_NEH PRSSI?H?ION METHODS OF GRASC(U) NEHCHSTLE -UPON- T?NE 1/1
UNIV (ENGLRND) DEPT OF ELECTRICAL AND ELECTRONIC
EHGINEERING B BAYRAKTAROGLU ET AL. JAN 77

UNCLASSIFIED DA-ERD-76-G-019 F/G 28/12

AD-AD4D 842




R

—m.

|
:
m
f

Y

1

1

v._

;

i o ol o g
. W 3l <l <l o

U e e
ﬁ N B EE 4 8
| n—.._._m_.. 4_____ :
! F EEEFFETTH - m
| S— £
W, Q =l < g
] B —fift <N g
5 _ = == g
W

3 :

£

it -y

iy

A

R ot S ST S S, S LSRR S N, SR, W S ST

Cnla e,



(e




N NN NI AT AT

3 WWM‘ SV BALG & ADORESS(IT dilfercnt from Centrolling onm)

5 18. SUPPLEMENTARY NOTES

Ay, e T T LI A L o

- -

. L]
L

. o

su.:unwv CLAISIFILATION OF THIA ' AGE (When-Date-Fintersd) s : S0ttt TR
- ws i READ lN ﬂUCTlO‘lS =
REFORY DOCUNENTATION PAGE . - NERORE COMPLETIG FORM

3. NECIPIENT'S CATALOO HUKGER

AD A0 OH A

. NCPORT NUMOLR 2. JOVT ACCESSION HOJ

3. TYPL OF REPORT & PERIOO COVERED
Final Technical Report
January - December 1976

4. TITLE (and Subtitie)
*~ -

NEW PASSIVATION METIODS OF GaAs

6. PLAFORMING ORA. REFORT NUMDER

7o KUTHOR() Bayrakt;u’oglu, A. Colquhoun, "—W‘W

A.F.A.B. El1-Safti, S.J. Hannah, ‘

H.L. Hartnagel,.E. Kohn, B, Livingstone, DAERO-76-0-01% :

H.T.Mills, B.L. Weiss <
9. PERFORMING ORGANIZATION NAME AND ADDRESS

Department of Electrical and Electronio

Engineering, 00-434

University of Newcastle upon Tyne

& WORK UNIT NUMUBERS

6 1102A-1T161102 3357-03-

10, :ﬁ&’“”‘ CLEAEMT, moucr Yask |

1. CONTROLLING OF FICK RAKK AND ADDRESS 12. REPORT DATE

ﬂ U.S. Army Research & Standardization Group___Jannax¥;1277 :

Box 65 . 3. HUKOER OF PAOES
FPO 09510 . : l1 - 36" -

18, SFCURITY CLASS. (of thie repord)

UNCLASSIFIED .

- e : X : W& DICLASSIFICATIOR/ DOWNGRADING
pe ! ; e R SCHLDULE :

. GiztrasuUTIoN STATVEUENT (cf hle Report)

distribution ualimited. . .

3
.

4Approved for public release :

17. UISTRIBUTION STATEMENT (of the abet:uot enlerod In Block 30, 11 different trom Repert)

REPRODUCED BY ' R L 2 = -
NATIONAL TECHNICAL . =« .. =
INFORMATION SERVICE ks Rl

T ' i U.S. DEPARTMENT OF COMMERCE e
SPRINGFIELD, VA. 22161 il

19. KEY WOROS (Continue on nrnn oldo H necesoary ard ldontify by Plock mmboo)
Passivution surface Ppassivation, GaAs, Anodisation, Nttivo oxidel,

: Alzoa, MOS devices, Charge. Storage MAOS devicea, Interface stutea.
Solid state materials. 8

20. ABSTRACT (Continue ~ -:- .ree elde (i nuonour ‘tnd Identily .' Stock memb.g) b
The investigation of the anodic growth pracesses of semiconductor
oxides has resulted. in improved oxides, superior interface condi-
tions between semiconductor and oxide, and long-term charge storage
devices. MOSFLTs in the three modes of ‘inversion,. depletion and

, accumulation were fabricated and. useful’ electronic characteristics
were obtained. - The study of an optimisation of the electrolyte
and other aspects were continued. Furthbr resulta oh the
oxidation of InD are presented.

N PORM 9271 corvion oF 1 HOV €8 18 OBSOLETE

-4

1.

» 3

—-“_‘——&1

. ® |

- v -.‘
‘9

.‘ .‘

i
‘@

L

B iy

S

o 4 .

S

v

.

1

)

. E "
o




T, - e el eal gk Ty

NOTICE

THIS DOCUMENT HAS BEEN REPRODUCED ———
FROM THE BEST COPY FURNISHED US BY GANGRS
THE SPONSORING AGENCY. ALTHOUGH IT s
IS RECOGNIZED THAT CERTAIN PORTIONS ,
ARE ILLEGIBLE, IT IS BEING RELEASED
IN THE INTEREST OF MAKING AVAILABLE Pa =
AS MUCH INFORMATION AS POSSIBLE.

Lo : g g NI 1

..............................
.................................
...............................
.................................
...................................




“a

i ol
[ S TN

aa*ha

=

-

~

e N

v

i
i
.

AT Tl

r..’ -




...........................................

NEW PASSIVATION METHODS OF GaAs

FINAL TECINICAL REPORT

by

B. BAYRAKTAROGLU —_—
A. COLQUHOUN
A.F.A.B. EL-~SAFTI
S.J. HANNAH

*i.L. HARTNAGEL

E. KOHN

B. LIVINGSTONE
H.T. MILLS

B.L. WEISS

= Pt

JANUARY 1977 | s

EUROPEAN RESEARCH OFFICE, ey
United States Army, it
LONDON NW1 S5TH, England i

Grant Number DAERO-76-G-019

UNIVERSITY OF NEWCASTLE UPON TYNE,
Department of Electrical and Electronic Engineering,
Newcastle upon Tyne, NE1 7RU.

* Grant liolder

Approved for public release; distribution unlimited.

Adb




w— T R
iy o S g 2 DR 5 20 U A G a0 LIS ) MR 1 0 G AR A L S PR LI Do S -




.............

| R

W e T WO -
P P BN o AU RS

o

ABSTRACT

CHAPTER 1

CHAPTER 2

CHAPTER 3

CHAPTER 4

.......................................

TABLE OF CONTENTS

Page

1l
Introduction 2
Anodically grown double oxide
structures on GaAs 4
Anodisation method and
electrochemical studies 4
Charge storage devices , 6
MOS-Devices 12
Investigation of growth and
annealing parameters : 13
Measurements on '"Standard Oxides" 14
Inversion layer FETs 18
Enhancement-Depletion Mode MOSFETs 19
Anodisation of InP 23
I/V Characteristics of MOS Structures 23
Optimisation of electrolyte 23

composition

Anodisation in the dark 24

Analysis of Multicomponent Thin Films 25
on GaAs by Anodic Processes

Anodic Oxidation of Silicon 26

Analysis of Thin-Film Epitaxy - 28
GaAs Junctions

Study of Dissolution Rates with 28

Anodic Oxidation of GaAs for
various Electrolytes

Oxide Structural Studies 29
Naturally occurring Oxide Layers on GaAs

Anodic Oxides 30
As-grown anodic oxide layers 30
Annealed anodic oxide layers 30
LIST OF RECENT PUBLICATIONS 35

Ll




5
e

PO E I Bl lod TS nd e P G LA — ——— T ———— =

A B et - M

Abstract

The investigation of the anodic growth processes of
semiconductor oxides has resulted in improved oxides, superior
interface conditions between semiconductor and oxide, and long-
term charge storage devices. MOSFETs in the three modes of
inversion, depletion and accumulation were fabricated and
useful electronic characteristics were obtained. The study of
an optimisation of the eiectrolyte and other aspects were
continued. Furthei results on the oxidation of InP are

presented.
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CHAPTER 1

INTRODUCTION

The writing of this report has again been a stimulating
occasion for all concerned with oxidation work here because several
useful contributions can be presented.

Using evaporatéd A%, the possibilities-of'composite oxides
The first advantage to be gained is reduced
leakage currents. Then, however, the possibility cf further
considerable reduction in anodic growth currents becores aveilable
which enables one to grow in an entirely different manner from that
practised previously. At low current densities théirélatively
high thréshold value for cation drift means thgt”only Ol~ ioas,
which have a 1oﬁ threshold value, contributé to oxide growth.

This facility of operating above or below the caticn drift threshold
is a useful facility to grow native oxides either above or below the
oxidised aluminium film on our samples. Long-term storage MAOS
devices were thus produced which have given storage facilities
longer than those obtained in corresponding Si devices because the
energy gap of our native oxide enables one to use thermally
assisted tunnelling for charging and discharging. " These devices
will be useful for fast read-out information-storage MAOSFETs.

If anion growth only is used, improved interface conditions are
also possible. These details are presented in Chapter 2. The
possibilities of various MOSFETs were systematically explored and
transistors in each of the three possible space charge modes were
These

oh GaAs arise.

fabricated, namely enhancement, depletion and inversion.
results are described in Chapter 3. Of course there are many open
problems still, such as the relatively low transconductance of the
inversion mode transistor. But possibly with the results now
available, as described in Chapter 2, we might be able to make good
progress there to. In Chapter 4 some further results on InP and
several other technological aspects investigated or in the process

of investigation are presented.

The work was again jointly funded (apart from inhouse
contributions and some postgraduate research Scholarships from
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otaer sources) by the European Research Office and the United
Kingdom Science Research Council. The follo&ing postdoctoral
fellows worked on this project: Drs. A. Colquhoun, i. Hohn

and B.L. Veiss. A newcomer who has just been aprointed under
the grant by the kuropean Research Office, will be Dr. ¥.A. Breeze,
who will be our first chemist with a Ph.D from Cambridge University.
Postgraduate research students were: B. Bayraktaroglu, S$.J. i.annah,
A.F.A.B. &l-Safti, E.T. Mills, and B. Livingston, tne latter being
~Jjointly supervised by Dr. K. Faktor of the G.P.0. Laboratories at
Martlesham, where related developments to that of our work is also
undertaken, and myself.
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CHAPTER 2

2. ANODICALLY GROWN DOUBLE OXIDE STRUCTURES Ol Gals o 40
(B. Bayraktaroglu and S.J. Hannah)

2.1 Introduction

Although anodically grown native oxides on GaAs have been
used to produce GaAis MOSFETs(l)’(z) they are not yet exploited in
connection with several other device applications known with 3i due
to the instability it has so far exhibited against many chericals,
including some photoresist developers and most of the commonly used
acids and also against high temperature annealing, i.e. > 400°C.
With a new anodisation method, utilising an A9.203 layer together
with the native oxide, it is now possible to extend the device
applications of GaAs.

2.2 Anodisation method and electrochemical studies

The growth kinetics of anodically grown native oxide on GaAs
has been investigated in detail in order to be able to control the
properties and reproducibility of these oxides. Results of these
investigations has led to a new understanding of mobile ionic
species involved during anodic oxidation of GaAs.

It is well established in the literature that during anodic
oxide growth, the current passing through the oxide is ionic, and,
depending on the dominant ionic species, the growth takes place
predominantly either at the oxide-electrolyte or at the semi-
conductor-oxide interface. This can be explained in terms of
the difference in threshold ficlds for the activation of anions and
cations and also the difference in their mobilities in the oxide.
For GaAs it has been established that the field required for the
activation of anions (i.e. OHE™) is lower than the field required
for the activation of cations (i.e. Ga and As ions). However,
the mobility of cations, once activated, is much higher than that
of anions and therefore above a critical field film growth occurs
almost entirely at the oxide-electrolyte interface. At very low
fields (correspondingly at very low current densities e.g.
< 20puA/cm?) cation activation becomes negligible and growth takes
place at the semiconductor-oxide interface.

Double oxide layers on GaAs are produced by first evaporating
a known thickness of AL on a cleaned and etched GaAs surface and
then anodising the whole structure in AGW electrolyte (the

)
:,...._-
T
.




5
composition of the electrolyte has been explained in detail by
Hasegawa in a previous report). In such a scheme the first oxide
to grow is Alzo3 and subsequently, depending on the current
density and also Azzo3 thickness, GaAs native oxide can be made to
grow either at the electrolyte or at the semiconductor interace. At
high current densities (i.e. > 2mA/cm?), after all the AR is
converted into A2203, the field at the GaAs—A’;zO3 interface is high
enough for the ionisation and also the activation of Ga and As
cations into the A2203. These interstitial cations can then drift
under the influence of the applied field through the A£203 to the
oxide-electrolyte interface hence forming GaAs-native oxide at this
interface. If the A2203 thickness is larger than © 5008 then at
such high fields the movement of Ga and As cations through A£203
becomes limited and due to high space charge build up inside this
oxide €lectrical breakdown occurs resulting in locally damaged areas
in Ag,04. Figure 1(a) shows the composite oxide structure and
" characteristic overpotential versus time curves plotted during
growth, formed in this way. A chemical test, using tartaric acid
which is a slow etchant of GaAs-native oxide but does not attack
A£203, in conjunction with a Dektak profile plotter, has indicated
that after the GaAs-native oxide is etched there remains an oxide
whose thickness is very close to what is expected from the A!Lzo3
layer alone. MIS diodes, utilising this double oxide structure
with the A2,0, thickness being " 1508, have shown several
improvements over the '"standard oxide'" (as defined in section 2.3
below). MOS diodes, in particular, gave a very narrow hysteresis,
stabilisation of frequency dispersion and higher electrical break-
down strength. This indicates that the A£203—layer acts as a
buffer layer separating the bulk of the oxide from the interface.
Also, for the first time, the high-frequency CV-curve exhibits a
steeper slope than the low frequency one (Figure 2). However,
having a thin layer of Azzos underneath the native oxide did not
show charge storage properties within the applicable gate bias
range before dielectric breakdown.

On the other hand, by using low current densities (i.e.
< 20uA/cm?), GaAs native oxide grows entirely underneath A2203,
Figure 1(b). An etch test similar to that described above
showed no etching of the surface oxide of the composite oxide
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» tormed this way. = However, the thickmess of tne composite oxide

is much thicker than expecteo from the A%,0, thickness alone.
Overpotential~time curves plotted, during growth is a useful means
of calculating the thickness of. both oxides.:. As it can easily
.be seen in- Figure 1 overpotential-versus/gu;ves have difterent
characteristic transition regions Just before Gals. native oxide

starts to grow. Overpotential at which this transition oceurs

. is in agreement with the expected value of overpotential after

all AR layer has.been anodised. Further increase in overpotential
is attributed to the growth of GaAs and its thickness therefore can
be calculated with the known thickuess—overpotential ratio for Gads.

Since the Aﬂ.zo3 dissolution into the electrolyte is negligible
it acts as a buffer layer between the native oxide .and. the electro-
lyte, enabling native oxide growth at very low current densities,
which would otherwise be impossible as the dissolution rate of the
native oxide is comparable to its growth rate at such current
densities. AR 203 acts as a diffusion barrier aguinst anodic
impurities in the electrolyte thus yielding a superior native oxide.

A thick layer of Azzo3 (> 5003) on top of native. oxide offers high
temperature stability of the native oxide as it acts as an overlayer
.preventing As or A8203 loss from the native oxide, 1n a similar
menner as used with Thin Film~ Epitaxy(l) ~ S8ince A2203 is inert to
most chemicals including the positive photoresist developer, composite
oxides produced in. this ‘way are now extrenely stable against normal
-GaAs native oxide etchants -MIS diodes prepared, utilising this
‘type ot double oxide structures, have .shown further improved
electrical- characteristics especially in connection with the
dielectric-semiconductor interface. The time taken to rise from

a deep depletion into an inversion mode is shorter than that of
normal native oxide MOS diodes. The Cmin/Cmax ratio of capacitance-
voltege plot is now very close to theoretically expected values.

2.3 Charge Storage Devices

One of the most interesting applications of the second type
of double oxide structures is in connection with charge storage

~devices.' MAOS (Metal, Azzoa, Oxide, Semiconductor) diodes produced
“with native oxide thicknesses of 50-2008 underneath ~ 6008 of

M.zo3 have shown reproducible ~strong charge storage properties.
If very low current densities are used ‘(i/e. < 20pa/cm?) the thickness
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of the native oxide becomes extremely uniforn resulting in
identical electrical charadteristics of svery diode produced over a
large slice of Gais. The structure was annealed in N, at 350°C

. for 15 min prior to the evaporation of A2 contact pads.

The C-~V curves of MAOS diodes are used for the investigation
of the charge storage properties. Since the shift of the C-V
curves is parallel, thne shift in C-V curves can be taken as the
shift in flat-band voltage. o distortion of the original shape
of the C-V curves suggests that the charging of the oxide and
surface traps is negligibly small.

The shiit of the C-V curves is opposite to that expected from

ion migration or polarisation. Charge instability could, therefore,

be attributed to charging of the traps at the native oxide-A2,04
interface by tunnelling of electrons and also possibly of holes

'through the native oxide. Since the charge instability has becen

observed over a wide range of thickness of native oxide and since

the native oxide of GaAs has a relatively narrow bandgap (v 5 eV),
tunnelling is likely to be in the form of indirect tunnelling suca
as Fowler-ilordheim tunnelling.

Altnough it is most likely that any double insulator films on
semiconductrs will result in some form of a charge storage device,

it is usually extremely difficult to obtain a non-vclatile device
with strong charge storage properties. Basically, the charge

stored at the double insulator interface is due to the difference
in the currents tarough the insulators at a given gate bias. If
the insulators have good dielectric properties this charge will
remain at the interface until a gate bias of opposite polarity is
applied. Charging and discharging and consequently the charge
retention time characteristics of the memory device are a strong{
function of the insulator thicknesses and also of the semiconductor
insulator interface.

In the MAOS systems on GaAs produced as described above, 2
thick layer of A2203 (v 6008) ensured good insulating properties for
the leakage of stored charge to the gate metal. Therefore,

throughout these investigations the thickness of‘Alzos has been fixed -

at this value. However, the effect of the thickness of GaAs-native
oxide and native oxide-GaAs interface properties were investigated.
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Although it is possible to grow GaAs-native oxide underneath
A£203 with a current density of 20uA/cm?, it was found that the
native oxide-GaAs interface can be markedly improved if even lower
current densities are used. At 20uA/cm2 the fiecld at Gads surface
is still high enough for the activation of Ga and As cations into

.the native oxide, but not into A£203. Therefore native oxide will

grow predominantly at native oxide-A%,0, interface. However, at a
current deunsity of 10uA/cm? or lower cation activation into native
oxide becomes negligible and therefore growth takes place almost

entirely at GaAs-native oxide interface. Since the activation
energies for Ga and As are different, thc last system is likely to
retain a stoichometric GaAs surface. The ef:ect of this relatively

higher field growth mechanism (i.e. 20uA/cm?) on the charge storage
properties of MAOS diodes is in the form of the distortion of
original C-V curve after the application of gate pulses. Recovery
of original curve cannot be achieved by the application of a gate
bias of opposite polarity.

On the application of a positive gate bias (Figure 4(b))
electrons in the conduction band of GaAs have a certain probability
to tunnel part of the oxidc into the native oxide conduction band
and under the influence of the field drift to the double oxide
interface and be captured by traps at this interface. flence an
effective negative charge accumulation at this interface occurs.
When the gate bias is lifted the energy band of Gads will be bent
as shown in Figure 4{c) under the influence of negative stored
charge. If the amount of charge stored is J/cm? then a gate
voltage of AV must be applied in order to obtain flat-band
condition. AV is given by:-

d
sz-E?-Q (1)
2

where
d2 is the thickness of Alzoa

€5 is the permittivity of A2203.

At the initiation of a gate pulse (VG) the voltage drop across
first insulator (native oxide) V,(0) is given by:-

€y d2 o1
) Y (2)

V(0) = a+ =
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and V1 then decays with time throughout the charging pericd.
Since the charging current is exponentially dependent on the
voltage across this insulator (Fowler-Nordheim currents) this
decay will be exponential with time. If the current through
the second insulator (Azzoa) is considered negligible the current
through first insulator is given by:-
\' \'4
Jx“‘%*%);zl'r} (3)

where Rl is the resistance of native oxide and defined in
the form

: Bl Py dl P10 d1 TP o G | (4)

'where P10° 1 arg.constants.

A solution of Equation (3) yields

- 1
Av VG + 3; n 3132 VG T for AV > 1 Volt (5a)
and
fn AV = BIVG + 2n BZVGT for AV < 1 Volt ' (5b)

where B, is a constant of A&éos
T 1s the pulse duration.

Figure 3 is a plot of C-V shift (AV) as a function of 1t for
an MAOS system with native oxide thickness A 60X. Experimental
results therefore agree quite dosely with the theoretically proposed
model above. A value for 81 can be found from the slope of straight
lines in Figure 3 (a). It is interesting to note the change in the
slopes of the straight lines for VG 2 16V. The ratio of the slopes
is almost exactly 2 : 1. This may suggest that at a critical field,
hole injection as well as electron injection into the native oxide
takes place. ¥

S8ince our GaAs MAOS system has an insulator with a narrower
band gap nearer to the semiconductor, the mechanism which goveras
the charging of the double oxide interface is different from the
discharging with no applied gate bias (storage mode). Figure 5(a)
shows the charging mode of a MAOS device with positive gate bias.
Using Equation (z) with ¢, = 4, €, = 8, d, = 6008, 4, = 608, one
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obtains a band edge lowering of ~ 1.5 V for a gate bias of +10V.
Since the band gap of native oxide is Vv 5eV this lowering is quite
substantial for indirect tunnelling. It is curious to note that
the change in the slopes of the charging curves (Figure 3) occurs
when native oxide conduction band is lowered almost exactly to the
Fermi level (i.e. a lowering of 2.5V). After the gate bias is
removed the double oxide interface will be slightly raised due to
the stored negative charges. owever, this rise will not be
enough for indirect back tunnelling up to a AV value of ~ 6V for
d1 = 602. (For larger values of dl' the critical value for AV
will also become larger). For AV values less than the critical,
the charge loss mechanism is likely to be direct tunnelling. A
comparison of GaAs MAOS system with Si HMNOS system (Figure 5) shows
the clear advantage of long term charge storage properties of GaAs
MAOS, since d1 can be made quite large without causing much
difficulty in charging or discharging mode.

Charge retention tests were carried out at room temperature
by first applying a pulse of +20V for 1.5s to the gate and then
neasuring AV at regular time intervals (d1 = 603) The first
measurement of AV was made 30 secs. after the application of the
pulse. The diode was stored with no gate bias hetween measurements.
The backshift of the C-V curves (i.e. AV) is then directly proport-
ional to log t1,0.25V/dex de of time or better.

Figure 6 shows the charging and discharging of a GaAs MAOo
device as a function of gate bias with pulse width (t) as a
parameter. Effective threshold voltages for charge storage can be
found by extrapolating the straight line portion of each curve and
clearly as the pulse width increases the threshold voltage decreases.
The slopes of the charging and discharging portion of the memory
cycle (1i.e. Tt = 1.5 sec cﬁrve) are the same which indicates that
indirect tunnelling again takes place in the erase mode. Figure 7
shows the AV dependence on VG for MAOS diodes with different native
oxide thicknesses (dl)' Pulse width was kept constant at 120ms.
Again, as expected, the threshold voltage increases with increase
in native oxide thickness. The slopes of the curves however
decreases with the increase in d,.

Investigations of the properties of the GaAs MAOS devices
will be continued utilising MAOS FETs. For this purpose FiTs
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similar to that described in reference (1) (scheme a) will be used.
This time instead of anodical;y grown Azzos, an evaporated Si0
layer is being used which satisfy the necessary requirements for
the thin film epitaxy process.

REFERENCES (Chapter 2)

(1) B.Bayraktaroglu, E. Xohn, E.L. Hartnagel, "First Anodic-
Oxide GaiAs MOSFiTs based on Easy Technological Processes',
Zlectronics Letters, 12, No. 2, pp53-54. 1976.

(2) D.L, Lile, A.R. Clawson, D.A. Collins, "Depletion-mode GaAs
OSFET", Applied Physics Letters, 239, p207, 1976.

FIGURE CAPTIONS

Figure 1 Overpotential versus time curves of anodically grown
double oxide structures on Gais.

Figure 2 C-V plots of double oxide structures on GaAs with 1508
of A2 at the GaAs interface.

Figure 3 C-V shift (AV) versus chapging time (1) with pulse height
(VG) as a parameter.

Figure 4 Energy-band diagrams of GaAs HAOS system in charging and
storage mode.

Figure 5 Comparison of GaAs MAOS and Si KNOS systems in charging
and storage mode.

Figure 6 AV versus pulse height (VC) with pulse width (t) as &
) §
parameter and memory cycle for 1t = 1.5 sec.

Figure 7 AV versus pulse height (VG) with native oxide thickness
(d;) as a parameter.
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CHAPTER 3

3. MOS-Devices
(L. Bayraktaroglu, A. Colgukoun, S.J. Hannah, E. Kobn)

3.2 Introduction

Last year preliminary results with GaAs-inversion layer
MOSFETS were achievedfl) Jlowever at that time it was not possible
to explain in detail why the dc-characteristics were essentially
different from those predicted by the material data.

Therefore the electrical behaviour of MCS-diodes has been
studied extensively by means of CV-, GV- and IV- measurements at
various temperatures in various frequency ranges and under various
transient conditionms.

A number of disadvantages of the anodic MOS-system were
identified, mainly due to a charge injection phenomenon into the
oxide and, as a result, the development turned towards the
incorporation of an Af-oxide layer into the system (see chapter by
B. Bayraktaroglu) and by this towards a new technique of oxide
growth.

The annealing of MOS-diodes has continuously been optimised

in several respects. It was seen that high temperature annealing,
even in Nz, leads to partially crystalline and decomposed oxides
(see chapter by B.L. Weiss). Kz annealing even below 350°C was

found to lead to a highly unstable hysteresis.

From these results a '"Standard Oxide" was produced, grown at
2 low current density and annealed in Hz at 350°C for 10 min
incorporating a rapid cooling, which was then incorporated into the
FET structures.

A newly designed Inversion-Layer MOSFET (IL-iOSFLT) with a
reduced gate length of 5um was fabricated. The dc-characteristics

could be directly related to the results of the MOS-diode measurements.

Despite the difficulty go achieve proper inversion, a field effect
mobility of uy = 2250 %% was estimated.

Secondly, a new Ephancement-Depletion llode MOSFET (EDM MOSFET)
on insulating substrate was developed. The device has been
fabricated in both self-aligned and non-self-aligned gate techniques




and is suitable for monolithic integration. Especially the ~/3~
enhancement mode capability of the device is essentially larger than
that of MESFETs, JFETs or SIGFETs.

3.2 Investigation of Growth and Annealing Parameters
(B. Bayraktaroglu, o.J. Lannah, &L. Kohn)
Problems in the IL-HMOSFET fabrication process already lead to

an optimisation in the oxide growth technique and annealing
parameters last yeargl)

This was now followed by a systematic investigation over 2
wide raange of annealing temperatures for various annealing gases aad
oxides grown under various conditions. CV- and IV- measurecpents
as well as structural investigations (éee chapter by B.L. Veiss)
were carried out.

idinimising the effects of crystallinity, leakage current and
nysteresis lead to a "Standard Oxide' fabricated at 2 low current
density of I £ 0.1 mA/cm? only limited by the desoluticn current of
the diode in tane electrolyte of Io =« 35uA/cm?, an annealing temper-
ature around 350°C with an anncealing time of 10 min in Nz' rapidly

cooled down. Annealing in 02 for 2 hours was found to stabilise
breakdown characteristics, but may c¢ffect an ohmic contact metali-
sation.

Figure 1 shows the hysteresis amplitudes at a capacitance
corresponding to the mid-point of the CV-curves}ﬁft between
accunulation and inversion for MOS-diodes produccd under various
conditions. The lowest values (open circles) correspond tc diodes
fabricated under otherwise optimised conditions. The leakage
current behaviour of them is demonstrated in Figure 2. The IV-
curves obtained had principally a transient characteristic even for
the high currents in the high temperature annealed samples and the
data denonstrated were taken after 30 min of applied stress bias.
The dc-conductivity increases exponentially above 350°C, reaching the
ud/cm?® - range at 700°C for a gate bias of +15V (d,, = 10008).

In this case the capacitance behaviour can be explaincd by tine dc-
current flowing. Slowly cooled samples appeared less stavble and
showed a higher leakage current density.

The slope in the CV-curve could not be influenced essentially
by the various annealing atmospheres (Hz' 0,, 520, Hz, Arz).
It means that the annealing process changes the bulk oxide properties
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even at low temperatures, but only to a lesser extent the interface
properties. The interface then is degraded at higher temperature,
probably due to some crystallisation effects.

3.3 lfeasurements on '"Standard Oxides"

. nohn

A wide range of measurements were undertaizecn in a temperature

range of 77k to 350k in the CV-, GV- and IV~ domain, applying variocus

transient conditions as in particular: RF-capacitance voltage and
partially parallel conductance voltage measurements from nearly dc
up to 10Kz, operating tne gate bias in the switching mode and
applying a ramp speed from (nearly) zero to 1000V/sec. (The
instrumentation used consisted of a 2-phase lock-in amplifier
(Ortholoc), a Boonton Bridge (75C), a capacitance measuriag
assembly (GE 1620-A), an automatic CV-plotter(z), and a system waere
the rf-current into the MC3-diode is measured by means of a series
resistance and the amplified signal then displayed on an Cscillo-
scope;) Quasi static CV-measurements by means of the DC-slow linear
voltage ramp method (using a Xeithley 602 Electrometer), and uC-
current voltage measurements (with a Keithley 602 Electrometer) in a
quasi static condition and the switching mode of the gate bias.

As in most HIS-systems we see a charge injection instability
iu the anodic oxide GaAs-iGS system. This is demoastrated in
Figure 3 by a stress bias experiment showing an asymetric and anti-
clockwise hysteresis for p-type material (and corresnondingly a
dockwise hysteresis for n-type substrate). The writing specd of
the curve is fast enough (15V/sec) to show nearly parallel shifted
curves, so that the shift may be directly related to a flat band
voltage shift (VFB-shift), although there is a difficulty tc veriiy
the flat band voltage condition.

The VFB-shift can widely be approximated by a logarithmic time
dependence (Figure 4), with an initial delay time for charge
storage and a saturation for average applied fields of less than
approximately 2 x 10° V/cn. For higher fields charging occurs up
to breakdown of the interface barrier.

Further information on charging was gained from transient

IV-measurements. The initial delay in the VFB—shift offers the

possibility to determine the bulk oxide conductivity from the initial

current response in a switching experiment, whereas after VF,~shift
L
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L saturation the barrier limited steady state current is determinedgs)

Fl Figure 5 shows the IV-characteristics for the initial current 1/:;
response (measured approximately 1 sec after switching) and the

steady state current (taken after 30 min), where the gate ktias now

nas to be corrected by the flat band voltage shift. 'The plot of I

Vs, JG; shows a widely linear range for both the initial current
response and the corrected steady state current pointing towards
initially bulk oxide limited IV-behaviour by Poole-Frenkel conducti-
vity and barrier limited beaaviour by Schottky-emission in the steady

state case. An edyn =~ 4.5 to 5.5 is derived, implying the basic

Poole-Frenkel effect, whereas optical measurements show eopt = 3.3

and CV- measurewents e, . = 8. '.Zﬂ
The time delay of the currents under constant anplied gate . _-f,]

bias obeys a I ~ t™® low with a = 0.4 to 0.9 except in the initi=al F!:;f
phese, which is a well known behaviour for space charge effects in i Rt

oxide filmsgs) The amount of trapped charge is found by integrating ‘ nts
the (charging) current in time until the VFB-shift saturates. The ;;;;j
charge centroid(4) was found to reach values up to dox/2, indicatiag ﬁ?~~f
tnat the span of the charge distribution extends across almost the P
entire thickness of tae insulator. Steady state currents between
10"%°A/cm? and less than 5 x 107''A/cm?* (which was the resolution of
the measuring equipment) at average external fields of 2 x 10° V/cm

have been measured, indicating the spread of the experimental data.

As indicated above, the VFE«shift does not saturate for high
applied fields, but approaches the stress bias. After some time
under stress bias a high ohmic conductivity appears and the capaci-

tance collapses. nowever the breakdown is not destructive.
liearly unchanged CV-curves, but with slightly reduced charging
characteristics and reduced area of safe operation, appear after _.;_;
recovery (which can take some days). Obviously breakdown appears '
across the interface barrier, which had taken most of the oxide
field, with partial degradation of the barrier region. The IV~ e
D characteristics obtained after formation and recovery are very .‘;.;;;
similar to those obtained from the initial current response but
without hysteresis effects or dependence on the writing speed and

do not show a saturation at high fields (as in the initial current
response curves probably due to a fast VFB-shift). Measurements F
in the temperature range of the bulk limited current case after
Vgptggtion yields a thermal activation energy of 0.65 eV for the
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FPoocle-Frenkel defects. 3 AQ‘

The above results show that the charge injection across the
interface is best described by a combination of tunnelling and
trapping processes as : for low fields direct tunnelling into oxide
traps with a high back tunnelling probability, fcr medium fields
additionally trap assistcd tunnelling into the oxide conduction band
with successive trapping of charge Jdeep in the bulk oxide and for
high fields direct tunnelling into the oxide conduction band cr
avalanche breakdown across the interface barrier.

For further characterisation by CV- and GV- neasurements, two
facts from the above results have especially to e considered
1. in steady state measurements the gate bias has to be corrected

by the V__-shift, and 2. assuming a direct tunnel process involved

FB

in the charge injection phenomena, a single time constant at a certain _

given interface potential is not to be expected for the dynanic
interface loss.

But even taking this into account, an "anomalous' freguency
and tenperature dispersion is found(s) as demonstrated in Figures &
and 7. At high frequencies and low temperatures a decay in the
slope of the CV-curve is observed, which cannot be explaned by
classical freezing-out of interface states considering reasonable
values for capture cross secticns at the particular surface
potential (which may be estincted from MOSFET measurenents).

(6)

ana plotting the data of capacitance and parallel conductance in
a Cole-Cole diagran?) (between 5Iiiz and 500KLz) fail to obtain
information on surface potentials and interface-state densities.

Applying the technique after Nicollian and Goetzberger

kEspecially the Cole~Cole di+grar shows that no semicoanductor derle-
tion layer capacitance can be extrapolated.

Thus the commonly apprlied interface model aund eguivalent circuit =

is very much in doubt. Fitting the data into the diffusion model(d)
(9)

satisfactory results. It means that at present no model is

or including a metamorphologic layer also does not give

available to explain all phenomena of the interface in suestion.
The behaviour can probably be explained much better by oxide-

dispersions. Hew stimulations are expected in connection with the
characteristics of ELi{-iCSFLTs. The capacitance shift
C ¢ Cox = Ciav

max - “win

was always less than that predicted for B - i
max ox

|y
Aokl becd
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(see Figures 6 and 7), thus doubting if accumulation or inversion

are possible at all. Plots of C vs. 22 for various doping
max dox
concentrations (2 x 10'®cm~?® to 2 x 10'’cm~?)and both p-type and n-

type material (at 5KHz) however indicate a band bending towards
accunulation to Eacc - Ec, - < 0.08eV (even taking into account
charge injection and related VFB-shift). Thus band bending is
mainly limited at weak inversion. This is confirmed with MOSFET
measurements.

The characteristics appear with corresponding tendency for p-
type and n-type substrate, and it seems improbable to assume a siumple
interface trap causing pinning in weak inversion but more likely we

‘see minority carrier response with oxide traps (anlso causing tae

ledge in the deep depletion CV-curve) or oxide dispersion.

If no inversion layer charge is built up at the interface

the deep depletion CV-curve is measured. The effect is seen in
transient measurements as the non steady state case or stably if
high leakage currents are passing through the film. The latter

case can be excluded for the system in question.

The transient between the deep depletion branch and the
inversion branch of the CV-curve is mainly determined by the balance
between minority carrier generation in the GaAs depletion layer and
interface generation-recombination. These processes have been
studied (in the dark) by means of Zerbst-plots(lo)
sweep MOS-C technique.(ll) Both methods show good agreement
and result in (bulk) minority carrier life times of:

and the linear

t, =3.1x 107'! sec (p = 1.8 x 10'7 cm~?)

T,=3.6:4,5x 10! gec (n = 2 x 10'° em™%)
The Zerbst-plots also give information on the surface generation

velocity, which is obtained to :

8 =5,7 x 105 0

n sec
= 5 ".c_m.
sp 1.5 x 10 oo
(The data obtained from substrates, as used in the other CV-
measurements). From this data the inversion layer cut-off frequency

| —y——
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can be obtained. Due to uncertainties in the inversion level only :
a rough estimation is possible with fc in the lower Hz range. A
In fact the transition between the LF-CV curve and the LEF-CV curve ?! -
was found to appear around 10Hz. ; ;?{;ﬁ

From the above results the disadvantages at least due to an .fs
unstable interface barrier behaviour becomes obvious. New

developments lead therefore to the incorporation of A2203 into the o :J
systen (see chapter by B.Bayraktaroglu). s

3.4 Inversion layer FETs *
(E. Kohn)

New inversion layer FETs (IL-FETs) with a reduced gate length e
of 5um have been fabricated on p-type GaAs (p = 5 x 10'® cm™?) ’?f5f7\
incorporating the '"standard oxide" and using the technology previously'f?if_u
reported as Scheme B. Gate oxide thickness was 10008, gate width :ﬁjl
200um. il

The output characteristic is shown in Figure 2. The highly

PEEDEBSEINS

> . . ,“

conducting '"'mode" of the oxide is present due to the nonhomogeneous
field distribution under the gate as seen from the splitting of the
curves at the origin. The transconductance is still too low,
indicating that only part of the gate bias is effective. The
characteristics at the onset of saturation, namely the drain current

at saturation I and the source to drain voltage at saturation V.

with the gate bgzs as parameter, were compared with a simple theogg
involving: g Ny
1. the gradual channel approximation, 5f§ffﬁ
2. a drift velocity field approximation of uoE for E < EC and ;*“_’”
oEc for E > E, with u =low field mobility, ‘ J
3. an amount of the inversion layer Fermi level equal to the o
corresponding bulk Fermi level (which determines basically ]
the threshold voltage). QL‘;-%

*We wish to thank Professor li. Beneking from the Institute for
Semiconductor iLlectronics at the RVUTH Aachen (VWest Germany) for
some special technological facilities made available for this work
and Ii. lieyer from the abovementioned Institute for supplying the ?i!-“*
epitaxial material. v,
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-4, approximately zero source and drain contact resistances,
and ix lq..
S. a grounded substrate connected to source.
The expressions for IDS and VDS give then curves of these
quantities vs. the gate voltage VG at the onset of saturation.
The resulting V.. vs. V, is given by Figure 9. Agreement between

DS G
theory and experiment can only be considered to be acceptable if

only a small portion of the applied gate bias VG* is considered
to be effective due to band pinning in (weak) invefsion. Vith

this value of VG* the drain current at saturation —%§ normalised on
V.G u
0 .
‘the geometrical factor B = mmyprey 49 obtained (Figure 10) and
s G
finally curve fitting with the device current leads to an inversion

2
- layer mobility of Uy v 2300 %%— as given in the inset of Figure 10.

The result reflects the limitations given by the MOS-system
used. The main question which remains is the achieving of proper
inversion. Latest developments (see chapter by B. Bayraktaroglu)
however have not yet been incorporated. The inversion layer
mobility does not restrict possible microwave applications.

3.5 Enhancement-Depletion Mode MOSFETSs
(A. Colquhoun, E. Kohn)
The result of the '"standard oxide'" measurements encouraged

us to develope EDM-MOSFETs with the aim to operate them mainly in the
enhancement mode.

Devices were realised in a self-aligned and non self-aligned
gate notched channel structure on semi-insulating substrate. A
cross section (Figure 11(a), (b)) shows that the structures are
basically a variation of the notched channel concept as frequently
used for MESFETs, JFETs and SIGFETs.

The technology used for the non self-aligned gate structure
is basically that previously reported as scheme B(l) however with
some modifications due to the SI-substrate. Therefore only the
technology used in the self-aligned gate structure is described
briefly.

The device area was first defined by mesa etch, followed by
Au Ge metallisation for source drain and rear side contacts. Next
the gate and contact pad areas were opened with a negative (or
equally well positive) photoresist mask. Subsequently the oxide

preoy
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layer was formed in the gate area only. ¥or that purpose an

oamic contact at the rear side is needed to achieve good electrical 12 ii

contact through the semi-insulating substrate and the growth has to
be supported by illumination (see chapter by A. Colquhoun).

The "notch'" of the structure was formed by the etching of the

GaAs surface during the same anodic oxidation step which was used to =+

grow the gate oxide. The amount of this etching was basically
determined by the voltage supported across the gate oxide, also
taking into account the dissolution rate of the oxide in the electro-

lyte and the etching during the passivation time. The oxide was -"'

then thinned in a 0.5% HC2 solution to a thickness of 9008 (interfer-‘
ence colour) immediately followed by AL gate memal evaporationm.
Subsequently float-off of the photoresist produced the final

structure. The oxide was then annealed as in the case of the  r —

"'standard oxide'.

The output characteristics of a device fabricated on a VPE-
layer (n v 5 x 10'%cm™?%, without buffer layer) are shown in Figure

12, The output current capability in depletion mode is limited ..

by the maximum stable depletion layer width given by the inversion
level. As a transient behaviour however a deep depletion mode is
possible resulting in a depletion characteristic similar to that of
MESFETSs. (For the particular device presented the notch was ad-
Justed to make pinch-off possible in the dc-mode).

In enhancement the transconductance vs. gate bias does not
follow the square law behaviour but saturates. This is to be
expected ir the particular device presented because of an increasing
dynamic series resistance in the unetched area on either side of
the gate and charge injection into the oxide and related VFB-shift
of the MOS-system. In comparison Figure 12 also shows the
MESFLT characteristics of the identical channel, where the oxide
layer was removed and replaced by a metal Schottky contact. The
output current saturates when the active channel area near the
source contact is completely opened and the gate diode becomes

conducting, whereas the MOSFLT characteristic is basically limited

by oxide breakdown (approximately 15 V). Lowever the transconduct-§1f3fﬁ

ance of the MOSFET device is reduced by approximately 22% but can
certainly be improved by using thinner oxides. liysteresis effects
are not essentially different and are thus mainly caused by deep
traps in the material.
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The realisation of the ED{ MOSFET is possible on the same s
| material as used for MESFETs or TEDs and thus the new device ~ - T
represents also an additional element in these circuits. liowever
the incorporation of an n®-buffer layer with a high electron
mobility is needed to achieve a high transconductance.

First dynamic measurements show a small signal rise-time of
better than 1 ns for non self-aligned gate devices with 10um gate
.length.

| Further investigations into the enhancement mode as well as AR
: transient depletion mode behaviour, the dynamic behaviour and S

e |
stability behaviour, are to be carried out next. R
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4.  ANODISATION OF InP
(A. Colquhoun)

4.1 I/V Characteristics of MOS Structures

The I/V characteristics of similar MOS structures to those
1)
a¢

electrolyte composition was used when growing the oxides.

used previously for C/V measurements have been measure The same

A typical characteristic for these structures is shown in
Figure 1, where the bias voltage shows the polarity which was applied
to the top (aluminium dot) contact to the oxide. The current was
measured with a Keithley electrometer and the voltage source was a

slow ramp generator. This was used so that the capacitor charging

current was minimised and did not mask the conductive element of

the current. e
For the example shown in Figure 1 the ramp rate was set at i?féf

4mV/sec with a sweep scan of -3V to + 3V. The curve 1 in the ﬁff}}

positive direction is the I/V for the 'virgin' oxide, and successive :;iiﬂ

sweeps of bias voltage are shown in curves 2 and 3. The oxide
appears to reach an equilibrium situation corresponding to curve 3.

Such a characteristic has been reported before for 3102(2) B
and for 813N4(3) and was attributed to ionic polarisation. For the ;i:__
present case this would require an ion density ~ 102° charges/cm® i
in the grown oxide and it seems that ionic polarisation cannot be
totally responsible for the I/V of Figure 1. A more likely AN
explanation is that electronic conduction current through the oxide :g__%
is being controlled by band bending at the oxide/InP interface. %l
Where this band bending is caused by either the generation of positive :
ions or the filling of oxide traps located at some distance from the i
interface. This mechanism is illustrated in Figure 2 which shows .
the energy band diagrams at‘various times during one cycle of an
1/V measurement. (N.B. For this diagram the effect of applied ]
bias on the surface potential of the InP has been neglected, as this
should have only a small effect on the oxide/semiconductor barrier).

4.1.2 Optimisation of electrolyte ccmposition

From the behaviour of the anodic current during oxide growth,
there appears to be a critical voltage at which the oxide breaks
down at the edges. This breakdown voltage has been measured as a
function of the pll of the electrolyte by first using an unbuffered
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solution and subsequently adding NHZOH. The results are shown in
Figure 3 and clearly indicate that, for InP, the oxide is less - 4}{_
susceptible to breakdown at lower pi values. The concentration

of the tartaric acid solution and the ratio of glycol to aqueous
solution were also optimised to produce best results with

5 parts propylene glycol

1 part 25% tartaric acid solution.
An anodisation system using a second anode of Indium metal lms now
been adopted, this was done for two reasons. First, to ensure
that any metallic impurities in the electrolyte are drifted towards
the cathode. Second, to saturate the electrolyte with In®* ions
by continued dissolution of the Indium anode. During anodic oxide
growth the Indium anode is maintained at a small positive voltage
and does not affect the oxide growth. The saturation of the
solution with Indium has been found to produce more uniform oxide
growth.

Substitution of phosphoric acid for tartaric acid was also
found to stabilise the oxide growth although the oxide growth rate
is critically dependent on the electrolyte composition. Figure 4
illustrates this. Here the oxides were grown under virtually
constant current conditions with the composition of the original
solution (A) being 5 parts glycol to 1 part 50% H3P04 as indicated
on the figure. Addition of 10 mls H3PO4 gave curve (B), then 10
mls H,0 gives (C), then 100 mls glycol gives (D), then 250 mls glycol
gives (E), further addition of glycol gives (F).

The composition was finally optimised at

10 parts ethylene glycol) Solution saturated
1 part 50% H4PO, ) with Indium.

MOS capacitor structures produced using this oxide show superior
Cc/v characteristics but a similar low breakdown voltage.
4.1.3 Anodisation in the Dark

(A. Colquhoun)

As outlined in the previous report, the anodic current
behaviour during anodisation of n-type material can be used to
measure the carrier concentration of the materia1§4) Some
additional observations on this behaviour have now been made.

Because of the higher eleciric field at the edges of the
exposed GaAs surface, field ionisation initially takes place at the
edges and hence anodic oxide growth begins at the edges. This means




.............

oxide growth is reduced, and this leads to a non-exponentially _(Q:;'
decaying anodic current during this initial oxide growth. Figure
S shows the variation of anodic current with time, where the current

: is plotted on a logarithmic scale. For this sample n = 2x10'%cm-?,
5? Vg = 36 V, Is = 2mi/cm®. The linear portions of the graph have

A been extrapolated back to show up the effect of premature breakdown
i at the edges.

The anodic current behaviour of a p-type sample with part of
the surface covered in n-type material, has now been measured in
both light and dark conditions and is shown in Figure 6. For this

*= z sample p = 2. x 10'®cm~?, n =1 x 10'7cm3, V, =307V, and Is =
0.5mA/cm?. The dashed lines are idealised curves calculated from
the areas and carrier concentrations of the two types of material,
and the solid lines are the experimental results. There is good

ﬁl agreement between the two sets of curves.

4.2 Analysis of Multicomponent Thin Films on GaAs by
: Anodic Processes
Ii (A.F. El1-Safti)

As reported previouslygs) thin film epitaxy uses a suitable
metallisation, including a sufficiently thick layer ofGa on GaAs
together with In, Ge and Ag ohmic contact, with subsequent heating
and a slow cooling cycle in an atmosphere of As4 and H2' The As
gas diffuses into the metal film and is used, together with the Ga,

which has to have a supersaturation level, to grow single-crystal ;::JT
1

GaAs onto the original GaAs. Hlere we describe a much simplified =
method to establish the GaAs regrown layer by using the recently o
improved anodic process(G) which has given good MOS properties on

AACICRE . )

GaAsS7) has been used for the analysis of n-type GaAs(S) and enabled ﬁfﬁf;
the fabrication of the first native-oxide Gais MOSFET‘Q) The basic )
concept of this new analytical method is that many materials show a ;l;ﬂd
characteristic current behaviour when employed anodically under : "
carefully controlled conditionsgs)

Initially single component films of In, Ga, Ge and Ag were

deposited on n-type (100) GaAs substrates (n = 2 x 10'°%cm~?) which 1
had previously been ultrasonically cleaned in acetone, trichloro- <‘j
ethylene and methanol, and etched in an aqueous solution of NH40H ._j!?
and H202. The metal films were evaporated onto GaAs in a

.

-

conventional vacuum system with a residual pressure of 2 x 10-% torr,
. the film thickness being determined from the change in frequency SRR
of oscillation of a auartz crvstal mounted inside the vacuum .. . J
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chamber. The thin films were anodised using an electrolyte _Efﬁﬁ;i
consisting of an aqueous solution of tartaric acid and propylene ;‘.

glycol buffergd to Pl 6.3 with NH4OHS6) a constant cell voltage of
150 V, and initial current density of lmi/cm?, in order to establisn
the anodisation current behaviour of each metal. It was found
that the Ga exhibits a different current-decay behaviour to Gals,
while the In and Ge dissolved and the Ag anodised in an unusual
manner where the initial oxide growth was not dissolved with the
subsequent oxide growth being dissolved in the electrolyte.

The metallisation was then deposited onto a sample of GaAs, T e
in order of deposition were: 200] In, 200% Ga, 10008 Ge and AR
20008 Ag; and the sample was cleaved into two pieces. One piece
was anodised to determine the anodic current behaviour and the
metallurgical structure of the unalloyed sample (Figure 7(a). The

other sample was processed through the thin film epitaxy process :
and subsequently anodised (Figure 7(b), where the anodisation-
current behaviour is different. This is first‘caused by a diffu-
sion intermixing of the metals. liowever the onset of GaAs
oxidation is given by the final steep exponential decay which occurs
earlier for the post-alloyed sample, indicating the transformation
of Ga into Gals.

In conclusion, it is shown that the new electrolytic process
can be useful for a relatively simple study of thin film structures.

4.3 Ancdic Oxidation of Silicon

At the beginning of our work nearly all the electrolytes which
are known for the production of dense oxide films on silicon were
investigated to select the optimum anodising bath criteria. The
following systems have received special attention:

(a) N-Methylacetamide (NHA) - KNO - 1,0, used by Schmidt(10)

and Dutfek(11)

(b) Ethylene glycol - K.NO3 - H
; Barbersls)
(¢c) HgPO, in Amylalcohol, used by Anand‘!®) _

(d) Propylene glycol - Tartaric Acid - H20, used by Kasegawaflb)

20, used by Duffeck(lz) and

After a large number of experiments, it was found that the non-
aqueous solutions are much better for the anodisation of silicon
than the acid solutions because they allow higher forming voltages,
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cause less confamination and give denser oxides. Furthermore,

it was found that the use of the glycol as a solvent has the
following advantages over the other nonaqueous solutions:

low cost, high purity, electrolyte solubility, good stability towards
heat and electrolysis and bright interference colours which allow

a more accurate calibration for a thin oxide thickness. It was
found that a solution consisting of (glycol - 0.04 KNO5 - 3% liy0) ;ff
gives the best results by using a constant current demnsity of ks
(2 - 10 mA/cm?), but the ionic current efficiency was only 2.65%. -ﬂf;l
In order to establish a better method of increased efficiency ﬁlf_ﬁ
to produce dense oxide films on silicon by anodisation with high ‘-i;fl
efficiency, thé'following work has been undertaken. Other f;iiﬁ
experimental results, as recently reported for the anodisation of sy
GaAs-AL structures (see chapter 1 above and (16)) were adapted for F‘F”‘
Si. It is known{17) that the silicon oxide growth takes place RN
either at the oxide-electrolyte interface when the silicon ions ;f%fﬁ
diffuse to the surface or at the silicon-oxide interface when the ON" ;;;;;
ions diffuse into the oxide. This depends on the activation energy ?!f—~

for both silicon and OH™ ions, and also on their mobilities in the
oxide. The idea was to use a thin layer of metal oxide on silicon
during anodisation, to act as a buffer layer between the silicon
oxide and the electrolyte, enabling silicon oxide growth underneath
the metal oxide at very low current densities.

Thin layers of A% (300, 500 and 10003) were deposited on p-type
silicon substrates (1.5 - 3 Q cm) which were previously degreased
in hot trichloroethylene and rinsed in the order, acetone, de-ionised
They were then etched in 10% HF for 3-4 min, rinsed in Py
running de-ionised water and blown dry. The AL films were evaporated
onto silicon in a conventional vacuum system with a residual pressure
of 2 x 10”% torr. 99.999% grade A% was thermally evaporated from b
tungsten coil filaments onto the unheated silicon substrates. if&fa

water.

The whole structure was anodised by a constant current density
of 20uA/cm? in a solution consisting of tartaric acid and glycol(ls) o
which enabled the oxidation of A% with a negligible A2,0, dissolution$1€: i
This Azzoa was then to act as a buffer layer between Sio2 and the
electrolyte. During the anodisation of the three samples a break-
down was observed after the forming voltage reaches (15, 25 and
S50 V). When the anodised samples were examined under the
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k microscope small hillocks were clearly visible on the surface and i G
showed that the surfaces could exhibit an occasional break or hole ;;;;J
in the aluminium-oxide layer. This would mean that the silicon ~’ }
underneath this crack is directly exposed to the electrolyte. The ;fﬁ
hillocks are not necessarily related to any structure in the as- }if
deposited AL film because the unanodised samples, examined under the S
ricroscope, showed similar very fine structures. It would appear T--
that during anodisation migration of A% in the metal film occurs
and accumulation at the surface develops. Similar hillocks were et il
observed(18) during the plasma anodisation of A2-Si structures. . T‘ el
This means that A2 cannot be used to form a buffer layer of "V7?
Alaoa between Si0, and the electrolyte. How it is planned to ;  ';
undertake similar experiments by using thin layers of Ta onto Si. i_‘~;
BRIEDI
LR
4.4 Analysis of Thin-Film Epitaxy - GaAs Junctions (a1
(H.T. Wills) SRRy
High quality ohmic contacts onto GaAs and InP have been fiﬁqﬁ
produced by Thin Film Epitaxyglg) (20) It is proposed to ﬁ:;lﬁ

investigate the nature of tne resulting grown layer by using
Rutherford Scattering. The problem is that the relatively thick
overlayer of Ag will 'mask' any information obtained from the
regrown layer. Work is in progress on selectively removing the:
Ag by anodisation without destroying this underlying layer.

p-n junctions have been produced on GaAs with good I-V
characteristics by using Thin Film Epitaxy. It is now proposed
that the metallisation and the resulting junction be investigated
using anodisation.

4.5 Study of Dissolution Rates with Anodic Oxidation of GaAs
for various Electrolytes
(B. Livingstone)

It has been well established in recent years from experimenta-
tion reported in our previous European Research Office reports that
the use of a mixed solution of glycol and water (AGW) as an electrolyte

for the anodic oxidation of GaAs produces a very uniform amorphous
oxide. An optimisation of the electrolyte used in anodic
oxidation is of prime importance and experiments have been
performed, using various aqueous solutions, to measure their
dissolution current densities. When a constant voltage source is
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connected through a limiting resistor to the anodic bath, the
current density flowing through the sample decreases as the oxide

is grown until a steady state situation arises in which the

rate at which the oxide is produced at the semiconductor-oxide
interface is equal to the rate at which the oxide is dissolved

by the electrolyte at the oxide-electrolyte interface. This steady
state current density is thus a direct measure of the dissolution
rate of the oxide into the electrolyte and by using a Farodaic
analysis a value of this rate can bé obtained;

The experiments were all performed on n-type (100) 10'°® Si
doped GaAs samples using a platinum cathode and a 50 V constant
voltage suphlyxwith'a'IOOKQ limiting resistor. The results
obtained are shown in Figure 8 and as:'can be seen the dissolution
rates of a 0.2M and 0.02M solutions of (NH4) H2P94 are comparable
and even less than that of the AGW electrolyte.(21) =

Further work is to be carried out in conjuction with the
quality of the oxide produced by the mjueous electrolyte and the
growth under constant current operation.

4.6 Oxide-Structural Studies
(B. Weiss)

4.6.1 Naturally occurring oxide layers on GaAs

Surface oxide layers of about 208 thickness are present on
all GaAs surfaces and are formed by a reaction with the surrounding
atmosphere. They are very important since they may affect the
surface properties of the material including work function, barrier
height an- surface recombination veocity. Surfaces of the above

type are known ''real'" surfaces.

A study was made of the surface structure of 'real" GaAs
surfaces after polishing, cleaning in the common organic solvents
(acetone, trichloroethylene and methanol) and etching in a 10%

solution of hydrochloric acid.. Using reflection high energy electron IU

diffraction (RuziLw) the results show that the relative thickness
of this surface film varies for each solvent with methanol producing
the thickest film followed by acetone and trichloroethylene, where

both of the latter films have the same thicknessgzz) Etching in
HCL. however did not completely remove any of the oxide films. Also

demonstrated was the catastrophic effect of unpurified water on
GaAs; it produced a good polycrystalline gallium oxide on the sample
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4.6.2 Anodic Oxides

The initial part of this investigation was concerned with the
properties of the as-grown oxide samples which was followed by a
study of the effects of annealing on the structure and properties of
tae anodic oxides.

The techniques which were used here to analyse the samples
were reflection high energy electron diffraction (RIEED) and X-ray
diffraction to study the surface and the bulk of the oxide
respectively, the SEM and microprobe analyser to study the surface
topography and chemical composition of the sample respectively and
etching in LCR to determine the resistance to acids.

As-grown anodic oxide layers

A comparison of the results of the X-ray and electron
diffraction experiments for the unannealed samples show that the
most pronounced crystallisation occurred at the oxide/GaAs interface
and that the anodic oxide crystallised out, under certain circum-
stances, as (100) orientated B—Ga203.

A series of samples were grown using current densities of
2.0, 1.0 and 0.1 mAcm~2. Those grown with a current density
of 2.0 mAcm~? were found to antain some crystalline B-Ga,04 at the
interface while the remaining sampl2s were seen to be amorphousgzs)
The chemical analysis of these samples showed that the As content
of the oxide was an inverse function of the growth current density
(i.e. those grown with a low current density contain more As than
those grown with a high current density). Chemical solubility
tests showed that all of those oxides were soluble in HCL and the
surface of the oxide and the surfaces left after the etching were

found to be flat, as seen with at a magnification of 10,000 x.

Annealed anodic oxide layers

Some of the samples were grown as above and annealed in a
high purity nitrogen atmosphere for 10 mins in a quartz furnace tube
whose temperature was controlled electronically, since hydrogen
reduced the oxide at 600°C to metallic Ga. Additionally, the
samples grown with a current density of 0.1 mAcm™ ? were cooled
quickly (100°C per min) as well as a the normal slow rate of 300°C
per hour.

_After annealing to sufficiently high temperatures (above
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about 400°C) all the samples, with the exception of those cooled .fffﬁ
quickly, were found to have polycrystalline B-Ga203 present at the ) o
oxide/GaAs interface and its volume and crystallite size increased bR
with annealing temperaturegzs) The threshold annealing temperature s
for the onset of interfacial crystallisation was found to be an
inverse function of the growth current density used. The samples o

cooled quickly were found to be completely amorphous. Some surface Z;{;i

ol Sl salS ;-;v.v‘-.-':’r‘—," v
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crystallisation was found in the samples annealed at higher

i
!
{

-
temperatu;es but the crystallite size here was small so that it was '5}?5
of minor importance when compared with the interfacial crystallisa- § ;
tion. The chemical analysis proved to be somewhat complex ‘
especially in view of the limitations imposed by the methods, so that
higher resolution techniques are required to obtain the relevant
information. A preliminary study, using Auger depth profiling,
has shown to be extremely useful in determining the chemical
structure of the oxide. However, there seems to be some correlation
between the As loss during annealing and the decrease in the oxide :
resistivity and general degradation of the electrical characteristics hgg,M
above 350°C. This also suggests that the interfacial layer D
of B-Ga203 has a marked effect. Resistance to chemical attack
was also found in the higher temperature annealed samples,again R
suggesting the presence of B°Ga2°3' The surfaces of these samples ﬂkftﬁ
were also found to be flat, certainly up to a magnification of P ey
10,000.

The above results show that the growth current density and SRR
the cooling rate after annealing are the two most important factors
determining the occurrence of crystallisation. The chemical
composition of the layers is of a complex form and can only be L
suitably determined using more sophisticated methods such as Auger bl
depth profiling. However, the production of B-Gazo3 at the oxide/
GaAs interface and the loss of the As component of the oxide are e
seen to be important factors which influence the electrical
characteristics. A more detailed knowledge of the growth X 1
mechanism and a more detailed chemical analysis would enable a better )
attempt to optimise the processing steps and the characteristics
of the oxide layers to produce suitable MOS structures, especially
for MOSFETs, although the present structures have been used for the
fabrication of successful GaAs MOSFETs AR

—
s A! ~
"y B -y '
., e 955 .
» oy PELLeS
P . ‘ .
yow . A
U P P
oo RFRE AN
AES e Ot e P B
Y gha s e ta

b P Tl M)
LA NNt

SRR A

.
P




32

Since anodisation allows a controlled amount of GaAs to be

removed this was found to be of use in the preparation of thin GaAs
samples for TEM studies. An advantage of this method is that

it does not damage the material which is to be studied in the TEM.
Experimental details have been publishedg24)
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sampies grown wiin 3 rret = y V.41 IACIN =~ WwWEre covacu
quickly (100°C per min) as well as a the normal slow rate of 300°C
per hour.

After annealing to sufficiently high temperatures (above




