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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
- p

an optimisation of the electrolyte and other aspects were 
-

continued. Further results on the oxidation of [nP are - -

presented. -
.
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INTRODUCTION

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

Using evaporated At , the possibilities of composite oxides

on GaAs arise. The first advantage to be gained - is reduced

leakage currents. Then, however , the possibility of further

considerable reduction in anodic growth currents becor~es available

which enables one to grow in an entirely different manner from that
— practised previously. At low current densities the relatively

high threshold value for cation drift means that only 01f ions,
which have a low threshold value, contribute to oxide growth. 

- .

This facility- of operating above or below the cation drift threshold

is a useful facility to grow native oxides either above or below the

oxidised aluminium film on our samples. Long-term storage UAOS

devices were thus produced which have given storage facilities
longer than those obtained In corresponding Si devices because the

j 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.

-1: If anion growth only Is used, improved interf ace 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
fabricated , namely enhancement, depletion and inversion . These
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. 

S

The work was again jointly funded (apart from inhouse
contributions and some postgraduate research Scholarships from _____
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p
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jointly supervised by Dr.-M. Faktor of the G.P.O. Laboratories at -

Martlesbam, where related developments to that of our work is also ~
undertaken ,- and myself.

•

0- .

— S .

I



4 .-

CIIAPTEP 2

j  2. ANODICALLY GROWN DOUBLE OXIDE STRUCTURES ON GaAs
- 

(B. Bayraktaroglu and S.J. Hannah)

2.1 Introduction

Although anodically grown native oxides on GaAs have been

used to produce GaAs M SFETs~~~’~
2
~ they are not yet exploited in

connection with several other device applications known with Si due

to the instability it has so far exhibited against many cnericals,
including some photoresist developers and most Of the cornonly used

acids and also against high temperature annealing, i.e. > 4000C.

With a new anodisation method , utilising an AL203 layer together

with the native oxide, it is now possible to extend the device
applications of GaAs.

I.
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 interf ace. This can be explained in terms of
the difference in threshold fields for the activation of anions and .1~ . -~~

cations and also the difference in their inobilities in the oxide.
For GaAs it has been established that the field required for the
activation of anions (i.e. OH) is lower than the field required

L 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
a fields (correspondingly at very low current densities e.g.

< 2O~jA/cina) 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 At on a cleaned and etched GaAs surface and
then anodising the whole structure in AGW electrolyte (the 

__________ -~~~~~~ -~~~~~~~~ _____

~~~~~~~~

—

~~~~~~~~

- - - - - - - -______________________________________
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S composition of the electrolyte has been explained in detail by

Ilasegawa in a previous report). In such a scheme the first oxide
to grow is A&203 and subsequently, depending on the current
density and also AL203 thickness, GaAs native oxide can be made to
grow either at the electrolyte or at the semiconductor inte~~ce. At -~~~~~~ --

high current densities (i.e. > 2mA/cm 2 ), after all the At is 
- 

-

converted into At203, the field at the GaAs-At203 interf ace is high

enough for the lonisation and also the activation of Ga and As 
S

-; 
- cations into the AL203. 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 AR 203 thickness is larger than ~ 5O0~t 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 - electrical breakdown occurs resulting in- locally damaged ~.reas

in M203. Figure 1(a) shows the composite oxide structure and

j  - 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

I that after the GaAs—native oxide is etched there remains an oxide
whose thickness is very close to what is expected from the At203
layer alone. MIS diodes, utilising this double oxide structure
with the AL203 thickness being “.~ l50~ , 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 AZ203-layer acts as a

L buffer layer separating the bulk of the oxide from the interf ace.
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 AL203 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.
< 20iiA/cm 2), GaAs native oxide grows entirely underneath At203,
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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formed this way However, the thickness of tne composite oxide

~ is much thicker than eXpectea from the AL203 thickness alone ____

Overpotential~.tixue curves plotted during growth is a useful means 
p

of calculating the thickness of both oxides As it can easilyS 
-f . • f  

- -

be seen in Figure 1 overpotentiai-versus/eurves have different

characteristic transition regions just before GaAs native oxide ____

starts to grow Overpotential at which this transition occurs S

is in agreement with the expectea value of overpotential after

all AL layer has been anodised Further increase in overpotential

-. is attributed -to the growth of GaAs and its tnIckness therefore can

be calculated, with the known thickziess—overpotential ratio for GaAs .

- Since the A&203 dissolution into-the electrolyte is negligible
-i t 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 A&20~ acts as a diffusion barrier against anodic
impurities in the electrolyte thus yielding a superior native oxide.
A thick layer of AL203 ( > 5001) on top of native;- o~çide offers high
temperature stability of the native oxide as- it acts- as an overlayer
preventing As or As203 loss from the native oxide, in a similar
manner as used.with Thin Filin ’ EpitaxyP~ 

- Since At203 is inert to
mo!t chemicals including the positive photoresist developer, composite
oxides produced in this way are now extremely stable against normal
GaAs native oxide etchants MIS diodes prepared, utilising this

- type of double oxi4e structures, have -shown further improved
electrical characteristics especially in connection with the
dielectric-semiconductor interface The time taken to rise from
a daep depletion ’ into an inversion mode is shorter than that of
normal native oxide MOS diodes The Onin/cmax ratio of capacitance-
voltage plot is now very close to theoretically expected values

2.3 Charge Storage Devices - - - :~~~:~~
One ef the most interesting applications of the second type

of double oxide structures is in connection with charge storage
SI 

devices MAOS (Metal, A~203, Oxide, Semiconductor) diodes produced
with native oxIae thicknesses of 50—2001 underneath “~ 6001 of
AL203 have shoWn’ reproducible, strong charge storage properties.
If vary low current densities are used (ike < 20~~ /cm2) the thickness
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of the native oxide becomes extremely uniform resulting in
identical electrical characteristics of every diode produced over a

large slice of GaAs. The structure was annealed in N2 at 350°C i
- for 15 mm prior to the evaporation of AL 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, tne shift in C—V curves can be taken as the 

-- 

-

shift in flat—band voltage. No distortion of the original shape
::-~ of the C—V curves suggests that the charging of the oxide and

surface traps is negligibly small.

The shift 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—AL203
interface by tunnelling of electrons and also possibly of holes

through the native oxide. Since the charge instability has been
observed over a wide range of thickness of- native ozide and since ,. 

.5 -

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

- - ,

Aitnough it is most likely that any double insulator films on

p aemicouduc~~s will result in some form of a charge storage device,
it is usually extremely -difficult to obtain a non—volatile device ..9~~~
with strong charge storage properties. Basically, the charge
stored at the double insulator interf ace Is due to the difference
in the currents through tne insulators at a given gate bias. If

I
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

L 
retention time characteristics of the memory device are a strong
function of the insulator thicknesses and also of the semiconductor ~~~~~

• -.
insulator interf ace.

-; In the MAOS systems on GaAs produced as described above, a
thick layer of A2.203 (‘~ 6001) ensured good insulating properties for • “ 

--

the leakage of stored charge to the gate metal. -Therefore,
throughout these investigations the tnickness of AL203 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

- AL203 with a current density of 2O~iA/cm
2 , it was found that the

native oxide—GaAs interface can be markedly improved if even lower
current densities are used. At 20izA/cm 2 the field at GaAs surface

is still high enough for the activation of Ga and As cations into - :

the native oxide, but not into AL203. Therefore native oxide will

gráw predominantly at native oxide-AL20 interface. 1iowever, at a - 

- 
-

• current, density of lOiiA/cm2 or lower cation activation Into native

oxide becomes negligible and therefore growth takes place almost - -

entirely at GaAs-native oxide interface. Since the activation

I energies for Ga and As are different, tho last system is likely to
retain a stoic1~ rnetric GaAs surface. The effect of this relatively

higher field growth mechanism (i.e. 20~A/cm2) on the charge storage
properties of MAOS diodes is in the form of the distortion of • -

:

p 
- 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 oxide 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. Hence an
I effective negative charge accumulation at this interface occurs. ~~~~~
- 

When the gate bias is lifted the energy band of GaAs will be bent
- - as shown in Figure 4(c) under the influence of negative stored
- charge. If the amount of charge stored is Q/cm2 then a gate
I voltage of AV must be applied in order to obtain flat—band
- condition. AV is given by:-

- d : -

(1)
- .

-
. -

where
is the thickness of A9~203

- 

£2 is the permittivity of A9.203.

At the initiation of a gate pulse (VG) the voltage drop across . 
-

first insulator (native oxide) V1(0) is given by:- -
‘

e1 d2 1V1(0) — (1+ 
~~
— 

~~~~~~~~~~~~ 
VG ( 2 )

p 2 1 -.
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ana V1 then- decays - -with t ime throughout the charging period . 
- 

5 ’

Since the charging current is exponentially dependent on the .:
voltage across this insulator (Fowler-Nordbeim currents) this

I decay will be exponential with time . If the current through
the second insulator (AL 203) is considered negligible the current
through first insulator is given by :-

I ~1
=
~~ ~~~~~~~~~~~~ (3)

-
~ where R1 is the resistance of nat ive oxide and defined in

the form -

I .
-

- -~~~~(V /d )
- R1 — p 1 d1 — p 10 d1 e 1 1 1 (4) - -

where p10, 
~~ 

are constants

L A solution of Equation (3) yields

AV — VG + f. In 8182 VG t for AV ) 1 Volt (5a)

I and -

Lu ~V — ~lVG + In B2VGr for AV < 1 Volt 
- - 

(5b)

where 82 is a constant of AL~03! r is the pulse duration. ft

Figure 3 is a plot of C—V shift (AV) as a function of r for

an MAOS system with native oxide thickness “. 601. Experimental

results therefore agree quite ~~sely with the theoretically proposed ~ 
-

-
~~ model above. A value for Bi 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 ~ 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.

-: Since our GaAs MAOS system has an insulator with a narrower
band gap nearer to the semiconductor , the mechanism which governs •
the charging of the double oxide interface is different from the
discharging with no applied gate bias (storage mode). Fig3U”e 5(e)
shows the charging mode of a MAOS device with positive ga,te bias. -

~~~. 

-

p. Using Equation (~ ) with — 4 , 
~2 — 8, d2 — eool, d1 — 601, one
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obtains a band’ edge lowering of ‘~~ 1.5 V for a gate bias of +1OV .
Since the band gap of native oxide is ~‘. 5eV this lowering is quite r

substantial far 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 . h owever , this rise will not be -

.
-
.

enough for indirect back tunnelling up to a AV value of “.‘ 6V for
— 601. (For larger values of d1, 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 wit h Si MNOS system (Figure 5) shows
tne clear advantage of long term charge storage properties of GaAs
I(AOS, since d1 can be made quite large without causing much -

. 
- 

-

difficulty in-f charging or -discharging mode. - - - -

Charge retention tests were carried out at room temperature
by first applying a pulse of +20V for l.5s to the gate and then
measuring AV at regular time intervals (d1 — 601). - The first
measurement of 1W was made 30 secs. after the application of the
pulse. The diode was stored with no gate bias between measurements. -

_
~~~~~

The backshift of the C—V curves (i.e. 1W) is then directly proport-
ional to log r,0 25V/deaL de of time or better

Figure 6 shows the charging and discharging of a GaAs 
- 

MAOS
device as a function of gate bias with pulse width (r )  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 (i.e. r — 1.5 sec curve) are the same which indicates that
indirect tunnelling again takes place in the erase mode . Figure 7
shows the 1W dependence on V0 for MAOS diodes with different native -

oxide thicknesses (d1). Pulse width was kept constant at l2Oms. -

Again, as expected, the threshold voltage ticreases with increase
in native oxide thickness. The slopes of the curves however
decreases with the increase in d1. 

-

Investigations of the properties of the GaAs MAOS devices ~~~
‘

• 
-

will be continued utilising MAOS PETs. For this purpose Fz~Ts -
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I similar to that described in reference (1) (scheme a) will be used.
This time instead of anodically grown A1203, an evaporated SiO
layer is being used wkth satisfy the necessary requirements for
the thin film epitaxy process. ____

I - 
4 “ C
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FIGURE CAPTIONS

Figure 1 Overpotential versus time curves of anodically grown

I double oxide structures on GaAs .

Figure 2 C—V plots of double oxide structures on GaAs with 1501
-: of AL at the GaAs interface.

j Figure 3 C—v shift (1W) versus cha~~.ng t ime (r) with pulse height
(V0) as a parameter.

Figure 4 Energy-band diagrams of GaAs L1AOS system in charging and
storage mode.

Figure 5 Comparison of GaAs I4AOS and Si MNOS systems in charging
and storage mode .

Figure 6 1W versus pulse height (V
G
) with pulse width (r) as a

parameter and memory cycle for r 1.5 sec.

Figure 7 MT versus pulse height (VG) with native oxide thickness
(d1) as a parameter.
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~JiAPTER 3 _ _ _ _ _

3. j IGS-Devices
(i... Bayrak taroglu , !~. Co1c~uLoun, S.J. ~1annah, E. I~ohn)

3.1 Introduction •~~~__ :- 
-

.~~-
Last year preliminary results with GaAs—inversion layer

iIiO3FETS were acbievedP~ ~owever 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 MOS-diodes has been
studied extensively by means of CV— , GV— and IV- measurements at

various temperatures in various frequency ranges and under various
transient conditions. :- •~f 

- 
-

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 AL-oxide layer into the system (see chapter by

U. Bayraktaroglu) and by this towards a new technique of oxide

3rowth .

The annealing of MOS-diodes has continuously been optiriised

in several respects. It was seen that high temperature annealing ,
even in N2,  leads to partially crystalline and decomposed oxides
(see chapter by B.L. Weiss). 112 annealing even below 350°C was
found to lead to a highly unstable hysteresis.

From these results a “Standard Oxide” was produced, grown at
a low current density and annealed in N2 at 350°C for 10 mm
incorporating a rapid cooling, which was then incorporated into the
FET structures. 

• -

A newly designed Inversion—Layer MOSFET (IL-tIOSFLT) with a
reduced gate length of 5iim was fabricated. The dc—characteristics
could be directly related to the results of the MOS—diode measurerieutc.
Despite the difficulty to achieve proper inversion, a field effect

2
mobility of p 2250 was estimated .

Secondly, a new Enhancement-Depletion Mode MOSFET (ED~ I~OSFET)
on insulating substrate was developed . The device has been
fabricated in both self—aligned and non-self—aligned gate techniques



— — — —~~ — — —~~ — —~~ ——
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p

and is suitable for monolithic integration . Especially the —/3-k. 
___

enhancement mode capability of the device is essentially larger than
that of MESFETs , JFETS or SIGFETs.

3.2 Investig~.tion of Growth and Annealing Parameters(B. Bayraktaroglu, S.J. Hannah, ~~~. Kohn) 
_ _ _ _ _

Problems in the IL—LIOSFET fabrication process already lead to - .

an optimisation in the oxide growth technique an~1 annealing
parameters last year~~~

This was now followed by a systematic investigation over a -

wide range of annealing temperatures for various annealing gases aad
oxides grown under various conditions. CV- and IV- measurements
as well as structural investigations (see chapter by B.L. reiss) -: -
were carried out. p

ilinimising the effects of crystallinity, leakage current and
hysteresis lead to a “Standard Oxide” fabricated at a low current
density of I ~ 0.1 mA/cm 2 only limited by the desolution current of
the diode in tne electrolyte of I

~ ~ 
35pA/cm2 , an annealing temper- 5 _ : ~~~~~~ - - -

ature around 35J°C with an annealing time of 10 mm in N2, rapidly
cooled down. Annealing in 02 for 2 hour3 was found to stabilise
breakdown characteristics, but may effect an ohm ic contact metali- 

-

sation.

Figure 1 shows the hysteresis amplitudes at a capacitance
corresponding to the mid—point of the CV-curve~ Iiift between
accumulation and inversion for MOS-c.Liodes prothtcod under various .

conditions. The lowest values (open circles) correspond to diodcr
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 :T~data demonstrated were taken after 30 mm of applied stress bias.
The dc—conductivity increases exponentially above 3o0°C, reaching; the

~A/cm2 - range at 700°C for a gate bias of +1SV (d0~ 
= 13OO~ ) .  ‘

~

In this case the capacitance behaviour can be explained by the dc-
current flowing. ~low1y cooled samples appeared less stable anL
showed a higher leakage current density.

The slope in the CV-curve could not be influenced essentially
by the various annealing atmospheres (112, °2’ h20, IT2, Ar2).

— 

It means that the annealing process changes the bulk oxide properties I
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even at low temperatures, but only to a lesser extent the interface
properties. The interface then is degraded at higner temperature , • ,

probably due to some crystallisation effects.

3.3 I~ieasurements on “Standard Oxides”
E.~~ ohn

A wide range of measurements were undertai:~n in a temperature

range of 77k to 350k in the CV— , GV— and IV— domain , applying various

transient conditions as in particular : RF—capacitance vo1ta~c and

partially parallel conductance voltage measurements from nearly dc - -

- . -  - -
- - - up to lOM±.z, operating tne gate bias in the switchinç’ 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 measuring
( 2 )  . . S -.-~~assembly (GE 1620—A), an automatic CV-plotter , and a systeI~ waere : -

the rf-current into the M03-diode is measured by means of a series
resistance and the amplified signal then displayed on an Oscillo—
scope;) Quasi static CV-measurements by means of the DC—slow linear -- -

- 
p _~voltage ramp method (using a Keithley 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 MIS—systems we see a charge injection instability

i~ the anodic oxide GaAs-i-~OS system. This is demonstrated in -
. 

- -

Figure 3 by a stress bias experiment showing an asyr-ietric and anti—
clockwise hysteresis for p--type r~aterial (and correspondInrly a
cbck~vise hysteresis for n-type substrate). The writing speed of p

the curve is fast enough (15V/sec ) to show nearly parallel shifted 
-~ - 

-

curves, so that the shift may be directly relatoJ to a flat band
voltage shift (Vm_shi!t), although there is a difficulty to verify
the flat band voltage condition . = •

The VFB_shift can widely be approximated by a logarithmic time
depenuence (Figure 4), with an initial delay time for charge
storage and a saturation for average applied fields of less than - - . 

-

approximately 2 x 106 V/cm. For higher fields charj ing occurs up -

to breakdown of the interface barrier.

Further information on charging was gained from transient
IV—measureij3ente. 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 V-, -shift



- -

:. saturation the barrier limited steady state current is determinedc3~
Figure 5 shows the IV—characterlstics for the initial current _/5Z

response (measured approximately 1 sec after switching) and the
steady state current (taken after 30 mm ), where the gate bias now
has to be corrected by the flat band voltage shift. The plot of I

vs. 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 be~iaviour by Schottky—emission in the steady
state case. An 4.5 to 5.5 is derived, inplyin~ the basic
Poole-.Frenkel effect, whereas optical measurements show = 3.3
and CV— measurements Letat 8.

The time delay of the currents under constant applieci gate
bias obeys a I “~ t a  low with a — 0.4 to 0.9 except in the initial ~f- - 

-

phase, which is a well known behaviour for space charge effec ts in
oxide filmsc3~ The amount of trapped charge is found by integrating
the (charging) current in time until the V -shift saturates. The
charge centroid was found to reach values up to c~X/2 indicating T-: - -

tnat the span of the charge distribution extends across almost the
entire thickness of the insulator. Steady state currents between

p l0 ’A/cm2 and less than 5 x 10 ’’A/cm2 (wnicb was the resolution of
the measuring equipment) at average external fields of 2 x 106 V/cm
have been measure~ , indicating the spread of the experimental data.

As indicated above, the V —shift does not saturate for high
- - FL - -

- -

applied fields, but approaches the stress bias. After some time
under stress bias a high ohr~ic conductivity appears and the capaci- 

- - 
-

tauce collapses. h owever the breakdown is not destructive . -
~~~: 

-~~

I~early unchanged CV-curves, but with slightly reduced charging
characteristics and reduced area of safe operation , appear af ter
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-
characteristics obtained after formation and recovery are very - p
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 VPB_shift). Measurements 
-
~~

in the temperature range of the bulk limited current case after
formation yields a thermal activation energy of 0.65 eV for the
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-

I’oole-Frenkel defects. - •

The above results show that the charge injection across the -

interface is best described by a combination of tunnelling and 
- 

p

trapping processes as : for low fields direct tunnelling into oxide - -
-

traps with a high back tunnelling probability, fc-r nediur3 fields

additionally trap assistc~ tunnelling Into the oxide conduction band - - 
- 

-
:

with successive trapping of charge Jeep in the bulk oxide and for •
nigh fields direct tunnelling into the oxide conduction band or

avalanche breakdown across the interf ace barrier.

For further characterisation by CV- and GV- neasurements, two

facts from the above results have especially to ~ie considered :

1. in steady state measurements the gate bias has to be corrected - - 
-

- 
-

by the VrB
_shift, and 2. assuming a direct tunnel process involved -

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

given Interface potential is not to be expected for the dynar.~iic

interf ace loss. -
.

k~ut even taking this into account , an ~anornalous” frequency
and temperature dispersion is found~

5
~ as demonstrated in Figures 6

and 7. At high frequencies and low temperatures a decay in the

slope of the CV—curve Is observed , which cannot be explakied by
classical freezing—out of interface states considering reasonable
values, for captu:-e cross secticns at the particular surface -

•

potential (which may be estir~ated from MOSFET measurements).

applying the technique after Nicollian and Goetzberger~
6
~

anti plotting the data of capacitance and parallel conductance in - - 
-

a Cole-Cole d1agran~
7
~ (between 5Ei~z and bOOLLz) fail to obtain - -I -

information on surface potentials and interface-state densities.
Ispecially the Cole-Cole di’~grac shows that no semiconductor deple- 

-

tion layer capacitance can be extrapolated . 
- I -

-—

Thus the co~~on1y ap~1ied interface moael aud equivalent circuit 
- 

- 
-

is very much in doubt. Fitting the data into the diffusion ~odcl~~~
or including a metamorphologic layer~~~ also does not give
satisfactory results. It means that at present no model is 

- - - -

available to explain all phenomena of the interface in question .
The behaviour can probably be explained much bettor by oxide-
dispersions. New stimulations are expected in connection with the - 

I I
characteristics of ETh~—i~OSFETs. The capacitance shift 

-
-

C C C - Cma~ - ~~~~~~~~~ was always less than that predicted for 
OX~~ 1~v -

~

max ox
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(see Figures 6 and 7 ) ,  thus doubting if accumulation or inversion

I are possible at all. Plots of Cmax vs. for various doping

- concentrations (2 x lO ’6cm 3 to 2 x lO ’7cnr 2)and both p—type and n-
type material (at 5K1lz) however Indicate a band bending towards

accumulation to Eacc - E
~ ~ 

< 0.08eV (even taking into account

charge injection and related V
rB
_Shlft)• 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 simple
- 

- - - 
interf ace trap causing pinning in weak inversion but more likely we

see minority carrier response with oxide traps (also causing the 
- -

- 

ledge in th.~ dc~p d~.pL~tion CV-curve) or ~xith? dispersion .

- If no inversion layer charge is built up at the interf ace
the deep depletion CV-curve is measured. The effect is seen in

transient measurements as the non steady state case or stably if ____

I 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

i 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

U
~~ and the linear

-. sweep MOS-C technique.U~~ Both methods show good agreement

and result in (bulk) minority carrier life times of:

= 3.1 x l0 h 1  sec (p 1.8 x 1017 cur 3)

L — i o  1 6  — 3
- 

t~ = 3.6 -
~

- 4, b x 10 sec (n 2 x 10 cm )
- The Zerbst—plots also give information on the surface generation

velocity, which is obtained to : H .
I &~~

_ 5 . 7x 1 O 5
~~
!!

~

Sp~~~
l.5 X 1O ”~~~~c

(The data obtained from substrates, as used in the other CV-
measurements). From this data the inversion layer cut—off frequency
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can be obtained. Due to uncertainties in the inversion level only
a rough estimation is possible with in the lower Hz range . 

_ _ _ _

In fact the transition between the LF-CV curve and the hF-CV curve

was found to appear around 10Hz.

From the above results the disadvantages at least due to an

unstable interface barrier behaviour becomes obvious . New
developments lead therefore to the incorporation of A&203 into the

system (see chapter by B.Bayraktaroglu).

3.4 Inversion layer FETs * -
~~~~~~~

(E. I~ohn)

New inversion layer FETs (IL-FETs) with a reduced gate length
of 5pm have been fabricated on p-type GaAs (p 5 x 10” cm 3 )
incorporating the “standard oxide” and using the technology previously
reported as Scheme B. Gate oxide thickness was l000~, gate width

200pm.

The output characteristic is shown in Figure 8. The highly

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 
~~~ 

and the source to drain voltage at saturation VDS - -p~ -~-
with tue gate bias as parameter,~ were compared with a simple theory

involving:
1. the gradual channel approximation ,
2. a drift velocity field approximation of for E < and

for E 
~ 
Ec with ii0~low field mobility,

3. an amount of the inversion layer Fermi level equal to the

corresponding bulk Fermi level (which deterrnines basically 1 -
~~~

the threshold voltage).

*We wish to thank Professor H. Beneking from the Institute for
Semiconductor i~lectronics at the RWTh Auchen (West Germany) for
some special technological facilities made available for this work
and 14. Ifeyer from the abovementioned Institute for supplying the - - . -

epitaxial material .

- -~~~~~~~~~~~~ _  _  _  _ _ _
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4. - approximately zero source and drain contact resistances,

and

5. a grounded substrate. connected to source .

The expressions for I~~ and VD~.. give then curves of these
quantities vs. the gate voltage VG at the onset of saturation.

The resulting V~~~vs. VG is given by Figure 9. Agreement between

theory and experiment can only be considered to be acceptable if p

only a small portion of the applied gate bias VG* is considered

to be effective due to band pinning in (weak) inv9sion. With

this value of VG* the drain current at saturation —r normalised on
W.G p

- the geometrical factor ~ = 
~ 

° is obtained (Figure 10) and

finally curve f i t t ing with the device current leads to an inversion
- 

- - layer mobility of p0 ‘~~ 2300 as given in the inset of Figure-lO.

The result reflects the limitations given by the MOS—systern

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 MOSFETs -

(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 , JFL?Ts and SIGFETs. -

The technology used for the non self-aligned gate structure
is basically that previously reported as scheme B~

1
~ 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 p~~ are~~were opened with a negative (or p
equally well positive) photoresist mask. Subsequently the oxide
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layer was formed in the gate area only. For that purpose an

ohmic contact at the rear side is needed to achieve good electrical

contact through the semi-insulating substrate and the growth has to

be supported by illumination (see chapter by A. Coiquhoun).

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 e1ectro~~:T~:.~~:

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

then thinned in a 0.5% HCL solution to a thickness of 900~ (interfer- .. -- - ’- .;~
ence colour) ininediately followed by M gate ri~a1 evaporation.
Subsequently float—off of the photoresist produced the final 

~~~~~~
-
~~

- 
-

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

“standard oxide” .

The output characteristics of a device fabricated on a VPE- -.

layer (n ~ 5 x 10”cm 3 , without buffer layer) are shown in Figure ~~~~~~~~~

12. The output current capability in depletion mode Is limited . P

by the maximum stable depletion layer widtn 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
HESFETs. (For the particular device presented the notch was ad-. :S~~ ,

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 ii, the particular device presented because of an increasing T
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 -

MESFET 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). however the transconduct-
ance of the MOSFET device is reduced by approximately 22~ but can
certainly be improved by using thinner oxides. Hysteresis effects
are not essentially different and are thus mainly caused by deep
traps in the material . . :-
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The realisation of the EDLI MOSFET is possible on the same

material as used for MESFETs or TEDs and thus the new device -

represents also an additional element in these circuits. However
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 10pm gate
length

Further investigations into the enhancement mode as well as
transient depletion mode behaviour, the dynamic behaviour and 

- 

: --

stability behaviour , are to be carried out next .
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CHAPTER 4

a 4. ANODISATION OF InP
(A. Coiquhoun )

4.1 
• I/V Characteristics of MOS Structures
The I/V characteristics of similar MOS structures to those

used previously for C/V measurements have been measuredc 1.) The same
electrolyte composition was used when growing the oxides .

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 minimi sed and did not mask the conductive element of 
____

I. the current . 
~~!.;. 

-

For the example shown in Figure 1 the ramp rate was set at
4mV/sec with a sweep scan of -3V to + 3V. The curve 1 in the
positive direction is the I/V for the ‘virgin ’ oxide, and successive

:-: 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 Si02~
2
~

and for Si3N4~
3
~ and was attributed to ionic polarisatlon. For the

present case this would require an ion density ~s 102 0  charges/cm3

in the grown oxide and it seems that ionic polarisation cannot be
totally responsible for the I/V of Figure 1. A more likely

L explanation is that electronic conduction current through the oxide
is being controlled by band bending at the oxide/InP interface.
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

L interface. This mechanism is illustrated in Figure 2 which shows . -

the energy band diagrams at various tImes during one cycle of an
I/V measurement. (N.13. For this diagram the effect of applied
bias on the surface potential of the InP has been neglected , as this

L should have only a small effect on the oxide/semiconductor barrier). I. 
-.

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 pH of the electrolyte by first using an unbuffered
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solution and subsequently adding N112011 The results are shown in

Figure 3 and clearly indicate that, for InP, the oxide is less — 

~
jq_

susceptible to breakdown at lower pli 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 lus now
been adopted , thi s 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 In3

~ 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 . 1~ere the oxides were grown under virtually

I’ constant current conditions with the composition of the original

p solution (A) being 5 parts glycol to 1 part 50% 113P04 as indicated
on the figure. Addition of 10 mls H3P04 gave curve (B), then 10
mis 1120 gives (C), then 100 mis glycol gives (D),  then 250 mis glycol
gives (E), further addition of glycol gives (F).

The composition was finally optimised at
1: 10 parts ethylene glycol) Solution saturated

1 part 50% H3P04 ) with Indium. 
-

MOS capacitor structures produced using this oxide show superior • f

C/V characteristics but a similar low breakdown voltage.

4. 1.3 Anodis at ion 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 material~

4
~ Some

additional observations on this behaviour have now been made.

j Because of the -higher electric field at the edges of the

:~ 
exposed GaAs surface , field lonisat ion 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
decaying anodic current during this initial oxide growth. Figure 

- 
-

5 shows the variation of anodic current with time, where the current

is plotted on a logarithmic scale. For this sample n = 2x10’6cm-3 ,

-: V~ = 36 V1 Is = 2mA/ctn2. The linear portions of the graph have
been extrapolated back to show up the effect of premature breakdown
at the edges. p

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
sample p = 2.x l016 cr~r

3 , n = 1 x l0”cnr3 , ‘1B = 30 V, and Is =

O.5mA/cm2 . 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 ____

agreement between the two sets of curves. 
- -

4.2 Analysis of Multicomponent Thin Films on GaAs by
Anodic Processes : -

~~
- - 

-

(A.F. El—Safti)

As reported previousiyç5~ 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 112. 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

GaAs onto the original GaAs. h ere we describe a much simplified

method to establish the GaAs regrown layer by using the recently •
improved anodic process~

6
~ which has given good MOS properties on

GaAsç7~ has been used for the analysis of n-type GaAs~
8
~ and enabled

the fabrication of the first native—oxide GaAs MOSFETc9~ The basic

concept of this new- analytical method is that many materials show a
characteristic current behaviour when employed anodically under
carefully controlled conditions~

0)

Initially single component films of In, Ga, Ge and Ag were
deposited on n—type (100) GaAs substrates (n = 2 x 10’ ° cnr 3) which
had previously been ultrasonically cleaned in acetone, trichloro-
ethylene and methanol , and etched in an aqueous solution of N114011

- • and 11202. The metal films were evaporated onto GaAs in a
conventional vacuum system with a residual pressure of 2 x 10.6 torr ,

- the film thickness being determined from the change in frequency
of oscillation of a auartz crvstal mounted inside the vacuum ••
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chamber. The thin films were anodised using an electrolyte
consisting of an aqueous solution of tartaric acid and propylene 

p

glycol buffered to PH 6.3 with N1’40H, a constant cell voltage of
150 V , and initial current density of lmA/cm 2 , in order to establish
the anodisation current behaviour of each metal . It was found
that the Ga exhibits a different current-decay behaviour to GaAs,
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. :1-

The metallisation was then deposited onto a sample of GaAs, 
- r I

in order of deposition were : 2O0~ In , 200~1 Ga , lO0O~ Ge and
2OOO~ 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. However the onset of GaAs ‘--
~~~~~~~~ - • 

-

oxidation is given by the final steep exponential decay which occurs
earlier for the post—alloyed sample , indicat ing the transformation
of Ga into GaAs.

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

4.3 Anodic Oxidation of Silicon
(A.F. El—Safti) 

_ _ _ _ _

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—Uethylacetainide (NMA) - KNO3 

- 1120, used by Schinidt~~
0
~

and Duffekç’~~
(b) Ethylene glycol - KNO3 - 1120 D used by Duf feck~~

2
~ and

Barber~~
3
~

(c) H P0 in Amylalcohol, used by AnandY4~
(d) Propylene glycol - Tartaric Acid - H20, used by liasegawa .

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 contamination 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 1~NO3 - 3% ii~0)

gives the best results by using a constant current density of
(2 - 10 mA/cm2), but the Ionic current efficiency was only 2.65%.

- 

In order to establish a better method of increased efficiency

to produce dense oxide films on silicon by anodisation with high
efficiency, the following work has been undertaken. Other
experimental results, as recently reported for the anodisation of ~~ LL~
GaAs-AL structures (see chapter 1 above and (16)) were adapted for 

-
~ 

-

Si. It is known~~
7
~ that the silicon oxide growth takes place

either at the oxide—electrolyte interface when the silicon ions

diffuse to the surface or at the silicon-oxide interface when the 01I’ ____

ions diffuse into the oxide . This depends on the activation energy
for both silicon and oir ions, and also on their mobilities In the

oxide. The idea was to use a thin layer of metal oxide on silicon

I 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 AL (300, 500 and l0O0~) were deposited on p-type 
:::~~T~

silicon substrates (1.5 - 3 (~ cm) which were previously degreased

in hot trichloroethylene and rinsed in the order, acetone, de-ionised ~ T
water. They were then etched in 10% HF for 3—4 mm , rinsed in
running de-ionised water and blown dry. The At films were evaporated
onto silicon in a conventional vacuum system with a residual pressure ~~~
of 2 x 10—6 torr. 99.999% grade AL was thermally evaporated from
tungsten coil filaments onto the unheated silicon substrates.

The whole structure was anodised by a constant current density
L of 2O~A/crn2 in a solution consisting of tartaric acid and glyco1~~

5
~ .*~

___

:-~ which enabled the oxidation of AL with a negligible AL203 ~~~~~~~~~~~~~~~~~~
This AL203 was then to act as a buffer layer between Si02 and the -

~~~~~~~~~

electrolyte. During the anodisation of the three samples a break-
down was observed after the forming voltage reaches (15, 25 and
50 V). When the anodised samples were examined under the •



• • -~~• --~~-
-
~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

- - -~~ -
- - - 

- 
—

~~:-~~
-- .-- 

~~~~~~~~~~~~~~~~~
- .

I; _
_

p
_

_

_

28

microscope small hillocks were clearly visible on the surface and

~
( showed that the surfaces could exhibit an occasional break or hole ____

in the aluminium-oxide layer. This would mean that the silicon ‘-!

underneath this crack is directly exposed to the electrolyte. The

hillocks are not necessarily related to any structure in the as-
deposited AL film because the unanodised samples, examined under the ____

microscope, showed similar very fine structures. It would appear

that during anodisation migration of AL in the metal film occurs
and accumulation at the surface develops. Similar hillocks were

observed
~~

8

~ 
during the plasma anodisation of AL-Si structures.

-

This means that AL cannot be used to form a buffer layer of
AL 203 between 8i02 and the electrolyte. I~ow it is planned to

undertake similar experiments by using thin layers of Ta onto Si. -:

4.4 Analysis of Thin—Film ~pitaxy - GaAs Junctions ~
-:- -:-

(H.T. Mills)
111gb quality ohmic contacts onto GaAs and InP have been ST-:

produced by Thin Film Epitaxyc’9~ 
(20) It is proposed to

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 -

j 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 metallisatlon 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-

t ion 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 anociic 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 , t~e

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 interf ace. 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 be obtained.

- The experiments were all performed on n—type (100) lO~~ Si
doped GaAs samples using a platinum cathode and a 50 V constant
voltage supply with a l00k~2 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) 112PQ4 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 ajueous electrolyte and the
growth under constant current operation.

4.6 Oxide—Structural Studies
(B. Weiss)

4.6.1 Naturally occurring oxide l~yers on GaAs s
Surface oxide layers of about 20~ 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 v~~city. 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, trichioroethylene and methanol) and etching in a 10%
:~ solution of hydrochloric acid .. Using reflection high energy electron

dif f rac t ion (~,~~Lu) 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 trichloroetbylene , where
both of the latter films have the same tbickness~

22
~ Etching in

1-ICL 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 polycrys-talline gallium oxide on the sample -

~~~~~
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4.6.2 Anodic Oxides

The initial part of this invest igation 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

t~ie anodic oxides . -p

The techniques which were used here to analyse the samples
were reflection high energy electron diffraction ( RIIEED ) and X-ray
diffraction to study the surface and the bulk of the oxide
respectively , the SEll and inicroprobe analyser to study the surface
topography and chemical composition of the sample respectively and
etching in hCL 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 circurn-
stances , as (100 ) orientated ~—Ga203.

A series of samples were grown using current densities of

P 2.0 , 1.0 and 0.1 mAcrn 2 . Those grown with a current density
of 2.0 mAcm~~ were found to untain some crystalline B—Ga203 at the —

interface while the remaining samples were seen to be a~~rpbousç23)

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 solubi].ity
tests showed that all of those oxides were soluble in UCL 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

L high purity nitrogen atmosphere for 10 mins in a quartz furnace tube
whose temperature was controlled electronically since hydrogen
reduced the oxide at 6000C to metallic Ga. Additionally , the
samples grown with a current density of 0.1 mAcm 2 were cooled
quickly (100°C per m m )  as well as ~ 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
quickly , were found to have polycrystalline B-Ga203 present at the p 

-

oxide/GaAs interface and its volume and crystallite size increased
with aünealing temperaturec23~ The threshold annealing temperature
for the onset of interfacial crystallisation was found to be an

inverse function of the growth current density used. The samples
cooled quickly were found to be completely amorphous. Some surface

crystallisation was found in the samples annealed at higher

temperatures but the crystallite size here was small so that it was -

P 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 - 
7

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 correlat ion
between the As loss during annealing and the decrease in the oxide
resistivity and general degradation of the electrical characteristics ~~~~
above 350°C. This also suggests that the interfacial layer

of 6—Ga203 has a marked effect. Resistance to chemical attack
was also found in the higher temperature annealed samples, again
suggesting the presence of 8—Ga203. The surfaces of these samples 4_ .
were also found to be flat , certainly up to a magnification of :~~: - ~~
10 ,000 .

The above results show that the growth current density ani w

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
suitably determined using more sophisticated methods such as Auger ~ 

:;~
depth profiling. However, the production of 8—Ga203 at the oxide/ - :
GaAs interface and the loss of the As component of the oxide are
seen to be important factors which influence the electrical
characteristics. A more detailed knowledge of the growth
mechanism and a more detailed chemical analysis Would enable a better

attempt to opt imise the process ing steps and the characteristics
of the oxide layers to produce suitable 1405 structures, especially
for MOSFETs , although the present structures have been used for the
fabrication of successful GaAs MOSFETs 

.~~

-
.

-.



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 publisheci~
24
~
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