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nbstract
AP —

The fabrication of high-quality oxides on GaAs with
oo electrical interface properties was investigated.
Seversl primary and subgsidiary approaches were explored,
The Lest results were obtained with a new a2nodization
schenie based on an aqueous solution of tartaric or citric
acid with glycol, and s subgcequent annealing at 250 C.
- This schene is suitable for botn GaAs and A", In view
.of increased corrosion resistance of the resulting oxides
if me aiount of Alis included, and in view of an
optimization of interface lattice matching, seni-
insulating GaAYAs was grown 5y sliding-boat liquid -
phasé'epitaxy pricr to anodization., A new method of
deposiéing'pure ALZO3 by slow evaporation of AX through
ar: 32 atniosphere of 5§ x 10-4 torr also gcve encouraging
results which could be understood by the fact that this

method is akin to that of nolecular~bean epitaxy.

The best electrical interface properticc obtained
(:nterface state density abouvt poll o2 (eV)-l,
vanishing capacitance hyctercecis versus bias volta
nc Lreguency dispersion ¢ capacitance ectc.) nake the
resulte very useful for entiecorrosion passivation of

cptical devices and for MOS device appliczstions.
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CHAPTER 1 e i
:

INTRODUCTION

Whereas the passivation of Si is well developed, !
there are serious difficulties associated with surface
passivation of GaAs and other compound semiconductors.
These are primarily caused by the high vapour pressure of
one. of the components such as As so that it is impossible {
to apply easily similarly high temperatures as usually done
for the production of SiO2. Non-native oxides, which can
be deposited at lower temperatures, exhibit poor adhesion,
high interface-state densities and increased lateral
diffusion of impurities along the semiconductor-oxide
interface which is particularly serious in connection with
diffusion masking applications.

We felt that a promising exception for GaAs would
be a slow deposition of AR203 together with some A,
particularly at the béginning of the deposition process.
AL forms with GaAs a ternary compound with a lattice constant
which is very close to that of GaAs. Several schemes were
attempted such as evaporation of AfLq03 from a W boat at very
high.temperatures* and electron-beam sputtering without any
useful results. However, one of these exploratory efforts
gave encouraging results which lead us to embark on a more
systematic study of this metbod. This was slow evaporation
of AL through O at a pressure of 5 . 10”4 torr - a method
which is rather related to thst of molecular-beam epitaxy.
These studies were then performed by R. Singh** and
resulted in MOS capavitors with an already useful reduction
in interface statc densities. This work is being contipued
by & new comer to our laboratories, 4. El-Safti.

Another new approach whish was pursued by H. Hasegama***
is to try to passivate the semiconductor with an insulating

*These early experiments were undertaken here primarily by
our colleague J. T. Kennair,.

**0On leave from the Department of Electrical Engineering,
University of Rookee, India.

**x%0n leave from the Department of Electrical Enginecering

Hokkaido University, Sapporo, Japan.




crystalline structure with a perfect lattice match to the
semiconductor rather than the usual scheme of growing

a non-crystalline amorphous structure on the semiconductor,
in order to obtain, in particular, very good interface
properties with low slow and fast state densities. Detailed
considerations led to the composite scheme of (1) growth of

a semi-insulating GaAlAs layer and (2) partial oxidation of

the grown layer 1y an apodization technique.

However, a series of efforts showed that it is not
possible to produce semi-insulating liquid epitaxy layers
with Cr doping, as all the layérs produced turned out to
be not only semiconducting (without any intentional doping,
our liquid epitaxy system gives semiconducting GaAs with
n & 1019 cm‘3), but highly conducting, This is an .
indication that Cr could probably then be incorporated as
a shallow donor impurity. On the other hand, sufficiently
high resistivities were generatcd with Fe doping. As a by~
product, an S~type instability was found with structures
made with metal-semi-insulating GaAflds - n* GeAs sandwiches.

An extensive effort was also made to find a
suitable anodizing agent of the GaAfAs layer in connection
with the proposed composite approach.

In the light of our previous experience, and taking
into account all the results reported by other laboratories,
including the results reported by B. Schwartz and co—workers1
on anodizetion in Hy0p, we were able to develop, on the basis
of various ideas we had, an electrolyte based on an aqueous
solution of tartaric or citric acid. By adding a large
amount of glycol to this solution, the resulting oxides of
GaAfAs became layers of high quality.

More importantly, we have found tha%}%ﬁe new
electrolyte can produce the native oxide of GaAs with superior
dielectric properties. Therefore, detailed growth data of
such an oxide has been established..

An automatic C-V measurcment system has been




developed by K,E, Forward* and extensive C-V studies of
MOS capacitors, made with such & native oxide, have been
carried out including annealing effect.

Vhen the oxide layers, produced by our new
electrclyte, were annealed at about 300°C, an impressive
imprcvement of the electrical interface properties was
obtained, namely an interface state density of about

lollcm'z(eV)‘l, a disappearance of the low-frequency

dispersion of the accumulated capacitance previously

always observed, and a large rceduction of the capacitance
bias voltage hysteresis, i.e., a removal of the majority of
probable traps in the oxide near the interface. These
results are indeed very promising so we decided to

fabricate a GaAs MOS transistor in order to measure the
surface mobility and other properties of such devices which
should have important logic ~ circuit applications because
of such properties as high carrier velocities and mobilities
and short excess-carrier life times due to direct-gap
transitions of GaAs, This has also been undertaken so far
primarily by K.E, Forward ard H. Hasegawa, They have recently
been joined by a2 new postgradusate student, B, Bayraktaroglu,
who has also looked into the possibility of producing a GaAs
CCD in order to study surface properties.

It has also been found that our native oxide of
GaAs has poor chemical and thermal stabilities as compared
with 8i0,. Therefore, various efforts have been initiated
to improve these properties without losing the favourable
interface properties.

It was established that AL could be oxidised by our
new anodization process. Azzoa is resistant to most etchants
and produces therefore a layer of improved long-time stability.
Even small traces of A%503 in native oxide of GaAs improves

*On leave from the Department of Electrical Engineering,
Monash University, Victoria, Australia.




the etch-resistance of the oxide layer. We therefore

evaporated A2 first onto GaAs and then anodized the whole

A% and some part of the GaAs underneath it, The oxide ;
layers thus formed were indeed very stable. i

In order to incorporate A2 with a uniform level A
into the oxide, a layer of GaAfAs was grown by liquid-phase ;
epitaxy on GaAs and subsequently ionized. This epitaxy ;
approach enables one also to a certain extent (depending
on the solubility data) to incorporate other elements into
the oxide which might have beneficial effects such as an
increased thermal and etch-stability of the glassy structure
and reduced impurity-diffusion across the oxide layer

produced in view of working applicatobns.

Finally, we are continuously searching for
other solutions to oxidation of GaAs. An interesting
possibility of producing Aszo3 on the (111) As surface of
GaAs by concentrated HNO3 was studied by B. Weiss.

This report describes therefore the results of
evaporation through 05 gas in Chapter 2, the liquid-epitaxy
work on GaAfAs in Chapter 3, the new-electrolyte data and
C-V data of MOS capacitators in Chapter 4, the electronic
circuit developments undertaken for a speedy assessment
of the electrical interface properties in Chapter 5.

Other miscellaneous efforts for oxidation which have been
tried are given in Chapter 6, which includes the use of

a spin-on Si0, film, an anodized Af%303 film, an electron-gun
deposited A%303 film, native oxide of GaAs produced by a
NaOC¢ solution, semi-~insulating GaAs and GaAfAs produced

by proton bombardment and an As;03 layer from a HNOj
solution. Finally, the work undcrtaken so far on

MOSFET and CCD structyres is presented in Chapter 7.

As appendices, we give the cYwmcuit detail of the C-V

data and list of papers submitted for publication.
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DEPOSITION OF A-,3, on Gohs 27 EVAPORATION CF A THROUGH 02 GAS

; 23
(R. Singh) ;
Te1 THTIODUCTION o
] It g described here hou A\203 iz Jepocited on GohAs by -
~ sicw evaporation thrcush 2 low pressure of oxyesen. Thic

method ic similar tc that of molecular=beza zpitaxy (1).

& meccurcment of the interfoce state dencity shows theot

this s reduced, =2s coinzrced to the values cobtained with

other commoun methods of covering Gais by an oxide. It
czn Sherefore e expected tiint further rcductions can pe
achieved by exploring this metacd nore decaly.

Our interfoce state dencity is deterizined across

part of the encerpgy gap near tie flatband condition.,

Zec Yte indicate that the Jonsity pezks nzeor the
conduction bend edge ir & comilar manner ns In Si, but

>t 3
thal the density function Locs not vary as strongly

-~

with energy as rfound for S, 3

7.2 A¥,D, DEPOSITION

“Je hoave aanufactured A,GC, on Gans slicec (Oricentetiorn

1C0) sy evapcratiorn of i through a lowu 07 ainosphere.

(]

. . . \ +
The ztched and clesrned zpitaxial Gaic (n-n' ) sample
+
wae Tirst supplied with 2 gcod ohmic ccontact on the n
substrote face, by evapcoratin. In-Ge~.g Cilums ~nd alloying

. o . . .
in o Fydrogen atmosphere at 620 C vor 1 nin. The ohmic

contact thus formed, was covered with a layer of photoresist

Y

tc protect it during etchisny: of the cpitaxinl layer feor the
deposition of Ayzoz. The etch solutic: vused wag
NHAOH:HZOZ:HZ 0 of the ratioc 1 ¢ 4 : 20, The slice was
then mounted in a4 vactum evaperator, An Alumina conted
nclybdenum boat was chargred with a snall quantity of
99.999% nure Aluminiun., Wher. the vacu.m pragsurce is the
chamdber was rcduced te Lattoer than 10 -6 terr, the boat
temperature wze slowly raisad to about 110577 and
fluninius was evaporatc® Zor § adnates ~gninst

cl o . shutt .or, This otep i nocessary L. ol or

(r} t- romoverrny surfoce cirtaainaticn o
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the Asluminium by first evaporating against a shutter for a short

e - time end-tEN (2) to cover all freely exposed elements present

in the chamber with an aslumihium film which will avoid oxidation
and evaporation of any material other than Aluminium. Setting
the temperature then just below evaporation, oxygen was admitted
intc the chamber such that the equilibrium pressure of the out-
going gases and incoming oxygen is 5 x 10-4 torr. Five minutes
later when the Aluminium vapours were fully saturated with
oxygen, the shutter was opened and the epitaxial layer was
exposed to a slow deposition of Aluminium Oxide. The distance
between the source and the sample was more than the mean free
path.of the molecules at this pressure.

.Thus, oxygen present in the chamber is permitted to
react with Aluminium at the molten surface, in the vapour phase
and at the epitaxial layer surfacec. This feature ensures that
the layer in immediate contact with the GaAs surface is Al503
and of the same quality as the top layer. Moreover, it results
in a higher yield than that of other methods.

When the .desired thickness of around 12008 of AR203 is
grown the shutter is closed and the heater supply switched off.
The sample was then allowed tc cool down, exposed to air and
placed in an cven at 150°C for 3 hours to anneal the layer and
to complete oxidation of any not fully oxidized Aluminium near
the surface. Subscquently & metal electrode as a field plate
is depcsited by evaporating Aluminium under a good vacuum.

2.3 ELECTRICAL MEASUREMENTS OF THE METAL - OXIDE -~
GaAs STRUCTURE

It is important to establish the charge state density

at the semiconductor - oxide interfacc as a function of the
energy across the energy gap, and the relevant charge-capture
time constant Touf these states, This can be obtained most
conveniently by measuring the rf conductance as a function of
angular frequency w«, from which the equivalent interface-statc
conductance Gp can be derived (2). The function Gp/w = f(w)
peaks at wT =1, where its value gives also directly the
interface state density Ngg. Unfcrtunately, this convenient
method is only strictly possible if Ngg is not a continuous
function cof energy but is present at a discrete energy level




only. The more accurate method for a contipuous Ngg function
involves a rather sophisticated evaluation procedure. However,
it becomes doubtful whether the more involved procedure is
Justified at this stage of order-of-magnitude investigations of
GaAs oxides, because it is quite possible that these structures
show very different phenomena from those of Si - SiOs and that
a different equivalent circuit to that given by Nicollian et al
(4) is valid. Therefore it was decided to undertake the
conductance evaluation by assuming a quasi-single-state
behaviour. A comparison of Ngg for Si 09 on GaAs gave the
same value as obtained by Adams et al (3) so that the error

produced by our assumption seems to be negligible. Unfortunately,

it is only possible to obtain peaks of Gp/m with ou:.Boonton

Eectronics Direct Capacitance Bridge for conditions when the

Fermi level .is near to the conduction band with our n-type .
material, as the value of T is then sufficiently short for the -
peaks to occur above the minimum frequency of operation for our
bridge, namely 5 kEz, Several types of Gals sliées were used
and tested and the results were basically the same. = The data .
of the sample where results are presented below is as follows:s,

£

e Gas-epitaxy 0.77Qcm layer of 6u thickness and of R
mobility 7000 c¢m2 /Vsec on n+ subgtrate, orientation (100) :
thickness of ALg03 layer : 12008 as determined by profile -
measurement with Dektak profile plotter after a slow evaporation
process of 30 min. with a distance of 18 cm between
evaporation source and sample. The insulator capacitance Cy
was determined by fabricating an AL - Alp03 ~ A% sandwich on a

glass substrate by a separate evaporation process with the sape -

parameters as used for the oxide on GaAs, and it was found that
Ci = 15pr. The interface density obtained agd the charge
filling time T are shown in Fig. 2.1.

A measurement of the device gapgeitance with bias
voltage Vg shows that after the apniicétion of .a positive bias
voltage of about 2 VOlt the capacitance‘curve is shifted up-
wards by typically 0 8 pF. It can, be assumed that this ik
caused by some traps filled in the insu}ator by the application
of a positive bias woltage. It is fgund,;hax this shift
cannot be removed by the application of a negative Vg up to at

[ A



least - 3 volt, and that it is meintaincd over many days.

By correcting tuc measured capacitance increase due to this
trapped insulator charge and by thc removal of the series
connected imsulator capacitance 7§, thu space charge layer
capacitance Cp is found as a funcuiin of Vg. This is shown

in Fig. 2.2, This information can b used to find the
approximat. values ol voltage Vg at the semiconductor surface
and currespondineg scales have been introduced on Figures 2.1
and 2.2. The results .f Fig.2.2c¢up b used to obtain the flat-
band voitage Vpp by taking the fiat-band capacitance of our
material, which is Cyn = 59,.9pF where we used the relative
permeability for GaAs, egel2. This gives a flat-band voltage
Vpp = +0.5 volt, which determines the value of the negative
fixed charge near the somiconductor surface inside the insulator,
namely 6 x 1010 em™2, The above described capacitance - curve
shirt of C.8pF after the application of a positive bias voltage
can be used to determine the doeasity of slow traps and it is
found that they arc also about 5 x 101° em-2,

Ip an attempt to obtain an estimate of Ngg for
Vg < 0.7 Vol:, when the¢ conductance peaks occurred at
frequencies below the measurement range «f our Boonton Bridge,
we moasured carefully capacitance versus froquency for various
bias woltages. After removiug the contribution of the series-
connected Cy, wo obtained the capacitance Cp. If the model of
Nicollian and Goetzberger (4) is cerruci for our oxide
strucrure, Cp would aave tu satisiy u given frequency dependance.
Unfortunately, our experimental findings do not fit the required
dependance and it secms likely that different types of additional
states with different charging tvimes heve to be taken into account
which could b relatively fast traps inside the oxide. The
correspopding time constants could te expected to be higher than
those of the interface statces becausc they can only be filled by
& tuanclling process with reduced probability. It appears from
the experimcntal data that the equivalent circuit does not have
& series RC branch connected in purallel to Cp as propused by
Nicollian et al (4), but in parallel to Cg.  This could indicate
that the traps can only be filled via a two-step process involving
an interme.iiate transfoer first nto the interface states.
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FIGURE CAPTIONS
2.1 Interface state density Ngg -and charge capture time
T'§ersus bias voltage Vg applied to the MOS sandwich

applied and approximate semiconductor-surface

poteatial VS for 42903 deposited by evaporation
of AL through 0.

2.2 Space-charge capacitance Cp versus, Vg and Vg

for A2503 sandwich of Fig. 2.1.
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Fig. 2.1
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Intecrface state density Ngg and charge capture
time v versus bias voltage VB applied to the MOS
sandwich and approximate semiconductor-surface
potential Vg for Af,03 deposited by evaporation
of AL through 02.
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Fig. 2.&
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and Vg for ALy0, sandwich of Fig. 2.1.




CH.PTER 3

PASSIVATION SCHEME UTILIZING GaAsAs LPE LAYEXR

(H, Hesaeravwa) S

2.1 SESCRIPTION OF PASSIVATION SCHEME USING LPE GROWTH

.

L has been well reccgnised now that one of the main
purposes to provide a possivating layer on a semiconductor
surface is to "electrcniczlly! passivate tiie surface, i.e.

tc provide a nearly ideczl tramsition from the active semi-
cor.ducting region to 2 passive insulating region without
irntroducing additional elaceronically active ctates at the
interfeoce which will detcericrate operation and stability of
the device. The exact phycicnl origins <f these interface
tatec have nct been clarifici yet even in the case of the
i=5i0, system, but it is rererally accceptel that these states

acscciated with some types of structural Zefects at the

]
2 e ]
1]

irterface (1)(2). Thic T2ct cecems to suggest that, if cne
can grcw an instlating crystalline materiazl in an epitaxinl
sinile=crystal form with o conplete lattice match to the gseni-

ccnovetcr, it will prcoviie

ry

a excesllent pascivation layer,

Such 2 scheme is an cppecit:e extreme . forn of pagsivaticn as

conpared with the usuanl cityic where a crycstalline structure

ig trancfermed to 2n zncrpanuaca Tlaosy scruocture,

Clearly, the succecs of such a2 scheme depends on the
evaiinbility of the inculating cerystal with o goed lattice

naten to the semiconducior,

Fortunately the intrincic cearrier concentration of Gais
and related ternary compcunds ic low at temperatares of ucual
Gevica operation duc tc wide cnergy gaps, oc that semie-
irsulztin: crystals covl.’ Se grown either in the usual decep-
lcvel compensated form or even "undoped” form, epitaxially on

)

Gol.ic surface with 2 gost lattice match,

£ “ac¢ other hand cne can not expect th.
eie cile iielectric breckdevm nroperta. - uco-1lly

£ on vith o0 ! insul-t.n - xide naterials., The
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current conduction and electrical breakdown phenomena in semi-~
insulating GaAs are known to be well explained, at least
qualitatively, by the space~change-limited current and double
injection theories of Lampert and others (3) (4) (5).
According to the experimental results the maximum resistivity
so far obtained is of the order of 108 ohm-cm and the break-
down voltages reported in the literature (6) vary from 15V

to 150V for bulk semi-insulating materials with the thickness
of 150um, deperding on whether the material is undoped,
oxygen doped or chromium dcped, and c¢n the type of contacts
used. If one also takes into account that the so-called
trap~filled-limit-voltage, which gives a rough measure for
the breakdcwn voltage of semi-insulating materials under
carrier injection, varies in proportion to the square of the
thickness (3), the breakdown voltage of the semi-insulating
layer with several micron meter thickness will be estimated
to be only few volts at best. This means one needs the
additional formation of an insulating layer by suitable means
on the free surface to prevent carrier injection from cutside
and to improve the overall dielectric properties. Although
various oxide or nitride deposition schemes could be employed
for such a purpose becausc requirements for interface
properties are not so severe there, a somewhat different scheme
has been pursued in the work reported here.

It is a two-step passivation scheme utilizing the liquid
phase epitaxial growth of GadlAs layer, which consists of

(1) the formation ¢f a thin semi-insulating GaAtas
layer on GaAs by LPE techniques
and
(2) the subsequent partial oxidation of the LPE
layer by anodization techniques.

The reasons why GaAfis is particularly chosen are as
follows: (1) GaAfLAs has a close lattice match to GaAs;
(2) GaAlAs has a wider energy band-gap and should form a
heterojunction barrier to the carriers in Gads: (3) a more

chemically and thermally stablce native oxide could be formed
on GaAfAs than on Gads, because of the inclusion of A2 atoms
which have high oxygen affinity.




The epitaxial growth of 2 GailAs layer cn GzaAs can be zasily
done by liquid-phase-cpitaxy, while vapour-phase growth of
thic material (7) still seems to remain 2t its early stage.
A horizontal sliding LPZ system developed 2t this laboratory
by A. {olquhoun has been used for the present work, which is
basically similar to that described by Pznish et al (&) for

the fabrication of deouble~keterojunction laser diodes.

Urfortunately the work reported ic £till incomplete irn
the sense that it has not yet rcached the stage where a full
and final assessment of the proposed passivation structurc is
possible, although each of the steps leading to the structure
has ncw been well establiched. This is partly because of
the difficulty cncountered in srowing chrcomium-doped semi-
insulating GaA¥As layers &y the LPE technioue, which had not
beer forcseen. Another rcacon is that the extensive effort
to find a suitable electrclyte for anodization of GaA¥As
layers has led to the discovery of a new electrolyte which
has bd=z2en also found to sive cxcellent results on GaAs and

which has led to the werk rcnorted in Chapter 4.

The next section descri»>es the detzils of the growth of
GaAXAs seni-insulating LPZ lzaycrs and aa S-type instability
obgerved in Fe-doped laycrs. The detaile of the anodizaticon
process will be given in Chepter 4 in connection with the
nativce coxidation cf GaAg., Oa2 of the nmain differences between
native oxides of GaAs and GalAl{his is that the latter has a
higcher chemical stability os verified by various etching
experiments. This is alsc ccensistent with the result
reportesd by Schwartz et a2l (%) wherc the active oxide of
GaA{lis layers was preparced -y toiling ir an sguceous H202
sclution,

Although the work conceraing anodic native oxide gives a
great hiope to passivatce GaAc in a similar sinple manner to 3i,
which certainly makes the composite apprcaczh described here
lecs attractive, we still Helieve that it is worthwhile to
pursue it further in futurc, not only becausc passivation by
a crystalline structurc is conceptually interesting, »ut more
inportantly because it -ic:1d rive a structurce which is arore

stable chemiczlly and therm~1ly than the structure based on

the nzt’ve oxide.
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3.2 EPITAXIAL GROWTH OF SEMI-INSULATING GaalAs LAYER 3Y
LPE _TECHNIQUE.

4 typical horizontal sliding-boat liquid-phase-cpitaxy

syctem 2c shown in Figurce 3.1 with a Pd-di“fused hydrogen flow
was vsed for the experiment. /L high-purity hich-density

cardon clider was desirned and constructed for the purpcse.

n=type Gais bulk maoterials (Si-doped) witk (130)
cricntaticn were used ac the sudstrates for the growth,
The temperature starting the growth was in the range of
780+~-830°C and the cooling rate of typically 1°C/min. was
employed. A high-precisior. PID temperature control system
(Eurctherm) was used to produce the contrclled temperature

variation,

The substrate size ic 2 x 6 mm2 and the growth was dcne
from a Ga-rich melt which is typically 600-- 1000 mg in the
total weight. To preparce the melt a suitzble amount of
unioped polycrystalline Gais and a2 suitadls amount of the
deep level dopant were put into Ga solution and heated up
and keot in a Hz flow for several hoursg at = temperature
which is higher than the actuzl growth temperature. This
is to cnsure the complet: digsslution. Then, after cooling
£ At is added tc the melt and the

substrate is loaded teo the slider to start the actual srowth,

dc'm, a suitable amocunt ¢

A careful cleaning procedure was applicd to the substrate
befcre putting it into the ¢rowth system which includes a
series of ultrasonic cleaning in various crzanic solvents,

a "Scxlet" recycling clennin; in isopropyl sleohcl and

bYoiling in HCL solution.

To establish the Jsogsic performances of the growth
system various LFPE layers were produced withcut doping the
melt with the "deep-level!" inmpurities. Gal_xA“xAs LPE
layers with x being from 0 to 9.3 and with =2 thickness
ranging from 1 to 30 um were grown with recsconably good
surface appcarances. The value of x wes -letermined by the
X-ray microprobe analysis and the thickness of the epitaxinl
layer was meesured by delinerting the dbounceory between the

epi=-layer and substrate ;7 th -~ potassium ferricyanide

etchant, It is well knoe'm thet even » small lattice




£

micmatch of a few fraction of a percent can give rige to the

2 -2 )
heterognnct1on interface state density as hizh as 19 1' c ?. 1

o

‘ThoTefore x was restricted to the above range of 0 to 0.3 by
taking the simple theoretical expression for the dangling
bond dZensity as the imeasurce for such stetes nnd by limiting

this valuc well below 1ﬂllcm-‘ (19). The conduction type

of the '"undoped" GaAlis LPE layers has beex found always

n-type with the carrier concentraticn of less than § x 1015 cm-3.
Thz cerrier concentration was determined by the C-V measurements
or. the reverse-bdiased Schotiky diode witn 2 Ag or A¥ electrode

using 2 3Boonton 3ridge.

As the dcpants tc produce semi-insulating Gai As by the
deep-level compensation mechzaniscm, various depants have bYeen
s
3’ CP ‘03))
gallium cxide (GaZOB) ar:& ircn, and, nAs descrided in wvhat

tried. These include chromivm, chromium cxide (Crd

follows, only iron has been fcund to produce highly resistive
layers, while all the cther dopants gave rise to highly
conducting layers in the cases of both GaAs and GaAfAs. 1In
order to prevent mixing up <f 2ifferent depants, a thorough
cleaning procedure was zppiied to bDoth ¢f the quartz furnace
tube and slider after the cexperiments on zach dopant,
includinz slight etching by HF sclution for the tube and
cleaning with aqua regia, grolcnged boiling in water, heating
in vacuum (1077 torr) and fettaring impuritics by undeped

pure Ga liquid.

Chromium ic added tc cite Ga-melt in the form of powder.
Accer cirg to the literature (11) chromivm is attached by Ga

an?d <Zissclves into the :ieit azceve 600 C. The concentration

was varied frem 1% up to the

(&

of the chronium in the @cl
mexiumn o 10% by weisht but within this ronge the grown layers
of Gahs and Gal_xAkxAs {(x 0.3) vwere founi to te all n-type and
highly conducting with the carrier concentration being in the
range of 1016 - 1017 cm-z. Although chromiunm is known to De
the best dopant for the growth of semi~-insulating GaAs by the
Czochralgski method, the presart result iandicates that this is
no longer true for the epitaxial prowth of GaAs and GaAlAs

2y toe LPE techniques. Thero couls! be covernl poeszible

expslnancti ns for this 3! feront behaviour, For instance




(1) the segregation coefficient, k, of Cr is too small in the
case of LPE or (2) the sclid-solubility of Cr is too small,
either of which can lead tc the situation of an insufficient
nuymber of Cr atoms to compensate the '"residual' donors cf

about § x 1015 em=3. However if (1) is the case, the
effective segregation coefficient cf Cr should be at least

5 x 1076 to explain the experimental result. This seems too
small as compared with the published data of the segregation
coefficient of about 5 x 10~% at the stoichiometric condition
(11) (12) (13) even if one takes account of the differences

of the growth éonditions. In this sense,case (2) is more
probable because the solid solubility >f heavy-metal deep-level
impurities in both Si and GaAs can take quite commonly the
value in the range of 1015 cm-3 at the temperatures of 600 -
800°cC. In fact this seems to be the casc for the vapor-

phase epitaxial growth of Cr-doped semi-insulating GaAs using
chromyl chloride reported by Mizunc et al (14),where successful
growth was done only when the denor concentration of the layer
is below 5 x 1015 cm-3. However, for the present case, neither
of above (1) and (2) can explain the high carrier concentrations
consistently observed in the growth Gais and GaAfAs layers.

Other possible behaviours are as follows. Although
a sufficient number of Cr atoms are present in the grown layer,
they are no longer making the usual deep acceptors but acting
either (3) as electronically inactive impurities or (4)
actively as shallow donors. The case (3) is known to be quite
common in Czochralski bulk materials where a certain fraction
of Cr atoms are¢ always found to stay in the crystal being
electronically inactive (11) (15). The same type of inactivity
has been alsc reported in the case of diffused chromium (16).
As for he case (4), E. Andre et al (17) has rcported that Cr
acts like a shallow donor in the LPE GaAs, although the
segregation data of Kv10-9 obtained by them seems too small
to explain the present case,

Apparently the present result seems best explained by the
case (4) of the abcve with the effective segregation coefficient
of the order of 10‘4, although the other possibilities cannot
still be completely ruled out.
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Obviously the behaviour of chromium in GaAs and GaAfAs is very
complicated and future work is neccssary tc explain all the
experimental facts in a self-consistent manner. To clarify
the actual position taken by the chromium atom in the crystal
lattice seems particularly important fcor such a work. For
example, it seems not toounrealistic to assume that the usual
deep acceptor level is associated with the chromium atom
substitutionally put into the Ga-site which would become less
possible in the Ga-rich situation of the LPE growth.

The doping of chromium oxide was also done in the form
of powder. Two types of oxide, i.e. Cr03 and Crpo03 were tried
and both failed to produce semi-insulating layers. The reason
0of trying chromium oxide was based on the experimental

- matmn e A maArMAlR L gk \ i aere

observation (18) that most of the goeod Cr-doped semi-insulating
GadAs tends tc contain oxygen atoms whose number is nearly equal
to that of Cr-atoms which scemed tou sugyest a possible presence
of a certain type of Cr-0 complex. The¢ present result obviously :
caanuvt rule cut such a possibility because both the extremely ;
unstable and vclatile nature of Cr03 and the extremely stable

nature of Crp03 could equally becume the cause for insufficient
doping into the melt. Doping by up to 10 wt. % into the melt
has been tried and resulted in n-tvpe cconduction with the
carrier concentration in the low 1016 rvgion in both cases.

clatiilihace siinie bt

Iron was doped in the fcrm of wire into the melt in the
range of 2-7 wt. % and it has been found that such a doping can
give rise to a vary highly resistive p~type epitaxial Ga.iflds or
Gaas layer with the specific resistivity of the oruer of
103-10% ohm.cm which is consistent with the double deep-
acceptor levels of Fe reported in the literaturc (19).

The detailed electricol properties ¢f the iron doped
LPE layers were studied further by depusiting metal contacts and
forming M-i-n (mectal-semi-insulator-semiconductor) diodes
which is an alogous configuration to the MOS structure.
Aluminium is used as the contact materinl. Thickness of
i-layer was 10 to 30pm. The current-voltage characteristic :

of such a diodc has been found to show o reproducible S-type
negative instability. A tynical V-I characteristic is shown
in Fig., 3.2. The forwara characteristics (defined as the metal




contact positively biased) of the current I shows a linear
dependency on applied voltage V at first up to around 1l-volt,
which is then followed by a half-power sub-linear dependency
of 1 = V0.5, This persists up to around 10V and after that,
a short super-lincar portion of approximatcly I a v2 appears.
Subsequently, the diode shows an abrupt jump into a low-
voltage high-current state resulting in a current-controlled
negative resistance. The typical threshold voltage is 15V

to 20V, In the reverse direction (mctal contact negative),
the linear dependency persists up to higher veltages of around
10V, gradually changing into a super-linear dependency.
According to the theory cn the pre-breakdown current in semi-
insulating materials (20), a sublinear dependency of current
on vcltage is a characterisiic feature of the semiconductor

in the "relaxation regime'" in which the minority carrier life
time is much shorter than the dielectric relaxation time.
However, it is not clear at prasent whether the observed
behaviour is caused by this mechanism which does not seem tc
have been established fully by the experiments (23) or by some
other mechanism such as ficld-dependent trapping.

The mechanism respcnsible for the negative resistance is
most prcbably the trap-dominated double injection first proposed
by Lampert (4), which lcads to a filamentary conduction in the
post-breakdown region. Such conduction has been observed with
GalAs p-i-n diodes with chromium (21) or oxygen doped i-layer
(22) (23). The same type of situation wculd occur in M-i-n
diodes if holes are injected from the metal contact, which is
highly probable becausc of a iow Schottky barrier height for
holes of Gais cuased by the pinning of the Fermi level (24).

Nearly trap-free spoce charge limited current conducticn
which is very similar to that cbserved in silicon (25) was also
observed by reducing thce i-layer thickness to 3v5 um before
depositing metal contacts. Both single and double injection
behavicur were observed which is consistent with the above

explanation for the S--type instability.

By placing an approximate resistor of 5v100kQ in series,
th: negative resistance diodce shows relaxation ~<seillations

whousce trequency and waveform can be changoed by chanping the

__-__—-——-—-———-—_
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resistance and bias point. Maximum frequency for the diodes
with the contact area of about 10-3cm? is 10020 MHz. A typical
oscillation waveform is shown in Figure 3.3(a). A similar

oscillation associated with a filamentary conduction has been
reported in the case of a GaP p-i-n diode (26). Under certzain
conditions, relaxation oscillations involve a very fast {
transient spike as shown in Figure 3.3(b) which is similar to
the behaviour of the picosecond pulse generating diode
proposed by Yamashita et al (27), although the I-V
characteristic including the bias polaritv is quite different.

Such a negative resistance effect in M-i-n diodes could
have interesting device applicaticns utilizing the stable,
reproducible and fairly fast switching and oscillation
behaviour, a simple structure and a simple solution of device
isolation. However, it does represent a limitation for direct
applications to passivation or MOS type devices, as has been
mentioned already at the beginning cf the previous section.
But, since the instability in question is causcd by the carrier
injection and high field, it should be avoided by employing the
composite structure proposed in the previous section. One

: might still worry about the effect coming from traps in the

-3 compensated semiconductor region of such a structure, but it
could bg?gggligible by making the semiconductor region
sufficiently thin, taking full advantage of the fine control-
lability of the anodization process on thickness.

Finally, doping of oxygen was tried in the form of Gay0g3.
Most of the grown layers showed apain n-type high conduction,
being consistent with the experimental observation (28) (29)
that cxygen behaves like a shallow-donor rather than a deep

donor in LPE gallium arsenide. Some of the M-i-n diodes made
from oxygen doped GaAs layers also showed a similar negative
resistance cffcct with a smaller threshold voltage of around

4 to 5 V for an i-layer thickness of 5v10um. However,

this was not reproducible and needs further study.
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FIGURE CAPTIONS

3.1

3.2

3.3

Schematic diagram of the horizontal sliding-boat LPE system.
I-V characteristic o{ a Fe-doped M-i-n diode.

(a) Oscillation waveform of a Fe-doped M-i-n diode.

(b) Rel axation oscillaticn including a fast transient

spike.
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CHAPTER 4

ANODIC OXIDATION OF Gais-
© (H. HASEGAWA)

4.1 INTRODUCTION
The simplest and most natural approach to form an

insulating layer on a semiconductor surface would be to
partially oxidize the semiconductor itself. - The impressive
success in the Si-8i0, system strongly suggests inherent
superiorities of such a "native" ox1de HoweVer, for this
approach of natlve oxiddtion to be also useful 1n the case of
GaAs (and other compuund semiconductors), the essentlal
question is the avallabllity of a sultable process which can
produce a uniform native oxide with reasonably good thermal
and chemical stability and a suitable structure i.e. an
amorphous glassy structure rather than a polycrystalline .
structure,

‘The thermal oxidation which gives the best results in
silicon technology is obviously not suitable to the oxidation
of GaAs because of the high temperature inbolved.- iThis high
temperature firstly‘can cause the decompositidh~pf Gaids itself
above the so-called decomposition temperature (632°0C) duc to the
high volatility of As atoms and sccondly would also violate the
thermal stability of the formed native oxide because all known
forms of arsenic oxides (A5203, As505) again decompése or sublime
at high temperatures,

Among the various oxidation processes which could be
carried out at relatively low temperatures, such as the accelerated
oxidation in high-pressure stcam, plasma oxidatiod”(lf etc.,
the anodic oxidation in an Hp02 electrolyte, proposed by Logan
et al (2) secms tc be the most promising low-temperature
process in the sense that it is the only reliable method known
so far which can produc2 a glassy native oxide layer of
relatively high resistivity. Although n»n date has been
reported so far concerning its MOS properties except a certain
result on the similar oxide on GaP, such an oxide would posses
a large potentiality to MOS applications. In addition,

M tes s i s er sl 4
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Fig. 3.3
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JntbrestAng appllcatlons for Gois dev1ce proqeas-ng haye Zeen 1
propo Cu, thch includes not onl y masks for mcsa=-etching (2) 1
i ‘ and <iffusion (3) but also an thremely.zccurate electre- f
% ' _, chemies; etching tcchnlquc which is particulerly useful in
{ L ,

the fabrication of GaAs microw YC'MESFET'S (¢4). s ]

dcwpvgr, fron the prnct; cal point ¢f view, the. following
propert o5 of the HzQZ clec olytc.sqheme'as.descﬁiﬁéd-in the. -mor- 1
Titerature (n) could provile rather sericus diffigulties in
1ts prcctlcal exp101tat on. 1 ﬁ.k . | T i

(1) The process lucks ctavility age lnut 1mpur1t1Qm

e in the electr:lytc and.the_pfpseJcc;q; even a feuv
ppm of very ccomion ncid like HC1 cr HNO3 can purn
v the oxidation irntegtching of the'eéﬁicoﬁduéfdr.
(723 The resulting oxilc cannot stanc tha vacuum
deposition of h’ h-melting-pcint metéls such as
Au and produccs ¢ Schottky contact rather then a
high impedance KOS copacitor (Pb has been used
so far tc make 08 capacitors). ~ This scems tc
§ . suggest a low-cdenzity porous stracture of the
Ce Eoe oo g oxide and could imgsse a sericus linmitaticn on
the utility ci the oxide. B
(3) The pre-breakicw: lcak ge currcnt through- the

oxide is 10-6,tc 107 A/cm which ig. rather teo

VIV S S ] 11
high (the resis: 1v1ty is of thc order, of .10
_ohm=cm) .
The angiization werk roscrted here has beer started
naturally to {5llcw this Hq , schemec at first and raninto

difficzulties secause of inq ahove prapertics (in particular
(1)). GZxtensive efforts to et around thesc difficulties in
turn hnve résultéd in fiading o new eleciurclyte which can.
¢nn, at the saac

solve completely all the above, orcileins

tine provide various addition;l ndvantages. . e e

el
[ A - FY

.- The new clectrolyte 13 a cuitable aixture Jof (1) wﬁ%er,
E (2) weak carbexilic acii (tartaric cr citric acid) and (3)
pclyhydr:c alcohol (ethylene glwcol or propyrenc sglycol) asd

can prcauce in an extremcly stable and reproducible manner a

lassy native cxide layoer wilchi tas the spacifiec resistivity of
=]




101‘ - 1016 ohm cm and the breakdown field strength of § x 106 V/cm.

In view of the large potential applications of our native
oxide to MOS applications, an extensive study on C-~V character=-
istics has been done and it has been found that annealing of the

oxide at a relatively low temperature in hydrogen can improve
" the interface properties a great deal. The beat result shows
the density of fast interface states of 1-2x1011ca~2ev"! pear
the mid-gap with a small capacitance~voltage hysteresis and a

saall frequency dispersion of capacitance.

The details of the anodic oxidation process is described
in section 4.2 and the C-V data will be discussed in section 4.3.
Section 4.4 describes briefly a new double-oxide structure which
can be produced with the use of thes same electraolyte.

4.2 Anodic Oxidation of GaAs using the New Electrolyte

As mentioned in the previous section, the new electrolyte
is a suitable mixture of (1) water, (2) weak carboxilic acid
and (3) polyhydric alcohol. So far, tartaric and citric acid
has been tried as the acid, and ethylene and propylene glycol
as the polyhydric alcohol, and each combination of these has
been found to work equally well, This suggests that many
variations would also be possible for the choice of acid and
alcohol.

Practically, the new electrolyte can be conveniently
made up by mixing an aqueous soluticn (3-5%) of the acid with
the polyhydric alcohol. The appropriate mixing ratio of
tartaric or citric acid solution to glycol has been found to
be roughly 1 : 2 to 1 ¢ 4 by volume. Before mixing, the pH
of the acid solution can be adjusted by NH4OK.

Anodization usinéliho buffered acid solution only without
mixing with glycol has been found possible also under the
conditions of extreme purity and carsnfully controlled pH value,
but it tends to lack r~aproducibility and to result in films with
poor uniformity and poor dielectric properties. The point is
that mixing with glycol stabiliszes the whole process and ensures
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growth of unifoium and dense films. It also makes the
anodization process less sensitive to the pH value of the scid
solution. Glycol has been used rreviously in the anodization
of Si(5) and mctals such as Ta and AL(6), (7), but its role
soeems far more cssential in the present case. The reason is
perhaps closely ralatcd to the solubilily of the nativs coxide
of GaAs in aqueovs cclutionsn (7) which is a ztrong function of
the pH and becomes large towarcs acid and bage limits. It
seems very prchbakle thot rixing with a viscosious non-aqueocus
solute could roducoe tho overrll mclubility of the oxide in a
drastic maansr.

In ccanection with tiso colnlility of tho oxide into aqueous
solutions, tho naturcsl euggestica ono mirsht rolze weeld be to use
an oloctrolyte waich ie cormplotely non-agueousn. In fect, to
ndninize tho water ~cmicit ig the uvzual rrercetice of arodizing
81(9). " Recently, o5ckrn (10} oo tiel o asv type of non-
aqueous electrolyic for CoA:.  lictzvor, tho resnlt so far
reported doeca nst 1lczhi so mnrcuraging oo cexspared with the
resulis renonicd Fora, anda it goons very roasible that

-
-]

aqueous golution is a oo ellicicn: oad Loiis> onodic oxxdhnt

Faller et ol (11) hag proposed recently a different type
of non-zguczul, alecsrolyta for GoAn using Nemethlacctemide which
rintic to J202 case,
but detailec of the Licizzz cnd exida prenartios are not known

has a giriloe Lhicinesr~volt. o charccto

to make meaninglful cazparrcons.

Figurse 4.1 plove Cho ex-~iimcatal get-up for anodization.
Pieces of n- arnd p-iypo Gals vith obaic bock contacta (In-Ge-Ag
for n-type ard Ta=A« for r-%yn:), are chsu~ncchanically polished
in NaOCl solution, ar-i attached to he capiilsry tube with a
highequality wax. Tho initial cneodization current is adjusted
by a series rosiator to u feor mA/nnz. Withou, this reeistor,
grovth occurs r:ch word rapiddy hut recults in non-uniform films
particularly whan thir’s #ilme ama ~rown,

Tho mA142 suec 4o Figuro 4.2 ia a tyrpical variation of
anodiratioan currext versus it o, Unifern glacssy oxide layors
with well-csfircd interferenco colov—s oo v within 10-20
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minutes at room temperature, up to a thickness of about 70008,

5. 5.,depending on, the voltage applied. The make-up of elec;rolyte
;- for the case of Fig.4.2is one part of 3%‘tartaric acid solution

with pH adjusted to 6, mixed with four parts of propylehe glycol.

The thickness is measured by a Zeiss interference micro-

“s’'scope and a Dektak profile plotter. As shown in Figure 4.3
" -the oxide thicknoss changes in direct proportion to the vceltage

applied acrcss the formed oxide, at a rate of 218/V for p=. and

" ‘'n-type samples with (100) crientations. A similar value is

reported in (2). Although the behaviour of current versus
time changes with tath parameters, this rate remains barely

.affected. The amount of GaAs consumed during oxidation is

also shown in Figure 4.83. Cumparison with the H50, scheme

.. reveals that more GaAs is consumed in the present“case;fo

obtain the same oxide thickness, This could be explained in
two alternative ways, i.e. more of GaAs dissclves idtqutpg
electrolyte in the form of native oxide in the presentAChse, or
the present cnodization gives denser oxide films. Hdwever,
other experimental evidences on the present oxide such’és

that the elctrolyte .hardly. etch the as-grown oxide, that the
as-grown oxide is more impervious against metals in the éense
that it can bear the vacuum depesition of high-melting-point
metals, and that it has a higher resistivity, a higher breakdown
élécfric fidd strength and a higher dielectric constant, seem
to support the latter alternative.

The as-grown ouxides shuow well-defined and regular
occurrence cf inference colours. Sume of the data is listed

in Table 4.1. The approuximate value +~f the refractive index
estimated from this is 1.8.

The maximum thickness which can be grown by anpdizafibn is

~limitid Ly the electrical breakdown in the oxide_which'aébompanies

sharb spikes in the anuqizatiun current and results in a pitty
oxide surface, It should be noted that, even on such a‘pitty
surface, most of the surface apart from the pits is uniform and
has a rerular interference colour corresponding tc the same
refractive index. This makes a large contrast to the Hy02
ancdization schewe (¢) where oxides of differcent refractive

oo ——— T
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anodization which finally leads to a completely granular
surface. 1

The maximum thickness of 70008 obtained without any 4
electrical breakdown (voltage 350 V)is much larger than the '
reported value of 30008 in (2). But, it is still purely an
emprical value and could be further increased by optimization

of the process. It has been noted that the continuous

stirring of the electrolyte becomes very important to obtain
thicker films. For a further substantial increase of the film
thickness, there are two conflicting ideas which could be tried.
One is to cool the electrolyte to increasc the breakdown voltage
of the oxide as has been successfully done in the case of
anodization of Si (12), ~nd the other is to heat the electrolyte
to make the ionic transport through the oxide more efricient
(13). It requires future work to see which of these approaches
works better in the present electrolyte, but such an effort to
increase the maximum anodizable thickness seems very important in
view of application tc the planar technology. Actually, the
film thickness of 70008 seems already to offer a possibility

of the dielectric isolation of microwave GaAs FET's where thin
epi-layers are ccmmonly used.

As has been pointed out in the previous section, one of
the difficulties of the lig0p electrolyte system is that it lacks
stability against impurities. For this reason, the process
stability of the pre¢sent system was studied by additionally
introducing quite strong traces of various common acids and E
bases into the electrolyte, and excellent stability was always L

maintained. For example, the effect of HC1 is shown in
Figure 4.2. In order not to change the gross pH, the pH of the
contaminant solution was adjusted teforehand by NH4OH. Up to

several hundred ppms, no change occurs in the anodization
current, and it only starts to beccme sericusly affectcd from a
level of a thousand ppm, when the result is still a fairly
uniform oxide layer.

The study of the resulting surface with a scanning
electron microscope confirmed that it is smooth and featureless.

The cxide has chemical properties similar to those in literature




(2), being soluble in most of the acid and basc sclutions except
conc. HNO3, but inmsoluble to the halogen-alcohol c¢chant of Gads.
The dielectric and interface properties were successfully studied
on MOS devices formed by vacuum deposition of Au or Al and will
be described in the next section.

Though anodization of GaaAs has been mainly studied so
far, the present clectrolyte system appears to pcssess a large
potentiality for applications to other III-V compcund semi-
conductor materials. In fact, the ancdization of a GayAly_x
Ag LPE layer (x<0.3) has been the starting point c¢f this work
as already mentioned in the previous chapter, resulting in a
native oxide which is chemically more stable than the natave
oxide of GaAis.

4.3 Diclectric and Interface Properties cf the Anodic Oxide.

Experimental MOS capacitors to study diclectric and inter-
face properties of the ancdic oxide were mainly fabricated on
surfaces ¢f Zn- doped p- type GaAs bulk materials (Mining
Chemical Prcduct Ltd.) with a carrier concentration of Ny =
1.4 x 1017cm‘3 and (100) orientation. Chmic back contacts were
provided by vacuum deposition of In and Ag films with a
subsequent brief annealing at 600°C in Hg. Surfaces to be
anodized were polished chemomechanically in an aqueous solution
of sodium hypochlcrite. Core was taken to minimize possiblcoc
contaminatiorn by sodium ions and by other sources. After a
thorough rinse of the polished surface, nearly 10 R of Gaas
was etched away from the surface by a repeated process of
anodic nxidation followed by dissolution of the oxide in an
HC1l soluticn. Then, the oxides to be studied were formed in 2
fresh electrolyvte. The compesition of the electrelyte was one
part of 3% aqueous solution of tartaric acid mixed with two to
four parts of propyicne glycol. A Pt or Al cathodc was used
ana oxides of 1800-20008 thick were formed. To form field
plates Au or Al dots 400-425 pm diameter were deposited in
vacuum through a metal mask. Apart from carcful bridgec
(Boonton, General Radio) and electrometer (Keithly) measurements,
of capacitance and leakagce current respectively, dynamic
measurements and rapid assessments of interface properties are
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.. pexformed with'an“automafic -V plotter which qu spe01fically
> 'developed for the purpose and uhose detdlls will be given in
““the next Chapter and Appendix. . This QTV plotting system can
- mg¢asure the C-V characteristic for a ffequency range from 100Hz
+to 3.5 MHz with sweep speed ranges of 10mV/s. to 5V/s for the

- e

fleld plate voitage. For all measurements the MOS .capacitors

‘are ernclosed in an electrically ohlelded llght tlgnt box.:

As-grown oxides were found to have. a breakdown field

-sffenéth of 4-5 x 108 V/cm, a przbreakdown leakage ocurrent’ 5

810y (14). The relative permitivity measured at i¥Hz is 7-8

density of 10-11 to 10-9 A/cm?, and a specific resistivity

ranging from 1014 to 1016 Qcm.  These values are 163:-1109
times larger than the previcus results on native oxides of .

GaAs (2) and are approaching the quallty of thermally grown

which is. considerably lh;ger tnan the value of 5.4 rcported in

(2).

. e
A typical C-V piot of one of our MOS . caparitors heforc
atmealing is shown in Figure 4.4. It has heen shown by ~

~ prévious authors that the properties of the interftace betweén

‘GaAs and various deposited oxides (SizN, (15)(16), S§i105-719),

AX503, - 810y - Al503 (18) (19) are much more complicated than
those of $i - Si0y interfaces. The main problems -associated
with C-V characteristics of such GalAg, ¥OS capacitors-are (i)
tield-induced hysteresis which is opservable at room: . = -
temperature, (ii) large frequenqg,disgersion of the accumulation

‘bapacitance'at'lqw frequencies, and _(iii) a high densiay of fast

interface states (mostly in the range of 1012 - 1013em~2ew 1y,

- The results in Figure 4.4 show that_sucn;a complicated -

¢

benaviour is alsc present with the anodic native oxide, where
2 fairly large hysteresis is shown which gives an effective
flat-band voltage shift AVpg of about 15V for the applied

field of 1.1 x 106 V/cm. This hysteresis has an opposite

direction from that of the p031t1ve ion instability in
S1-8i0,5, and can be explained by a trap f£illing mechanism
where traps, distributed in the oxide, are filled and emptied
by electrons iunnelling from and tc the semiconductor.... . .

The large frequency dependence of the capacitance, even

in the accumulation region scems to indicate that an inoompletely




36

oxidized and therefore fairly highly conducting layer is preseat _ i
near the interface which effectively reduces the oxide thickness
at low frequencies (the classical Maxwell-Wagner effect (20)).
The presence of such a layer has been actually confirmed by Itob
et al (18) in the case of A1203 - GaAs and §i0, - A1203 ~ GaAs
interfaces using ellipsometric means and has been termed a
"meta aorphic layer*. Sugano et al (1) have also shown by
plasma oxidation of GaAs (a gaseous analogy of anodization) -
that a native oxide with a fairly low resistivity (108-;019 Qca)
. is formed under a very re¢pid growth condition. A simple
analysis of the experimental data suggests that the "meta
morphic® layer should have a thickness of 150-200% with a
resistivity of around 108 Qcm in the present case. '

The positive voltage branch of the C-V curve in Figure 4.4
shows an effect typical of deep depletion for a sweep speed of
the field plate voltage of 2.6 V/s, indicating a slow
generation rate of minority carriers in GaAs. A similar effect
has been reported in the case of GaAsP (21). This dynaamic
bshaviour disappears, of course, as the sweep speed is reduced.
Also within the measured frequency range down to 100Hz, only'a
so~called "high frequency” characteristic has been obgerved
which is again consistent with the slow generation rate of
sminority carriers.

The effect of a short-time, relatively low—tenperatnri
annealing of such an oxide is shown in Figure 4.5. Hydrogen
"gas was used because low temperature annealing (4500°C) ia H,
is known to be very effective in Si MOS technology to reduce
fast intorface states ouwing to a certain complexing mechaniasam
of structural defects which are the origin of such states (22).
Remarkable improvements are clearly seen by comparing Figure 4.4
with 4.5. The hysteresis has been reduced by a factor of 15 in
terms of VPB for the same field strength, which means roughly
a reduction of the slow trap density by the same factor. The
frequency dispersion of the capacitance is also almost reduced

e

to zero, which indicates an extinction of the "meta morphic
layer”. Estimates of fast interface-state densities N'. have
been conveniently made from the difference between the high-
frequency capacitance CHP and low-frequency capacitance CLP
through the following equation (23).
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where Cj is the insulator capacitancc.
annealed oxide shown in Fig. 4(b) is that'Nés

6x1q¥1cm“2eV'1 neax mid4gap.

The imprcvement which has been
“1n sharp contrabt to previous reports
fanneallng has been found ineffective,

Reproduce
bez available

d from
copY.

Cyr/Ci

—— oo (1)

The result for the -
is about *°

achieved By annealing is

on deposited oxides where
apd seems to.suggest the

inuorder-to-obtain a

“ngublimation of As oxide (24).

" “on Gahs.

importance of having a "natxve" oxide
nafural and less defective interface structure. R R

Extensive annealidg eXperiments, usiné various ‘ahnowiing
temperatures and times,
temperature for such a native oxide is around 300%¢. -
at 400°C for 1.5 hr.

30%.-and ;completely changes the oxide color,

have shown that the optimum annealing
Annéaling
in H,, rcduces the oxide thickness By about
possibiy by ‘the
Although the oxide stil}“secms
very ypiform the breakdown voltage is reduced to 1;5'i71055V/cm
and the direction of the C-V hystercsis is revéfsed?*iv?ﬁs

-

"* On the other hand, no appreciable change 1n oxide thick-
ness color or dielectriec properties has been obaerved after
times as long as 6 hours of annealing at 300°C in Hz gas. Thoe
effect of annealing has been found to be very rgproduéibié
The bbst result so far obtaincd by a longer annea41ng tlme is

summarized -in Table 4.2.

The résult in Table 4.2 certainly indicates the iggge
potentiality of the anodic oxide towards various MOS appiications
Therefore, further systematic study is ufgently
needed in the future tc establish the most suitable processing
of such a native oxide, optimizing'the growth conditions and
post growth annealing conditions (gas spucies and temperature).
Another important feature is thc stebility study of the ‘oxide
chemical and thermal stability should be

where electrical,

established and optimized, including the bias-temperature

On the basis of

treatments which have not been done so far.
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the results reported in Chapter 2 and also of work by Cooper

et al (16), both of which indicate that the widely accepted
model of a MOS capacitor (25) beccomes inadequate in the case
of GaAs, a more appropriate model of GaAs MOS capacitors should
also be developed, using the results of more detailed C~V and
conductance measurements. '

A certain work on the actual MOS device fabrication
using the present oxido has already been started and will
be briefly reported in Chapter 7.

4.4. A New Double-Oxide Structure using Anodization Technique
As compared with SiO2 obtained by the thermal oxidation,
the present anodic netive oxide of GaAs has a poorer chemical
and thermal stability. It dissolves into most of the acid
and base solutiono. The as-grown oxide is etched even by pure
water slthough it occurs extremely slowly (below IO'ZX/loc).
Such a property could be uaeful in certain applications such
as the controllad stching of GaAs (4) but, in general, it
imposes a ccrtoin limitaticn on the processing application.
Fortunataly, it doo3 not dissclve into uswal organic solvents
and halogen-alcoliol ctchants of GaAs both of which are vory'

e

shown that t%0 hert treztment of the present oxide above 350°C
results in o chenge in the oxide itself, leading to deterioration i
in the dieloctric and interface properties. Although 350°C is
such higher than tho neual dovice operation teamperatures, such

a property agecin ikposes a severe limitation on device processing
such as diffusion and ohaic-ccntact alloying, and could also have
an eoffect on the long~term stability (f devices.

The prescnt native oxide is thought to be a glassy

: aixture of gallium oxide ond &vsenic oxide as has been demon-

strated by FPeldman et al for a pimilar oxide (24). The
cheaical and thermal instability of the oxide is most probably
coning from the arsenic oxido part which is apparently the
glasay network former of the priseant oxide, judging from the
known propertios ol galliua oxidcs and sraonic oxides.

The essantial question would be now how ono can possibly
enhance the chasical and thernal stabiliity of such an oxide
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without losing its favourable dielectric and interface properticc.

One thing which has been tried towards such a purpose is to
form a doublo-oxide structure by depositing an Al film on GaAs
and subsequently anodizing both of Al and GaAs by a suitable
choice of the anodization voltage. It has been found that such .
a double-oxide structure can be easily fabricated using the new
electrolyte for GaAs. The pouint when the anodization proceeds
into GaAs after finishing the anodization of Al is clearly
distinguishable on the anodization current-voltage characteristics.
The growth rate of A1203 film has been found to be about 10%/v.
The dielectric properties of such a double-oxide structure have
been found even better than those of the native oxide, and the
C-V measurement on the as-grown oxide showed curves similar to
those shown in Pigure 4.4. It has been also confirmed that such
a structure actually improves the etch-resistance of the oxide
in a remarkable way. A systematic atudy on the’ thernal stability

is now going to be undertakena.

Another interesting and promising way of producing s double-
oxide structure will be, for instance, to grow a iso-type GaAlAs
layer epitaxiaily on the GaAs, in a way similar to that described
in the previous chapter, and subsequently to anodize both of the
GaAlAs and GaAs layers. As has boen already mentioned, the
native oxide of GaAlAs is more stable than that of GaAs. - Thus,
such an approach will provide, to a certain extent, a useful
means to incorporate other elements into a glassy system to
4nprove its properties.
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FIGURE CAPTIONS oo , . ;
4.1 Experimental set-up for anodic oxidation of Gais, ?
;_wk,4m2 Anodizatlon current versus time, 1nc1ud1ng the effect of

) \ ‘_.’ \\ B
HC1 contamination. Electrolyte: one part of 3% tartaric

acid solution (pH=6) mixed with four parts of propylene

glycol,

4.3 Thickness versus applied voltage. Electrolyte: one part ]

of 3% tartaric acid solution (pH=6) mixed with two parts

of propylene glycol.
4.4 C-V curves of a MOS capacitor for the as-grown oxide.

4.5 C-V curves for a MOS capacitor after annealing at

300°cC.
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Fig. 4.3
Thickness versus applied voltage. Electrolyte: o 44
one part of 3% tartaric acid solution (pH=6) -
mixed with two parts of propylene glycol
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TABLE 4.1

INTERFERENCE COLOURS OF ANODIC NATIVE OXIDE OF GaAs

condition : observed perpendicularly
under fluorescent light

I
+Lickness & [ colour
i
!
500 | brown
800 ; dark violet
1000 ! royal blue
{
1300 | light blue
1600 ! light green
1700 i yellow
1800 ! gold
2200 red purple
2400 dark blue

2700 green
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TABLE 4.2 ﬁ

INTERFACE PROPERTIES IMPROVED BY ANNEALING

IN Hp GaS 1
k
‘ 3
Annezling conditions 300°C for 6 hours ,
1. hysteresis in below 400 mV for applied
terms ofyVeg field of 1 x 106 V/cm
2. frequency dispersion change over the frequency
of accumulation range of 100Hz - 1lMHz is
layer capacitance below 1%
3. fast interface 1-2 x l.Oncm‘zeV"1 near

state density the mid gap
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E CHAPTER 5

ASSESSMENT OF INTERFACE FROPERTIES
(KX.E. FORWARD)

5.1 INTRODUCTION

» The best method ¢f assessing interface properties is to
E use C-V plots at high and low frequencies. Details of the

’ methods of determining fast interface states Ngg, fixed change
: st and trap densities Ny from these curves are given in

Deal (1), Grove (2), Sze (3), Castegne (4), Fahrner (5), Keru
and White (8). The basic requirements are plots of C=8%
against bias voltage at vearious smell signal frequencies.

The plotting of these curves point by pcint with the aid of a
bridge has the obvious disadvantages cf operator frustration
and the consumption of valuable time which could be better spent
on other tasks less easily automated. We therefore devoted

considerable time to the develcpment of an automatic C-V plotter.

5.2 C-V Plotting System

The details of the C-V plotting system develcped is
described in Appendix 1, but the specification is given again
here as it is relevant to the discussion below. The system
has a sensitivity of 7 mV/pF for 25 mV pp signal applied to the
sanple. The frequency range is from 100 Hz to 2.5 MHz and the

e i o e e s G S

bias voltage range is 30 volts, The ramp can be applied at
: rates from 1lmV/S to 5v/S, and the drift rate in the hold
f position is 0,01 mV/S. The instrument covers the range from

0 to 100 pF but could be modified to extend this range to
higher values if necessary.

5.3 Applicaticn

The instrument is usually used to plot small signal
capacitance againsti bias voltage but it can also be used for
the slow ramp technique of Castegne (4) to obtain low frequency

C-V curves, By applying a step instead of a ramp and then
observing C as a function c¢f time, the retenticn time of MOS
capacitors can be measured, Sah and Fu (7), (8). This is a

useful technique for assessing the usefulness of MIS systems

000t ———— S —— e
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for CCD applications.

5.4 Discussi.a of C-V Plotter

As mentioned previously, a complete description of the
C-V plotter is given in Appendix 1. It has proved a very
useful tool in this work and enables extremely rapid assessment
of the effects of various procésées, such as annealing. Care
is required in its use and in the interpretation of results as
factors such as ramp speed and signal amplitude can cause
spurious results. The input signal amplitude also requires
careful adjustment and must not be allowed to drift as the
cutput is proportional to the square of this voltage aad is
hence sensitive to very small changes. The system must alsc
be recalibrated before each measurement as the end results such
as Ngg and Qggare obtained from differences in two or more
readings. As these might be quite small differences in the
large numbers small errors due to drift in the instrument can
cause quite large errors in the results. The sensitivity and
zero level alsu change slightly with frequency so it is
egsential to recalibrate before each reading and especially if
the frequency has been changed. Due to the very small signals
used and the high gain of the signal amplifier shielding from
mains hum and stray electromagnetic signals is essential if
errors from this source are to be avoided.

:
1
H
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CHAPTER 6

ADDITIONAL PASSIVATION SCHEMES INVESTIGATED

6.1 INTRODUCTION

The four main techniques available for the deposition ]
of insulators are:-

(i) Vacuum deposition (sputtering or evaporation)

(ii) Liquid coating followed by solvent evapc ration
or chemical reaction which counverts the liquid
to a solid
(iii) pyrolitic decomposition of suitable gases
(iv) Deposition of an element followed by anadic oxidation.

It would also be possible to carry out the oxidation
in (iv) pyrolitically but the sublimation of As from GaAs at
relatively low temperatures precludes this method. Method (iii)
has also been excluded by us on the same grounds but has been
attempted by others(l) with limited success.

In this chapter, additional passivaticn schemes
investigated are briefly described. They include four different
ways of insulator deposition, i.e. use of spin-on Si0y, A2203
deposition by anodizaticn, electron-gun evaporation of A%203 and
a precipitation of A3203 layer from a liquid sclution. They
also irclude a different way of native oxidation using a NaOCR
solution and also a somewhat different approach of using prcton
bombardment. Some of them have turned out less promising and
some seem still worthwhile pursuing further.

6.2 Spin-on 5i04 films (K.E, Fcrward)

An attempt was made to use Silicafilm, a product of the

Emulsitone Company, which employs method (ii) above to coat Gais

with Si09 using the following procedure. The GaAs in wafer ‘
form was polished to a mirror finish using a chemomechanical

polishing technique. Then the surface of the GaAs was etched in

a polishing etch of either Br-methanol or NH40H : Hp0g : H30
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to remove the possibility of Na ion contamination. The surface
of the CaAs was then oxidized by exposing it to 05 for one hour
at 500°cC. This latter step was necessary to ensure the
adherence of the SiOp film. The silicafilm suspension was then
applied to the GaAs and reduced to a 20008 thick film by spinning
at 6000rpm. The resulting Si0O, film was then baked at 900C
for one hour and finally sintered at 250°C for two hours. Al
ficld plates, about 400um diameter were then evaporated through
a metal mask to form field plates. Capacitance and conductance
were then determined with bias voltage as a parameter, using a
Boonton Bridge. Then using the method of the conductance
technique by Nicollian and Goetzberger (3) the density of fast
interface states Nss was determined. The results were not
encouraging for many reasons.

The disadvantages of spin on oxide were that it did aoct
coat evenly, due to edge build up which is not very serious and
to channeling of the solution from the centre during spinning
which is much more serious as it resulted in radial ridges in
the final film. The film of Si0y did not adhere to the etched
GaAs without pre-oxidation as described above and this means that
the undesirable double layer hysteresis cffects reported by
various workers (4) (5) are unavoidable. The Si0op films also
craze if heated tc temperatures above 500°C, due to differential
expansion at the GaAs and Si0Oy interface, unless the SiO, fiims
are less than 20008 thick. The density of interfaces states,
Ngs, was also rather high at 2 - 4 x 1012 cm—2 eV'l. In some
cases spin on SiOy films may be of some use and Ngg may be
reduced by annealing but due to the fact that we have developed
more successful techniques the method was abandoned after these
initial experiments.

6.3 Anodization of Al (K.E. Forward)

The vacuum deposition of Al is extremely simple and can
be carried out using either an electron beam gun or a resistive
heater such as a 3 or 5 core tungsten wire hairpin coil or
basket. This is in strong contrast to Aly03 which is a
refractory material which can only bc successfully evapoured
in an e-gun. The ease of Al deposition therefore makes the
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technique of depositing Al and subsecquently anodizing it to
produce an Al03 film most attractive. There are many reports
in the literature on the anodization of Al and provided a
suitable electrolyte is used extremely dense film with excellent
electrical properties can be grown (6) (7) (8), as also
described in Chapter 4.

Before we succeeded with our new anodization of Chapter 4,

there were several negative results. Using the electrolyte
specified by Francis (6) or that of Davies (7) we werc able to
anodize Al on glass. However, when Al on GaAs was used as the

anode, the only result achieved was the etching of the Gaids and
this removed the Al,03 film.  Hy05 30% aqueous solution as
reported by Logan et al (9) was then tried but due to the effect
of impurities this also failed to produce the desired results.
The failure of 3202 as an electrolyte for this purpose is not
surprising as Logan et al reports that as little as 2 p.p.m. of
strong acid is sufficient impurity to convert the anodization
into etching . We could not even obtain Hp02 of that purity.

From the experiments it was concluded that in order to be
able to anodize Al on GaAs an electrolyte would have to be found
which could be suitable for GaAs as well as Al. Hy0p5, which
was then the only known clectrolyte in which GaAs could be
anodized, requires such high purities that it is not a very
practical solution. Only the anodization of GaAs in a glycol el-
ectrolyte, as described in Chapter 4, produced positive results,
producing a highly corrosion-resistant double-oxide structure,

6.4 e-gun evaporation of Als03 (K.E. Forward)
Although Dr. Hill at the Newcastle Polytechnic gave us

much of his valuable time we werc not able to obtain useful
results with his equipment. Firstly alumina proved to be an
unsatisfactory source due to outgassing. It was therefore
decided to usc single crystal Alg03 in the form of artificial
ruby. The problem was attempted with the help of another local
laboratory and Alp03 was successfully deposited. However, the
eiectrical assessment has not yei Leen completed and the results

are going to be reported at a later date,
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6.5 Passivation with As,0q (B. Weiss)

It has been shown by Kyser and Millea (10) that the
chemical etching of GaAs in concentrated nitric acid solutions
produces a layer of arsinic oxidc on the surface of the sample.

Several samples of (-11) orientated GaAs were etched at
room temperature in a nitric acid sclution, containing one part
conc. HNO3 with on¢ part distilled HpO0 by volume, for five
minutes. The resulting oxide layer was examined in the S.E.M.
Due to the insuiating nature of the sample surface it was coated
with a 3008 thick layer of gold to prevent it charging up.
S.E.M. micrographs of the surface of the sample are shown in
Figure 6.1 and they show that these layers are quite flat
although considerable work is required to produce more uniform
layers suitable for MOS devices and surfacec passivation.

6.6 Native Oxidation of Gads using an aqueous solution
of NaQCl. (E. Hasegawa)

During some studies done in this laboratory by Hartnagel
and Weiss (2) of etch polising methods, it was discovered that
sodium hypochlorite is a di="~-cation-revealing etch for (111)
GaAs and that it produces : fter some initial etching a stable i
and reasonably etch resistant thin native oxide layer. It
certainly mecans that this etchant removes only GaAs during the :
initial period. Sodium hypochlorite is thercfore primarily {
employed for etch polishing when the oxide formed is continuously i
removed by mechanical action. It was obvious that this :
solution should be further explored in connection with its
oxidizing property.

As a result of further study, it has been confirmed that
a stable and highly etch-resistant thin native oxide layer can be
formed by placing polished GaAs chips into a dilute aqueous
solution of NaOCl with a volume¢ mixing ratio of typically from

20:1 to 50:1. The res:lting layer is opaque with a whitish
colour. It shows, vnder a microscope, a crystallite structure
rather than a vitreous state. The film thicxness obtainable

by this method is restrictcd to several hundred angstroms,
possibly because¢ the oxidizing agent cannot diffuse through the

grown native oxide layer. More concentrated solutions have been




tried to increase thickness, but it resulted in very dull
surfaces.

: The highly etch-resistant nature of such a film is

i certainly interesting as compared with the chemical properties

‘ of the anodic native oxide described in Chapter 4 where the oxide
is readily soluble to most of acid and base solutions. It seoms
to suggest that during the oxidation by NaOCl As atome of GaAs
dissolve into the solution in a certain form of oxide, whereas
Ga atoms remain on the surface, being oxidized and form a very
stable crystal structure such as B-Ga203 or similar structure
includzng Na or Cl. A glassy structure cannot be formed boc.u-o
basically the Ga atom is not a glass network former while the
existence of glassy Aszos is well known. Aszos is also known
to dissolve into water depending strongly on pH (11). However .
the above explanation is only a speculation and needs, of course,
a detailed chemical analysis.

In conclusion, this approach of native oxidation has now
turned out to be less attractive primarily because of tho limited
thickness available and the crystallite structure, where grain
boundaries can have detrimental effects for the practical
passivation applications, and also in view of the highly probable
contamnination by sodium ions which might lead to serious ionic
instabilities encountered in Si MOS technology.

6.7 Passivation with semi-insulating GaAs and GaAlAs layers
produced by proton bombardment‘E-Tﬂf_ﬁzgzzaazr-_--z__-
In connection with the epitaxial approach for the
passivation described in Chapter 3, an alternative method to
form a gemi-ingulating semiconductor material is to use proton
bombardment. Use of such a technique for GeAs junction device
isolation has been described by Foyt et al (12). GaAlAs can
also be converted into semi-insulating shown by Favennec
ot al. (13). '

The actual mechanism which is responsible for such as
conversion has not been established but seems to be closely related
to the disorder in the crystal produced by the bombardment.

In order to see whether such a technique is useful for
passivation purposes, proton bombarded n~GaAs and n-GalilAs
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--Accorading to the literatures (12) (13), the thickness of the
_resultant semi-insulatlng layer should be about 40009 .. To
'investigate the electrical properties, an Al field plate was

~a highly resistlve layer. However, the breakdown voltage;of
; such "MiS" devices have been found unfortunately very . small
'f typlcally aound 1V, and therefore no meaningful C-V mgasurements
‘ edﬁe been done so far. Within the measured rangé{Jpq“Lﬁﬂ

) ihand traps the question must be more carefully investigated
P

Lk

. appreciable change in the capacitance was observed. - ,
aresd . 4 on

..90 :~ -~ The present results seem to indicate that -the::tdehnique
.+.0f proton bombardment is not suitable to '"Mi8" :applicatioms, or
,--insulation of metalization patterns as is employed in Si:planar

_"electronlcally" passivated surface with reduced 1nterface states

‘charge transfers across all these defects, there is no hope, but;

samples were produced with the aid of the Physics Department
at the University.of Salford, U.K¥* The proton energy and dose
used in the experiment is 40Ke V and 1013 l/cm3 respectively.

Cp -

provided by the standard technique. Careful. electrical . {
measurements gt small bias voltages indicated the .presence .of *

v

technology. However, for the purpose of -producing’am~ -

because such a technique could still provide a better 1ntenrace
as compared with the exposed air-GaAs interface which would have
an interface state density larger than 1013 1/cm3. If the usual
dose of 1012-1013 1/cm2 has actually a.one-to-one correspondence
to the electronically active disorderc in the semicohdqctor and
the carriers in the active semiconductor can make frequent

these assumptions scem unlikely to hold. In fact, there is a
certain experimental evidenc. that the performance of GaAs

devices, in particular, Impett devices, can actually be improved

by prbton bombardment along the device periphery. Further study
is therefore required to clarify the interface properties of proton
bombarded GaAs layers. '

trom
Repf °du db\efocop‘/

best 3V

*We should like to express our gratitude to Professor G. Carter
and Dr. W. Grant of the University of Salford where our slides
were proton bombarded.
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FIGURE CAPTIONS

6.1 SEM micrograph of arse¢nic oxide layer.
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Fig. 6.1
S.E.M. micrograph of arsenic
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CIHHAPTER i
i
g

FABRICATION Of DEVICES

The fabrication of two devices is currently in hand, an

MOS tréansistor and CCD. Both of these will be made in GaAs

using the GaAs/(GaAs) Oxide described in Chapter 4 to obtain
“planar structures. The work so far carried out on the PBT
' is deacribed first as this is more advanced than. the CCD.. .

et it

721 . GaAs-MOSFET

A GaAs~-MOSFET has been fabricated on‘anvepitaxial ldyor
9p thick on an n-substrate, using native o*ide insulation,
The fabrication details are given here to provide a conquient
referesnce for workers at these laboratories who will contigue
this. work. -

it

70 1.1, Pabrication

The mask set is shown in Figure 7.1. The process steps
are given in Figure 7.2 but a few extra notes are needed to
avoid repsating mistakes of the past. In steps 3 and 4, ﬁhe
anodization rate of 21%/Volt is used to determine oxide thickness
where the voltage is that meaaured between the sample>§ﬁ¢ the
cathode at a current of 20puA. The films have in some ca;én
been grown at constant current density of about 50 mA cq-z
‘but the current has always been reduced to 20uA to determine
the formation voltage. When photo-lithography is used in any
photolithographic step it must be remembered that the Shipley
developer-is a strong base which rapidly dissolves the (GaAs)
oxide. - This is useful as the photo-resist can be developed
and the windows opened simultaneously; :

Another point that must be made is +hat when using
the Shipley 1350 the de9e19pe; needs to be mixed 1 : 4, 1
resist : water, in order to be strong enough to develop the
very narrow gaps used in these masks. The standard 1 1 10
mixture is too slow to ensure complete development. For
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both Shipley and Kodak resists 20 sec. exposure times have been
used. An unfortunate feature of the native oxide is that it
_reacts with Sn abovg~2329C~to.produgqum almost insoluble
powder which is extremely difficult to remove from the GaAs.
Alloying of the Sn:Ag junétiohs must not be carried out using
GaAs (Oxide) as a mask for this reason. Before any further
__ progress can be made on this project both negatlve and positive
hAnask sets are requlred ‘to ensure complete freedom oﬁ cho;ce
_;lof reslsts, because ia som2 cases Kodak M;cro-neg-resist must
be.used as it has the advantage o developing in an orggnxc
lzquxd which doss not attack GaAs (Oxide). Yet in qther cases
Sh;pley resist must be used as it is readily soluble zn '
acetone while Kodak resist is softened by boxlxng trzchloro—
..-ethylene and removed witli-a cotton bud. In step 1 the drain
and -source metalizations are delineated using the Shipley:
“as unesist float-off techniqua. The native:oxides have been!:
su...auccessfully grown usirng 50 mA/cm2 anodization current and
measuring the feormation voltage at a2 current of O.SmA/ehaa
The oxidz will then bo 21% thick per volt. ieproduced from %
\ben avadabk copy

7 1 2 stcussmnn of MQg - ercatlow

1
i:»i. The main problems cncounte—ed are concerned with: the
photblithography.. The most obvious problem from tho above is
- . the. harsh caustic developer used with Shipley resist. "It would
;s be. much ‘:better tn warl wita Kodak Micro-Neg. or Emulsitone
~-resigt. The Kodak resict uses organic solvents for its:
developer and for its rinse, while the Enulsitone resist:
develops in. water. Thess resists are both negative and:so6 our
mask set is unsuitahls. It would be well worthwhile making a
+ new set suitable for negative resiests, as both Kodak Micro-Neg.
and Buulsitono idre atocked by this laboratory. The 10y 1line
width for: the diode windows is too narrow and needs to: be
opened up to z% least 20u end probably to 30u. Masks which
have 10p linea only on thea also require aligning marks at least
30u widc, an it is impossible to abserve, the surface of the chip
througp a 10p wide alot.’ Thcrc problems of lxne wzdths and
alignment marks could be overceng at the time the negatxve magks
are prodgged, This is not to 8ay that the present set of

masks is impossible to use but they are more difficult to use

than they need to be. Fabrication of this MOSFET has taught
us a lot about device procezsing using native oxide as an
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insulator and mask and this experience will be invaluable j
when the CCD's are fabricated. 3

7.2 Charge Coupled Device (CCD)

The CCD is essentially an interdigitaled electrode
structure with a very fine inter-electrode spu.cing. (An
excellent review of CCD technology and application is

e

contained in the International Conference Proceeding,
Technology. and Applications of CCD's, Edinburgh 1974). In
order to achieve this very fine spacing we intend to deposit
one set of electrodes using Au which will then be covered
by. several hundred 8 of Al, which will then be anodized.

The second set of electrodes will then be deposited over-
lapping the first. The spacing of the electrodes at the
surface of the insulator will be determined by the

thickness of the oxide layer which will be 500 to 10008
thick, giving a very fine spacing indeed. In addition

to the narrow spacing a stepped gate structure as required
for 2-phase operation is also obtained. The set of
processing steps is similar to that shown in Figure 7.2 and
an explanation of each step is already given. The mask
set for an 8 cell CCD and a set for a 64 cell CCD have been
cut and are shown in Figure 7.3 and Figure 7.4. This

work will be continued by Mr. Bayraktaroglu.

FIGURE CAPTIONS
7.1 Mask set for A GaAs MOSFET.
7.2 Process Steps of MOSFET fabrication.

7.3 Mask set for a 8 cell GaAs CCD.

7.4 Mask set for a 64 cell Galds CCD.
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FIGURE 7.2,

PROCEGS STEPS FOR MOSFILT

Alloy drain and source junction using mask 1
to obtain 30p wide Sn:Ag drain and source
stripes. ’

Cover with 1000% of Al.

Anodize GaAs except gate area to depth of
4-50008 native oxide. '

Anodize gate area with 5008 native oxide.
Deposit 10008 of Al and arodize.

Delineate drain and source contacts using mask
2 and expose GaAs under gate.

Deposit drain source and gate contacts using
mask 4.



MASK SET FOR A 8 CELL GaAs CCD
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#JASK SET FOR A 64 CELL GaAs CCD
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APPENDIX I
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A C-V plotter is descrived which employs a novel
current sensing circuit to enable the plotting of incremental
capacitance, %%, as a functior of bias 7oltage. The main '
advantages of this current sensing circuit are that the output
voltage, which is prcportional to tias capacitive current througi
the qapécitor under fest, is ;n ghase with the.applied voltage i
gnd,gﬁat its magnitude is indcapendent of-frequency.:' The
product of these two terms at any sicaal frequancy thercfora
contains a‘d.c‘utérm wyich is rroportioral tn ilie capacitance.

L i

Degign eguations are giv:n which eaable tlhe componcnts of ]

this circuit to be selected. A ccmpiete measurement systen

based on tais circuit 5o thea described and details of .

particular circuits are given. - Examples of plots obirined
for CGaAs XI5 co?vacitors are given as examnles of the

applicition of the syste..
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1. Introduction

According to Deall the study of insulator/semiconductor
interfaces is best carsried out by means of C-V piots,'and there
are many reports of the application of C-V plots to the
determination of fast interface states, fixed charge and slow
trap densities (ref. 2, 3, 4, 5, 0, for example). For the
rapid assessment of device processing which involves the uae of
insulators on scmiconductors an automatic C-V plotter is highly
dééirable es maaual methods such as point by point plotting
using a capacitance bridge tend to be tedious and time
consuming. In designing such & system therec are several
importent factors wvhich mist be considered to ensure that the
ingtrument is versatile enough to permit those features of the
C-V plotic which ars due to interface properties to be
digtinguished from cffects which are introduced by the
mcaczurement technique. 7The nub of this problem is that the
effects beirg clhserved are functions not oanly of bias voltage
but algo of tima. The rate of change of the bias voltage is
therefore a critical faztor aand consequently we have used a
ramp gcaerator, with a rate controllable over a very wide
rangc, and havo provided a hold {eature which enables it to be
stopped at any point for quite long periods,

The othor Facter vhich requirces careful consideration
is the amplitude and froguency of the zmall a.c. signal
which is usnd to detect{ tho incramental or small signal
capeccitance. As tho study of fast interface state nrequires
the measurcrmsnt of capaciterce ¢t widely differing frequencies
a novol curren® sonsing circult hen been davised which is

. e e o oo, Pt o A T
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independent of frequency but which still allows the test

capacitor to be d.c. biased. This circuit is described in

detail below and an example is also given to show the
i ‘difference obtainaed by using various frequencies when
measurlng MIS capacitors. .

The capacitances to be measured are us ug-ly quite

small and even small changes can be quite significant so

that the system is required to have a relatively high
sensitivity. Some workers in this field have used the
variation ian detector currepc cf a bridge circui%ﬁas an
isdtcatiok of the:cﬁange in capacitance, but -this isﬁcﬂly‘
.linear over Afiiﬁited range avd is totally unrdliable in
MIS studies, where as Nicolllan _and Goet;,be:ger9 poirnt
out; the’ conductance can vary much more rapidly than the‘
capacitance. Another method which has been proposed by
Tantraporn7 suffers from the same c¢isadvantage as

capacitive and conductive components are not distinguished

and has the adued problem of hav1ng an output -which is a’

.ﬁfunctxon of frequency. We have chosen avmethod.whlch-enabies
quynchronous detector to be used, and which has anuontpuf““
1ndependenx'of“frequehcy. The ;égcnronogs detector ensures’
a high sensitivity and enables yhe capa01ulve .component to be

distinguished from tae conductlve conponeut .ensuring that the

variations obséerved in the nutput can reliably be interpreted
as variations in capacitance.
An added advantage of this system is. {hat it is

extremely simple, due tu the fzct that it can be realized'usfng

1 a few standard readily obtainable components.




2. ¥easurement System

7 has described a system for meusuring

Tantraporn
capacitance where a2 rcsistor is placed in series with the
capacitor under test and the voltage across this resistor
is taken as proportional to the capacitance. The circuit P
is shown in figure 1 and it can ve seen by inspection that

provided R << 1/uC that the output voltage, v,, will be

given by

v, =RvuwlC g ;
, f1
Hence v, is directly proporticzed to C but it also .

varies with w. As pointed out above this circult also has

the disadvantage of not distinguishing between the i

capacitance and the conductance and so is not suitable for

SR v
de

MOS studies. The circuit in figure 2(a) shows a capacitor

in place of the resistor and by insnection v is now given by

Vo

0 = T.S

v

provided Cg >>C, This circuit has two advantages: (1) it is

independent of frequency (2) ve and v are in phase if C is a

pure capacitance. ¥nen C is shunted by a conductance the
component of vpo in phase with v is due to the capacitance and
independent of the shunting conductance. The cdetection of

the in phase component can be very simply achieved by

detecting the d.c. component of the product of v and v,.
Although the substitution ol Cg; for R enables C to be

easily detected, and removes the frejuency dependeace from the
output it eliminates the d.c¢. path by which the bias can be

applied to the test cagacitor. A resistor Rg is thorefore

&hm A e e B -
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placed in parallel with C, and provided Rg >> 1/wCy it will

not disturb v,. But R. must &l1so not disturb the d.c. bias %
applied to C, so Ry << 0n ¢,, where Rp ¢, is the d.c.

resistance of the test cajacitor, is another imequality which -
must also be satisfied. Figure 2{b) shows a sanmpling circuit

which is comg&etely satisfactory provided the félidwing

1 inequalitjes are satisfied:~

Cs >> C €9
 Bg >> 1/uly (2)
Rg << Rp c, (3)

In practice these inequalities are easily satisfied for high
quality'insulétors such 28 are necessary in semiconductor
teéﬁhéibg#es{ As an example for C = 50pF and Ry o >10'°a

Cg = lan. and RS = 10s ohuns easily satisfy these requirements
while maintaining a measurement accuracy of better than 1%,

down to w as low at 100 rad.sec"t.

, It has already Deen stated above that the most

satisfactory‘detéctor for C is 2 :sultiplier with inputs v and

Vo 80 provided the ruamp is gpplied through a resistor R,

wnggp.doeg not attenuate the small siganal voltage applied to
the test capacitbr,a coppLate system for C-V measurement bas
now been'déveibped, arcd is shown in blcck diagram form in

figure 3. - . Tae capacitor C; and Cy are provided to attenuate

the signal appliéd to the test capacitor so that the

measurement is made with a suitubly small voltage whilst
maihtaihing a substanticl signal at the multipliier imput, aad

to isolate the d.c. bias Zfrom the sigzgasl generator. The output

voltage from the current sampling cajeiitor Cy requires
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considaerable amplifica®icn -nd this can be carried out
by any high gain bread bandwidth low-pass amplifier.

3. Civcuit dnt tails

The circuits roguired to realize the systenm
4 -

shown in figure 3 are all .cudly available in a variety

of intesrated aad discrect'“CﬂpoL,h: eircuits, o the
> »

particular ri~-_.l . loan.lbe

—

1ore conctituvo, ¢nly one of
an indinite nuakbar of pnseibiliti Se Although VYo were . . ..
4“‘_L.,;V9 b ru2ll signcd Tequencies from 100Hz to IMHzZ
and bence.desiﬂve; eur sysitem ¢ operate over toalb pasaago,
much high..: fr-queacias ghzvld bo possible. In Jact the

upner Limic of our gritex L3 2 #0 Mz,

(A} R ‘ J = ..;I."" _(_t

1vhearth Lhe e offare 6f the Lic: volbaga geoaerator
is not oritac U in a siw i, OV plnte er the~d are rany

reacons whicl ke & linear Taap 3f~~*7$cr highly desirable.
Tha casiert wey 0 Canovate a fineal paty is o arnly a step

ipmgt ta an SmL 0 eees Y2 ghn cprlitudn o9 tho step ia V
volte and Lo Uik o8A+1 n A2 wha dn werrator is T then.: - -

-l

tie outpup Wil e lren DY V/T vellt saz . Thus with a time
congtant of cit™cr 1 sec. or 12 cec. ond an'ihput‘variable from
0.1 volt > 5 volé, rawps with rates {rom 10 m volt sec'l ‘
are possibie. 7-2 cirzuit 2 hava ucsed i3 shown in figure 4.
where a 747 arpliduer widd 2 pominerl gain of 105 is the main
souéco of omn.iitictioon fue the integrator. The 51ngle stage
outout ex lifizr sing treccister T, is provided to enable an
output swing c” 4+ 20 volis to ba ¢btained., The duwl - P.E.T.
usad in the inzit enzurer that tas irp-t ofsct is emall and
hence provides a ’:w 'rift rate when Lie integr rrator is

oduced from
t?:.r available copY.

e R
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R SR

switched to the hold position.

. (B) Multipliex

An inteprated Gilboert1? multiplier which operates up
to lsbiﬁﬁé has been used and is the best of the multipliers
avaiiﬁBlé; The potentiometers RV, and RV,
the balance and level of the output. An operational amplifier
has'béén added as a level shifter and low pass filter.
Pinally, the cutput is filtered using a low pass passive

are used to adjust

filter with a sharp cut-off at mains frequency to remove.un-
wanted hum from the output. Figure 5 shows the multiplier,
output amplifier and filter.

(C) Amplifier
We hdve used a four stage amplificr with a flat

“Iresponse up to 6an and a nominal midband gain of 750 which
ig stabilized by feedback applied to each stage.

4. Application

Figure 6(a) shows some of the typical MIS curves we have
obtained for GaAs/(GaAs) oxide MOS system including the effect
of annealing, details of which have been reported by Hasegawa,
Forward and Hartnagelz. These curves show the wide range of
gigqq; fcgqueggies, bias voltages and ramp rates which are
'poséibic with this system. It is only fair to comment that
the bridge measurements roquired several hours of a skilled

operatort!s time whilo the curves plotted sutomatically
required only a few minutes.
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5. Conclusion

A novel input circuit for a capacitance vs bias
voltage measurement system has been described, which enables
measuremenis to be conveniently made over a wide frequency
range. Provision has also been made for the application
of -d.c. bias voltage and a sot of inequalities has been
given to enable the sampling capacitor and shunt resistor
to be chosen. Circuits by which automatic C~V plotting
can be carried out using this input circuit have been given.
Examples af its application to GaAs MIS capacitors are
erovided, which show that this system is a most useful
ingtrument in the study of MIS structures.
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