I(i-m+3)]) / [(2n*1)x2m]

j=-n :

P P Th 1)

By appropriately chuosing "m,"” called the "points to be averaged,” and

"n,” the "mesh,” the data may be smoothed very reasonably without

;’ eliminating any inherent characteristics of the energy distributions. :

K& e p A

.
A Lo 2 e
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Sample Preparation

Cutting Blanks from Wafers

T™wo methods have been successfully employed for creation of
sample blanks in the "bridge structure” of D'Asaro [14]. The first,
useful for thin wafers, of about 10 mils thickness, utilizes
photolithography and produces specimens of precise dimensions. The
second method, useful for wafers of about 40 mils thickness, relies upon
hand cutting on an abrasive disk, glass cuttiﬁg saw. These two methods
are described below.

Before performing either method, the desired crystal
orientation is first determined. This may be done by observing the
backscattered Laue X-ray pattern, or by utilizing the cleavage
characteristics of the sample. It is known, for example, that Si
cleaves exclusively along the (111) plane. If one is using <100>
oriented wafers, the <110> direction lies normal to the edge of the
cleaved wafer, and is coplanar with the wafer surface. This is
illustrated in Figure 22. This procedure eliminates the need to X-ray

the samples if <100> or <110> orientations are desired.

OR—

——
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011> 011>

Figure 22. Cleavage Characteristics and Sample Orientation from
. <100>-Oriented Si VWafers.
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Photolithography

Photolithography is a technique used extensively in solid
state device manufacturing for precisely aligning and defining circuit
elements, using an HF-acid resistant photoresist. The author has
adapted this technique for the manufacture of thin, precisely defined Si
sample blanks for use in FEM work.

Systematically, the method consists of first coating both
sides of each wafer with Shipley AZ-1350 positive resist. The wafers
are baked overnight at 90°¢C in a dry nitrogen ambient for good
adhesion to the surface. Next, the wafers are clamped in a jig with two
mirror-image contact masks, shown in Figure 23. Both sides of each
wafer are exposed through the masks to a high intensity UV source for
one to two minutes, depending upon photoresist thickmess. Thereon, the
exposed wafers are developed in corresponding Shipley developer, rinsed
in deionized water (D.I.), and spun dry. The wafers are rebaked
overnight as before.

Under a protective hood, one to four wafers are then held
vertically in a slotted teflon basket. They are immersed into a plastic
beaker of 48% HF, just large enough to contain and cover the wafers.
Slowly, several drops of nitric acid are mixed into the beaker. As
these acids react with the uncoated Si surface, gas bubbles are evolved
and the surface of the Si slowly dissociates. As the surface etches,
however, it heats, speeding the reaction. Thus, it is important to keep
the wafers immersed in the liquid etchant bath else the resist will peel

from the surface. In spite of the best precautions, the resist may
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PATTERN #»1

A

Figure 23. Photolithographic Mask Designs.
) (A) Photograph of Rubylith master,

(8) Contact prints of front and back masks,
reduced 20X from master.
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begin to peel from the wafers. If this occurs, the wafers must be
removed, cleaned, and recoated with resist.

When etching is complete, samples float to the surface of the
acid bath, and are retrieved with a pair of tweezers. Subsequently,
they are rinsed in D.I. water, then in acetone to remove the Shipley
resist, snd finally in D.I. water.

These samples are now sandblasted gently to round the tip end.
After this treatment, the samples are etched electrolytically, as

described in the next section.

Abrasive Cutting

This technique provides roughly equivalent, rapidly generated
samples. It requires wafers of standard 4-inch diameter thickness,
about 40 mils. Typically, one such 4-inch wafer is scribed and broken
into quarters. Then these are cemented onto a 3/16=-inch thick glass
substrate with melted Cenco red wax. The glass and four stacked
quarters are cut by hand on a standard glass-cutting abrasive wheel saw.
The glass substrates and Si blanks are heated and the wax blotted off,
then the blanks are cleaned in acetone. Finally, the tip ends of the
blanks are sandblasted round. The rounding is necessary because the
etching action is isotropic--elliptical cross sections are etched into

“butter knives" with one dimension sharp and the other blunt.

— -
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Electrolytic Etching

Electrolytic etcping, rather than purely chemical etching,
must be used for creation of successful, utilizable tips. Best results
are obtained using the techniques described by Busch and Fischer {11],
who suggest optimum ratios of HF:HNO3 for various dopings of Si. 1In
general, the ratio is 3:5 for resistivities greater than 10 ohm-cm, and
drops to 1:10 for resistivities of O.1 olm-cm or less. Equally
important is the use of a variable AC voltage supply, with a platipum
wire immersed in the acid bath and another electrode attached to the Si
sample. The voltage is regulated until small bubbles appear at both
sample and Pt wire electrodes. This voltage may vary from a few tentha
of a volt for high conductivity samples to 60 or more volts for nearly

intrinsic samples. Lastly, the sample is rinsed in D.I. water, dried

with compressed nitrogen, and stored in a closed container.

The electrode-to-Si contact must be excellent to assure
consistent results. To this end, the author always strips the oxide
from the "legs" of the sample with etchant, rinses the sample, then
attaches a strong, flat clip. Loss of etching activity is almost always

attributable to poor electrode-to~sample contact.

C o
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Prevacuum Processing

Just prior to installation in the UHV system, a previously
etched tip is removed from the closed container and given an "RCA

clean." This consists of first a 4-minute dip in boiling NH4OH:

HZO:HZO2 (4:10:1), followed by a rinse in D.I. water. Secondly, the

sample is dipped into boiling HCl=H20:H202 (4:10:1), and again rinsed
in D.I. water. Lastly, the sample is dipped in 48% HF, rinsed twice,
and dried. After insertion into the cold finger tip holder, a
resistance measurement between the tip feeﬁthrougns indicates the

contact resistance. If considered too high, another dip in HF and rinse

usually eliminates the problem.

In-Vacuum Processing

Once the sample has been dounted in the chamber, the system is

pumped out. The procedure for evacuation is described in the section

entitled "Vacuum System.” After low 10-11 torr has been obtained after

bakeout, the experimenter is able to clean the sample with the following

technique.
With pure hydrogen admitted through the sealed Pd tube to a
pressure of 10-3 torr, a novel method is employed to clean the Si.

Following the work of Buach and Fischer [11], who described a faintly

visible DC field desorption image of Si in Hz, the author performs

P
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an AC field desorption-field emission cleaning. This method allows a
better view of the surface cleaning than the DC desorption technique.
Following Cooper and Muller [13], who first used the technique to clean
tungsten in vacuum, an adjustable high voltage AC is applied to the tip
while an adjustable negative DC voltage is applied to the ring "anode"
of the analyzer. A positive voltage of 3 kV is put on the phosphor
gcreen. The resulting field at the sample surface oscillates between
field emission and field desorption. The field emission gives the

experimenter an excellent view of the sample surface as the cleaning is

occurring. The H2 reacts with the silicon dioxide during desorp-

tion, enhancing the removal of this strongly bonded impurity, and

exposes the silicon surface.

While the AC field is on, the H2 is pumped out.

short time, the AC is cut off, and the system is again baked. This

After a

gecond bakeout leaves the system in low 1071 torr. At this point,
another AC field desorption~field emission cleaning is performed, this
time in vacuum without hydrogen.

If the "RCA clean” procedure, outlined in the section on
prevacuum processing, is followed rigorously, the author has found that
the hydrogen reaction described above may be eliminated altogether.
This allows the experimenter to maintain a sharp tip from the onset, and
obviates the extra bakeout required with the hydrogen cleaning.

If annealing is desired, a current is passed through the tip
"legs,"” and the sample is resistively heated and annealed. As Si has a
negative coefficient of resistance, ballast protection resistors must be

used for high resistivity samples [43]. For low resistivity samples, a
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transistor-regulated constant-current power supply suffices to heat the

sample, automatically adjusting for resistance changes.
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CHAPTER IV

EXPERIMENTAL RESULTS

Results of the experimental measurement of the field emission
energy distribution (FEED), and Fowler Nordheim current-voltage (F-N)
plots, from silicon of various dopings are presented in this section.
It was observed by the author that surface conditions, as well as tem-
perature and doping, affected the results. For this reason, photo-

graphs of the various surface conditons are presented in Figure 24.

Lightly Doped Silicon

Energy Distributions

One of the main objectives of the thesis was to ascertain ob-
vious differences in the FEED of Si under PFE conditions. To this end,
samples were cut from very pure p-type Si wafers. These samples yielded
results typified in Figure 25. The FEEDs obtained from these samples
were characteristically wide (FWHM > 0.75eV) and Gaussian in shape at
both 300K and 78{. Further, the FEED generally contained large, non-
reproducible fluctuations in amplitude at points of the distribution.
The only obvious difference in the FEED, between light and dark
conditions, is the offset potential. There are no distinguishing

differences in the shapes of the distributions, even though the PFE

Py v - AT i
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Figure 24. Various Surface Conditions Observed for Emitters.
(a) N-type, 0.001 om-~cm, field desorbed,
(110) oriented, side view.
(b) Same as (a), rear viev.
(c) P-type, 60-100 ohm-cm, thermally annealed,
(110) oriented, side view.

(d) Tungsten, thermally annealed, (110) oriented,
side view.

—




D e e ——

L,_,_,,'

Figure 24 (continued).
(e) ¥-type, 0.001 ohm~cm, thermally annealed,
(110) oriented, side view.
(f) Same as (e), rear view.
(g) P-type, 60~100 ohm-cm, field desorbed,
(110) oriented, rear view.
(h) Same as (g), thermally annealed at T<700C,
(110) oriented, rear view, showing ring formation.
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TABLE 2
Photo-Pield Emission Surface Potential Measurements.

Anode-Surface Base Contact-Surface Total Emitter Current

Voltage (Volts) Voltage (Volts) (Amps x 10*10)
Dark Light Dark Light

1650 T.1 6.7 2.40 2.41
1680 9.5 8.7 3.30 3.40
1710 12.0 11.0 4.18 4.35
1740 19.0 17.0 4.90 5.20
1770 25.5 23.7 5.50 5.95
1800 32.6 31.5 6.00 6.40
1830 41.5 39.9 6.41 6.85
1860 49.0 47.6 6.80 T.23
1890 58.6 56.9 7.20 7.70

Scale Change
(Amps x 10*7)

0075 0-81

1920 68.0 65.8 ‘0.7 0.84
1950 76.0 73.8 0.82 0.87
1980 85.7 85.7 0.85 0.92
2010 93.9 92.4 0.87 0.94
2040 0.92 0.97
2070 109.5 107.4 0.9 1.00
2100 118.2 116.3 0.97 1.04
2130 127.0 125.7 1.00 1.06
2160 138.3 135.3 1.03 1.08
2190 146.0 144.0 1.05 1.12

Notes: Light source: B&L High Intensity Monochromator.
Setting: 1000m.
Pilter: Pyrex #2403.
Sample: 60-100 ohm-cm p-type.
Temperature: 300K.
Surface: Field deagrhed.
Pressure: 2 x 10°

! torr.
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current at 78K, with photo-stimulation, was usually several orders of
magnitude larger than the dark current.

Using the FEED to determine the offset potential, the author
measured the I-‘Voffset relation of the sample. At various fixed
offset potentials, the PFE current was always slightly higher than the
dark current at the same offset potential. Data on this effect is
presented in Table 2.

This FEED information may indicate several possibilities. The
wide energy distributions, accompanied by fluctuations, appear to
indicate some non-equilibrium situation. Indeed, various researchers
have argued that the width is indicative of hot electron effects in the
sample. Distributions up to 4eV in width were reported by Kagan, et al.
[32]. As pointed out by Stratton [52], this implies that these elec-
trons have energy larger than the barrier height and that a complete

reformulation of field emission theory is then necessary.
Current-Voltage-Light Characteristics

Fowler-Nordheim plots of data from lightly doped p~type Si
follow the same pattern regardless of surface condition. An example is
shown in Figure 26. However, the ratio R of photostimulated current to
dark current at 300K is highest for the field desorbed surface. The
effect of slight annealing at T<7Q0C ias the formation of a ring om the
previously desorbed surface, and a consequent reduction in R, from 1.68
to 1.42. This surface is shown in Figure 24g. The Current-Voltage

plots illustrating this effect appear in Figure 27.
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Figure 27. Effect of Surface Condition on PFE Light/Dark Current
Ratio.
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Also, the offset potentials, or IR drops, indicated non-ohmic
behavior, with resistances of up to 1012 ohms at 300, as indicated
in Figure 28.

Additionally, the PFE increase varies with wavelength and
field. This behavior is demonstrated in Figures 29 and 30, with Log of
Current vs. Illumination Wayelength at fixed values of VA' As indi-
cated, the photocurrent is substantially larger at fixed VA for photon
energies larger than the thermal band gap. Nevertheless, residual en-
hancement does exist at 78K for photons of energy down to 1.03eV,
corresponding to 1200mm. As discussed by Borzyak, et al. [10], this
residual enhancement may be due to absorption by carriers in surface

states, or perhaps by free carrier or impurity absorption.

Heavily N-Doped Silicon

Energy Distributions

Because the FEED studies on lightly doped Si showed no obvious
differences in energy structure, the author decided to elicit informa-
tion from more heavily doped samples. It was hoped that the increased
doping would eliminate the large offset voltages and current fluc tua~
tions accompanying the previous data. Further, it was expected that the
heavily n-doped Si used (0,001 ohm-cm resistivity, 1019 per cm3 1)
doped) would show a metallic energy distribution and provide a starting
point for further data comparison.

These expectations were largely unfulfilled. Although current
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Applied Voltage for Heavily N-Doped Si.
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fluctuations were eliminated for desorbed or annealed samples, the zero
offset distributions expected for metallic emitters were never observed.
Attempts to connect the non-zero offset voltage to an IR drop were com-
pletely unsuccessful. Indeed, the "onset" potential, defined by the
author to be the offset voltage yielding 10'13 Amp probe hole current,
actually decreased with increasing total tip current. This behavior is

shown with the current-voltage data, in Figure 31.

Field Desorbed Surface

The field desorbed surface, shown in Figure 24b, yielded
reproducible FEED results. These results appear in Figures 32 and 33.
The energy distributions may be characterized as follows [28]:

(a) 300K: A single peak, which shifts downward in energy and
broadens with increasing field. The peak is initially about O.4eV below
Fermi level.

(b) 78K: The single peak broadens and shifts as in (a), but at
some particular field there arises a subsidiary peak from below the

FPermi level. The subsidiary peak increases in magnitude with respect to

the larger, low energy peak.

Thermally Annealed Surface

Thermally annealed surfaces show little general qualitative
differences to the results from desorbed surfaces at 300K in that both
types show an energy shift. FEEDs performed on the surface shown in
Figure 24e yielded a single peak, which shifted down in energy with

increasing field. The FEED measurements made from the annealed surface,
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shown in Figure 34, evidence this observation. However, the general
shape of the energy distribution from the annealed surface appears
slightly different from that of the desorbed surface. In particular,
the annealed surface FEED shows a longer "tail" on the lower energy edge
of the distribution. Such a change in the distribution shape is not

predicted for valence band emission in the Stratton theory.

Current-Voltage Characteristics

The current-voltage behavior of the heavily n~doped Si appears
to follow the F-N equation fairly well. A F-N plot of data from the
field desorbed surface appears in Figure 35. No severe deviations from
F-N behavior are observed, in contrast to the data obtained from high

regsistivity p-type material.

Heavily P-Doped Silicon

Only one sample of (110) oriented P* Si was studied. This
sample had a resistivity of 0.015 ohm-cm, and was produced from a
Monsanto-supplied wafer. The surface was field desorbed. FEEDs from
this sample, which appear in Figure 36, show a single peak, located
below the Fermi level, similar to the data obtained from heavily n-
doped Si. Unlike the behavior of the n-type samples, however, the
"onset” potential increased with increasing field as demonstrated in

Figure 37. Thus, although the peak appears below EF' it also may be
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true that a potential drop exists within the sample. The F-N plot

associated with this data appears in Figure 38.

Discussion and Comparison of Results

Previous Work on Si

FEED studies have been performed on Si and other semicon-
ductors previously. For Si, Russell and Litov [45] reported a single
peak which, upon "fracture,” two peaks, with maxima separated by the
thermal gap energy of about 1.2e¢V. There appeared to those authors a
simple identification of the lower energy peak with the valence band,
and of the upper peak with the conduction band. However, this
identification was questioned by Stratton [52], who pointed out that the
peak separation for bulk =’ ates emission should be greater than the gap
energy, and the energy d.stribution should have zero amplitude for
energies of the gap region. Russell and Litov argued that the poor
resolution of their analyzer had spread the expected sharp peaks into
the broad shapes which they observed.

Russell and Litov [45] apparently encountered some experimental
problems [52]. These authors were unable to measure the offset of their
sample, recording only the transient response of the lock~-in amplifier
on an oscilloscope. Further, they claimed to see no symmetric pattern,
which generally indicates either contamination or, as described by
D'Asaro [14], mul tiple "tiplets.” No information on vacuum quality is

provided in their paper. The FWHM of *their tungsten distribution was
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reported to be O.6eV, in contrast to the accepted width of 0.25eV at
300K.

Rather improved studies on Si were made by Kleint and Kusch
[36]. They investigated 0.2 to 0.8 omm-cm n-type Si, of (111)
orientation. !Using a high quality analyzer designed by Young [60],
these authors descrited three distinct cases. First, they described
seeing a single peak, showing enlargement of width and energy
displacement with increasing field. Secondly, they found two peaks,
with maxima separated by about 1.2eV. Thirdly, they reported two peaks
separated by approximately 2.5eV. Although no basis was given, these
authors attributed the peak of lowest energy to valence band emission,

and that of higher emergy %o the conduction band, as had Russell and

Litov.
Previous Work on Other Semiconductors

Work on GaAs was merformed by Hughes and White [30]. They
used heavily doped, n-type, 0.0001 ohm-cm resistivity material, and a
field desorbed surface. Using a Young style analyze., having excellent
resolution, these authors found a large wide peak located almost O.4eV
below EF' and a small subsidiary peak appearing at EF and lower.
Their data appeared similar to this author's own data on heavily n-
doped Si. In addition, Hughes and White described small sharp peaks,
located between EF and the large peak, which appeared and dis-
appeared on consecutive sweeps of their retarder. They ascribed the

large peak to the valence band, and the subsidiary peaks to surface
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state emission. Those authors argued that conduction band emission was
absent due to band structure effects, even though GaAs is a direct gap
material and transverse momentum considerations would be of negligible
importance. Further, one can show that GaAs of the quoted resistivity
implies that the Fermi level is within the conduction band--the sample
is degenerately n-type.

On Ge, several researchers have published results. Arthur [5]
demonstrated a wide, single peak appearing below EF. This peak occa-
sionally showed small oscillations, especially evident at low tempera-
ture. Arthur argued that such a wide peak was consistent with a
severely degenerate conduction band at the surface. Also, Arthur's
resul ts seemed independent of doping type, yielding a large single peak
in all circumstances.

Further work on n-type Ge was performed by Shepherd and Peria
[47]. Attached to a smaller, wide peak, these researchers found a very
strong, sharp peak, of width 0.1 eV. The sharp peak was angularly
localized at a particular bright feature of the annealed Ge pattern.
For other emission directions, the amplitude of the subsidiary peak
varied. The strong sharp peak was ascribed to a surface state, as it
does not fit the theory for the Ge (100) direction emission, and it was
sensitive to surface contamination. The broader, low amplitude peak was
argued by these authors to be valence band emission, as it appeared
below EF and had the expected shape of valence band emission.

Lastly, Kisker, Mahan, and Reihl studied the FEED of a 370}

thick semiconducting EuS film deposited upon a W emitter [34]. Their

published data shows a large, wide peak, located nearly 3eV below
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EF’ with a smaller, subsidiary peak beginning at EF

lower in energy. These authors note that the large peak shifts toward

and tailing

lower energy and broadens with increasing field, though the

subsidiary peak grows in relative amplitude and rerains close to

EF.

Thus, their data corresponds in general shape to that of other
researchers. Kisker, et al. argued that inelastic scattering of
electrons entering the EuS layer could account for the observed
distribution. Those electrons which arrive at the surface unscattered
by traps are emitted with energy equal to the Fermi level. Inelastic
scattering reduces the energy of many electrons, however, and they drop
down to the conduction band edge or to trap levels within the conduction ‘
band. Therefore, a large electron population exists at and near the
conduc tion band edge, giving the largs peak. As the applied field is
increased, they argue, the large peak shifts downward with the

conduction band, while the small peak remains near the Fermi level.
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Generalization and Discussion

Comparing all of the accumulated data of these researchers,
one sees a general trend. Consistently, a single large peak dominates
the energy distributions. This single peak shifts down in energy with
increasing field, and a subsidiary peak arises just below EF. With
increasing field, this subsidiary peak increases in amplitude compared
to the lower energy peak. The subsidiary invariably appears with nearly
pure, high resistivity semiconductors, or with heavily doped semicon-
ductors operated at low (78K) temperature. This implies that free
carrier density is strongly related to the PEED characteristics.

Al though the explanation put forth by Kisker, et al. [34] is
sensible and attractive for their thin film data, it is not applicable
to the other samples. For example, their model supposes a perfectly
dielectric semiconduc tor, with the Fermi level bending down parallel to
the assumed bending of the valence and conduction bands. We expect band
bending of the order of pJx. We may take the maximum value of J to be !
1000 Amps/cmz, so that for resistivities p of order .001 ohm-cm, one
volt would develop for an emitter of length one centimenter. This is an
unreasonably large estimate for typical emitters, implying that this
mechanism is unrealistic. For this reason, we must discard the model of

Mahan, et al. as too limited to explain the diverse results accumulated

ey o

on many samples of high conductivity semiconductor.




Alternatively, let us consider another model, based upon
photoemission work. To explain their photoemission data, Wagner and
Spicer [55] proposed that the Si surface was covered by a large density of
surface acceptor states. For their cleaved n*f 0.001 ohm=cm "1 sample,
they concluded that the density of surface states was of order 8 x
1014/cm2--approximately one surface state per surface atom. Moreover,
they concluded that Figure 39 is an acceptable distribution in energy of
these surface acceptor states. From that figure, we find the surface
states overlapping the valence band, and tapering off to zero density
below the conduction band edge.

This picture of the surface state denaity leads to band
bending without an externally applied field. Wagner and Spicer cal-
culated that the band bernding, for the planar surface, would give a
0.2 eV difference from the flat-band condition at a distance of 12 }
from the surface. This bending could alternatively arise from an
imaginary external field of -0.51 V/i [28]. Also, there is no net
external field, due to the surface states, because the band bending
causes a buildup of poeitive charge both in the valence band and on
ionized donor states near the conduction band.

The application of an external field will flatten the bands.
Assuming that the surface states are filled, the electrostatic fields
will add vectorially. In this case the imaginary internal surrace field
of 0.51 VAR will add to the emission field F/K, with K the dielectric
constant. The band curvature will be V(x) = Vo(P)exp(-x/LD). Here,

LD = [ ex?/q%%, ]1/2 = 13 k. The field just within the surface will be

& (x)/dz = Vo(F)/L. Thus, V(F) = (L x [ 0.51V/k - #] / k) 1s the
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extent of the internal band bending. As shown in Figure 40(b), the exter-
nal field of order 0.3V/} shifts the entire surface state density below

EF’ with the high energy tail remaining some few tenths of an eV below
EF'

This analysis of Wagner and Spicer's photoemission data sug-
gests an alternative mechanism of semiconduc tor field emission. It
suggests that emission occurs primarily from surface states, rather than
the two bands, at low fields. This proposition adequately explains why
the large, major peak occurs below EF and why it shifts downward in
energy with increasing field. It explaina why the shift is not atirib-
utable to an IR drop in the sample.

Further, the invocation of surface state emission may explain
the discrepancy in shapes of the FEEDs. The theoretically wredicted
width of conduction band emission is very narrow--narrower than the
metallic distributions observed for W. The experimentally observed
distributions are always much wider than the metallic distributions.
Also the theoretical valence band distribution does not change width
with increasing field; it only changes amplitude. This is in contrast
to the experimental observation that the width increases with increasing
field. In addition, the wide shape of the experimental distribution may
be a consequence of the irureasing density of surface states with lower
energy--similar to the case for valence band emission, which also gives
a wide distribution. Also, a change in the surface state density,
effected by annealing or desorbing the surface, would yield a change in
the FEED. This is observed in the experimental distributions.

In certain circumstances, emission will also come from the
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conduction band. This will occur if the charge on the surface states is
insufficient to prevent the externally applied field from bending the
bands downward at the surface. Such will be the case if emission of
electrons from the surface states causes their population to diminish

sufficiently. Wagner and Spicer's data implies that the bands will

never bend downward for typical emission fields of up to 5x107 V/cm,
in the absence of emission. Indeed, for heavily n-~doped semiconductors,
we do not generally see emission at energies near EF. However, for
lightly doped semiconductors, or heavily doped semiconductors at low
temperatures, we do see emission at these higher energies. Thus, the
concentration of electrons in the surface states must diminish under
these emission conditions, to about 0.8 of the original surface electron
density.

This simple model employing the conduction band and a band of
surface acceptor states, seems to explain a majority of the experimental

work. The experimental reports of two broad peaks can be ascribed to

these two sources. This model easily covers the observation of only one
peak, that of the lower energy surface states, as well as that of the ; \
double peaks. It also handles the observed fact that the energy

separation between peaks increases with field, and that the higher [

energy peak increases in amplitude with increasing field. '
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CHAPTER V
PHOTO-FIELD EMISSION
Introduction

The effect known as Photo-Field Emission (PFE) or alter-
natively as Photo-assisted Field Emission, was found in Si by Busch and
Fischer in 1963 [11]. It had been discovered much earlier by Apker and
Taft [4] that CdS emitters demonstrated a large increase in FE current,
which was attributed to purely to photoconductivity [4]. The charac-
teristic non~linear F-N curves, along with the spectral response of Si
and Ge, implied to many researchers that the effect was also totally
attributable to photoconductivity. Indeed, typical data taken from a
field desorbed Si sample, which has been plotted in Figure 29, shows
that the effect cuts off at approximately the band gap energy.

The photoconductivity argument supposes that the F-N relation
holds true at the surface. The P-N equation then relates the total
current to the true surface potential, Vs. Vs is related to the
applied voltage VA by

VeV, -IR (64a)

R = R(T,A,In....) (641)

Thus the P-N equation becomes

-—




- -

94

I = aF? exp(-0.685 ¢°/2/F) (65)

F= p(v, -IR) = BV_ (66)
Solution of the transcendental equations (65) and (66), for assumed
typical values of the constants a, 8, R yields the graphed curves shown
in Figure 41. Notice that the shape of these curves closely resembles
the experimentally observed graphs, shown in Figure 26, when the results
are plotted as Log(I) vs. 1/VA.

However, the results do not appear as attractive when plotted
in F-N form as Log(I/'VA 2) vs. 1/V,, 88 in Figure 42. Although
the data appears to fit theory for one regime, namely low V, it does not
fit the high V case. Puther, it is observed that p-type Si shows a
stronger PFE effect than n-type Si of the same resistivity. If
photoconductivity were the only rationale for this effect, the doping
type would be inconsequential. In addition, researchers found that the
F-N equation is not obeyed at the surface. Using a retarding potential
analyzer, the surface potential can be found, and F-N plots of the
resul ting data show non-linearities. Lastly, the FFE current always
exceeds the dark current, even with identical surface potentials. My
data on this latter effect is shown in Table 2.

For these reasons, the photoconductivity explanation was
rejected for a more rigorous model by Yatsenko [56]. Yatsenko attempted
to model PFE as an extension of the planar MOS structure in the "quasi-
dielectric” limit. This planar structure admittedly neglected
geometrical effects of the actual spherical surface, but .18 felt to
involve the same physical properties as the PFE problem. The model

presented the sample in terms of a base region, a depletion region, a
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Pigure 41. Log of Total Current as a Function of Inverse of Applied
Voltage for Photoconductivity Correction to F-N Theory. .
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surface inversion layer, and a surface barrier regime. After analyzing
the MOS structure, Yatsenko concluded that under all typical FE
conditions, the internal surface field would be higher than the
avalanche breakdown field in Si, typically 105 V/cm. This paradox led
Yatsenko to conclude that surface states must therefore be screening the
sample from the emission field, for under avalanche breakdown condi-
tions, he reasoned that the current would increase unreasonably--
behavior not experimentally observed.

The conjecture of surface states screening the sample is
reasonable. As demonstrated by my data, presented in the section on
FEED of Si, the energy lowering of the main peak with increasing field
conforms with this interpretation. Further, the width of the distri-
bution, even for heavily doped Si, may indicate that an increasing
density of surface states with lower energy, as discussed in that
section. In addition, Stetsenko, Yatsenko, and Miroshnichenko [50]
found that a single applied voltage pulse broke into two current.
segments of discernably different time constants; presumably the two
were due to emission from bulk states and from surface states. Lastly,
the two peak amplitudes showed hysteresis, interpreted to be further
evidence of the surface states having a larger time constant than bulk
states.

In spite of the reasonable argument that surface states are
screening the bulk from the external field, Yatsenko overlooks several
important points. First, the observation of PFE coincides with a shift
in the dark surface potential. Second, the large sample resistance

limitas the current, even if avalanche breakdown occurs in the surface

B
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region. Both these points suggest that the sample resistance must be
taken into account more explicitly than in Yatsenko's treatment.
Further, FEED data on low temperature Si, and the hysteresis data of
Stetsenko, et al., indicate that the surface states deplete to some
extent during PFE emission.

This last point indicates that Yatsenko was correct in his
initial assumptions about the mechanisms of PFE, namely that PFE occurs
at the point where the surface states become depleted. However, his
theory showed that avalanche breakdown must occur at the surface region
if the surface states deplete substantially. Yatsenko reasoned that
such a breakdown must necessarily be catastrophic, as current is a
continuous quantity throughout the sample. Plagued by the conclusion of
avalanche breakdown, he was unable to forfeit the role of surface states
in the model. In other words, if the surface states alone control the
emission characteristics, then one must be left with the pure photo-
conduc tivity argument. However, if both surface states and the bands

contribute to emission, then additional current terms come into play.

A Second Model

Rather than revise Yatsenko's model, I propose the following,
second model. This model simplifies the PFE by considering emission
from two energy regimes. In reality, three energy regimes are possible--

the surface states, and two bulk bands. However, as no knowledge is

e g e
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presumed of the actual form of the surface state wavefunctions, I w#ill
take the valence band as a "reasonable" substitute for the surface state

emission. Further, I will assume that the conduction electrons may

possess a zero minimum transverse energy, i.e. a free electron,

spherical energy surface for the conduction band.

Account of Photoconductivity

To take account of photoconductivity, we will again assume

that the surface potential Vs and the field F are directly proportional.

Thus,

F o= BV, - IRy) = 8V, (67)
and

BE1 /G (68)
In determining R , we use

R, = R( Py +» sample dimensions) (69)

Pl = o ma+ a0 (70)

9, = (neu, + pepy ) + (dnep, + Apeup ) (71)
now An = Ap = A'(Intensity In,,l,Reflection coeff.,

afr)...) (72)
B.p = ni2 - 1.4 1 10%%/ea® x (1/300K) (73)

For p-type Si, p = NA' n= niZ/NA. At T8, n = 3.44 x
18
10 .
/NA

Por lightly doped Si, say 1014/cm3, this gives n = 3.44 x
104/cm3. So
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Pa ? dark neun + pefip

Piark A (n+A')eu, + (prA')eup (74a)

= NAeup/[A'e,u,, + (NA + A')eyp] (741v)
with

pdark - 1/adark N 1/[NAeﬂ°] (75)

To determine A'(In,.l +Ry««s), Wwe assume that each generated

carrier has a lifetime v. The reflection coefficient, R, is taken to be

0.3. Complete absorption is assumed--in reality absorption is related
to the sample thickness and the absorption coefficient at the wavelength
of the incident radiation. With these approximations,

A = (#e'/cm3) = (#e generated/cmz-sec) x

(2n?L°/nr2Lo) x (1 -R)x = (76)

A' = [Ini 5.03 x 1014/cm2-sec] x [2/F] 2 0.7 (77)
with 1 in 1, In = intensity in Watts/cmz. The variable T is an average
radius of the sample = (rb + rt)/z, in cm. In this approximation,

effects of surfacé absorption, bulk absorption, etc. are ignored. We

aim here only to arrive at a functional approximation to the absorption.

Note on the Lifetime

The recombination of carriers follows the law

dn/dt = =Cn.p (78)

with 7 a proportionality constant. If p = NA, the solution is

B = n_exp(~CN,t) = n exp(-t/T ) (79)
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SO T=T1T, = 1/CNA' This means that the reduction in carrier lifetime
eliminates or substantially reduces the PFE effect for heavily p-

doped samples.

Sample Resistance

We determine Rdark from the classical expression R = pL/A
applied to a cone shaped sample of length Lo and having a base and tip
of radii rb and r, respectively. The angle of the cone is V = (rb -
rt)/Lo' Applying the resistance formula yields
R, = ;{lj:?L/[A(L)] - (P,\/")f:&/[(l‘b -r1)?] (80a)

= (py/nP) x (/r, = 1/r)

= RlLoﬁwrtrb
or = gl/nrrt (rb>>rt) (80b)

The contribution of the hemispherical cap on the reaistance is

negligible, as the path length involved is only of order rt << Lo.

Photogeneration of Carriers

The photogeneration of free carriers does more, qualitatively,
than just change the sample resistivity. Free electrons are accelerated
toward the surface by the internal field. These photogenerated
electrons have higher total energy than those in surface states or the

valence band. Thus, these conduction electrons may be emitted
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preferentially, possessing substantially higher tunnelling probability.
If not emitted, these electrons may become trapped at the surface,
cascading into the lower emergy surface states.

We proceed along these lines as follows.

Let
J . '
total Jdark(i) * Jlight(l) (81)
where JdarkL‘) is the valence band current, calculated with Ry used.
Jlight(l) is the contribution from the electrons generated by light. We

approximate the dark current by the valence band contribution,
neglecting surface state emission, taking
J sart) = I (F) (82)
and I= Jtotal x Area of tip. (83)
In turn, JV(F) is evaluated using the Stratton model and free electron
mass for the holes. This calculation may be approximated by
J (F) = 8rmet(r) 3ner2/[9n>(2m)' 2 4 (x+ EJ] x
9112[-4(2!!1)1 /2(X+ Eg )3/2/31191?] (84a)
or, JV(F) = [7.6 x 109Amps/cm?] P x
(1/(X+ Bg)) x exp[-0.685(X+ £g)3/2/F]  (84b)
with X, Eg5, in eV, and F in V/A.

To evaluate Jlight(i)' we assume that all electrons are at the

bottom of the conduction band. Therefore, we may express

light(l)
={1-R] x [#photons generated/cmz-sec] x

Ilight = Area of tip x J
[Active area] X
[Provability of emission] x

[1.6 x 10" 9¢oul/photon absorbed] (85)

————
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The components of (85) are evaluated below.

Ql) R = reflection coefficient. Assuming normal incidence of un~-

2
polarized light, R = [((ny - n, ) + kz)/((n2 + o 2+ kz)] . The ex-
tinction coefficient, k, is negligibly small for photons of energy below
1.2eV. Here, n, = 1 for vacuum, np =\/€ = 3.435 for Si. So (1-R) ¥

2
4n4n,/(ny + n, )" = 0.7.

(2) #Photons generated/cm?-sec. This is the intensity In divided by the
energy per photoﬁ, or
[#photons/cm?-sec] = inl.(ﬁ)/hc
=[5.03 x 1014A(A) In(Watts/cmz)]/(cmz-sec)

(3) Active area. This is the area of the sample in which generated

electrons reach the surface. If we assume a recombination lifetime, T,
for the excess electrons, then

n(t) = ngexp(-t/t)
is the number left at time t after generation at time t=0, Assuming a
drift velocity v, = uE, we get x = V4t and

n(x) = n exp(-x/vy7) .
The number arriving at the surface x=0 from a distance x away will be N,
= ﬂ;(x)w(x)dx. Here, W(x) is the width of tkhe conical shaped tip of
angle defined just before Equation 80. Thus, W(x) = (2r, + 2 ¥x).
Integration yields

N = 2n,vy7(r, + Pvy7).

Therefore, the effective area is Ng/n,, or [Active area] = 2vyt(r, x

vg¥t) or (r, x Lgy)/2, whichever is less.

(4) Probability of emission. We will take this to be the WKB solution

at the conduction band energy, neglecting the image potential and band

A —_ a3 3o A

Amraia -
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gtruc ture effects, and assuming the free electron solution. Thus,

(Probability of emission] = D(E.) = exp(-O.GSSXal?F).

(5) [Surface emission areal. We take this to be 2nrt2, neglecting ob-
vious structure characteristics, such as facetting, which reduces the
emitting area of the surface. The field desorbed surface appears to have
uniform emission, and is more closely represented by this expression.

Therefore, substituting the above into equation (85) yields:

3y 1gne@) = (100135 = 10" )v, 1] x
[rt + }’vt,'l’];\mps/cm2 x
(exp[-0.685x¥YF]) /2~ rtz] (86)
or - [In,1(1.35 x 10-4)/4] x [rb x Lo] x

expl-0.685x 77 1/2 2 7. 2]

To this point, we have a formulation of PFE embodied in equations (67)

-

through (86). Graphs of data appear in Figure 43, with the approxi-

mations taken below:

In = In x Watt/cmz !:':8 = {,1eV

N = 10'4/cad 1 - 104

A 106cm/aec X = 4eV

T = 107456 x (1014/NA) L, = 5m = 0.5cm
r, 30000 = 3 x 107 ca Up = SOOcnz/V-sec
r,o=5zx 107 ca Hn = 15000m2/V-soc
y = (1'b - 1-1:)/Lo = 102 radians
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With these values, the set of equations reduce to the five

below:
POV/R) = (V, x10° - 1 x R3)/(1.5 x 10%8)

Jlight(A/cmz) = (1,245 x 105) xI x expl-5.48/%]

9 x Fz) x exp[-7.89/F]

9

2
Jdark(A/cm ) = (1.49 x 10

I(a) = (J ) x (5.65 x 107

light * Ydark

Raloms) = (1.33 2 108) x [1 + 1.13 x 1] (87)

We observe from Figure 43 that, while this formulation of the model does
give a PFE current with light incident that exceeds the dark current at
the same surface potential, it does not yield the up-turn behavior at
high V near the origin of the abscissa. For this reason, we must
postulate that a breakdown mechanism exists at high cross-sample
voltages.

Two types of breakdown mechanism seem possible. The first,
avalanche breakdown, may occur when the internal field within the Si
reaches the breakdown field. For Si, this breakdown field is a function
of doping, and is of order 105V/cm for a bgckground.doping of
1014/cm3. Avalanche breakdown will multiply the expected current at a
particular cross-sample voltage by some factor M. This implies that the
cross-sample resistance Ry should be multiplied by the factor 1/M.
However, the avalanche breakdown mechanism reduces the resistance only
in the region of the sample which is actually supporting the breakdown

field-~-the rest of the sample must retain the same resistivity.

el B ol oo

T T T T i 4 R SR FTTT T e T R R R R
- 3 e ToTEmT T
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Therefore, we may envision that the surface region of the sample will
breakdown earliest, and that a breakdown region will grow in length back
toward the sample base.

The second mechanism is punch-through. Punch-through is
typically a bipolar transistor breakdown mechanism, in which the base
region is covered by the depletion regions of the emitter and collector.
In our crse, the depletion region extends from the surface back toward
the base of the sample, as described above.

Slight differences exist in the application of these two
mechanisms. In the second, the depletion region is assumed to have zero
resistance. In avalanche, however, the resistivity is merely reduced to
1/M of its original value. The avalanche mechanism will be utilized in

the breakdown mechanism in this model.

Dielectric Model

The simplest model of the sample is that of a pure dielectric.
Thus we will get a contribution to the dark curreet from the avalanche
throughout the sample.

To compute the avalanche current, we assume that the non-
avalanched current is multiplied by sbme factor M. As this occurs at
some fixed cross-sample voltage V, the original sample resistance R must
be reduced %o a value R/M. Purther, some of the avalanche generated
electrons go into the conduction band where they may be emitted.

To evaluate the number entering the conduction band, we note

that the conductivity increases by the same factor M, so

oM = g+ (M-1)o = o + (excess o)

- e e mud
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= 0 + Deu, *+ Peuy

with n and p representing excess carriers generated by the avalanche
process. We assume that u, = 3un, and that the number of excess holes
generated equals the number of electrons generated. Thus,

(M-1)o = 4peu
or L= p= (M-1)o/deup
Using o= [NA +A'Jeup + [4' + n, /NA]e,un
Combining terms,

o= [, +3n,2/8, + 44" leus
Thus n= (M-1)/4 x [NA + 3niz/nA +4A']

The number of these n electrons which arrive at the surface
per unit time per unit area, N, must be evaluated. Using a Maxwellian

distribution of velocities leads to:

N - 3
v;£:xfuB(;) v

With A = m/2kT,
th(?D - E[A/N]ijz x ezp(-A-vz]
Thus, N = afa/n] x /vxexp(-Avx"‘) dv_ x
[ -] ’ ' ®
-:xp(-m,’) av_ = [exp(-“,z) av_
80 § = a[a/21372[1 24 ][n/4]

ylelding N = &[k1/27 m]'/2

We also require an expression for ¥ itself, Bar-Lev gives an

empirical expression for diode breakdown as [7]:

x=1/0- (E/EB)Z"]

s e v <l
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The variable m is empirically determined, and is usually between 3 and

6. To a first approximation, we may take the internal field to be the
total IR drop across the sample divided by the total length of about
Smm, Then, taking EAB for Si of light doping to be 2 x 105V/cm, and
w35, we get:

M=1/01 - (IR/(0.5cm x 2 x 105v/cm))6]
or ®=1/[1 - (1r/10%)8]
The effect of choosing a multiplier function which is less "hard,” such
as M = [1 - IR/105]_6 will also be demonstrated. The model employing
the latter equation will be termed "soft" breakdown.

Thus, the additional current density expected from the

avalanche-generated conduction band electrons will be

‘ JCB = nx [kT/Znnﬂ1/2 x [1.6 b 10-19coul/chg.] x

[probability of emission].

Full Model with Breakdown

The full model, with breakdown now included, is embodied in

the following set of equations. Here, the previous parameter assump-

tions have been inserted.

(1) Jdark = 1,49 x 107 x #2 x exp(-7.89/F)
. (2)

S ignt " ([1.245 x 10° x I ox ] [a32x 10712 a])

x exp(-5.48/F)
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(3) a=[(M-1)/4] x [10"% + 44]
4) a' = [2.82 x10'3 1]

- 3
(5) F [VA x107 - I, 1 X Rl] / 5ty
(6) Ry= [Bo/M] / [1+ 113 x 1]

-9 -
(7) (Jdark + Jlight) x5.65 x10 /I .. ~1=0
5\167°1 & "

(8a) M= M, = [1 - ( x Itotal xRy/ (2 x107)) ] hard

= = - 5 -6 " "
(8v) M=, = [1 - (2 x I otar X B2/ (2 x10%) ] "sofs
9) M ={n+a']/ a4
(10) r, = 30004

The model is most easily solved in the following order. First,
one chooses values for the intensity, In’ dark resistance R,, and

arbitrary total current value I Secondly, equations (6) together

total’
with either (8a) or (8b) are solved iteratively, yielding Ry. Using Ry,
M is obtained from (8a) or (8b) appropriately. Lastly, the remaining
equations are solved iteratively, using equation (7) as the test.
Results of this model appear in Figures 44 and 45. R, has
been taken to be 10'4 ohms in both cases. Figure 44 shows the result of
using H1, the "hard" breakdown expresaion. In contrast, Figure 45 shows
the "soft" breskdown case, utilizing Mz. The hard breakdown quali-
tatively follows the experimental data, showing ln(I/VAz) with a
lccal minimum. Alternatively, the "soft" breakdown gives the smooth
transition between bigh and low current regimes, apparent in the
experimental data, compared to the sharp slope of the "hard" case at low
(1/VA) values. Some combination of the two approaches used, or a better

empirical expression for ¥ would no doubt yield better qualitative

agreement to the empirical data.
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Lastly, it should be noted that the graphs derived f{rom these
models show discrepancy in the low current regime. Experimentally, the
FEED studies show emission generally originates from one wide energy
regime, ascribed to surface states. For high current densities, a
subsidiary peak at higher energy appears, but it is of lower intensity
than that of the surface state emisgsion. In these models, the author
has neglect