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ABSTRACT

With the information from ESCA studies reported on native oxide

MOS structures, efforts were undertaken to avoid the production of

non-oxidized As atoms in the insulator, particularly near the

interface. Therefore a two-step process of anodic oxidation was

developed involving electrolytic oxidation of Al on a Ga-rich

surface on GaAs. An attempt was made to formulate a simple

electrical model of GaAs MOS diodes which fits reasonably well with

experimental C-V and G-V characteristics (C-capacitance, G-con-

ductance, V-voltage).

Results on d.c. emission of white light from thin GaAs MOS

structures is reported. The spectral distribution of this emission

seems to indicate that either a substantial contribution is

obtained by the recombination of electrons and holes in the amorphous

oxide (whose energy gap is larger than that of GaAs) or by direct

recombination of hot charge carriers in the space charge layer.

Quarternary compound semiconductors are oxidized and analyzed.

Efforts of anodic deposition of nitrides have not yet given any

useful results. The deposition of SiO2 by using emulsions is

pursued and first results on the possibility of GaAs doping are

presented.
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CHAPTER I

INTRODUCTION

The period covered by this final report was again full of im-

portant developments. A great deal of effort of course had to be

spent first in order to make the experimental facilities here in

Darmstadt as good as those which the principal investigator was

using with his colaborators previously in Newcastle upon Tyne,

England. He is pleased to say that this first goal was achieved

relatively quickly, particularly with the help of his new

colleagues, Prof. A. Kessler, Dr. Mayer and his German secretary,

Mrs. Tilmmler. Equally important also was the contribution made by

those of his coworkers who came with him from England, namely

Dr. D. Pavlidis and Dr. S. Hannah. Several new appointments were

made in Darmstadt: K. Rdhkel, W. Schmolla and E. Huber. The

provision of a research grant by the German Science foundation

(Deutsche Forschungsgemeinschaft, together with the funds available

from ERO, enabled us to invite Dr. Adachi from Tohoku University

Sendai, Japan, to work for a year with this group on surface

passivation for compound semiconductors.

With the realisation that many of the interface problems

resulted from both non-oxidized arsenic atoms in the insulator near

the interface and As vacancies in the semiconductor, both created

due to the oxidation dynamics of native oxides, new possibilities

were initiated and useful new results obtained. The research group
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was therefore not only able to publish several new interesting

results in the scientific literature, but some of us where in-

volved with developments at other laboratories and with discussion

meetings on surface passivation of compound semicondutor materials.

Especially important to mention here is a period of work by

H.L. Hartnagel at the Avionics Laboratories at Wright Patterson

AFB, Dayton, Ohio, where he joined a strong group on GaAs surface

passivation for MESFET structures. Results obtained both in Dayton

and here in Darmstadt were then presented at the 7th Annual

Conference on the Physics of Compound Semiconductor Interfaces in

Estes Park, Colorado, January 29th to 31st 1980. Similarly Mr.

K. R6hkel spent some periods at various British research

laboratories where the questions of surface passivation were also

systematically discu.sed. Further details on publications,

conference meetings, etc. can be taken from attached copies of

some of the papers and from the references in the Appendix of this

report.

It should be mentioned here particularly that various joint

projects were undertaken with the German Post-Office Laboratories

here in Darmstadt. The closeness of this laboratory with the

central research facility of the German Post-Office is under-

standably very beneficial for work of this type. Of course there

are many other facilities both at the Technical University and in

the neighbourhood of Darmstadt which were made use of in the

course of the studies reported here.
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Some of the investigations reported here were undertaken by

student projects, some of which have not yet been completed. These

efforts are also described in the following Chapters, which are

organized by the particular investigator of surface passivation,

whose name is in these cases also given.

-1
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CHAPTER.2

Characterisation and Performance of GaAs MOSFETS

(D. Pavlidis)

Low frequency and microwave tests were undertaken in order to

characterise GaAs MOSFETs fabricated by us with anodically grown

oxide gates. The devices were made on n-type, S doped VPE layers

having a thickness between 0.7 and 1.5 pm, mobilities around
-2 - -1

4400 cm V sec and carrier concentrations of the order of

1017 cm- 3 . The epitaxal layers were grown on Cr-doped semi-

insulating substrates with a resistivity larger than 107 Qcm.

A glycol-tartaric acid based aqueous solution was used in

order to anodically oxidise the gate notch after the source and

drain ohmic contacts were formed. The device had 5 Um to 10 Um

long, 300 pm wide gate strips. The gate to source (or drain) length

was 10 pm and the channel depth underneath the oxide layer was of

the order of 1000

By measuring the drain resistance at the origin of the

Id - Vds curve, displayed on a Tektronix curve tracer, it was

found that R. = Rd = 40 0. The gate parasitic resistance Rg is

a function of the gate geometry and metallisation technique

employed and had in our case the value of 3 Q.
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The MOSFET transconductance gmo was measured from the

Id - Vds characteristic to be equal to 7.2 mmho's. The measurements

demonstrated a reasonably high transconductance per unit gate

length values in the range of 36 mmho's/mm. Finally, from the

drain to source external conductance and the already evaluated Rs

and gmo values, it was found that the intrinsic output conductance

Gds is equal to 2.8 mmho's.

The equivalent circuit of Fig. 1 was used for modelling the

tested devices. Some of its parameters, namely Rs , Rd, Rg, Gds and

gmo were evaluated by low frequency measurements as described above.

Others, however, such as Cg, Cdg, Rgs and g *)were estimated by

microwave measurements. A special microwave test fixture with 50 Q

microstrip lines on alumina substrates was fabricated and the

transistors were mounted on an adjustable ground slab. Gold

pressure contacts were used on the devices, which were all tested

in the common source configuration. The driving point parameters

$11' S22 and the transfer terms S12' S2 1 were measured with an HP

8410 A Network Analyser. A typical set of the measured S-parameters

is -iven in Fig. 2. The elements Cgs , Cdg, Rgs were evaluated from

the S-parameter data and are given in Table 1 together with other

characteristics of the transistors.

gm - frequency-dependent transconductance of equivalent circuit

g- "low frequency" transconductanc@ of MOSFET amplifier
M1o
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R9 T, Cdjs

So0

Fig. 1 MOSFET small-signal equivalent circuit
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Fig. 2 Small-signal s-parameters of a MOSFET
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Geometry

Gate length: 1 = 5 - 10 vm

Gate width : w = 200 - 300 pm

Gate to source/drain length: Is  
1 d 10 Jm

Channel depth (under gate notch): = 1 000

n - epi layer = 0.8 - 1.0 pm

Material parameters

Carrier density: n = 1.0 x 1017 cm
-3

Mobility: p = 4 400 cm2 Vis "1

Substrate: Semi-insulating (S.I), Cr-doped

p > 107 Qcm

Equivalent circuit parameters

Transconductance: gmo = 3.5 mmho

Output conductance: Gds = 2.8 mmho

Gate resistance: Rgs = 2.0

Source/Drain resistance: RS  = Rd = 40

Gate metal resistance: Rg = 3

Gate to channel capacitance: Cdg = 0.15 pF

C = 2.07 pFgs

Table I Typical parameters of an n-channel GaAs MOSFET
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A maximum available gain (MAG) of 14 db was measured at 2 GHz,

the maximum oscillation frequency being of the order of 4.8 GHz.

The transconductance g was of the order of 11 mmho and remained

relatively constant for operational frequencies as low as 800 Hz.

Below this frequency the transconductance is seen to fall rapidly

and is probably due to interactions with traps at the oxide-GaAs

interface.

CHAPTER 3

Plasma Anodisation of GaAs

(D. Pavlidis)

GaAs was anodically oxidised in a high frequency (1 MHz) plasma

produced by a 3 kW generator. A schematic diagram of the system

used is given in Fig. 3. The vacuum chamber was made of fused

quartz to withstand plasma temperatures. The chamber was first

evacuated to a pressure of 10- 6 Torr, and then filled with oxygen

gas to a background pressure of 0.2 Torr. The GaAs samples were

dc. biased at + 20 to + 40 Volts during the process. Finally the

RF generator was inductively coupled to the chamber in the region

of the cathode electrode.
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The oxidation was done in the constant voltage mode with a

series resistor of 100 Q inserted in the circuit. It was found

that for + 40 V bias, 0.2 Torr pressure and 17 cm electrode
2

separation, the initial current through a 0.25 cm sample is as

high as 24 mA. This results in oxide breakdown 5 secs after the

plasma generation, demonstrated by temporary (- 2 secs) current

increase through the sample. Further work on the optimisation

of the plasma oxidation process is now being performed.
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Inductive Electrodes
cathode /of HF-Generator

,magnetic field

anode
(substrateholder)

/ZZZZneedle valve
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thermoelement
vacuumpump

Fig. 3 Gas-Plasma Reactor for anodic oxidation
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CHAPTER 4

Experimental Study of Thin-Oxide MOS Structures

(H. Adachi)

4.1 Light Emission from GaAs MIS Diodes

It was reported that the GaAs MIS diode with a very thin anodic

oxide layer emits light under reverse voltage biasing conditioni 1 1 .

The diode shows good I-V characteristics like a Schottky barrier

diode, although there is a very thin layer of anodic oxide.

S. Ashok et a1 12 1 reported that a GaAs Schottky diode with very a

thin anodic-plasma oxide layer also shows good I-V characteristics

almost like an ideal Schottky diode, and its ideality factor

(n-value) can still be as low as about 1.09 even if the oxide layer

is 85 R thick; but their MIS Schottky barrier diode does not emit

any light. Our work was undertaken to look for the most suitable

insulting layer for light emission and to find a physical expla-

nation for it. It is not yet possible to give a conclusive state-

ment on the emission mechanism but we report some interesting

observations and suggest a first explanation of the experimental

results obtained so far.
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4.2 Effect of the chemical etching process

MIS Schottky barrier diodes were made on (100) oriented n-type

GaAs wafers. The supplier information on the impurity concentration

is 1.7 x 101 cm 3 . One surface of the wafer is mirror plane and

the other surface is ground. The wafers are solvent cleaned and

chemically etched just before the evaporation of an Au-Ge (12 %)

ohmic contact and the mirror surface is covered with photo-resist

during these evaporation processes to avoid making any scraches.

The ohmic contact is heat treated in a N2 gas flow at 3500 C for

5 min. Samples are made with different fabrication details, as

summarized in Table 2.

The sample (005) is carefully made, following the process

reported by B. Bayraktaroglu 1,3 A thin anodic oxide layer is

made by using the AGW~solution, and the resultant sample emits

light. However, sample (006) also emits light; it was made at

the same time with the same fabrication process as sample (005),

except for the anodization process. Since the fabrication of

sample (006) does not include any anodic-oxidation, it can be

seen that an anodic oxide film is not essential for the emission

of light, but that the normally present native oxide suffices

whose thickness and other properties depend on the chemical at

atmospheric treatment of the free GaAs surface.

*Acid-Glycol-Water

3 % aqueous solution of tataric acid : glycol

ratio: 1 : 2
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The etching solution of the samples (005 and 006) is the

so-called pre-evaporation etchant (mixture of 4 % H202 by volume

and 2 % NaOH by weight), which includes a base. After etching

the surface of a GaAs crystal with concentrated NH40H (25 %)

and vacuum evaporating an Al electrode without any anodization

of the surface, the resulting sample (009) emits also light. If

the surface of the crystal is etched by using diluted HCl

(25 % HCl is diluted with 5 portions of water) just before the

evaporation of the Al electrodes, the resulting samples (007,

008, 018 and 020) do not emit light. These observations suggest

that the etching solution, including the base added, makes

important contributions to the light emitting phenomenon.

It can be concluded that etching with diluted HCI prevents

light emission and etching with a solution, including alkali,

improves it.

4.3 Reverse I-V characteristics

The reverse I-V characteristics are measured at room temperature

and the results are shown in Figure 4 for several typical samples.

All the non-light emitting diodes have a lower breakdown voltage

and the fabrication process of every non-light emitting diode

includes an etching process with diluted HCl.

.... ...-,-..
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The temperature dependence of the reverse I-V characteristics

measured at 85 C is shown, together with the results obtained at

room temperature, in Figure 5 for light emitting diodes and in

Figure 6 for non-light emitting diodes. The temperature coefficients

of the breakdown voltages are positive, independent of the break-

down voltage. The current for a biasing voltage below breakdown

is increasing with increasing temperature for both cases. These

facts are a characteristic feature of avalanche breakdown.

A possible explanation of the low breakdown voltage of the

non-light emitting diodes is based on some fixed negative charges

at the interface between semiconductor and oxide, namely in the

transition layer. The band diagram of the Schottky diode without

any interfacial charges is like that shown in Figure 7(a). The

electric field in the transition layer is equal to that at the

surface of the semiconductor. If there are some fixed negative

charges at the interface, the potential at the interface is

lifted up, and the band diagram is changed as shown in Figure 7(b).

That is, the electric field strength in the transition layer is

decreased and the electric field strength at the surface of the

semiconductor is increased. Due to this increased field strength,

the avalanche breakdown voltage is reduced. A low breakdown voltage

is the common characteristic of the samples whose fabrication

process includes the etching process with diluted HC1 and does not

include any anodization, so that it is most probable that the

negative charge comes from the acidic etching solution, for example

from etching Ga ions by HCl.
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Fig. 4 (a)
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Fig. 5



-20-

applied voltage (V)
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x Temperature dependence of-1

1/ backward V-1
x

Sample Ho.0 2

-40

850 C /I
room temp.

Fig. 6
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Metal
Semiconductor (a)

G

Metal Semiconductor (b)

Fig. 7 Band diagram of the MIS Schottky barrier diode without

interfacial charge (a) and with negative interfacial

charge (b). The negative interfacial charge reduces the

breakdown voltage of the reverse V-1 characteristic.
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The breakdown arises from the avalanche effect both in the

light emitting and non-emitting diodes, so that it seems that the

avalanche effect is not an exclusive condition for the light

emission phenomenon. This is in contrast to the case of the

reverse biased silicon p-n junction diodes, where the avalanche

effect plays a primary role in the light emission. The reverse

biased silicon p-n junction also emits light with a very wide

spectrum, from the infrared region to blue, which is very similar

to the light emitted from the GaAs MIS Schottky barrier diodes

reported here.

So far it is only shown that the avalanche effect does not

primarily govern the light emitting phenomena, but light emission

is observed when the avalanche breakdown arises. The experiments

are being continued to further clarify the surface preparation

effects on the light emission phenomena.
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Table 2 : A Summary of the light emission effects observed

Definition of Symbols employed:

0 The process was inclusive

A 4 % H202 + 2 % NaOH

B HCI (25 %) was diluted with 5 portions of water

C NH3 (25 %)

RI The wax was removed with acetone, after the evaporation of

Al electrodes

R2 After anodization with the AGW solution (50 pA, 3 V), the

anodized oxide layer was etched out by using the solution B

R3 The sample was boiled in acetone. Three of ten devices with

Al electrodes emit light.

R4 Light emission was observed just after fabrication, but the

sample stopped emitting light after 3 weeks.

4 .
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CHAPTER 5

Light Modulation of GaAs-MOS Emitters

(E. Huber)

It can be expected that the GaAs-MOS light emitters exhibit a

transient behaviour of switching on. Such transient delays would

give further indications of the physical mechanism involved with

the emission. It would however also show whether this light

source can be employed for some optical communication applications.

During the period of this grant a system was set up to measure the

switching characteristics of light emitters.

In order to be able to compare the performance of MOS emitters

with commercially available GaAs p-n junction emitters, this

system was first employed to study such p-n devices. This work was

undertaken in connection with a study project of several students.

At first, the rise- and falltimes of light emission were measured

with several GaAs p-n junction LEDs. The electrical circuit used for

this measurement is shown in Fig. 8. The LED is biased by a

rectangularly shaped voltage from a function generator. The emitted

light was detected by a PIN-Photodiode. Both the current through

the LED and the current through the photodiode were simultaneously

monitored with a two-channel oscilloscope. The risetimes of the

generator and the photodiode are less than 50 ns.
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-M~~ .ko27 V

GENERATOR P-P OBIOflE BPW 34

---CHA1HIIELI )OSCILLOSCOPE
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Figure 8 circuit for measurement of rise- and falltimes of

light emission
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In Fig. 9 the measured risetimes are shown for 4 different LEDs

as a function of peak biasing current. The risetimes for small

current are determined by RC-time constants due to the junction

capacitance and the current dependent resistance of the LED. For

large current, the risetime becomes independent of current. In

this region, the risetime is determined by the minority carrier

lifetime in the LED. For the LEDs SU 22, LD 271, LD 242 the rise-

time is in the range of 1 ps, which is expected for Si-doped GaAs

LEDs while for the CQY 31 the risetime is about 100 ns, which is

expected for Zn-doped GaAs LEDs. The measured falltimes of light

emission showed generally the same behaviour.

For measurements with much faster emitters (one then has to

use faster diodes, which are normally of lower sensitivity) and

for measurements with emitters with smaller light output, the

signal to noise ratio of the wide band measurement circuit becomes

too large and it is therefore impossible to measure the risetime

directly.

One can overcome this problem by measuring the frequency response

of the LED and calculate the risetime from this data. The circuit

for the frequency response measurement is shown in Fig. 10. The

LED was modulated by a sinusoidal rf-voltage at an operating point

adjusted by the DC-voltage source. The photodiode used in this

measurement had a -3dB- cutoff frequency of about 500 MHz. The

current through the photodiode was measured with a selective

microvoltmeter with a bandwidth of 5 kHz.



-28-
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Figure 9 Risetime of different LEDs as a function of peak biasing current



-29-

LLI 0+45V
Ca=

PHOTODIODE BPx65

5Q50Q :50
LALr

SEL E CTIVYE
MICRO VOIT MET ER

Figure 10 Circuit for frequency response measurement
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The frequency response of the LEDs is shown in Figure 11.

Risetimes of the LEDs were calculated from the -3dB-

cutoff frequencies of the frequency response characteristic by the

relation

Tr f
r

This relation holds for the risetime T r and the -3dB- cutoff

frequency fr of linear low pass filters 14 1. Table 3 gives a

comparison of measured risetimes and risetimes calculated from

the frequency response curves of the 4 LEDs. As one can see,

the values coincide within a factor of two.

Corresponding work on GaAs MOS emitters is now in progress.

First results seem to indicate that the rise- and fail times

are somewhat larger, but results still have to be carefully verified

to ensure that these speed limitations are not caused by

the external circuit.
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Figure 11 Frequency response of several LEDs
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Table 3

CQY 31 LD 242 LD 271 SUi 22

Risetime (measured)

(U.s) 0,15 0,9 1,2 1,5

cut-off frequency

(kHz) 2800 900 300 200

Risetime (Ujs)

calculated from cut-off 0,13 0,4 1,0 2,0
frequency
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CHAPTER 6

Fabrication of Thin Passivating Nitride Layers on GaAs

(W. Schmolla)

Some experimental observations seem to suggest that surface

states might be particularly produced by oxygen covering the GaAs.

There are indications that GaN, sputter - deposited onto clean

GaAs surfaces, might result in a reduced surface state density.

It is therefore important to consider whether oxide - free insulators

might not be useful to passivate GaAs surfaces. Therefore the

materials GaN and AlN are of interest since they show in their

crystaline form a much larger band gap than GaAs. It is therefore

useful to produce thin nitride layers in order to investigate the

surface behaviour of GaAs thus covered.

Since a destruction of the GaAs single crystal occurs at the

surface for processes above more than 6000 C, low temperature

processes are indeed of interest. It was therefore decided to fabricate

GaN and AIN on Ga and Al respectively by a corresponding process

similar to anodic oxidation. For this purpose, liquid ammonia at

normal pressure and at temperatures between - 330 C and - 770 C

were employed. Ammonia is a polar solution and exhibits a pH-range

of 29*. One can use it with the following solutions as electrolyte:

nitrides, azides, imides and amides. We selected sodium azide and

*Jochen Jander, Chemie in wasserfreiem flUssigem Ammoniak,

Friedrich Vieweg & Sohn (1966)
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lithium amide, as these chemicals can be handled in a safe manner

and since they show a sufficient solubility in ammonia. The

solutions separate into the following ionic species:

LiNH 4 Li+ + NH222
+

NaN - Na + N
33

To obtain liquid ammonia, a special system was developed and dried

ammonia gas was condensed in argon vapour. The cathode was for the

subsequent anodic nitridization platinum.

The following observations could be made with this electrolytic

work: At the cathode the known blue colouring effects occur due to

dissolved sodium.or lithium. These colours disappear after inter-

rupting the voltage. They are caused by the creation of amide mole-

cules at the aluminium anode. The evolution of gas was observed as

well as a white porous layer after the evaporation of ammonia under

argon. Since the layer could be removed easily by rubbing and since

it showed an irregular and porous structure under the microscope,

its composition was not further investigated. A similar result was

obtained when a GaAs anode was used. In this case the layer had a

grey colour. The additional over-potential during electrolytic

growth between the electrodes never became larger than several tens

of volts for a current of between one and hundred milliamps and

showed irregular breakdown effects. All these effects could be

explained on the basis of the different behaviour shown by nitrogen



-35-

ions in contrast to oxygen ions. Whereas oxygen ions can drift

across an oxide layer once formed under the influence of an

electric field, this seems to be impossible for nitrogen ions. It

is possible that this is related to the different binding energies

of oxides and nitrides. Reactions a higher temperatures than - 330 C

can not be investigated because of the low boiling temperature of

ammonia. It would of course be possible to undertake electrolytic

work with liquid NaNH 2-KNH 2 at about 1000 C. However, both

substances are very explosive in moist air. The conclusion of

these initial investigations so far indicate that a nitride film

formation for GaAs surface passivation with liquid ammonia requires

further systematic efforts which are now under way.
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CHAPTER 7

Passivation of InGaAsP

(W. Schmolla)

Quarternary compound semiconductor materials are used at present

to fabricate new light emitters for frequencies where lower

attenuation values are available with optical wave guides. It is

also of interest to investigate the electrical behaviour of oxide-

covered compound semiconductor surfaces since previous work has

produced a reasonably good understanding of the corresponding

behaviour of the binary materials forming this new quarternary

composition. Investigations to measure the electrical behaviour

of MOS structures in InGaAsP are therefore undertaken with the

material manufactured at the German Post-Office Laboratories of the

nearby Research Institute.

First experimental results indicate that the MOS structure is

possibly less strongly affected by various trapping effects. It

is of course not clear whether this observation is caused by a

particular physical effect available with such quarternary mixtures.

For example it might be possible that the incorporation of non-

oxidized As and P leads to conditions where some compensation of

these trapping centers takes place. However, further work has to

show what the reason for this oberserved behaviour is.
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It has also been suggested that the reason for the strong

interface state peak in the band gap of GaAs MOS structures is

the presence of As vacancies created by the highly energetic

dynamic processes of oxidation. Similarly it was proposed that

the interface state densities in the lower half of the energy

gap for InP MOS structures are created by In vacancies. It may

be that such quarternary mixtures of both binary materials produce

a compensation of both vacancy states. Further experimental

efforts are underway to substantiate these initial findings.
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CHAPTER 8

Emulsions on GaAs Surfaces

(K. Rbhkel)

Experimental efforts are underway to explore the possibilities

of passivating GaAs surfaces by the deposition of emulsions which

turn into SiO 2 after suitable heat treatment. This is based on

well-known products of the American Company Emulsitone and lately

also of the German Degussa Company.

Recently, first results were published by a U.S. Laboratory 15

where GaAs surface seem to have been passivated quite successfully

with such SiO 2 deposition by spinning an emulsion and subsequent

heat treatment.

An indication of good surface coverage and adhesion for these

silica films out of deposited emulsions can be obtained if the

well-known method of providing a doping source from these emulsions

is found to produce uniformly doped layers into GaAs. This is in

any case a useful technological facility. Therefore it was decided

to explore these possibilities, in order to assess our method of

depositing SiO 2.



Since interest in such work also exists at tLe German Post-Office

Laboratories (FTZ) here in Darmstadt, a joint project was under-

taken to deposit such films on expitaxial GaAs surfaces. A student

project was defined and the student, Mr. H.W. Wagner undertook most

of the experimental measurements under the supervision of Mr. K.

Rbhkel.

The best method for SiO 2 deposition on GaAs via emulsions was

found to be as follows: The emulsion was deposited by spinning and

subsequently a heat treatment was applied. A temperature between

2000 C and 4000 C for 15 minutes was first applied. A solid film

occured through polymerisation with the doping impurity Zn.

Onto (100)-orientated n-GaAs slices (doping concentration

1018 cm - 3 and thickness 1 1 mm) a SiO 2 layer of -4000 R thick-

ness was thus deposited and annealing was undertaken in an atmosphere

of N2 for 15 minutes. If the slices were heated up very slowly, the

occurrance of little bubbles and cracks in the deposited silica

film could be minimized. Such imperfections are magnified during

the subsequent diffusion process (Figures 12, 13), which was under-

taken at temperatures of around 8000 - 900° C for about 20 - 60

minutes. The resulting p-n transition could be made visual by

cleavage of the GaAs slices and suitable etching for about 20 sec.

The scanning electron microscope details indicate that the junction

is about 1 pm deep (Fig. 14). This result could be confirmed by

the measurement with a microprobe (Fig. 16). After depositing

suitable ohmic contacts, the current voltage behaviour shows that

a suitable p-n junction is produced (Fig. 15).
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Figure 12 GaAs covered with a silica film after hardening at

about 200 0 C, rapid heat rate
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Figure 14 SEM-result of the etched GaAs cleavage plane after

diffusion (9000 C, 40 min., p-n junction - 1,5 wm)

9T

Figure 15: Current voltage characteristic of the p-n junction after

ohmic contacts are applied

,0, S ,/V,



- 42 -

Figure 16: Microprobe material profile versus etch time
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Non-Silicon MIS Structures

H.L. Hartnagel

Institut fUr Hochfrequenztechnik

Technische Hochschule Darmstadt

MerckstraBe 25

61oo Darmstadt, F.R.G.

1. Introduction

After the early non-Si components employed special effects of

such semiconducting materials as GaAs, for example the electron-

transfer effect, or efficient junction lasing, new developments

produced microwave FET-amplifiers and their analog and digital

integration. So far, these transistors are primarily of Schottky-

gate type, but there is of course a great interest to have also

MOSFET's. Extensive efforts are made therefore in many countries

to obtain a passivation scheme on compound-semiconductor surfaces.

So far, a variety of methods have been reported to form insulating

films on GaAs and other compound semiconductors, including thermal-,
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plasma- and anodic oxidation; evaporation, sputtering, chemical

vapour deposition and others 1 . None is fully satisfactory, although

some are more useful already than others. They can be devided into

two types of film formation, namely oxidation and deposition. The

films obtained by oxidation are called "native oxide", if this is

grown by consuming the semiconductor. The chemical composition of

the oxide depends somewhat on the oxidation conditions. In general,

a low temperature process such as plasma and electrolytic anodic

oxidation produces oxides of both Ga and As. The composition ratio

of Ga, As and 0 has been analized by various methods such as Auger

electron spectroscopy, secondary ion mass spectroscopy and X-ray

protoelectron spectroscopy.

A high temperature process such as thermal oxidation produces

polycrystalline gallium oxide (Ga203 ). Oxides grown by a low

temperature process change their composition to Ga 203 when they are

annealed at temperatures higher than 4500 C. Polycrystalline Ga 20 3

is rather conductive and not suitable for passivation of GaAs.

Furthermore, thermal oxidation and high-energy plasma oxidation

introduce a damaged layer on the GaAs surface.

To achieve a suitable passivation scheme, it is necessary to

find an insulator satisfying a series of requirements. Firstly, the

Interface semiconductor-Insulator must be such that the application

of a bias to a metal-oxide-semiconductor sandwich enables one to

bring the Fermi level freely to accumulation or to depletion or to

inversion conditions. Secondly, the leakage current and charge

trapping of the oxide must be very small. Then the chemical stability



of the insulator has to be high; particularly, the diffusion constants

for important impurities of the semiconductor have to be sufficiently

small in the insulator which has to act as a protective coating.

Some first achievements are now available with a few of the

passivating films covering GaAs and other compound semiconductors.

They are still tentative and require further confirmation. However,

they already seem to give a conherent picture. The present review

is written, to bring those entering this expanding field, into contact

with the present-day understanding of passivation for compound

semiconductors and to stimulate those working in this field to make

further contributions. This review covers experimental information

as established by many workers in this area.
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2. Amorphous or Crystalline Oxides

Results are firstly reviewed here which show the change in the

crystallographic structure, crystallinity and chemical composition

as a function of growth rate (initial current density) and annealing

parameters (annealing temperature, time and ambient atmosphere)!2 1 .

Then the eiectrical conditions after partial crystallization are

described' 31. It is therefore tentatively proposed here that partial

crystallization does not only lead to the commonly accepted higher

impurity diffusion along grain boundaries, but that the

current is also increased in this way.

The material generally used for these experiments was (100)

orientated bulk single crystal Si doped GaAs (n = 2 x 018 cm- 3 ).

It was cleaved into samples approximately 5 mim x 3 i'in which was

cleaned in an ultrasonic cleaner using acetone, trichloroethylene,

methanol and chloroform.

Native anodic oxide layers were produced on the samples by

anodisation in an electrolyte consisting of tartaric acid in glycol

with the pH of the solution being adjusted to 6.3 by the addition

of ammonium hydroxide 14 1 . The oxide layers were grown using several

values of the initial current density ranging from 0.1 to 2.0 mA/cm 2

with the current density being changed by varying the resistance

in series with the electrolytic cell, and a constant voltage supply.

al



The samples were annealed in a quartz tube furnace in an

atmosphere of high purity nitrogen (oxygen free) and the furnace

temperature was accurately controlled using an electronic temperature

controller so that the heat cycle used was reproducible. Before the

samples were heated, the furnace tube was flushed out with nitrogen

to remove all the oxygen present and it was prevented from entering

the furnace tube via the gas outlet by using a bubbler partially

filled with glycerine. The sample is heated up to the required

temperature (T) as quickly as possible, held at this temperature

for 10 mins and then cooled down at a rate of either 3000 C per hour

or 1000 C per min.

The structure of the bulk oxide was determined by X-ray

diffraction where the samples were mounted on aluminium rods which

were mounted on the specimen holder of a Philips X-ray diffracto-

meter. A plot of X-ray count as a function of 2 0 was obtained, where

0 is the angle of incidence of the X-ray beam with the sample. A

cleaned unprocessed sample of the above GaAs was analysed and the

(200) and (400) reflections of GaAs, which also occurred in all the

spectra of the oxidised samples, served as a calibration for each

spectrum by determining the 2 0 scale of the instrument to find the

instrumental peak broadening factor. The radiation used here was

Fe K (X = 1.938R).

The structure of the surface of the oxide layer was determined

using an AEI E.D 2 electron diffraction camera. From the diffraction

patterns obtained the structure and orientation of the surfaces of
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the samples were obtained. An SEM fitted with a microprobe analyser

was used to examine the surface topography and, roughly the chemical

composition of the oxide layers respectively.

To determine the chemical resistance of the various oxide layers

they were etched in a 10 % solution (by volume) of hydrochloric

acid for 5 minutes after which the etching was terminated by washing

the samples in de-ionised water.

Initially a thin anodic oxide layer (approximately 50 R thick)

was grown on a GaAs sample using an initial current density of

about 0.25 mA/cm2 . An examination of this sample using reflection

electron diffraction showed that the surface was almost amorphous,

its diffraction pattern consisted of several diffuse bands which

are characteristic of amorphous native oxide layers on GaAs 15 1.

Another anodic oxide layer, of 2000 R thickness, was grown with

a current density of 1 mA/cm 2 and etched in HCI fumes to remove all

but the last 50 R (approximately) of oxide whose structure was

determined by electron diffraction. The diffraction pattern

consisted then of dots arranged in rings which indicates that the

material immediately adjacent to the GaAs surface is now poly-

crystalline. This is either due to the crystallisation of the thin

layer nearest to the GaAs when a reasonably thick oxide layer is

grown, or due to the action of the HCI fumes on the remaining oxide

layer. The former explanation could also be understood in connection

with the observed excess Ga 16 1 or non-oxidized 17 1 As found in such

a layer as described below in chapter 3.
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Several samples were grown by using an initial current density of

1 mA/cm and annealed in either As or high purity hydrogen at 500 C

for 30 mins. After annealing the samples were chemically analysed

and found to have a Ga : As ratio of about 2 : 1 as compared with a

ratio of approximately 2 : 1.5 before annealing; this change was

coincident with a change of oxide thickness from 2000 R (pink) to

1500 R (green). Taking into account the penetration depth of the

microprobe analyser this corresponds to a considerable loss of the

As component of the oxide. Since the presence of the As atmosphere

would inhibit the loss of As from the oxide and no significant As

loss is expected from the GaAs at this temperature8i it can be

concluded that the observed As loss is due to the outdiffusion of

arsenic oxide. Those samples annealed in the high purity hydrogen

atmosphere behaved in a very similar manner. By raising the

annealing temperature to 6000 C and using a high purity hydrogen

atmosphere, the amorphous oxides were reduced to metallic Ga in

agreement with a basic chemical understanding of the elements

involved 19 1.

For the anodised samples grown with an initial current density

of 2 mA/cm 2 the only peak present in the spectrum of the anodised

sample which was not present in the spectrum of the cleaned GaAs

sample occurred at 2 0 = 40.60, which corresponds to d = 2.816 R.

It was possible to determine the position of this peak accurately

since the 2 0 values of these peaks were very similar (40.45 and

40.60) and these two peaks were of a comparable magnitude, due to

the low intensity (< 1 %) of the (200) GaAs reflection and the small



-8-

amount of anodic oxide present. The peak which occurs at 2 o = 40.60

for the anodised samples corresponds to the (200) reflection of

8 - Ga 203, i.e. the a - Ga 203 is (100) orientated. This is the most

likely orientation of the 8 - Ga 203 .since its lattic constants in

the (100) plane are very similar to those for the (100) plane of

GaAs, as was also seen by the 'd' spacings of the (200) reflections

of 8 - Ga 203 which are 2.816 R and 2.832 2 respectively. Information on the

change in the volume and crystallite size with annealing temperature

for the crystalline a - Ga 203 is presented in Figure 1. This data

can be derived from the intensity and the width at half intensity

of the measured peak respectively. The results show that the

unannealed samples contained an appreciable amount of crystalline

8 - Ga 203 only for high-current density growth and that the total

amount of crystalline material did not increase significantly until

it was annealed above 4500 C.

As the peak width is inversely proportional to the average size

of the crystallites in the oxide, one can see that the crystallite

size decreases initially with increasing annealing temperature until

4500 C was reached above which it increases rapidly. It has to be

noted of course that some of the observed variations in peak width,

especially the decrease with increasing annealing temperature, may

be due to other factors such as strain and variations in the chemical

composition of the sample. On the other hand, a real decrease in

average crystallite size over a limited temperature range can be

considered as an indication for a considerable formation rate of

new single-crystal nucleating sites. At higher temperatures it would



become more difficult to form sufficiently stable clusters of

molecules to become single-crystal nucleating sites. There, only

existing crystallites would grow and thus increase the average

crystallite size. Such an interpretation would indicate that high

annealing temperatures can be applied without considerable crystal-

lisation by going as rapidly as possible over the temperature range

from 3500 C to 4500 C, both when applying and when removing the

heat. Experiments, described below, do indeed give some confirmation

for this understanding.

A small but significant increase in 
the background of the spectra

around 2 0 = 86 ± 3 (d - 1.4 R) was found which indicates that there

may be an unmeasureably samll amount of some 
other orientations of

- Ga 20 3 present in the sample.

An important annealing parameter, which 
was found to be relevant

to the occurrence of crystallisation in the oxide was the cooling

rate used at the end of the annealing cycle. 
Several samples were

grown using a current density of 0.1 mA/cm2 and were annealed at

6000 C as above except that the cooling rate used here was 1000 
C

per min. instead of 3000 C per hour as above. The quickly 
cooled

samples showed no crystallisation. Thus, 
by using a high cooling

rate, the material does not have enough time 
to arrange itself in

a crystalline form and is "frozen" in an amorphous type of

structure.
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The effect of the annealing time was also studied on the samples

which were found to be crystalline immediately after growth, i.e.

2those grown with a current density of 2 mA/m . By varying the

annealing time from 10 to 60 mins at a temperature of 6000 C it was

found that the average crystallite size increased with increasing

the annealing time, see Fig. 2, with no significant change in the

total volume of the crystalline 8 - Ga 20 3* This can be considered

to be due to the movement and coalescence of individual crystallites

produced initially at lower temperatures.

All of the above results neglect the effects of the absorption

of the X-rays in the amorphous oxide layers. An estimate of the

average crystallite size of the $ - Ga 203 , for a peak width at half

height of 0.050, gives a value of - 150

An analysis of the electron diffraction patterns produced by the

samples grown with initial current densities of between 2.0 and

0.1 mA/cm 2 shows that the surfaces of all of the unannealed oxides

are amorphous. However, after annealing in connection with the

fabrication of Au Ge ohmic contacts on the back face of the sample,

the surfaces of the oxides became slightly ordered and produced

diffraction patterns which consisted of several very diffus rings.

After annealing the samples grown using the above current

densities and cooling the samples at a rate of 3000 C per hour an

analysis of the electron diffraction patterns showed that the
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surface crystallised out into a polycrystalline a - Ga203 structure,

with only the rings corresponding to the (h.o.l) reflections present.

As the annealing temperature was raised the rings of the diffraction

patterns became sharper, indicating an increase in the average

crystallite size. Another effect which was observed at high annealing

temperatures, especially for samples grown using a current density

2of 2 mA/cm , was that the only rings corresponding to the (1.0.1)

reflections were visible indicating that this structure had become

0more orientated. However, after annealing at 800 C it produced a

pattern consisting of spots and rings showing that some crystals of

SGa3 were produced. The crystallite size was found to be a

function of the growth current density, the larger crystallite size

being present in the samples grown with a higher current density,

as was found by X-ray diffraction.

By using the annealing process with the fast cooling rate of

1000 C per min even the sample annealed at 7000 C for 10 mins. was

found to remain almost amorphous in contrast to samples annealed at

even as low as 500 C but cooled down at a very slow rate.

Thus the crystallisation at the surface of the oxide as studied

by electron diffraction is much less pronounced than that at the

interface. From a knowledge of the electron beam penetration and

the approximate angle of incidence of the beam with the sample,

the depth of the analysed material can i:i fact be estimated to be

about 50 R. This surface crystallisation is of course grown in an



- 12 -

amorphous bed of oxide as opposed to any interfacial crystallisation,

which is likely the crystallisation detected by X-ray diffraction.

The SEM shows all the sample surfaces to be extremely flat with

the exception of a very occasional defect, which can be thought to

be due to some contamination of the sample surface, except for

samples, annealed at or above 8000 C, when the micrograph of the

surface shows the presence of quite large crystallites.

The variation of the overall As : Ga ratio can conveniently be

assessed by microprobe analysis. The results as a function of annealing

temperature show that there is a significant loss of the As component

of the oxide between 400 and 5000 C. This As loss conincides with

a change in colour of the oxide for example from blue to purple

which shows a change in the oxide thickness from 1000 R to about

850 R . Since no such As loss is known to occur in GaAs this change

must come from the oxide and it is thought to be due to the loss

of arsenic oxide, due to the high vapour-pressure of As203 at

relatively low temperatures.

A comparison of the results of the X-ray and the electron

diffraction experiments suggests that the predominant crystallisation

process occurs at the GaAs-oxide interface with a secondary

crystallisation process occuring at the oxide surface. This can be

seen from the highly orientated nature of the interface oxide as

compared to that on the surface as well as for the degree of order

and the volume of the crystallisation, both of which are greater for
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the interfacial process. The volume of the surface crystallisation

is much less that that of the interfacial case since only the latter

shows up on the X-ray spectra. These two crystallisation processes

can be considered to be independent of each other since the

orientation of the two crystallised layers is different.

It is useful to compare the structural results with the electrical

behaviour of the oxide. For this purpose Al dots were evaporated onto

the oxide after annealing. The capacitance against applied voltage and

the DC conductivity were then measured. In special cases a wide range

of RF and DC current measurements were taken to provide details for

annealed samples under optimum conditions and figure 3 shows some

typical results.

The C-V curves are given for f = 1 kHz. It should be mentioned

that the curves were measured with an automatic C-V plotter. The

dielectric constant of the oxide was found to be cr = 7.8. The DC

conductance was obtained by a Keithley 602 Electrometer. The I-V

curves obtained had principally a transient characteristic (even

for the high currents in the high-temperature-annealed samples).

Thus hysteresis effects appear which of course in shape depend on

the 'average ramp speed' correspoding to the hysteresis effects

seen in the C-V curves. The I-V curves show average leakage currents,

provided after the sample was kept for 30 min at its maximum stress

bias but then measured point-by-point rather quickly. (On figure 3(c)

the small hysterisis in C for the 3000 C annealed samples and the
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deep depletion should be noted.) Unfortunately, the DC conductivity

has deteriorated slightly (compare figures 3b and 3d) and is in

particular highest in the inversion region.

The DC conductivity increases exponentially with annealing

temperature and reaches the PA ranges per cm2 at 700 C for a gate

bias of + 15 V, corresponding to an average field of 1.5 x 106 
V cm-1

in the oxide. It seems that slowly cooled samples are less stable

and show a higher current density. This might indicate how important

it is for the oxides to remain fully amorphous.

To quantify this behaviour figure 4 shows a summary of the

hysteresis amplitudes at a capacitance corresponding to the midpoint

of the range between capacitance maximum around 60 pF (which looks

like accumulation, is however likely to be more complex as shown

below, at the end of Chapter 5) and the flat level around 30 pF

(looking like inversion) and the DC current of one set of samples

both as a function of annealing temperature. It can be concluded

that the onset of some crystallization and the loss of As in the

oxide seems to be associated with an increased DC conductivity.
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3. Chemical Analysis

Using ESCA, it has been demonstrated 17 1 that, by ion etching

the oxide away from its top surface, one first finds the transition

from As 203 to non-oxidised As, and, only several etch minutes later,

the transition from Ga 203 to GaAs. This behaviour is not modified

by any of the low-temperature annealing processes normally aplied

to GaAs MOS samples in order to achieve an improved capacitance-

voltage behaviour. Laser annealing of GaAs MOS structures seem to

have shown that the As 203 - As transition can be made to go nearer to

the oxide surface whereas the Ga 203 - Ga interface noves simultaneously

further into the GaAs. It would mean that the provision of sufficient

energy causes a transfer of oxygen to take place from As 203 to any

non-oxidised Ga or to Ga in GaAs.

R.P.H. Chang reported 110 1 for plasma oxidised GaAs that this

non- oxidised As layer can be seen at the interface as a clear band

when a thin slice transverse to the MOS surface is analysed by TEM.

After the normal heat treatment of the MOS sample, this band seems

to break up and forms elliptical islands. Aligning the electron-beam

to obtain diffraction patterns can then be used to show that these

islands are formed of crystalline As.

The conclusion of these results is surely, that the problem of GaAs

passivation is caused primarily by the difference in oxidation rates

for Ga and As.



- 16 -

Preliminary resultsl11  show that a two step oxidation of the

following procedure avoids the band of non-oxidised As and seems

to give improved data : A thin layer of native oxide is first

electrolytically grown into GaAs. This is then heated in hydrogen

atmosphere to a sufficiently high temperature so that all As 203

evaporates without, however, affecting the GaAs, and so that most

of the Ga 20 3 is transformed into Ga and H20 (which evaporates)I 91.

A layer of Al is now evaporated on the remaining Ga + Ga203 film

and electrolytically oxidised. This oxidation is pursued into the

original Ga 20 3 layer without, however, going into the GaAs. The

resulting capacitance-voltage behaviour of such films is discussed

at the end of Chapter 5.

Structural information on the composition of such thin films

can be obtained by Auger electron spectroscopy (AES) 1121 and X-ray

photoelectron spectroscopy 11 3 1 (ESCA), when combined with a suitable

etching technique. It seems that ESCA offers sometimes advantages

over AES due to the possibility of stronger chemical shift data

which is more easily obtained and also interpreted with the
fr e 1131

former' 3 . However, AES does have the advantage of speed and of

being able to examine different parts of a single sample, so that

a combination of both techniques where available offers the best

solution.

GaAs samples were oxidised by using one of the following two

electrolytes
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S(i) 3 % tartaric acid solution mixed in the volume ratio

1 : 2 with propan 1, 2 diol (AGW)'4 I.

(ii) 0.02 M (NH4 ) H 2PO 4 solution mixed in the volume ratio

1 : 2 with propan 1, 2 diol.

Anodisation was carried out under constant current conditions.

ESCA spectra thus obtainedl141were recorded on an A.E.I.

E.S. 200 B spectrometer at typical chamber pressures of 2 x 10
- 8

Torr, utilising Mg K 1 K 2 radiation at 1253.6 e.V. They were

recorded at 0.1 V sec-1 (Ga and As 3d peaks) and 0.05 V sec -1

(Al 2p and Ols regions). Both analogue and digital spectra were

recorded simultaneously, the sampling rate for the latter being

50 times per minute.

Ar-ion milling was carried out using an ION-TECH saddle field ion

source fitted with a scanning facility. The source has a beam of

height 1 cm and this was scanned along the length of the sample,

at a mean angle of 450 to the sample surface. Argon was 99.996 %

purity (B.O.C.). The source was operated at either 8 kV 3 mA or

5 kV 2 mA. Approximate etch rates were 25 R per minute in the

former and 6 2 per minute in the latter case. These etch rates

were estimated from depth profiles obtained from oxide films of

known thickness.
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Figure 5 - 8 show the profiles obtained from native oxide films

grown on GaAs in the AGW electrolyte. The surface region is often

As rich as compared to the bulk. (The first point in all these

profiles is unrepresentative due to surface contamination and should

be ignored.) The other features of these profiles are very similar

to those already discussed. The bulk of the film is uniform with

an As/Ga ratio of about 0.5. There is a slightly Ga 203 rich region

adjacent to the substrate and the As profile of the GaAs substrate

indicates the probable presence of elemental As at the interface.

The interface width obtained from the oxygen profile was 60

(The sample was etched at 5 kV.)
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4. Some Technological Recipes

In silicon technology, surface passivation is usually achieved

by thermal oxidation. However, this method is not directly applicable

to most compound semiconductors such as GaAs, due to the high vapour

pressure of the volatile components (e.g. As). On the other hand

anodic oxidation in bothwet electrolytes as well as gas plasmas is

a low temperature process and can be used as an alternative method

to thermal oxidation. Wet anodic oxidation of GaAs is possible in a

variety of electrolytes producing uniform and reprbducible native

oxides.

A simple cell used for the anodisation of the GaAs essentially

consists of a GaAs anode and an Al or Pt cathode both immersed in a

suitable electrolyte. A schematic drawing of a convenient cell is

shown in Figure 9. A slow stirring of the electrolyte is achieved

by a teflon encapsulated magnetic stirrer. The current is supplied

to the cell by means of a high voltage supply (0 - 2100 V) with a

very high resistor connected in series. The current supplied to the

cell is measured with an ammeter connected in series, and the

potential difference between the anode and the cathode is measured

with a suitable calibrated x-t recorder connected in parallel with

the cell.

The potential difference between the anode and the cathode

consists of the following parts, namely potential drop between the

cathode and the electrolyte, across the electrolyte, the oxide, and

the GaAs anode. The first two of these potential drops are generally
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very small (. 0.5 V) except when very high current densities are

used. The voltage across the oxide is proportional to its thickness

up to a limited value. This thickness limit is a property of the

electrolyte used. Below this limit the potential developed across

the oxide can be employed to estimate the thickness of the oxide

grown. The potential drop at the anode itself consists of four

parts,

(a) the potential drop at the electrolyte - anode interface,

(b) the potential drop across the space - charge layer in the GaAs,

(c) the potential drop in the bulk of the GaAs due to its bulk

resistivity which is a function of its doping concentation, and

(d) the potential drop at the back ohmic contact.

All the abovementioned potential steps in the cell (except that one

across the oxide) appear as an initial rise in the overpotential - time

(V - t) curves. As the oxide grows under constant current conditions

the V - t curve increases linearly and by subtracting the initial

rise from the final voltage, the potential across the oxide can be

determined and used to estimate its thickness as suggested earlier.

The surface condition of the GaAs anode is of major importance in

obtaining uniform and reproducible oxides by anodisation. A great deal

of attention should be paid to the sample preparation and the techniques

for maximum reproducibility.
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The GaAs slices are usually in the form of 300 - 500 pm thick

wafers, generally with one side polished. All wafers have to be

solvent cleaned* and stored in dessicators containing silica gel.

Metallic ohmic contacts are produced on the unpolished side of

the wafers by vapour deposition and subsequent annealing. For this

purpose all wafers are stuck, polished side down, on a thin pre-

cleaned glass substrate with Shipley 135 OH photoresist to reduce

the risk of damage during handling. After removing about 1 um of the

surface of the wafers with a pre-evaporation etch**, the ohmic

contact metals are deposited by evaporation on the etched surface

from heated tungsten filaments at a residual pressure of at least

10 - 6 torr in a conventional evaporator. The ohmic contact metals are

typically 2000 R 88 % Au - 12 % Ge alloy for n-type, and 200 R In +

2000 R Ag for p-type GaAs. Following the evaporation, the wafers are

removed from the glass substrate by dissolving the photoresist in

acetone. A second solvent cleaning removes all traces of photoresist.

*Pre-evaporation etchant:

A - 4 % H20 2 by volume, B - 2 % NaOH by weight, A : B = 1 1.

This etchant give an etch rate of - 1000 R/minute at room temperature.

Solvent Clean:

A 5 minute boil followed by a 5 minute of ultrasonic cleaning in

the following solvents in turn:

(1) Acetone (ii) Trichloroethelene
(iii) Methanol (iv) Chloroform
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The annealing of the ohmic contacts is done in a N2 purged,

closed-end, quartz furnace, The annealing temperature and time

is chosen according to the type of GaAs. For n-type a 2 second

annealing at 4650 C with 3000 C/min. heating and cooling rates,

for p-type GaAs a 2 minute annealing at 6000 C with 1000 C/min.

heating and cooling rates is usually found to produce the best

results. It must also be mentioned that the use of an unpolished

surface can be found to improve the ohmic contact properties.
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5. MOS-Device Results

III - V compound semiconductors are to be employed wherever they

are superior to Si or have-facilities which are not available with

Si. This means that a substantial interest exists in using them

for optical applications. An interesting example was developed by

workers at the Eastman Kodak Company 11 5 , where GaAsP photosensors

are fabricated with anodically grown native oxides.

The other important applications area is microwave or giga-pulse

rate devices because the electron saturation velocity and low-field

mobility can be very high in many of these compound materials.

GaAs Schottky-gate FETs are of course already very mature. Important

requirements are, however, still a suitable passivation for the free

GaAs surfaces between source, drain and gate, and the oxidation

technology for achieving more easily submicron gate width with

little alignment difficulties.

A major interest is the development of MOSFETs in GaAs. The gate

of such a transistor can be forward biased without any danger of

damage as would be the case with MESFETs. This feature is of advantage

for large-signal operation with substantial input power applied to

the gate. One would be able to operate FET amplifiers without any

bias supply provided for the gate - a possible circuit advantage.

The Fujitsu Laboratories in Japan have found 116 I that the MESFET of

the same electrode geometry appears to have a larger parasitic

capacitance Cg s between gate and source than the MOSFET. Cg s is

dependent on the fringing edge capacitance of the gate strip and is
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for MOSFETs, more like a plane-parallel capacitor without significant

edge effects than it is for MESFETs. It is then argued 161 that the

intrinsic current-gain cut-off frequency fT can be potentially made

considerably larger for MOSFETs than for Schottky-gate transistors,

by reducing the gate length without being affected by the gate-

fringing capacitance.

With these potential advantages in mind, several depletion and

enhancement type GaAs MOSFETs have been fabricated by various

laboratories. Perhaps the most advanced results have been reported

from Japan i 16,171. 2 P long gates have shown unilateral power gain

over the 2 - 8 GlIz frequency range. An enhancement device exhibited

a maximum frequency of oscillation at 13 GHz. A depletion device

of 1.8 v gate length gave a maximum frequency of oscillation of

22 GHz. The intrinsic current-gain cut-off frequency for the

depletion MOSFET is 4.5 GHz. This type of transistor produced 0.4 W

output power at 6.5 GHz as a Class A amplifier.

By using a two-layer system on a semi-insulating substrate,

namely a thin 0.25 p thick, 2 x 1017 cm- 3 n-layer under a 1.511

5 x 101 4 cm 3 n-layer covered by native oxide, an improved

enhancement-mode FET was produced' 1 7 1 showing good saturation

characteristics and operating entirely in the enhancement mode. The

S parameter measurements covering a frequency range of 2 - 12 GHz

show that, although the gate length is only 1.5 p short, the

unilateral gain U decreases with somewhat more than -6 db/Octave

from about 11 db or 13 6b power gain at 2 GHz - quite an impressive

performance.

-i - m
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The difficulty with these otliurwise very impressive devices is

a strong charg ing effect both into traps at the interface and in

the bulk of the oxide as described above. This manifests itself

firstly as a drift in operating point of a transistor amplifier

over the first seconds after switching on of the bias voltage. Then,

a large frequency dispersion is observed, particularly with enhance-

ment MOSFETs, at the lower frequency ranges between 10 and 100 kHz.

Unfortunately, these effects are particularly serious for pulsed-

signal operation as required for logic integration, where MOSFETs

would in fact be particularly advantageous.

It seems that these problems can be avoided with InP by employing

high-quality non-native oxides. The peculiarity of this semiconductor

is the absence of any charge trapping effects at or near the inter-

face with the oxide. Very notworthy are here MISFETs produced by

depositing organic insulators on InP113 1 . These insulating films

are the Langmuir-Blodgett type of amphipathic molecules deposited

first on a water surface and subsequently transferred to single

crystal InP surface by dipping this and raising it through the

air-water interface. A single monolayer is then transferred on to

the InP substrate during each transversal of the water surface. The

organic molecules used have a hydrophobic carbon tail and a hydrophiliL

polar head. Typical molecular size is 2.5 nm for stearic acid

(C1 7 H3 5 COOH) and 2.75 nra for arachidic acid (C1 9 H3 5 COOH). The

Langmuir-Blodgett films can be built up to a thickness of 1 w.

Cadmium arachidate shows improved adhesion properties. The gate

metallisation used was Au + Cr or Al. Using the Nicollian-Goetzberger

11 -2conductance method, a surface state density of N2 2.3 x 10 cm

(CV) 1 is found.
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With a reduced interface trapping process for InP MIS structures,

it can be expected that the microwave transistors produced with this

material would exhibit better performance than GaAs devices at the

lower frequency ranges as the traps would not be effective at microwave

frequencies. This has indeed been found 119 I: both the output

characteristics and the power gain of GaAs and InP FETs are similar

at microwave frequencies. However, whereas the gain Gm of GaAs

transistors is decreasing for the upper kH frequency ranges, this is

much less marked for InP devices.

The facility of fabricating multi-layer dielectric structures

by anodic oxidation of suitably metallised GaAs surfaces, lead to120o1
long-term charge storage transistors . They operate in a similar

manner as Si MNOSFETs where N is SisN 4, except that it can be

expected that trap charging occurs via Poole-Frenkel conduction

across the native GaAs oxide which has a lower energy gap than the

covering Al 20 Therefore native-oxide thicknesses above the

tunnelling distance can be used when it was found that the dis-

charging times for zero bias are substantially longer' 2 11 than with

the corresponding Si N-0 interface where the SiO 2 cannot be larger

than 50 R. The increased charge retention facility of GaAs MAOSFETs

was also found for tansistors with a thin metallic film between the

AI 203 and the native GaAs oxide, so called MAMOSFETs.

Another area, where GaAs MOS structures have recently shown

interesting behaviour, is the observation of light emission from

diodes with oxide thicknesses up to around 200 2122 1. The devices
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have to be biased then in the reverse direction, when minority

carriers are formed in an inversion layer at the interface. They

are injected into the oxide, at the same time when majority-type

carriers are injected from the metal into the oxide towards the

GaAs. The spectrum of the emitted light contains a substantial

amount of energy close to and above the GaAs energy gap, indicating

that radiative recombination processes occur at the interface in

the GaAs. However, a large part of the emission spectrum is well

above the GaAs forbidden-gap energy. The shape of this high-energy

part of the spectrum does not change with increasing bias voltage,

only the intensity of emission is growing. This seems to be an

indication that light emission from the amorphous oxide occurs,

although it is also possible that recombination radiation due to

hot charge carriers in the GaAs occurs.

This emission effect deserves further studies. So far suitable

devices have been found emitting light continuously with dc for many

months without any apparent depreciation..

Pulsed-bias operated GaP MOS devices with wet anodic oxidesl23l

have shown red-light emission due to recombination of the inversion

charge due to avalanching with the returning majority charge, when

each bias pulse is terminated.

________
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6. Conclusions

Although interesting device results have been reported, it is

particularly necessary to find ways of reducing the strong charge

trapping at and near the interface between GaAs and the covering

insulator and to avoid the interface layer of the non-oxidised

component which oxidises less easily, such as As in GaAs. Present-day

understanding suggests that the difficulty is primarily associated

with this elemental non-oxidised component at the interface. Promisinc

new observations indicate that a combination of a suitable non-native

oxide with a thin intermediate Ga/Ga 20 3 layer is a strong contender

for improved GaAs passivation. Unfortunately, it is still too early

to report on inversion-layer GaAs MOSFETs, which would be a clear

indication that the passivation of GaAs has been solved, but a

considerable amount of progress has already been made and it is

hopeful that such good results can be achieved if the present-day

effort is maintained or even enlarged.
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Figure Captions

6

Fig. 1 The variation of the X-ray intensity and peak width (x) at

half height for the (200) reflection of 6-Ga 203 with annealing

temperature for the samples grown with a current density of

2 2 2(a) 2,0 mA/cm (b) 1.0 mA/cm and (c) 0.1 mA/cm

Fig. 2 The variation of the peak width at half height for the (200)

reflection of 8-Ga 20 3 with annealing time at 6000 C for sample

2grown with a current density of 2.0 mA/cm

Fig. 3 Cpacitance (C) and corresponding DC current (I) against

voltage V applied to the Al electrode of MOS diodes forg

various annealing temperatures; (a), (b), unannealed; (c),

(d) 3000 C; (e), (f) 7000 C. - and + refer to the polarity

of V . Arrows indicate the direction of V change when a

curve is plotted, oxide thickness = 1000 R, area = 10
- 3 cm ,

ramp speed for C - V plot = 5 V s-

Fig. 4 The hysteresis of the C - V curves and the DC current I

(see text) against annealing temperature used. f = 1 kHz,

Vstress = 20 V, ramp speed = 15 V s-i .• p-type; o n-type.

Fig. 5-8 Depth profiles of Ga and As 3d E.S.C.A. intensities

(in Fig. 7: o Ga in Ga203  o Ga in GaAs

U As in As20 3 U As in GaAs)
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Microwave Characterisation and Performance of GaAs NOSFETs

D. Pavlidis

H.L. Hartnagel

Abstract

GaAs HOSFETs fabricated with anodically grown oxide gates in n-type epitaxL-;l layer

on semi-insulating substrates were tested at both low and high frequencies in ori-:r

to evaluate their characteristics and prove their micro;ave capabilities. A maximum

oscillation frequency of 4.8 GHz has been obtained with a 5 ,m long gate structure.

The device showed power gains (MAG) of the order of 14 db at 2 GHz and apprecieble

frequency dispersion of transconductance below 800 Hz.

1. Introduction

Although Si-.OS technology has already reached a mature stage, GaAs and related

III - V compounds are well behind in this field due to the numerous difficulties in-

volved with the passivation of their surfaces. Anodici 1l, Plasma 2 i arid Nitriue

based 13 1 passivation techniques have not yet resulted in satisfactory interface state

characteristics and the formation of an inversion layer on the semiconductor su;-.UoO

has first to be confirmed before full advantage of the material properties in jcvice

applications can be taken.

The techniques developed until now for forming the insulator layers have priftrilv

been applied in order to produce enhancement/depletion mode 1OSFETs 4 '5 and thus so;-

the advantage of using a gate insulator in order to protect a FET from positive volt:,,-

excursions, which in the case of Schottky gate transistors can be detrimental. Further-

more, due to the reduction of gate fringing capacitance in NOSFET's, a ni., rer'.u,

oscillation frequency can be obtained than with similar IM1ESFET structures .

The results reported here concern the electrical properties of anodically :m:ode

(AGW process 1 ') n-channel GaAs HOSFETs. Low frequency and microv,,ave tests were urnder-

taken in order to fully characterize the devices and prove their feasibility for

microwave operation.

LI. Device Structure

The devices were made on n-type, S doped VPE layers havinci thickness be'v,'een 0.7

and 1.5 pm, mobilities around 4400 cm - 2 V-i sec - I and carrier concentrations of the

order of 1017 cm - . The epitaxial layers were grown on Cr-doped semi-insulating sub-

strates with a resistivity larger than I 2Icm.

Institut fur Hochfrequenztechnik, Technische Hochschule Darmstadt,
Merckstra3e 25, 61oo Oarmstadt, G.F.R.
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A glycol-tartaric acid based aqueous solution was used in order to anodically

oxidise the gate notch after the source and drain ohmic contacts were formed. The

device was completed with conventional photolithographic and lift-off techniques
14 1

and had 5 Pm to 10 pm long, 300 pm wide gate strips. The gate to source (or drain)

length was 10 pnm and the channel depth underneath the oxide layer was of the order

of 1000 R.

III. Low Frequency Electrical Characterisation

Low frequency tests were undertaken before mounting the devices in order to evaluate

some of their characteristic parameters and assure proper operation. The output-drain

characteristics were displayed on a Tektronix curve tracer and the drain saturation

current (Idsat) at zero gate voltage (VG = o) was measured to be of the order of 25 to

50 mA. A voltage of -3 to -4 Volts had to be applied to the gate of the tested devices

in order to reduce the drain saturation current to at least 7 % of its maximum value,

while pinch-off was sometimes impossible under weak illumination conditions.

The source and drain contact resistances R and Rd were estimated to be about 40 Q

each by measuring the drain resistance at the origin of the Id Vds curve. Here, the

assumption of Rs = Rd was made due to the symmetrical device properties, allowing

almost identical operation when the drain and source terminals were interchanged. The

gate parasitic resistance R is a function of the gate geometry and metallisationg
technique employed. Evaporated aluminium was used in order to form the gate contacts

of the tested devices and R was estimated to be of the order of 3 si.g
The MOSFET transconductance g Mo was measured from the Id - Vds characteristic to be

in the best case as high as 7.2 mS, while an increase of gate vcltage by 2 V was found

to reduce g1o by at least 15 %. These data demonstrate reasonably high transconductance

per unit gate length values in the range of 36 mS/mm.

Finally the magnitude of intrinsic output conductance Gds was estimated by measuring

the drain to source external conductance from the Id + Vds characteristics. By con-
sidering the already evaluated Rs and gm, values, it was foind that Gds = 2.8 mS.

IV. Microwave Device Characteristics

The equivalent circuit of a GaAs MOSFET is shown in Fig. 1. Its derivation is based

upon simple lumped modelling considerations for MOS Field-Effect-Transistors 17 1 and is

valid in a limited frequency range only. Some of its parameters, namely Rs, Rd, Rg,

Gds and gmo can be evaluated by low frequency measurements as described in Section III.

Others, however, such as Cgs, Cdg, Rgs and gm need previous microwave characterisation
of the device in order to be calculated.

A special test fixture with 50 0 microstrip lines on alumina substrates was

fabricated and the transistors were mounted on an adjustable ground stab as shown in
Fig. 2. Pressure contacts to the device were achieved by gold springs for easy removal.
The devices were all tested in the common source configuration.
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First the MOSFET small signal S-parameters were measured with an HP 8410 A Network

Analyser combined with an automatic S-parameter test-set (HP 8745 A). The latter in-

strument provides the facility for internal transistor biasing in the 0.1 to 2.0 GHz

frequency range. The internal losses of the test circuit were taken into consideration

by carefully calibrating it with a small GaAs slice inserted in the place where the

transistor was subsequently mounted. The upper and lower surfaces of the calibration

standard were both metallised with a Au/Ge alloy and contact to the upper face was

made only with the gate and drain- springs. The source spring was left to contact a

bare section of the same semiconductor surface since its other end provided a dc return

by connection to an adjustable-length short terminated line. A typical set of measured

S-parameters is given in Fig. 3. The transfer parameter S12 describing the reverse

power gain characteristics of the transistor was found to be by at least 8 db smaller

than the forward parameter S21. No error correction due to internal circuit reflections

was made as a first simple approach to the microwave characterisation of the transistor.

The measured driving point parameters Sill , 22 and the transfer terms $12, S21 were
used in order to evaluate the elements Cgs, Cdg and Rgs of the equivalent circuit of

Fig. 1. This was achieved by expressing the S-parameters in terms of the lumped

elements as outlined by Fischer 17 1. The obtained values are listed in Table 1 together

with the remaining MOSFET parameters.

Gain measurements were made with the input and output of the devices simultaneously

conjugately matched. The tuners available for our investigations were unfortunately of

the conventional matching stub type and consequently dc-biasing networks had to be

provided between the tuning elements and the device. These resulted in increased losses

and complicated to analyse input/output transistor reflection characteristics. The

Maximum Available Gain (MAG) of the tested transistors is plotted in Fig. 4 versus

the operating frequency for VDS = 4 V, VGS = -I V. The gate voltage was found to

contribute marginally only to the power gain, its effect never exceeding 1 dB. The

maximum oscillation frequency is seen to be of the order of 4.8 GHz with the transistor

being unconditionally stable (k > 1) outside the measuring frequency range. A gain of

14 dB was measured at 2 GHz inspite of the estimated in Section III relatively large

source resistance.

An investigation of the frequency dispersion of the transconductance was possible

with the aid of a Rhode & Schwarz USVH Selective Microvoltmeter connected to the drain

output of a simple test circuit. The magnitude of transconductance gm is plotted in

Fig. 5 over the frequency range of 20 Hz to 10 MHz. In contrast with other reported

results'6! on GaAs MOSFETs, the transistors showed a transconductance value gm of the

order of 11 mS which remains relatively constant for operational frequencies as low as

800 Hz. Below this frequency, the transconductance is seen to fall rapidly and is
prnhably due to interactions with traps at the oxide-GaAs interface.

- " "... . E . ... m nmn m MM ONS"mmmm
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V. Conclusions

GaAs NOSFETs made on n-type epitaxial layers with the use of wet anodic oxidation

techniques were tested at low and high frequencies in view of establishing a characteri-

sation proceJure suitable to evaluate the transistor performance. In spite of the fact

that the tested devices were not optimised for microwave use, they demonstrated useful
features such as satisfactory power gain, maximum oscillation freequency and trans-

conductance figures. With these promising clracteristics and the advantages of incorpo-

rating an insulator layer for gate protection and reducing gate edge parasitic effects,

the future of GaAs MOSFETs looks promising under the condition of further improvements

in the degree of sophistication and effectiveness of surface passivation techniques

for III - V compounds.
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Anodic oxides on GaAs

IV. Thin anodic oxides on GaAs

B. BAYRAKTAROGLUt and If. L. IIARTNAGELt

As the anolic oxides produced on GaAs become thinner, the highly resistive nature
of the oxides changes rapidly. allowing large leakage or tunnelling currents through
the oxide without, however, permanently chancing the original properties of the
oxide layer. A considerable deviation from ideal insulator properties was observed
with native oxides thinner than about 23o A, and with anodic Al10, thinner than
100 A. In the reverse bias conditions, MOS structures employing very thin oxides
(< 100 A) can allow leakage currents of a few A cm-2 with non-destructive u hite
light emission. By limiting the minority carrier leakage currents, inversion changes
can be male to accumulate near the GaAs surface and with such thin oxide GaAs
MOS structures, light-enhanced currents were observed with large enhancement
factors.

1. Introduction
One of the important basic parameters involved in the design of field-

effect devices employing MOS structures is the thickness of the oxide laver
used. For the purpose of enhancing the field effects in the semiconductor,
the oxide thickness should be as thin as possible. For example, the trans-
conductance of a MOSFET is an inverse function of the oxide thickness.
However, as the oxide layer becomes thinner, leakage currents through the
oxide increase rapidly, with detrimental effects on the space charge in the
semiconductor by the creation of non-equilibrium conditions. The optimum
oxide thickness that can be employed in a field-effect device depends on the
physical properties of the oxide layer. It is therefore necessary, from a
device al)plication point of view, to know the electrical properties of very
thin oxides as well as tie thicker ones.

This paper reports an investigation of the electrical properties of thin
(< 300 A) anodic oxides grown on GaAs, using I- V and C- V curves.

2. Initial considerations
The thin oxide layers described in this paper are anodically grown native

or composite (a mixture of ALO3 and native oxides) oxides on GaAs. The
minimum thickness of oxide layer that can be produced on the GaAs surface
is restricted by the initial growth phase of anodization in the ease of native
oxides (Bavraktaroglu and Jlartnagel 1978 a) and by the uniformity of the
evaporated Al films in the case of AI.,0 (Bayraktaroglu and Hartnagel
1978 b) or other composite oxides. It must be kept in mind that a thin
layer of native natural oxide is usually present on GaAs exposed to an oxygen-
containing atmosphere, and can thus be expected to occur between A1203
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1and( GaAs unless special prc.ault ions are taken. \W'hen native oxide layers
arc growI alJne in electroIytes A and B ( l1Iitrktl.rolh aud llartnai.el
1978 a, b), tlie iniliUll thiekliss of tile oxihh'. Can be as low as 11 A,
provided tlle aniodic current deisity is carefully cotilrolled (1a1yraktarogl
ald Hartnagel 1978 a). The miiiuiu tliickiess of Al 2()3 that can be grown
on GaAs, on the other hand, depends very much oil tle surface roulgiless of
the GaAs substrate. Assuming that, the surface is free from scratches and
contamination, a ninimum of 50 A of evaporated Al filuin leads to the produc-
tion of satisfactorily uniform 75-80 A thick AI,0 3  layers.

The uniformity of thin oxide films was judged by their electrical breakdown
strengths. For this purpose, MOS structures were produced by evaporating
Al field plates, 2000 A thick, over the oxide layers grown on heavily doped
GaAs (N D- N'A  2 x 1018 cin - 3) with typical field plate areas of 10- 3 cm 2,
and the electrical breakdown strengths were tested under forward bias condi-
tions. Oxide layers were considered uniform if their breakdown strengths
were larger than 2 x 106 V cm- 1 for native oxide and 5 X 106 V Cm- for A1.0 3

layers.

2.1. The growth of thin native oxides

The results of Breeze et al. (1978) and Chang ct al. (1977) show conclusively
that when GaAs is anodized for example in electrolyte B or conductivity-
adjusted water, there sometimes exists near its surface a region of the oxide,
100-200 A wide, with As deficiency, whereas there is always a non-oxidized
As region in the oxide near the GaAs-oxide interface about 200 A in width.
If a very thin oxide layer is grown, say 200 A thick, it is conceivable that
these two regions overlap to produce nearly stoichiometric oxides.

The following procedure was employed to produce thin native oxides on
GaAs. First, a thick layer of native oxide (- 24j00 A) was grown and sub-
sequently etched in N11,011. Then, by a second anodization, a 20-300 A
thick native oxide layer was regrown. A procedure similar to that described
above was employed by Chaig t al. (1977) to produce stoichionetric GaAs
surfaces. They showed, with the aid of Auger electron spectroscopy, that on
renioving the regrown thin native oxide layer with ammonium hydroxide the
ratio of As to Ga at the GaAs surface becomes unity.

The thicknesses of the native oxide layers were estimated from the over-
potential rise of 1-t curves plotted continuously during anodization
(Bay)raktaroglu and ltartnagel 1978 a).

2.2. The growth of thin A1 20 3 layers
Since the techniques for growitn thin AIO: (and composite oxide) layers

are similar to those for growing thicker layers (Ba-raktaroglu and liartnagel
1978 b), only a brief account of these techniques are given here.

Prior to the Al evaporation, at least I pi of GaAs was removed from its
surface with the pre-evaporation etchantt. Al was evaporated in a conven-
tional vacuum system at a residual pressure of 10-6 torr, or less at a rate of

t Pre-evaporation etchant: A, 4% H20, by volume ; B, 2 0 NaOH by weight.
A: B=1 :1.
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100 A rin- I. All A 2O,3 layers investigated here were produced using an
anodic current denisity of 70-104 p±A cE - 2, which gives an ALLO3 growth rate
of 20-30 A min-'. At higher currenlt densities the controllability of tle
A120 thickness becomes reduced.

The oxide thicknesses can conveniently be estimated from the over-
potential rise during anodization, providcd the thickncss-ovcrpotcntial ratios

of both A120 3 and native oxides are known. Typical overpotential-tinio
(V-t) curves plotted during the anodization of a thin layer of Al on lightly
doped n-type GaAs is shown in Fig. 1. In the dark, after almost all Al is

40 r T

40 T .

I II

10 ~ 10-

0 4 6 8 0 4 6 5

Figure 1. Ov-erpotential-time (V-t) curves obtained during the anodization of thin
Al la\yers on GaAs, both in the dark and in light. NVp-N 4 = 1016 cm-3 ,
Al thickness_ 100 .A. Va-'- Ov'erpotential across A120 3. V = Voltage drop
in the space-chlarge layer of GaAs. V0e-- Overpotenitiai across the native oxide.

converted into Ah.O3 a change in the space-charge layer occurs in GaAs
(Bayraktaroglu and Hartnagel 1978 b) which is detected as a sharp rise in
the V-i curves. Further anodization p~roduces a native oxide layer whose
thickness can again be estimated from the same V-I curve as the overpotential
rise after the sharp misc. In light, the anodization of Al is similar to that
observed in the dark; however, as most of the Al layer is converted into
AlI0, the highly reflective nature of Al becomes replaced by almost trans-
parent AI.,O3 and the small space-charge layer in GaAs due to the presence of
Al disappears. During the period when native oxides form, photo-generated
electrons in n-type materials drift into the GaAs bulk, whereas holes are used
to prevent a sp)ace-eharge layer from growing near the GaAs interface
(Baytaktaroglu and Hartnagel 1978 a) and, therefore, unlike anodization in
the dark, a large sp~ace-charge region does not form.

Due to the large number of holes in p-type GaAs, such space-charge effects
are not observed on anodizing Al on p-type GaAs. The effect of light is
therefore minimal, and the only way of determining when the native GaAs
oxide starts to grow is by observing the change in the slope of the V-t curves.

3. Non-equilibrium conditions
3.1. Thin native oxide .JIOS diodes

GaAs MOS diodes with very thin anodic native oxides (20-300 A ) show
leakage currents that are sufficiently high for non-equilibrium conditions to

2A2
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develop. When the oxide thickness is ty1)i.allY I(..s than 100 A, an IlOS
diode virtually a(ts as a Sehottky dio, h. with a forward threshold field of
-2 x 10r V c - '. Under reverse bias conditions 1he ap plied bias is absorbed

almost entirely across the d(,plction layer' formed in ('a.As. This is demions-
trated in Fig. 2 by the behaviour of the 1- V and C- V curves of a typical
MOS diode with 100 A of native oxide.

SAMPLE HA -

E /,
{ :SkilS II

1=5fillII
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Figure 2. C- V and I-1" characteristics of thin-film NIOS diodle.. The oxide thick-
ness ,-,100 A.

C-V measurements were made in the steady-state condition, point-by-
point with a capacitance bridge (Boonton Electronics, Model 75C) ; I-V
measurements were obtained with the aid of a curve tracer.

Figure 2 shows that under reverse bias conditions the capacitance of the
diode decreases continuously, and virtually no inversion charges build up
underneath the oxide layer. All inversion charges are therefore thought to
leak through the oxide. Since almost all the bias applied goes to create a
depletion layer in GaAs, the metal Fermi level becomes fixed with respect to
the conduction band edge of GaAs with a minimal voltage drop across the

=A
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oxide. As the reverse bias is increcased, the depslet ion layver widens to support
tile ex tr Iivolt ;t!e, decrilliii thle diode CiIpdatit alive.

'I'le behaviour 4)f the I - I' curves can also be ex plainied with ile above-
ment ined inlotlel. Under forwardI bias, thle dliode cani sustain a field of

-2 xl 106 N cin-1 but at I ii,0wr fit lds t l ie lraka!r ~I urrvnIi rises very MsharplY
and sub~stantial noise is ustlallY rsn in this region Shiould thle current
level reach thle A Cir-" ran * eT, thle resistance of the oxide sudtdenly drops.
When this happens the forward Chatracteristics of thle diode chlange piermnently,
reducing the forward bias threshold voltage to 0.5-0-ON', regardless of tfhe
oxide thickness.

Under reverse bias conditions, the. leakage current of diodes p)rodutced oil
n -type GaAs (N') - N,= 1015 crn3) $-ith, A] fieldI plate is less thanl 10-5 A cmn2

(the sensitivity of the measuring systemi employed) ipl to about - 15 NV, and
is independent of the oxidle thickness in the range *20-100 A. At this point
a reproducible 8-type negative resistance is observed and the current starts
to increasc rapidly in at linear fashion. This instability is also seein on redlucig-
the voltage. The critical reverse bias which causes it sudd~en increase in thle
diode current depends not only on the GaAs (doping, hut also onl the field
plates used. Figure 3 shows the ]-V characteristics of reverse-biased 1MOS
structures with different GaAs doping andl different field plates. Some
measurements were also taken at 77 K.

BIAS VOLTAGE tvoits)

-25 -20 -15 -10 -5 0

I -_10

Au -20
At

At I 30

in _40
2

_5

Cr.2I -m_70
300K .~/ N6-1.7xldPm -- so

300K

77K

Figure 3. I-V characteristics of typical ainodhic oxide MOS structures produced oil
n-type GaAs with different top metal contacts~ at tw*%o test temperatures
The oxide thickness - io A, estimated from I'-1 curv"-.

The temnperatutre dlependlenee of the reverse bias current is consistent with
the avalanche inutlt iplicat ion process in GaAs. However, since the current is
higher with field plates havin 'g low work func-tions than with those having
high ones, at the same bias values, tile whole current due to avalanche multi-
plication in tile C-aAs (depletion layer is not likely to be the only source of
current measured. 'MOS diodles produced onl p-typ)e GaAs, on the other hand,
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show higher leakage currents with field lates havinif larier work functions.
Non-destructive white lig(ht emiission was also observed when the diode current
is larger than about I A C111 2. D)etails of this observaition -ire reported
elsewhere (Bayraktaroglii andl 11artitarel 197 S c).

If the tliicknes-, of the native oxide is ~~t er t han 15;0 A. t he above-
mntioned( properties of .3,10 diodes partially disappear. Typical C-V and
I- V curves of GaAs 310S dliodes with at native oxide layer about 300 A thick
arc shown in Fig. 4. In the reverse bias, at moderate fields (-106 Vcm-1)

SAMPLE ye 1

d= 311

1.5kHz

AL 0 dimhlit

*31 ~Strong light

-10 -8-6 -4 -2 0 2 4 6

4

-I -g - -4 -1- 1 4 S

-3

Figure 4. C- V and I- r characteristics of thin-filin .1OS diodes. The oxide thick-
ness - 300A.

an inversion layer forms and the capacitance of the diode becomes fixed at
Cmin. At higher fields, typically greater than 2 x 106 V cnv', the capacitance
decreases further and eventually joins the deep depIletionl curve. Increasing
the light intensity has two effects; on the capacitance.

(1) CmIn increases due to the reduction in the depletion layer width.
Since extra minority carriers are created by the incident light, a
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narower depletion layer ulderneath the inversion region is required

to create the sate amlount of inversion charges (Pierret and Salt 197o).
(2) Departures from the quasi-equilibrium occur at hi,_-her voltages. This

is again tiue to the creation of extra minority carrivrs %%hich counter-
balances some of the leakage currents, thereby sustaining the inversion
layer at higher voltages.

Regardless of the light conditions and the test frequencies, the C- V curves
all join up with the deep depletion curve at high field values (typically at
4 x 100 V ca-).

The I-V curve shown in Fig. 4 is the same, in principle, as that shown in
Fig. 2 under forward bias conditions. For fields larger than 2 x 100 V cm-',
a permanent change occurs in the oxide resistivity, as before. In the reverse
direction the leakage current is less than 10- 5 A cm-2 for field values less
than 2 x 106 V cm - , but increases slightly at higher fields depending on the
oxide thickness and the light conditions.

A comparison of the C-V and I-V curves shows clearly that when the
reverse bias leakage current through the oxide begins to increase substantially,
i.e. at about - 6-0 V, a departure from the quasi-equilibrium conditions occurs
and the capacitance of the diode begins to decrease below its C .in value.

So far we have considered either very thin oxides, i.e. < 100 A, for which
the leakage of the minority carriers is high. or relatively thick oxides, i.e.

300 A, for which an accumulation of the inversion charges take place. An
interesting case arises if the thickness of the oxide is between these two
values. For example, 150 A of oxide is normally thick enough to accumulate
some inversion charges but is also thin enough to allow tunnelling to take
place. Using oxides of these intermediate thicknesses, it was found that the
reverse bias leakage current can be enhanced with the aid of light. A plot of
the current versus the negative bias voltage is shown in Fig. 5 for an 3IS

V (volts)
.3 -- , 4 -3 2 -1 1

dark - I

dim light -U

SAMPLE F4B/C6 -
d'- I.SA

Figure 5, Reverse.bias I-V characteristics of thin.film .MOS diodes in light and
dark conditions. The oxide thickness ~ i54) A.



dioe it a atveoxidle about 150 A t hick. lhe currents are munch

higher eha li expctd front the extria (heel roln-l pargeeaio ihhih
in the delel(tioni Liveri of htl Ga..s, Sinlce 4ai'ral f this nulideI no
observed, ('ithti' wit impilet~ Schlltk kvN barieri dliodels 'ojist ruie ill thle Samle
dimensions or- %it h M IS diodles luingil( thinnecr ( < I 0It A) oxide lavers. I t is
also interestingr to note that t hes5 cuillcilts dho nt start to in(case until the
reverse bias voltage reaches at threshold value. Similar currents were observed
very strongly wvith thin A1203 , and the origin of these curves is discussed in
detail in § 3.2.

3.2. Thin A 1203 MOS dIiodes

Typical C-I1' and I- V curves of an MI11 diode with a 75 A thick A110 3
layer are shown in Fig. 6. The effect of the light on the C- V curve is similar
to that observed with thin GaAs native oxide, i.e. C ... i increases and the

31

l*=lsA 0216

1101191

-i a -s1 light6 2

-26 IS -9 4 2 2 4 1

dark V( volisi
dim ligh -20

-36

strong light .46

KP~A 5

Figure 6. C- V and I- V characteristics of thin-filmn MIS diodes with 75 A12I0 3
on the insulator.
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departures from tie qtlasi-('qtiliitl 1it, ocur' at hildicr %-ltages under illumina-
tion. With the sante light intll.sitv the shift il tle , values is higher
in the pr(elt case than that ohser.%ed %%ith it 30A t hick native oxide. as
seen in Fig. 4. Te 1-V" curves shown iil lig. 6 arie rather interesting since
they show% very enhanced current levels ili lie re'vcrse bias, with tihe sit mc
light inte .. ,itics as used lpeviotisly with 15OA thick native oxide. inder

forward bias conditions large leakage currents start to flow at field strengths
of > 5 x 106 V c l . As long as this current level is kept within the A cmn- 2

range, the electrical properties of the insulator are not changed, but at higher
values the probability of permanent dielectric breakdown becomes higher.

Figure 6 also shows the effect of light on the reverse-bias currents. In the
dark, the leakage current is less than 10- 5 A cm- up to about - 15 V, where
a sudden rise in the current is observed. In light, the current starts to rise
at about -3 V and then tends to saturate. It is important to note that
both the saturation current level and the voltage at which the saturation
starts to occur increase with the light intensity. The current saturation
level under similar illumination drops sharply as the AlO 3 layer is increased
above 100 A.

Clarke and Shewchun (1971) have reported similar light-enhanced currents
with a 30 A thick SiO. layer on Si. An explanation of this phenomenon
given by Green and Shewehun (1974) was used as the basis for the analysis
of the present situation.

In the dark, it is assumed that the leakage current is larger than the
generation rate of the minority carriers, therefore no inversion layer charges
can uuild up near the surface. Under these conditions the Fermi level of
the metal is pinned with respect to the conduction band edge of the GaAs
and most of the applied bias occurs across the depletion layer formed in the
GaAs. However, if, with the aid of light, the geveration rate of the minority
carriers call be made larger than the leakage current. an inversion layer forms
and the depletion layer w-,idth becomes fixed. Any further bias produces a
voltage drop across the oxide, moving the Fermi level of the metal tip with
respect to the GaAs conduction band edge. k point will be reached at which
the metal Fermi level is in line with the conduction band edge, and the proba-
bility of majority carrier tunnelling from the metal to the conduction band
of the GaAs increases. The magnitude of this tunnelling current depends
strongly on the voltage drop in the insulator, which is a function of the dezree
of inversion at the surface. However, as the degree of inversionl depends on
the balance between the minority carrier generation rate and the leakage
current, it is possible under certain circumstances to induce majority carrier
tunnelling currents by illumination. It is also reasonable to su.gest that,
for MOS structures produced on n-type GaAs, with the same oxide voltage,
the position of the metal Fermi level will be higher when field plates with
lower work functions are used. Figure 7 summarizes the mechanism of
light-enhaniced currents observed with GaAs MOS (or MAOS) diodes.

It was shown by Green and Shewehun (1974) and by Shewehun and Clarke
(1973) that by choosing the right device parameters, the above-mentioned
mechanism can increase the current by a factor of 1 to 103 for the Si-Si0 2 --

metal system. A simple comparison of the I-1V characteristics of an MIS
diode such as the one shown in Fig. 6, and a Schottky diode produced in
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Figure 7. A proposed model for the current multiplication observed with thin-film
MIS diodes on GaAs.

exactly the same way as the MOS structure but without the ALO 3 layer (which
gives a leakage current of < 10- 5 A cm- 2 in bright light conditions), shows
that with 75 A of AIO 3 a current enhancement of > 103 is possible. Similarly,
from Fig. 5 an enhancement factor of 20 can be derived for the MIS diodes
with 150 A of native oxides.

4. Device applications
It was demonstrated above that both the GaAs native oxide and the AI2 0 3

can be produced uniformly over the GaAs, even whenl the. are less than
100 A thick. The electrical properties of these oxides are not very different
from what is observed with thicker ones before the onset of non-equilibrium
conditions. Thin native oxide and AI.,O1 films were found to withstand
fields up to 2 x 106 and 5 x 106 V cm - respectively. Also, with appropriate
thicknesses a build-up of inversion charge near the surface was observed. In
this respect one of the main uses of such thin oxides will be in manufacturing
MOSFETs with high transconduetances.

Since it is possible to obtain light-enhanced currents with thin oxide MOS
structures (especially with thin Al. 00), such devices can be used as photo-
sensors. The test devices employed in § 3 always had 2000 A of Al pads as
the top contact which is, of course, highly reflecting. Incident light changed
the 11OS characteristics of these devices by creating electron-hole pairs only
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around the edge region of the depletion layer. By using much thinner layers
of metal, e.g. 50 A of Au, which is practically transparent to the light, higher
efficiencies may be possible.

If the minoritv carriers are supplin to dhe GaAs surface region of these
reverse-biased thin oxide MOS diodes by means of, say, a second similar, but
forward-biased, diode, transistor action is possible. 'The possibility of such
a transistor, which is called the surface oxide transistor, was demonstrated by
Shewehun and Clarke (1973) with 30 A thick SiO 2 on Si.

5. Conclusions
In conclusion it can be said that, due to its lower leakage currents and

higher electrical field strengths, a higher degree of inversion on the GaAs is
possible with A120 3 than with a native oxide of the same thickness. It is
important tb note that thin anodic oxides on GaAs ( < 100 A) do not change
their electrical properties until a leakage current density of several A cm - 2

is reached. Finally, a current enhancement process is possible with very
thin A1.0 3 layers on GaAs.
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Our present understanding of the factors which affect the growth and
properties of the anodic oxides of GaAs is reviewed. The various parameters which
affect film composition are discussed and some new data from studies by electron
spectroscopy for chemical analysis are given. An anodic growth mechanism is

postulated which involves the interstitial ion drift of gallium and arsenic ions and a
vacancy transport mechanism for oxygen. Experimental evidence in support of this
is discussed. A brief review of the electrical properties of GaAs anodic native oxides
is given. Areas in which further work is required are outlined.

I. INTRODUCTION

Since work was first started to find a suitable dielectric for the production of
MIS devices on GaAs. a variety of materials and techniques have been investigated
including the deposition of SiO,. AI,O and SiON,' -, thermal oxidation ' ".
anodic oxidation" - and plasma oxidation"0 . Thermally grown native oxides on
GaAs have been found to be composed almost entirely ofGa.O I owing to the high
volatility of As2 O 3, although recent work on thermal oxidation under a controlled
As,O vapour pressure has shown improved results".

The difficulties due to the loss of As,0 3 and arsenic at elevated temperatures
stimulated interest in finding a suitable low temperature technique. One technique
which has shown promise is that of anodic oxidation. Initial results'-" obtained
using this method of oxidation were not very good. yielding non-uniform films with
poor electrical characteristics. Howvever. more recent results" obtained after
optimization of the growth parameters and of the electrolyte have shown that it is
possible to grow uniform native oxide films with high resistivity and good dielectric
breakdown strength. These results have been shown to be extremely reproducible.
and the method allows easy control of the oxide thickness and is very simple to use.

More recently native oxide films have been produced using plasma oxidation in
various forms; some of these methods are essentially anodic oxidation carried out in
the gas phase. However, the films grown in this way appear to have somewhat higher
d.c. leakage currents than films grown in solution.

In this paper we look at the properties of native oxides of GaAs formed
anodically. assessing the results of the anodization technique used and indicating
those areas in which further work is required.
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The growth ofa inal\c oxide film on Ga As by anodic oxidation is carried out by
polari/ing the GaAs sample positivey with re'pcct to an inert electrode such as
platinum in a suitable electrolyte. The important parameters which must be
controlled are the current. Ihe overvoltage and the electrolte composition. The
experimental apparatus used to carry out anodization has been described in detail
by Hasegawa and tlartnagel' .

Growth may be carried out under either constant-current conditions or
constant-voltage condiiions (or a conbination of the t wo) ". However. growth under
constant-current conditions has the following ad\antages over the other regimes.

(i) The film growth occurs at a constant rate \,hich may be controlled by
varying the constant current employed.

(ii) The thickness of the growing film ma. be monitored by monitoring the
voltage developed across the oxide. The thickness-overvoltage characteristics of
anodic oxides are extremely reproducible. and once these have been determined any
required thickness may easily be obtained. It should be noted. howexer. that the
thickness-oxervoltage characteristic varies with current density and so must be
determined for the particular current density employed, once this has been
optimized.

The composition of the electrolyte plays an important role in determining the
reproducibility of anodic oxidation and also the properties of the oxide film. A great
variety of electrolytes have been employed, but vcry reproducible results have been
obtained9 with mixed aqueous glycol electrolytes. The role of the glycol seems to be
to limit the diffusion rate of ions in the electrolyte. Man\ electrolytes etch the native
oxide at a low rate which is dependent on such parameters as concentration, pH and
temperature. The glycol seems to reduce the diffusion rate of the dissolution
products away from the oxide surface and thus to make the anodic oxidation less
sensitive to any pil or concentration changes: it also reduces the rate of dissolution.
In addition the glycol will probably affect the transport of the oxidizing agent to the
oxide surface but since this agent appears to be water"2  %hose concentration is very
high the effect is expected to be much less significant. We have measured an
activation energy of 5 kcal mol- ' for the dissolution process in a mixed glycol-
tartaric acid solution which is consistent with the proposal that it is diffusion
controlled.

3. ANODIC FILM COMPOSITION

The composition of the electrolyte used also influences the properties of the
anodic oxide film. The mechanism involxed during GaAs anodization is not well
understood at present but some general observations may be made.

It is well known that during the anodization of valve metals, particularly
aluminium, some electrolytes give rise to barrier-type oxide films whereas other
electrolytes produce porous films" ". It is possible that the same situation exists with
GaAs anodization, and if so it is important to a% oid the formation of porous films
since they can be expected to show poor electrical properties such as high. d.c.
leakage currents. However, the dividing line between barrier and porous film
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foir 111tion is not clear cut is Some harricr-film-fol m e clectrolN its seein to produce

i t1 films M hell the aInodi/ation collditioi .L'i hLed l ". I has been obci %ed".
in our laboratorics thatI wlien the iinodl/ation oI(a As is carried out in In electrolyte

.ollsisting of I part of 0.02 NI (NI)i I0,P() 4 mi\cd %% itlh to parts of propa11 I.2 diol

the oxide film,. % hich is inlitialy oft he barrier t)pe. seems to become porous " hen the
illm thickness becomes large. This behaviour is characterized by a flattcning off of

,he overvoltage-.tie curve for constant-current gromth. and scanning electron

microscopy photographs appear to shoss deep pores in such films. The onset of this
behaviour appears to be sensiti%e to tile growth current density, the critical thickness
beconling smaller at low growth current densities. This phenomenon must be

clarefully monitored to avoid porous film formation, and its occurrence might
account for some of the discrepancies in the reported properties of anodic oxides
produced in different electrolytes.

Even when electrolytes are used under barrier-film-forming conditions.
%ariations in oxide composit ion have been obsers ed. The anodic oxide surface seems
particularly sensitive in this respect. Chang et al. S have used Auger depth profiling
techniques to study GaAs native oxides produced by anodization in dilute aqueous
solutions of H 3PO,. They observed a surface region %% hich was arsenic deficient, the
gallium-to-arsenic ratio at the surface being about 5. We have used X-ray
photoelectron spectroscopy (electron spectroscopy for chemical analysis (ESCA))
combined with argon ion etching to carry out similar studies 6 . Samples of GaAs
anodized in the (NI,)H2 PO,-glycol electrolyte under barrier-film-forming
conditions also exhibited a region close to the surface which was arsenic deficient.
However, in this case, depending on the growth current density, no arsenic
whatsoever was observed at the surface itself. The width of the region and the extent
of the arsenic deficiency wete observed to vary with the growth current density. the
effect being more pronounced at high current densities (0.5 mA cm- 2l In contrast

with this, samples gro%%n in the AGW electrolytel (one part of 3 vol.°, tartaric acid
solution mixed with two parts of propan 1.2 dioli showed a gallium-to-arsenic ratio
in the oxide surface region that %as lower than that in the bulk of the oxide. Table I
lists some gallium-to-arsenic ratios at the surface of native oxide films grown in
different electrolytes.

The processes controlling the surface composition of anodic films have not
been investigated. Howeser, it seems most likely that surface absorption phenomena
are involved, perhaps similar to those known to affect the anodic dissolution rate of

some metals' ". The equivalent dissolution rate of the anodic oxides of GaAs varies

with different electrolytes. For example the rate is 35 pA cm -2 in the AGW
electrolyte whereas in the (NH. t, PO4- glycol electrol. te it is less than I PA cm - 2.

Since the dissolution process is also a surface phenomenon it may be possible to
relate the surface composition to the equi alent dissolution rate.

However, regarding the surface composition, since the gate contact for a metal-
oxide--semiconductor (MOS) device is placed on the oxide surface, it is important to
establish whether or not it influences the device behaviour, and more work is
required in this area.

The gallium-to-arsenic ratio in the bulk of the oxide film shows some variation
with electrolyte composition (see Table 1) and variations have also been noted"'
from determinations made on similar oxides using different techniques. Chang et
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TABLE I
Till. (iAl I It 16-1OAkI %PI( RAiI IS AlI Till %I It! A( I AND) IN 1111 MIUA 1. 01 ANOIC 05.11)i S (0% GAILl ItM
AN M Nil)! (,ROi%N IN) KIK ODl-I! R1 %'( ONi)II%S

Gallium-iti,.irm-in Galli Ioni- to.- ar s,,11ii I, i~ roh I.. Xrii Ili cioniuions Rcirceiit
ratio uf or rit'Ur (it-' rio In tie o iic hulk.
oxide surJace

33 1.8 IN11.0t2 PO, glycol, 16
S00ipAcin '

14 1.8 (NIQeH,11OA glycol, 16
I0&iAcn-

1.4 1.8 Tartaric. acid glIycol. 16
200 pA cm "

2.9 1.8 Aqueous HPO4. 15
constant voltagec 150 '

1.4 0.77 Citricacid glycol, 19
constant current and constant
voltage

al.'s have reported a gallium-to-arsenic ratio of 1.8 for the bulk of the oxide film.
Verplanke and Tijburgl9 have used radioactive tracer techniques to analyse films
grown by anlodization in a citric acid solution--clscol electrolyte. They have
observed a gallium-to-arsenic ratio of about 0.7. In our own ESCA studies we have
observed galhium-to-arsenic ratios in the range 1.7--I.8 for samples anodized in both
AGW and (Nl14tHPO,--gtycol electrolytes. Iiossever. the extent to %shich the
ESCA ratios arc atiected b' the selective etching that occurs during the argon
profiling has not been established so that at present these values are tentatise. (A
typical ESCA profile is illustrated Ii Fig. 1.1 The reasons for the variations are no(
clear but Verplanke and Tijburg have suggested that it is due to the use of different
electrolytes. However, their sugglestion that the effect is due to the use of glycol in the
electrolyte does not seem to account entirclv for the difference in the lightl of our
ESCA results unless selective etchine affects the vallium-to-arsenic ratio here by a
factor of 3, which is greater than the effect obsersed from the GaAs substrate (about
1.5) and therefore seems unlikely.

In view of these problems it is not clc what the optimum gallium-to-arsenic
ratio should be. It might initially be anticipated that a ratio of unity is the most
favourable. flowever, consideration of the densities of Ga,03 and AsQ, indicates
that, if equal volumes of each \&ere mixed together, then the galliumn-to-arsenic ratio
observed would be 1.7. a value which is very close to some of those reported above.
This leads to the possibility that thle composition of the oxide film is controlled by
some mechanism related to the mixing of thle t%%o oxides and that a ratio different
from unity may lead to the most stable structure. However, more work is required to
establish the range of compositions which canl be achieved and the electrical
properties associated with each composition. It should be pointed out in connection
with this, however, that a recent paper"0 reported a gallium-to-arsenic ratio of unity
for a plasma-grown anodic film formed beneath an aluminium oxide layer.

As with the surface region the composition at the GaAs-oxide interface also
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Figi. I. A typical ESCA profile of an anodic oxide on GaAs: anodization in (Nt 4 iHPO.-glycol
electrolyte at 10 tiA cm -2 - oxide thickness, 750 A; 0. As; 0. Ga.

deviates from that in the bulk of the oxide. Chang et al." have reported an excess of
arsenic at this interface. In our ESCA studies %e ha'e observed two important
changes in composition close to the GaAs substrate (see Fig. 1I. Firstly the AsO 3

starts to disappear before the GaO 3 so that the ratio of Ga:O, to As.0O increases
in this region. Wilmson and Kce2' have made a similar obser'ation. Secondly there
is a region adjacent to the GaAs substrate in %%htch arsenic appears but no gallium.
although the ESCA chemical shift suggests that gallium is in a similar state to the
arsenic in the GaAs ". Both these effects %%ere obsersed in oxide films grown in
either of the electrolytes %% hich we studied. This seems to suggest that the composition
in this region is controlled by the anodic growth mechanism in% oled and does not
depend on the electrolyte.

The thickness-overvoltage characteristic of the anodic oxide varies with the
growth current density. For example in the AGW electrolyte the obsersed ' \alues
arc 20 A V- ' at I mA cm- and 21.5 A V- ' at 100 lPA cm :. C7.stallinitN has been
observed22 in oxides grown at current densities greater than 2 mA cm - ". From these
observations it appears that the structure of the anodic oxide is affected by the
current density employcd during groxth. This may be related to the anodic grosxth
mechanism since the variations occur \% ith the same electrolyte.

The effect of annealing on the composition ofanodic oxides has been studied by
various workers"'19.22 The results show that arsenic is lost from the film if
annealing is carried out above 350 C oing to the high volatility of AsO. The
effect becomes more pronounced the higher the temperature used. and poly-
crystalline Ga.0 3 may start to appear 2 .These effects correlate with an increase in
the d.c. leakage current through the oxide.and deterioration in the capacitance-
voltage characteristics.

4. ANODIC GROWTH MECHANISM

Since the composition and hence the properties of anodically grown films on
GaAs appear to be in part controlled by the growth mechanism, it is important to try

- .-...
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fess, stuidics hIlse ILl I cii l itonr oilnI Ow, e I oI ($.I i V Inlodii.itioii1 there it

0t151(lthlll alillitt of (Illiii &,11.1111Cf 1111 i l u te ic\0i1ii Il os d (itii

the anodic pavisdaill! 0I \110 IleI\Ct.l C1,11 clun 1iiLlllillil5 ctn he di.\r
fi(.)ticsedatalici ruoJ]Il. be l iltIHI flu Ik hditnir lilt nieh~IIIC .tiJM s iiusidsCd 1kitu)
GaAs. I loilsew r. in tile l bseni: of ccm c ycimiifi .iI c,,idenre fihe mneian isins
which Ake propose he oi .t be il sCtcIIlti 1 naure.

D~aviesC ci a._ ' had tSe d rddI0.ictis c ntacer I Lhni N tI to 0St Uid) t he rilgration of
oxygein an~d metal aini dwingtile XWIiiRtl vOid,it oh o (1 1e .,lle of irietals. Iro0m1
these results theY cak ~tilaticd a factor t~ ssoch icprCNseIlN the tiaetionI if thle filmy
growth due to thle iciii .ito iniiyatioi 'I licse \aluces arc prceeitei fin Table 11

together with the ionic radij of he ilietIA oi thr I ie %JLeruc\ state appropriate for the
oxide formed Vi oi Iable 11 it k.oi be seeni tha~t thle Loni ilbutioii fromt tihe metal ionl
decreases asthe: ionic raidits IrILICises. teoltiuii lpocii /cro for ions of

radius greater than ON A \ fi lie %AlUC lot ALl~Iiitutkiil Iii.ItidCLI InI 1 ale (I is that
obtained for ariodi/at oilit m iin l C1 sul s2\OIodiumn ietrahorate clectrols e. D~ifferent
results were reported for a oodi.i in In IIIl .iq ilous citrate elecIt(rolte. is ih a
variation in Ii,. withi cur rent dciist. I1\Cl 11Wssr this 1 nl\ lie tite to po0rous fil11
formation sitnce this celectrols te has beeni reporItedl as, heing of a pore-formyingp

nature is hercas the former is not. Smaller x ariations of r~i, \ith current denlsit\

occurred %%fith some ofthe other metls1 bult t huese \%s c not considered bi the aut hors
to bcsignificant fin Lornpaiison is ith the cx pern iental errors. in these eases %%e ha e
listed a\ crage salues.)

TABLE 1t
THI, CO% IRIM( li10%siOF kitI Ai Ii -% rF It 1 1111 (.kO\% I I 1 0 AAil Msrl so S I)% Al001 S %II IALS

Mfetal Pert ,,l,&Lf (,piriliurit-r i , (t ii, fat iins At, tatiton rujihu' in ,~ id Ai

Zr<~ 079
Hr < 5 0 7M
Nb 27 069
Ta 29 0681
W 33 O,
Al 5 051

The variation in r,, \ith Iiionic r-ais Call he cexplairned if thle metal ions move
interstitial]) throuiih the oi ide Ifim d u rti!ii ross h If ill is is the catse. then as the si/C

of the ions incases1. rela ise to the sizc of tile iriteit tIJ rlSites,. the 1cti\ at1ion energy
for drift under thle iInuL rice oif tile electric ticid is, expeced to ircease. leading to the
obscrved results. The Sit Latioii I" riot quite a,, Simple .15 tils iiiLe %%e nllust consider
the stUCtureS of file ddicrei oxides andi th10 possible x'ir atiOr';I filte Size of thle
interstitial sites. Iliosses er. since aniodic oxide fills, are getieralls' amorphous and
possess no lonig rari)Ce or der. It IS posible that1 the SIrkOICturs are sinIIIlar and arc
dominated by the rehrttisel\ large tl\\eeci anionis.

If this inlt pretatiori i% considerdl ito be sauid and applicable to GaAs
anodization. then to conlions011 rnINa bedrawnki.

(i) Since the ionie ridii of gallium aird arsenic are different (0.62 and 0.69 A

. L &6
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ifor tile tripositive ions* the% are expected to drift at diffcrent velocities.
T The size of the ox g n lli-anion 11.40 Al precludes the possibility thai

i s1.'Ia tlransport of oxgen makes a sinificatnl contribution to the growlh.
('Onsidcrinig the tran.sport of oxygen Pringle5 has studied its migration during

he .nodic oxidation of tantalum. Firstl. his results showed that oxygen atoms do

111|:|1.1t during anodic oxidation, secondly he demonstrated that during growth

their order is preserved and thirdly he estimated that the aeragejump distance for
-, ox.gen atom during migration is about 4 A. (This is about the same order of

t,|.jeniudc as the distance expected between nearest neighbour oxygen atoms.)

1 li,ce results are entirely consistent with the assumption that oxygen migration

.,ke, place ia a vacancy transport mechanism. In fact the preservation of order is
c\act1. the opposite of what would be expected from an interstitial transport

nicwhanisn where the ions entering the film last would be expected to appear nearest

o he opposite interface. Recent results from a similar stud% of GaAs anodization'
2

,,ho med that the order of oxygen atoms is also preserved in this case.
On the basis of these observations %%c propose a mechanism for GaAs anodic

,,,idkation in which gallium and arsenic atoms are ionized at the GaAs-oxide
interface by the high field present and that these ions then migrate interstitially from
this interface towards the oxide surface under the influence of the field. We also

stIggst that oxygen transport from the surface toxards the interface is by a vacancy
transport mechanism. Because of their differing sizes the gallium and arsenic ions
nay drift at different rates. The vacancy transport mechanism for ox)gen requires
th1at positi\ ely charged vacancies are created at the oxide-semiconductor interface.

posibl) by the removal of gallium and arsenic lattice atoms as interstitial ions; these
then drift towards the oxide surface under the influence of the electric field.

If the gallium and arsenic ions drift at different rates we might expect to observe
this phenomenon as different concentration gradients of gallium and arsenic within
the oxide film. There is no clear evidence that such a gradient exists but the actual
concntraion of interstitial ions present could be extremely small, depending on

their absolute drift velocities. Accurate measurements of the ox ervoltage-thickness
characteristic for anodic oxide films on GaAs , " have shown a linear relationship for
giiiovth at I mA cm- 2. This suggests that there is no observable space charge effect
ssithin the film due to the migrating ionic species which in turn suggests that the
concentration of ionic species present is low. The concentration should be greater at
higher growth current densities and an effect may be observable under such
conditions.

The build-up of arsenic observed at the oxide-semiconductor interface could be
consistent with a higher activation energy for arsenic ion drift, but it would be an

oversimplification to consider this to be the complete explanation. It has been
suggested elsewheres that this arsenic build-up is due to the preferential formation
of Ga.O 3 . This was explained as due to the fact that Ga1O 3 has a higher
thermodynamic stability than As,O,. However, the thermodynamic data refer to

equilibrium conditions whereas here we are dealing with a kinetic situation where

the height of the energy barriers is the most important consideration.

* Different sources give different values for the As" ionic radius. This value is calculated for
siafold coordination as is that for Ga"; thus these are probably the best values for comparison purposes.
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An ahclt natlive, although en11ily Tqwulalis , ecxplai nation for the iarnic build-
up is related to the uwa- In 'A hu h 2,111m and arscic ;0ions ;are formed and
remloscd from this interface. If we coiider a Ga,\s pair in the (,iA. substr;tt at the
interface, it is possible that tindcr the influence of the high electric ficld the gallium
atom inay be renio ed as a positis c ion, leavtg the arsenic atom negatisel) charged
and at the same time forming a positively charged vacancy. I-he positive vacancy
and the arsenic anion could then become associated and trapped at the interface.
The reverse situation where an arsenic cation is remosed, leaving a negativwly
charged gallium species, is less likel) osing to the more elcctropositive nurc of
gallium.

If the model is correct in predicting the formation ofox.gen vacancies at the
oxide-semiconductor interface, this is an unfaourable situation since it implies the
likelihood of excessive defect concentrations in this region which might result in a
higher interface state density. This situation is likel to be aggravated by the use of
high growth current densities, especiall? if any space-charge-limiting effects are
involved ", and may explain some of the variations observed w\ith current density.
For this reason the use of low current densities (in the region of 100 PA cm-2) is
likely to produce oxide films with better electrical properties.

Although the growth mechanism suggested here is largely speculative it does
represent a starting point from which an interpretation of the available data
becomes possible. This is important if we are eventually to gain a full understanding
of the anodic growth process, and %%e hope that it will stimulate further
consideration in these areas.

5. ELECTRICAL PROPERTIES OF ANODIC OXIDES ON GALLIUM ARSENIDE

The electrical properties of anodically grown native oxides on GaAs which
have been discussed in detail else% here: 28-30 %will be briefly mentioned here.

Kohn et al." '8 ° have calculated the charge trapped in the oxide from d.c.
leakage current measurements. Using this they have calculated the charge centroid.
which was found to reach ',alues of up to half the oxide thickness. The presence of the
charge centroid was used to explain various instabilities observed in the anodic
oxides. For example a non-destructive breakdow n phenomenon was observed s% hen
the brcakdown field strength ((2-3)x 10" V cm- ) was just exceeded. Partial
recovery took place if the device %as stored for several da.s. It has been suggested
that this breakdown occurs close to the interface o%%ing to the high field associated
with the trapped charge.

The capacitance- voltage characteristics of MOS diodes on GaAs exhibit
several aspects of non-ideal behaviour including hysteresis, frequency dispersion
and an accumulation capacitance which continues to increase with increased bias
voltage. The last effect may also be explained by a charge centroid in the oxide which
effectively reduces the capacitor thickness, thus causing an apparent increase in the
accumulation capacitance.

Interpretation of these results in terms of the theory developed for the silicon-
SiO2 system seems to lead to the conclusion that the interface state density is very
high and that prospects for device operation are not very good. However. it has
recently been argued 3" that this theory is not applicable to the GaAs-native oxide
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s)stcin becaue of tie compl calcd oxide trapping and interface behaviour. Indeed.
cnhanccinenIt-dc pletion mode MOS field-ilect IrItansistol MOSI-ETs). . - 2 % hich
show piorniHirirg charcrislics hase bcen fabricaled usllw tihe GaAs anodic oxide
technolog., suggesting tha the present understanding of their behaviour is far from
complete

6. ANOI)I(ALLY (R()WN i)OUHI OXIDE STRUCTURES

Recent work has examined the properties of dielectrics on GaAs incorporating

aluminium oxide as sscll as the GaAs native oxide2". These are fabricated by
depositing a thin layer of aluminium on the GaAs substrate prior to anodization.
Capacitance voltage measurements made on diodes fabricated in this way show
reduced h)steresis and an increase in the slope of the capacitance-voltage curve at
high frequencies. indicating that the surface states are frozen out. The discrepancy
between the predicted and observed capacitances is also reduced.

In addition, dielectrics fabricated in this manner have shown charge storage
properties 3, and a memory transistor has been cons!ructed using this technology-'.
The performance of these devices compares extremely favourably with that of
devices produced using silicon MNOS technology.

7. CON('LUSION

We believe thlt the anodic oxidation of GaAs represents the most promising
technique available for the production of MOS devices on this semiconductor.
Hove\cr, the processes involved are extremely complicated and as yet not very well
understood.

The effects of the electrolyte and of the growth current density on the properties
of the anodic oxide need careful examination, and an attempt should be made to
correlate any ph.sical changes observed %kitl the electrical characteristics of the
films. It is also important to obtain a good %%orking model for the growth mechanism
invol\cd during the anodic oxidation of G.iAs and to tr and understand how this
influences the film sti ucturC and properties Our suggestions in this respect are based
primarily on results reported for other anodic systems. and our model is based on
the interstitial transport of gallium and arsenic ions and a vacancy transport
mechanism for oxygcn ions. \We believe that it represents a useful starting point for a
critical examination of the mechanisms insolved.

A detailed knowledge of the physical and chemical composition of the anodic
oxide films is essential if a complete understanding of their behaviour is to be
obtained. A significant amount of data is already available. much of it from Auger
depth profiling studies lolever. ssc have found that ESCA combined with argon
ion etching provides extremel) valuable complementary information, Its particular
strength lies in the ability to distinguish between atoms of the same element in
different chemical en% ironments. This has allo\%cd us to observe much more clearly
the compositional c ha ngcS that occur at the oxide -semiconductor interface. The use
of a variety of dilicrent ph.sical techniques will help to clarify certain areas of
uncertainty. particularl the composition of the anodic oxide films. From this point
of view the use of as many different techniques -as possible will be highly
advantageous.

7.V
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With rc,,ttd to the electri ci pI opct tic',, of the (ia As ,tiodic oxides. parttii.ii LI

the i ittle'll.kl ptop.rtt,,, it Ik cl ai tiht~i the -tirintcl\ i\al[ihlc niodel, aic

illadi Lt'Lu tc. hi (li' arc;' tile a .tilahlil.,, , p% CCi ]. lite l ,Ic 1 2 Ai ii tltl oti t %, fil .eerla ill.%

aSt,,i.l it) It+ & clopitneit of ith re IAiJ'il mo, l,'h i ,,e t lh pledicl the electrical

chiaractier I I Isiti ch miIore relably.
Finally, with the production of double oxide films on GaAs the flexibility of the

anodic oxidation process has been demonstrated. This innovation has produced

dielectrics with better electrical properties as \%ell as introducing new possibilities for

device applications. We feel that the value of this technology has now been proved.
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Multiple insulator layers on GaAs studied b~y Auger analysis

J1. T. (lL\\T- 11 1I .-1i.\IHN.\( :I. . F. 1, SCII('1'10 I EYI-l V

liotrat it i.

to Recu lit iuitrI~t I o lii. o nd Oi- oriion~ i tt ti at,ph tiu t ,unace. kltoso G

1. Introduction
Pa~sivt i~ntit a~ silacs eqire a -tblenislaor u ilivery itnall leakage

currents apart fniti nitineritis it tir ilitittattt ItCtues. NMult ple-lay' er inulatitlu
filmls have tlieriweti It(eit L!ittm it utltt(lllv tt it ait iive iIIt taut eitl ter wrimmctte over
the pure GaAs nativ ix ides. l11 -\"t()l rAl~3 "t it I its P1 tttItiaill wit eerurv
gap of ipl to S eV't been- luie i ttidereti aittli'll fitatcuiial. It is therefore uu-eful to
St udy thle e tle icit umt p t ittt n it ttl. i u)t It st incttiUrev bY u ter sp ec t lOti*lW.
Tlhis %virk iu- alsti settill tlte tvest gatiti lst it uh prilileltes ats tltl~n~i and hiuh-
field drift ptittesses (d tfiatet ial acrttss aii A1 2 ()3 laver ins-erted into tilie nat ive G aAs-
oxide film.

Soitie p-tieil na ry resoilts tin pitsntatlischantrw tgrovlt tixitt ii GaAs have been
reported ((ltan'Loit of. 1977 ). lit this papeir \%( eclittt filtr iata lii1 eltetrolytically
grown oxides, batsed on It lit A( AV e(It ti rilt *- t\ttat and Hlartnia-_el 1 976).
Earlier pulishi ied tiniii it t ar in itt tt t uni i it d litv itlt iteve r. svet-ra I imt irt ant
further details are retjttd \t i tli arie rulevanit ft tr tilie correct seieet ion of
manufacturing parameters fo r device apjtlitat itis.

2. Experimental procedures
All oxite it' vers tdc~vi-itlil lit this \ttirk it cre .!rmlt ill the A( W electrolyte

I-lasegmataitul Harttla't't- I 9761 tiItlir illjiattitt tititlt itps leili valueanartil e
tenh~t~litit'tftet~etttill i lutliwei kept it 2515 S e~joetivtlv Ct.'titpttite

oxide~ ~ ~ ~~~~1 'tu-ot er tciiby ti 1st dlmttitmtt the tlt.iretl thlitktlestftlte Al film
on a (hmttl-jilsl l iatied and1 cltititallv-ettted surIfie (tf (;a- atXutnd

wats then votiiiieui. ittle li rliG.. layttersl'ltvi. The tl ickiess ofeath
oxidle layer \was estimted~ byi thle tveipttcitial riste tilttill.t tlte gituwtii of tle
correspoinut i layer (l 'av, aktaurttglu antd lliartittzel 1975). .Atnealig of somne
samles \%tas tarrittd ltit inl N, ami) enit at 35iI() for 15 miin with 14WK( 'mini heat-up
anl( cool-dtiw i iylus.

Reeivedl 25i Setetmixtr 11178.
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( Fiviiil Fir tills llttst (ilia veAiw iCS Is rtitc moo izd GAs i v. i l 1 t I rat itig -,vo led iiim eets

jisI() a 5Ac)1rm 1-a n (b) I.hi tini aill.jlti. a (l i tint .\vr taken sing a

uci licamhIirii tillli were pellsiIll ith al sallii5 hiligtur. ic hrprot

tIsia first dittivtoi gthtiver.(A (if, n Al c nt es.ilieli prisilhtli ailr titiall of

peaki theigihits Owllllt ill 1975) lieuoxtii o h ll il~ l fmf clt her itist otedhvo

(If hit*v iIth it tl i i mmrsilsli. li1* stuitIi-li2 titi jiosi ion 1,1 Al in lii o itd 11 :liill

it ly511, to drivmlI lwil rte oi to trdior it( 5/1As mmtlil lloitl sjflli v. FIllrerI

Figs. 1a (1 misll i (b i iselit It 1111). ah timii li it iv le iit Si 11(0 li t l~it- till~ ( C1? f rticS



thlii (-t cIt raic, III i t 1,it it ;lii I hvictti I I i, it'l orI ct tutu ime U ma rot be

usoiii itl tuI t lic t hili- ,I I lit ilitit .I i \4\4i iii'-o tia

-.1i-\ in ti -i it Iti of t ll I- t 1tt 1 ii \ i t h - 1 I b I,- % i i(- ,II( (N, i dii % a, n m i, 1

whleieas this nmiir is 2-9 foil a co-mit-i dciiit v 441li 1.\ ilit
2 : tilt- ratio (if, tllo't.

ntumber-, is i-.2. oib hi t -li masm flmn 0141444 it Hidititti1 1 4)1 -iiitpit itiiiliallig. 'Fle ii)04v)

etech timnes wee bta~ici fIroin tilt' kl Midt (a ;igna ,1At tit(' ltalflujiIutS on tite -igrtlal
vitia t jon s.

1~Unfotmitatey, it i , lot possuhl)' 1i.ttoo lsI it iilituti) * otlit Au--oci- linesfuit the(
raw data its at measmre of' till cititirital concii~titi s, as eth-cts like Auuvr line(
shape changez. electiron escape deplth an ptio trfei-etioi ctcinLi have nott been takenl

inlto (oni~deidtiont. This pioi- \% as io-vn ill the ( ;a .ictsiinais in ti~from thle
anodized Ga.\si to the G aAs. \\ here tit( (;.it sivilal ititlictit d (ip. has dip is Itritabl *y
not due to a lar tge (1ecivas4 inl (i cot-n-cntratitoin butt is nmainlyit(u to tie( fact that the
Auger peaks fromnt o\ dizedi (;it and fito tin( inl GaAs appear at tliflerent venines.

Techtniques develoicti to oi, ei-ome tiese piobhicis inl deptih piotiiiti (Crant 04 (i..
1976) cannot oe diruct ' y applied lur-e OWiii- to, thet smtall eilertvy separat ioin of the Ga
and As linies. Such eti cts mtigiht also be responsible flt-r the observation that the

60 Native Al 20 3Native Oxide GaAs
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Figure 2. to 1 i rti-' f~ot oiIt~ o ftt''i.t tt nzotviot teiotiotoit u

contiut-uod1141it 440 f ;ii i I 0l- tt .O~di'i~tto vio'trtctitturro i
grouoth. Sample', otru %~Ill,,41 ',itti -rt it]-'Ii.% 4 ~e 0 1 4411l. cm*

are Tauo data alit tht'- Al 44 arid )X o-liIt l I4t -V( h -t t 01 t' -1-n it t40 (IlL' tOAs reg~imoi.
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apiroiu te.l 2 .. ..zl iu hr ujgh thIe, x it le, '11w. t.x~ .\ -irl AIX%, i I at (Iit-d Iv I i fatito r of ti ve

0XVtgtil CMIiiiit rat iii! 1oditnicat h tlti Al pe-a appi-a s ti be iii it l.5. iter thanl

thait aboive the Al Peak )lI!v cilr\i I!! illi 2). Hm\. exitr it j- 1).. ii that there isa

real phenuinn \\ huuh \%ilud iindu(ati \\ tther thll limitlvi .IN- xiile Uniderneath the Al

Cons~ist- of vith(.1. all ".Xiliv\ whieli is haiseil on lc&-s u-x v,_u atorlis (,ai.x A.,,( 3 rather

ti" It'O . (; ( )3 ;ill(' \s'(J3 jllt""tmi "" )4At) "r IM omplhletlv ox~idized Ga
and As. Further %%I uk in t his, alit is- plami .i

It Is also found that Al Iniistuin ti. oidekI frin it ekt h ufi ith

redin ' -i! (letsit it. (Fli, 2). \hjereas the uoxide unilerneath tire AI peak dotes noit

exhibit any AL Thuis ccm.,~ to) indiiate either that Al ian hie liokei ount oif XlI,.

iorlize~ld i ritil l *v tl( he lih tu0 th tield lti the oxiuh. suthuae. or that the ox\,,en

tranisporit fro the oxjidvi tt iiiss1 t ittwthit mi.\ a itiland ilSIitie ixad
the surface are~f .iawiOt illih ii inizi-1 1 1, ili-e ii xvint llpeiv.s hefirt theY reach the

surface. Tids (mils iild le a->u.iated x\ ith an ioinized (-x v'evn-ymikcanIe. drift

to%%ardls thre 50! lit ( l1 rire it l. 197,S) Antother exhilattiitimui for the suriwe

((lrpo.tlitiiht ioulid bei that (;, andiu A, duhilnsi Alm'! ilits~, ill thet alutirilirni oxide

831(1 the alirnirttttr siiev.i pattallx viuivetlh with (4,,idol arnd As-oxidev

Withlt the A.\.cr >itsitivit\ . it, C was hiino ill tieltulk (ifthe i)xiile \Owne the

fibls xi ire ,riiti i \ith icurieit iltiit is liss thlta 1111 jA xihilt xi ithlttitren

derusitits, nlixiauv 2at ', tcid ida carhIni is .i~etvet ill the oxide )Fi_,,.3 This
indicates thait thle olillae lechti- toixI iti\ vttiiitliiittv iirhim ibased~t anoici

fityittelits intoi thel ox ile filn ilitir l.r.xi t very hi,_h dentsities.

'~I) -~O\ tltiek1 1\lO ) "ti'l a1 Iltik GtA.\ixide. \\caet uiwavs firn1 (aAs-oxiile on

to;)aitl heiw he \11( )3. Ilit till .AI,( 13 eorrttinal nlit nttllso, 111A
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Figure 4. Depth profile of GaAs with 650A of Al deposited f£lhoaing anodization. The A 20 3 Was
approximately IoitlA and the native oxide 7"M) A as determined frum the )verpotentials. The
oxygen signal %vas attenuated by a factor of five.

(Fig. 4). The etch time ratio for top and bottom GaAs-oxides does not seem to depend
on anodization current de).sity and (does not depend on the GaA.s-oxide thickness.
However, for structures with thick A12()3 (14)0.)A) and thin GaAs-oxide (00A
estimated from the anodization 1'-t .urves). no di-crete native oxide laver was
observed by Auger measurements for current densities of 11,01 A cmn2 and above: for
smaller current densities, native oxide was observed both on top and below the

A12 0 3 . Layered -omposite oxide formation is consistent with the memory effects
observed previously ( layraktaro',_lu # Ial. 1977). In all our measurements, the native
Oxiles on top of the AiO 3 ap)ear As dheficent. IfOnly thin native oxides are grown

(00A) after establisi"ii 154 A, otAI,0 3 it was observed that no native oxide forms
on top of the A1 20 3 . although some Ga is always observed on tle surface.

4. Conclusion
It is shown here that Auger spectroscopy of oxides on GaAs can give infornation

on the transport met.hatiisin during anodizat ion o t ie elements lortning the oxide. It

is shown that GaAs-Oxidle usually forms both on top and below AI-0 3 films. With

thick A120 3 tilns (1000 A) only minute amnounts of Ga or As can be observed by

Auger spectrosopy in the Al 2 0 3.
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Ohmic contacts to InP

H. T. MILLSt and H. L. ItARTNAGELt:

Tie problems involved in making Sn-Ag ohmic contacts to InP have been investi-
gatecd. The technique of thin film epitaxy has been adapted so that the problems
have largely been overcome, resulting in high-quality ohmic contacts whose contact
resistance is less than the measurement error and whose barrier height is too low
to be detected. These ohmic contacts were used for the contacts of InP Gunn
oscillators, anti efficiencies somewhat less than 9% could be obtained, in agreement
with theoretical predictions.

1. Introduction

Typical ohmic contacts on III-V compound semiconductors consist of
vacuum deposition of suitable metals followed by an alloying cycle in an inert
atmosphere. The temperature and time of this alloying cycle have to be
limited to prevent disassociation of the semiconductor surface due to the
greater evaporation rate of the group V element, unless special precautions
are taken. The loss of this component is particularly serious for ohmic
contacts because of the relatively thin layer of single-crystal regrowth under-
neath the metallization (Sebestyen et al. 1975). Therefore a process called
T.FE. (Thin Film Epitaxy) was developed for the fabrication of high-quality
ohmic contacts onto GaAs. This new process includes a thin layer of Ga in
the normal metallization and subsequent annealing in an atmosphere of As
using a slow temperature cycle. Here similar results are presented for InP.

2. Sn-Ag ohmic contacts
A common technique for producing ohmic contacts onto InP is to vacuum-

deposit Sn and Ag and then subsequently to anneal in an atmosphere of
hydrogen at 450-500'C for 1 min. It was previously reported (Becker 1973)
that such contacts have a non-uniform surface and non-linear I-V charac-
teristics.

An investigation of the Sn-Ag ohmic contact metallization was conducted
using epitaxial n on n, InP with n- 1015 cm - and p 1 I1 cm, and the
epitaxial layer being 16 /tn thick with a crystal orientation of <100>.

Prior to evaporation, the semiconductor slices were cleaned by boiling in
trichlorocethylene, acetone, methanol and chloroform. The surface was then
etched in the pre-evaporation etch using HCI, HNO, and HO in the ratio
2 :2: 1. Although this has a rather fast etch rate of 2 m mmin - ', a 10 s
etch was found to leave the surface flat and undamaged when examined with
an S.E.M. and X-ray analysis.

Received 27 July 1978.
t Department of Electrical and Electronic Engineering, University of Newcastle

upon Tyne, Newcastle upon Tyne, NEI 7RU, England.
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The metallization used was 1200 A Sn + 4000 A Ag deposited by thermal
evaporation in a vacuum of < 10-6 Torr. When subsequently annealed in
an atmosphere of H, at 470'C for 1 min, the resulting surface can be seen in
Fig. I to be very non-uniform and the resulting I-V characteristics, shown in
Fig. 2 at 300 K and 77 K are both non-linear. The specific contact resistance
at 300K is 4.6x 10-4 0 cm- 2 using Brooks and Mattes' (1971) equation to
calculate the effect of spreading resistance.

E.D.A.X. (Energy Dispersive Analysis of X-rays) of the contact revealed
that the 'hills' are composed mainly of Sn-Ag and the valleys of In-P,
showing that the problem is de-wetting of the contact from the InP surface
during the alloying cycle.

< N

Figure 3. S.E.M. micrograph of a Sn-Ag ohmic contact alloyed for 5 min (magni-
fication x 485).

Increasing the alloying time resulted in the deterioration of the surface
accompanied by an increase in the contact resistance. A typical contact,
alloyed for 5 min, is shown in Fig. 3. The resulting specific contact resistance
is 1.97 x 10- 3 J1 cm- 2.

Higher alloying temperatures gave no improvement, and an extreme case
for an alloying temperature of 600'C is shown in Fig. 4, where some violent
reaction can be seen to have taken place. E.D.A.X. spot analysis showed
that, as before, the hill is composed of Sn-Ag but this time the 'valley' is
mainly In and Ag with very little phosphorus present. In his investigation
of the evaporation of InP, Farrow (1974) found that under Langmiur (free)

1E2

' ,.
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evalolrationi coidition' 4tll-u'h ,'\ , urat iji n(o'orr tip ti 356 C( al(ve

which t ti(.erai.rt, tr e 'of pio llhim i I.u't mi s grvatcr than that of
indium.

All these obsv(,riatiowS indihat th. prbhiiiis iliv~h,'t in making ohmic

contacts to I1oP, i.e. 'h;tlling up or ,- fttiig of tec (,contact metals and a
1(,0s of phosphorus during tie( alloving cycle.

3. T.F.E. grown ohmic contacts

The techniques developed for (aAs \were adapted for InP where, of course,
the arsenic vapour has to be replaced by a suitable phosphorus atmosphere
and the equilibrium vapour pressure of P over 1l' is iuch greater than for
As over GaAs, therefore limiting the maxii iiim alloing temperature. The
InP uied here has the same specification as that described in the previous
section.

To overcome the de-wetting of the contact metals, a thin layer of In was
evaporate(d prior to the other metals to act as a ' wetting agent ' during the
alloying. In addition it will also act as the basis of the newly grown InP
layer if Ihosphorus is provided during alloying.

The metallization used was

200 A In + 750 A Sn + 2500 A Ag

which was subsequently alloyed in an atmosphere of phosphorus using a
furnace similar to that described by Sebestyen ct al. (1975) with a slow
tetinperat tire cycle, as shown in Fig. 5. Phosphorus was provided by includ-
ing a sniall piece (of the red allotrope) inside the furnace ampoule along with
the sample to be alloyed.

The resulting surface of the contact shown in the SE.M. micrograph,
Fig. 6 (a), can be seen to be extremely flat and qite featireless, and even at
x 10 000 magnification, Fig. 6(b), appears granular. A standard photo-
lithographic float-off procedure was used to define the circular dots.

Tqrmp *C

500-

400-

300

200

0 10 20 30 40 50 80 70

Figure 5. Alloying teuiprature cy'le of T.F.E.-gro wn ohmiic contacts.
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At 300 K tile I- I characteristic (see Fig. 7) is linear, giving a specific
contact resistance (Brooks anti Mattes I,971 ) below the measurement error,
i.e. < 10 4 Q2 cm-2. Using tile method of Tantraporn splitting (Tantraporn
1970), an attempt was nade to measure thle harrier height, but was un-
successful because iio splitting in the voltage -temperature characteristic could
be detected, even down to 77 K, i.e. the ]- V characteristic at 77 K is linear
(see Fig. 7).

30-
CurrantmA 7 K / 300 K

20 /

//-,o
10

-20
3~~ 200 10010 20 30

-30

Figure 7 1- I' characteristics of TIF E..growii ohmic contacts.

Another test commonly used on GaAs ohmic contacts is to compare the
ratio of the conductivity at 77 K and 300 K with that predicted for the
naterial. A similar test for iP presents difficulties due to the lack of
relevant data. b,,t the ratio of 17ti obtained here for tile T.F.E.-grown
'Ontt'ts set'ems to bet ill r'asoinahdta grvet'ninnt tvith tit' limited information

available (Tebbehlani and Walsh 1.975).

4. Gunn diodes
(1un diodes with efficiencies as high as 22",, have previously been fabri-

cat'd from li) (('olliver (t al. 1974) this value is much greater than has
been obtaintd frot similar (;aAs thvvivs h'l'c high'r convtrsion efficiency
was proposed to be dot' to two effects : the large peak-t--valley ratio of the
electron velocit ' field chara'tt'ristic of Inl', and the existence of a potential
harrier at the cathode which permits the injection of hot electrons (Colliver
et al. 1974).

Therefor. a ustful sIup(lient to lie ohmic 'ointact work would be to
fabricate some (nmi diottles using T.F.E grown contacts and to test their
characteristics
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4. 1. J'ackayiny
The T.F.E.-grown ohmic contact slices described ini the previous section

were cleared and mounted into S4 packages. Because the alloying temperature
of these contacts was so low and 1nP so soft, it was essential that the use of
Au (e solder and therinocomnpression bonding be avoided to prevent damage
to the ohmic contact. The solder used had a melting point of 150°C, which
is low enough to prevent atiy eutectic formation with the gold plating of
the package. Although not very rugged, this method was adequate for the
purpose required.

4.2. Pulsed I- V characteristics
To prevent heating of the device, measurements were taken using a pulsed

bias voltage of 25 ns duration with a repetition frequency of 75 Hz. The
pulsed I- V characteristic obtained is shown in Fig. 8, from which it can be
seen that there is only a small 'current drop-back ', and hence only a low
conversion efficiency is to be expected.

voltage (V)

35-

30-

25

20-

15.

0 02 04 06 Oe 10 12

Current (A)

Figure 8 Pulsed I- V characteristics of the lnP Gunn diodes with T.FE -grown
electrodes.

4.3. .icr 'Iirar( mnasurcnents

A coaxial cavity with a characteristic impedance of 50 Q was used in
conjunction with a IIP181A sampling oscilloscope for all the microwave
measurements. The diodes were biased with a pulsed supply as in the
previous section. After optimizing all the variables, including bias voltage
and cavity length, a maximum instantaneous efficiency of 3.o1' was
measured.
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''his is the overall efficiency and must therefore be corrected for the losses
in the cavity. For a diode mounted in such a cavity, the overall Q is given
by

I 1 I 1

where the subscripts are t for total, 0 for unloaded cavity, ext for external
circuit and d for the diode. These Q factors were determined by the imped-
ance method (Gin~zton 1957) and had the values

Qext=128"9, Qo=69"1 and Qj=54

The previously determined efficiency can now be corrected for the losses in
the cavity by the equation :

'Icorr 1l e inMR lI/Qext
to give a value of 8-9%.

This is low compared to the maximum value of 22% obtained by Colliver
et al. (1974). Hence these high efficiencies obtained in InP Gunn diodes are
due to a property of the cathode contact rather than of the material.

5. Conclusions
The difficulties involved in making an ohmic contact to InP comes from

the de-wetting of the contact metals and a loss of phosphorus during the
alloying cycle. T.F.E. has been applied to produce very high-quality ohmic
contacts to ln1' with negligible specific contact resistance and a barrier height
too low to be determined by Tantraporn splitting.

When this technique was used to form the contacts of Gunn diodes, low
efficiencies were obtained confirming that efficiency is related to a property
of the cathode contact.
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lRccjed Mairch 27, 197?, aic:eptcd 11i30. 1978)

The structure of ax-growit and annealed natise oxide laxers onl (100) GaAs was
studied usinei X-ray ditiraction. retlection electron dilfraction and microprobe
analysis. The results shiow that cry stalline [-Ga,0, is present at the oxide- GaAs
interface either ,0lhen the oxide is grown using a current density lareer than 2 mA
cmi 2 or when it is annealed at temlperatures above aboutI600 C. Thle galliumn excess
with respect to arsenic is more pronounced for the oxides grown i with a low current
density than for the high current cases. Further, a loss of arsenic is found to occur
during annealing.

1. INI ROtDUClION

To date the anodic oxidation of GaAs using an electrolyte consisting of tartaric
acid and giscol' has been found to produce oxide laxers which have improved
electrical and interface properties-' and %%hich are more suitable for device
applications than oxide lasers produced by, other methods including! thermal
oxidation. The lasers produced by aniodi.,ation are vcr% uniform and the process is
highly reproducible. Such oxide lasers haxse been used to realize depletion mode'
and inseision mode' metal oxide semiconductor field-effect transistors
(%IOSFEIs) onl Ga \ SUrfa.c pa'osixation and impurit-, dIllusion barriers are two
other device applications. Thle anodic oxidation technique has been used to
determine the electrical properties of n-t~pe- GaAs 5, for the analysis of
multicornponent filmns onl Ga -s". for the controlled remos al of GaAs ias in the
prod uction of thsin scm icondtoct or s.amples for transmnission electron microscopy
(TL\M) experimnents land for the oxidation of 1nlt

Many of these applications require the oxide to exhibit structural stability
when it is subjected to various atnncaling processecs. A preliminary study' of the
structural properties of these oxide layers has shown that P-Ga.O 3 is present at the
GaAs-oxide interface when oxide grosth current densities of between I and 2 mA

cm -2are used. The effsects of antleali on the electrical properties of these oxide
layers have shown them to be suitabl, for \IOS applications"0 . Consequently to
obtain a better knowledge of the thermal variation of the oxide properties a detailed

' Preseni addrcs: tDcparincnit of t'tccironic and Etctricat FEnginecring. Uni'.ersity Cotlege London,
Torringion tPlace, London WC t E 7.1 L, Gt Britain.
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sitlilcil cLI - lsilil .ind ,ilalc t.Iirieii 0110 1.itiic 1, li2 ll I\ l tiprirac t i ad

titiictil t i lJicic) Iral tile clcicikal rc'rstaincc (-f the oside to attack by IICI
is assessed.

2. 1 X ll I \11 N I At \If It 11

'The mam t61j used lkot these C IM pci 1cr)is %s s 1010 -oriefltLd bulk sinizle-cr stal
siliconj-dolpd (,IA' It ' - It O' LIl ') \% hkLi \as supplied b,. %11 RC Ohji one face
etch polishedCL %s 11i I 'mine11 nrcIL11,iiul. I hle (13A' %\,I,, clea% ed into samples
approxiniael) 5 im ur 3 min lir c.i ts hih Itsscrc cca ned Ii an uli ra-sonic cleaner
using acetone, triehloroct h\ ciie. ithi iuh l anid clh io l rm.

Millt cs 3nOdic M idC 1.1 cis it ci c I od aced oni the samples b\ aiiodiiiition in an
electrolk tc Corl, itIrIII1 ;,:I traiacdi Clol. Ole pi IOf 1th0 solution bigad se
to 6.3 by die ddit i01) (1 Nl ~ 11, Ai' -11 i o ide las er-, is crc Lross n using several xalues
of the iitlial currenlt tielisit inl thle rauic U. I1- 2.0 mA mn anid a constant volltge
supply I lie cur rent denI'.it \kias, changed by varvine til resistance in series w&-ih thle
ccltol tic Cell,

The samples ss crc a ncalcd in) a quarti furnace tube in an atmosphere of high
puritN itrlocenl (o\\',Zen fice) sugnlned b\ B3(C and thle furnace temperaturewa
accujrateli controlled usuicv ir clctrulie teuper-at Lire coniroller si) that the heat
cycle used i\%as rCp)i(d UCibl Biefure the samnples ss crc heated thle furnace tube \&as
flushed Out %%f i ilt ruTCenI to rCrrros e;all thle o\\, gen present. anid ox,,gen was
prex eritd hJorn CDrJ i! the turilace tube via theC Las Outlet by using9 a bubbler
partiall tlled ss ith 1l1 cerinje Iie form) of the heat C.cle iiused for the annealina is
shoss n in 1-isv. I thle sample is as heated to file required temperature T, as quicklN as
possible. %%3as held at thIis terupe)rat tire for 10 mmn anid is as then cooled at a rate of
either 300 C h 1 or 100 C~ mm -

AYE A L NG .CFE CF 3CC* f-CAj

Fig. 1. The heaing c~ctes used for Ole ainnealing processes

Thle 'struneture of tile bulk orde \is d(etermnined 11\ X-ray diffraction for which
the samplesis %crC nIOLIIII teko ail uni i rods %0s0 h t ic sccMounted tni thle specimen
holder of af Philips X-ray drfairrtrA plot of X-ra\ count as a function of 20/
was obtained. i i e ) is tire arrgule of incidence of the X-ray beam w\ih thle sample. A
cleaned unprocessed sample of the Oa As wais analssed and (he (200) and (400)
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ClIeci l~ k(lIItticiI 1ici 1(i111 the otttt ttililiiiicd. tile ,tructure

of1( eIld) III of tile acM 1,1 tic :,4lc 11i M)tittic ASIIIDti elect ron

11tjC r o,, oe) 1ttw %k 111 Mith a 1 mi ob Mib: l~ V.i vi> ud ito eXarIritt thle surface
tp Ir'~i' and ithe I I imC1 eal) I ;o,; t ol (It thle .IId C iaeC I

Ior thi deterininiaitin ot theii 1CMLu,ti IC 11IirLC thle \al lowu> oxidc laers %scrc

etched ill a It) 'tol."' solution ofl I W1 lot S mIIIi. iflCf' hiCh thle etching wAas

termlinatedk bv % aItitig tile 'itir1pic III dlioiltied % atcl

3. RH il IsH

Initialk ' 11a- tillaodic oxide 1fa ci (a pprox im.rel 50 A thick I %as grown on a

(JaAs sajinplcinr ili tii1rt.al curren den-irs O olhaout 0.25 mrA cm -2. An
examiiiatloll of t1i1" ".1rI)irp uiinc reflection cetron duirac-tiot i >o\Ncd that thle
surffaIce aalr allnorlj~Ou it, diliraL:tin vaiter cuniting of !,eeral diffuse
bands ik(rICh ![C J)hara'Ctrtth)L Of JIrrphoris iiaoitc o\lde la crs onl Ga As

Another anodic oxide Lit\ci 'ol III \ iiijk % a, Lro.)%n with a current densitN of I
miA cmi anrd a Ci cited ItI II ilu mesC to rern-O\C a11 but thle last 50 A

(appox !ila I of ox idc %k ltoNC 'Ill UaHI tarer I > dTIrurd b.\ electron ditfraction.
The (itiraction p'atrernl LOIIrIlItcd Ot dot, arte Ii rims skhitch indicated that the

material inureiti 'jcitto ite O;af-\,, "ufce as pol\,cr\ talhie. The
amlorphIous 0 \ide I ii prohibi rcrirosed Jdurina, Ii~ h china process to lea\ e behind

the cry >aliiie oxide1 at the jitr ice rle-i, crs stIi-lllattoi \% as produced by thle
actiotn of the It iae nteri iliio d a r

Sex ta1 a li ide>xcrc iOrolxx i I. inrea nt I current dertsil. of I mA cin-

anid vxcrc: annelkd Ili cit icr a ret ic or ithpurit\ lindrocn at SuM) C for 10 min.
The sawties, ainteale d Ili an mniwairphere xxere chiremncal1\ aInal\ 'ed and %\ecre

foutnd to halL j ad (h \S rtII to o2 :1. %k iiu:eca thle rao xx as 2: 1-S before annealiirc: this
chanc %%.Ia- cotid,-t it! Itia h Il eiioxide th1iLkne-SS fromn 201() A\ wink) to 15 00 A
(grcn ). WNhen" \cke li lti aICIOtt tire penration depth of thle in icroprobe

anlaly'I ser1I iiscc rre 'pond to ii. con ri-a den hi lo, (if thie a recn cormponenit of the
ox ide. Sintce the pi.eserIe of tilie at-ct; ~ic at inophere xx il inhibit tire loss of arsenic
fromi tile oide aind siw~ iieio ;inIIIrt~ ic tailicIII s i> expected from the UaAs at this
temperature' -It car1t bcco C ItI1ded thait the arwc loss is due to lie out-diffusion of
arsenic oxtdc. A suirri, i pro css has, been reported reccrtlIN3 The samrples that w ere
annea.led Iii a Itirhi put It rotci at iospltcrc behaved Ili a \erN sinmilar mianner.

11owex er. onl rai51 ti tire ainel inctc, teirpcrat ui reto 6WX C aid xx ith the high purity
hydrogen atitiopitec tite atiorp~hous, oxide-- xxcre reduced to metallic gallium, as

has been founrd pi cx IouISly

3.1. X-ray dif fracriitn
For the a nodi,,cd L!t trile 11 0 wit x an iii itiial Current density of 2 mA cm - 2

the only peak present iii tire spelkill) xx ich %%a,. not also present inl the spectrum of
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reI 'A lIS 1t Ci~ t 1 :F 1: t lii Of~I I L j>k iiI L~T a

2t)~ ~ ~ ~ ~ ~ ~ ~~~~~11 40(I;tyijs ~F:ct i .'L(1) ILIlL tiklit toI ji-(J .1.

i.e. the ji-( i .( ) is 1 Hi lit CiiIl i I !w 1 ' SI,N plid hi c~~ oTKL ItIti)On ol tile ji-

cla A2 3 SInce: It" Futile LO,I.t'it III tic P 1(1 ph L :, n c Cr ,irml,tr ill those for tile
( 100) plane I o I(i i t! I I Is i Ii I, tni 1) t h i ,, I Inc ot ! the i I ctlctnn

Of fP-GA) , 111d (hV \ Fiacl:1 01C -),..I\A 'lid i~ctsk hL chIcille thle
vohliiC',li h h and (11tt Ic '. ic % Ill 11Mit1i 1 LI I i, IIi I tre i the1 11L L IS tilli fi'

Ga ,C) are shimon III I .'. 2,. tit kCs ths teahis tieAl \kc c 1 ftomi tlht' illlnsitS

and tile %%i),til at F,1 ti- I ciu jI k f * l.. Ih reslt slo\ that tile
unanele i allpcsC011t,i111Cd . pSieIiiF :111,00111 oIf il leh J Ajt, and

that thle t0otal Wiluti Ci '.tFilC l I*il iiL IIICICiIsC SW1iLtNikat Until tile

Samples we;CI eIIC , C.cieiins4I

Asthec peak vidl i, ti~ek II '' af to tci(ieaN-ac )i/cof theeri stallitcs
in thle oxide, it cam bc sccn ih it 0;, cLNsFt eiceas iliitiall' %kith IIL~reasillC

annealing tceiiipeIt ,1iC up to sF loe C AiticII ]I jILICeaSesl 1apdl\. 1tS1 l be
noted of evur'.c tl,! (oie 'F h l yIN Cd III itlilil iipeki,11t. CsPctaldk theC

Strain atd at i.itIsiitehel.n'mtst. i-t inpiL. lii c'jtrast a real
decrease, in arc Ci\N i!IIILe ,ize oScr a Ijniied teIIIPertiLrc ritice can be

conid l-CI d J ll X I itit 111,0 11Of A s~sC~ Ii tiIill titeC ot iteC Ili-Crk

nucleation sites, %t hiL~h,-Icr c,f crtIc it x IFll ue ieJlut otiiicutr

of Inolecu les til 'ilk:~FiiiI lI'ICie;cs~cc Ss nuicleaionl sites:
thus onixeitn cs 4 ic (j Il x inid ic \%rc it~~t u ill in,:case
Such anterrelio iIlIM0!1 ik--iiLes tihici ;l. ilipe t LIT es Can hC IpplIICd

teinpetatUIC ILIIL'C 3-l 450 ( F iiit \\s he' -,i :~I n mL . .0li i'li tile samlples.
I'he csperirnnts &dcrincd bciok' do Iiti\cci .,,L C Soitc connlitmilo if this
hypothe.,w,

smiall b~ut niil~l !:V'L IL, h~k 5 iilof the spectra amound
20 '- 86' 13 Id F. -- 1'n~ 4 ~ iIA A)~ilt' tat~i l;lc1 i ixa% Iis been an

imrneasurabls, 'mtmi nt of ,, 'mc,:o lil r mi ielitai it o i(Ia0, Prc ,Lnt in thle
Sample.

1For the aiks crow i,.CIF il iiiil ci~it deni-t% of I m\ cm 2 thle
annealing, prOCL15 pl'-:iJIeed Is ll, oiClCl 11 I:FL' f-GAM. A', found ab0se.

Thesatj~iitm otth I aitOIL t~ e . tuiite~.0:o tile )-(,1,0 Cu Il) .111teaaing
temperatMUte are pl crt1ii I!, b: cii shs% h cCilCL5SCThat the unanaled
sampleIs C0111tnuied Ii'l ChctiCtIbC WLJI,,li At (i 1 , ! ito after annealing at
about 300) C sihc IF Gal ,,x~~'J i ic: r\ st~iitc sue of the ji;a,(),

decreased up1 to Jii L4ilIILC.Il' teiilFTari1:! ol woniit IhI( ,iC'r wkhich Iit icrased.

and this imiiiiI ii it i)), ti -,.\l' 1, C iet~ si/C' coin:tcs \\ th a loss of thle arsenic

Comiponent of th t\udc (,ee SctIol ;..i)
I inalk, a set es, Cf samlesOsas ru Ii~- lilt CiiiI ent denSit of 0t1 n1A C em

anid was mali~le~ Ji se be,,Cl'd ab)OC [IJ hest for these sittples (Fig. 2. cjres cl
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;Ire %Ci v simIilar tot tIIoC ohtiajI ed for t he s i~npies. ihose except thatI a slightly' hiehrer
tell iperiit urc (itbout 45Mi Ci % as required before 0,hc cryst . ile ji-Ga20j. wich had
a1 smna ler a' era te cis stal Iit c si/e, could he detected.

An important annealing parameter which was found to be relevant to thle
Occurrcrnce of crystalliiation at thc oxide GaAs interface %%as Ote cooling rate used
at thle cnd of the annealing cycle. Several samples were growkn usine a Current density
of 0. 1 mnA cmn 2 and were annealed at 600 C ats described above except that the
cooling rate used wais 100 C min instead of 300 C Ii t The quickly cooled

smlsshowed no cry'stallization at the interface betseen the oxide and the GaAs.
Thus with a high cooling rate the material does not hate enough time to arrang-e
itself in a crystalline form and is **frozen" in anr amorphous type of structure..

Although the cooling effect was only measured for anr annealing temperature of
600'C there is no reason why a similar effect should not take place at other
annealing temperatures.

The effect of the annealing time was st tdied onl the samples which were found to
be the most crystalline, i.e. those grown with a current density of 2 mA cm-2 .By
varying the annealing time from 10 to 60 min at a temperature of 600 C it was found
that the average crystallite size increased with increasing annealing time (Fig. 3) with
no significant change in the total volume of thre crystalline 1-GaO 3. This can be
considered to be due to the movement and coalescence of the individual crystallites
produced during the increased annealing time..

ICC$

0 0 60
ANNEALING WEMPERAIURE ICi AN.'. %5 11E INS)

Fig. 2. The variation with anneating temperature of the X-ray intensity and of the peak 'Aidthl x ) at half
height for the (200) reflection ofP1-Ga 2O, for samples gro%%n with current densities of 2.0 MA cm -2
(curves a). 1.0mA cr -2 (curses b) and 0. 1 mA CM -2 (curves cl.
Fig. 3. The variation% sth annealing time at 600 'C of the peak width at hatf height for the (200) reflection
ofol-Ga2O2 for samples grown with a current density of 2.0 mnA cm '.

The effects of thre absorption of the X-rays in thle amorphous oxide layers have
been neglected in all of the above results. An estimate of the average crystallite size of
the P-Ga 2O3 for a peak width at half height ofO0.0 gives a value of about 150 A.
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3.2. j, ' i ,, t' i 1M di l l icion

An aIntI .,is of II .c elctron diflraction patter n, produced by the samples grown
,ilh It h l , cni densiti.s of be ween 2.)0 an d 0. 1 mA cm 2 shows that lhe surfaces

of all of the uninn:alcd oxidcs w&ere amorphous. lloweser. after annealing during
the [a brication of Au G. ohmic contacts oni the back faces of fihe samples. the
surfaces of the oxides became slightly ordered and produced diffraction patterns
which consisted of several %ery diffuse rings, as %%as found previously' I, which were
due to amorphous native oxides present on the GaAs surface.

For samples that were grown using current densities of bet ceen 2.0 and 0.1 mA
cm 2, were annealed and then were cooled at a rate of 300 C h - I. an analysis of the

.electron diffraction patterns showed that the surface crystallized out into a
polycrystalline P-Ga,O 3 structure with only the rings corresponding to the (hI
reflections being present. As the annealing temperature was raised the rings of
the diffraction patterns became sharper, indicating an increase in the average
crystallite size. Another effect which was observed at high annealing temperatures,

especially for the samples grown using a current density of 2 mA cm- 2. was that only
rings corresponding to the (101) reflections were visible. indicating that this structure
had become more oriented. However, annealing at 800 C produced a pattern con-
sisting of spots and rings that indicated the production of some crystals of [3-Ga,O,.
The crystallite size was found to be a function of the growth current density, the
larger crystallite size being present in the samples grown with a higher current
density, as was found by X-ray diffraction.

By using the annealing process with the fast cooling rate of 100'C min- even a
sample annealed at 700'C for 10 min was found to be almost amorphous. In Fig. 4
its diffraction pattern is compared with that of a sample that had been grown with
0.1 tnA cm-2 had been annealed at 500 C and had been cooled at a rate of
300 -C h-

..... . .. . . - - . . ..... . ... ... ... . . .. " "- "i"

(a) (b)
Fig. 4. Reflection electron diffraction patterns of samples grown with a current density of 0.1 mA cm - 2

and annealed (a) at 50 C with slow cooling and (b) at 700' C with fast cooling.

Thus the crystallization at the surface of the oxide is much less pronounced than
that at the interface. From a knowledge of the electron beam penetration and the
approximate angle of incidence of the beam with the sample, the depth of the
analysed material can be estimated to be about 50 A. This surface crystallization of
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course occurs on an amorphous bed of oide. unlike the interfacial cr. stallization
declICd b) X-ra) diffraction Mhch lake, place on a sintle-crsal GaAs substrate

with a reasonable lattice match.

3.3. Scanning electron micro.scopy' and mi'roproh, anah-sis
Scanning electron microscopy (SEMI shosred all the sample surfaces except

that of the sample annealed at 800 C to be extremely flat apart from very occasional
defects which were thought to be due to some contanination of the sample surface.

A micrograph of the surface of the sample annealed at 800 C (Fig. 5) indicates the
presence of crystallites. Consequently it is thought that this sample had completely
crystallized, and this is confirmed by the electron diffraction patterns obtained for
this sample.

r. - . . .. P.* , '

Fig. 5. An SEM micrograph of a sample grown with a current density of 2.0 mA cm- 2 and annealed at
00 *C. (Magnification. 7650 x. )

For the microprobe analysis the K7 X-ray lines were used in preference to the
La lines because of their greater peak separation (resolution). Allowances were also
made for the relative yields for each of the peaks. Since the volume of emission could

not be restricted to the oxide laver alone. some of the measured X-ray signal was
produced in the GaAs structure.

The variation of the As: Ga ratio with temperature for the samples grown with a
current density of 2 mA cm - 2 (Fig. 6)shows that there was little change in the As:Ga

ratio except in the sample annealed at 800C which gave an As:Ga ratio of 0.34.

Lowever, annealing at this temperature also produces changes in the GaAs

substrate (a loss of arsenic) which will ultimately affect the annealing behaviour of

th be rlayer since the GaAs-oxide interface may be destroyed. This dramatic

decrease in the As:Ga ratio is due to the loss of arsenic from both the oxide layer and
the GaAs substrate.

Th aiaino teA:Gartowihtmertr.ortesmpe rwnwt
current densityI Iof2 mA.cm.(Fig.6 hw tha there..as.litt.e.change.in.the As:Ga
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For the saunplec, jro \ n v ith a curt n t denLyit of 1.0I mA cm 2 the results for the
variation of the As:( ia tio %ki i anneaIlig tempCI It (IIig 6)show that there is a
significant lo"s of the arsCnic component oA the o\jde btL icen 400 and 500 C. This
loss coincides %%ith a chance in the colour of the oxide from blue to purple which

indicates a change in the oxide thickness from loot) A to about 850 ,A. Since no such
arsenic loss is knok ii to occur in GaAs "2 this change must come from the oxide, as
has been found prexiously for oxides grown using other electrol)tes' 3 . and it is
thought to be due to the loss of As2 0 3 owing to the high vapour pressure of As 2O, at
relatively low temperitures .

07

OJinAk,
FASI COOL)

0- 0. ;L0 603

ANtEALING IEM.PERAIURE iCe

Fig. 6. The variation of the As: Ga ratio of samples gron with current densities of 20. 1.0 and 0.1 mA
cm- 2 annealed at various temperatures and then cooled at either 300 C h- ' or OO C min-'.

Samples which had been grown with a current density of 0.1 mA cm - and
which had been annealed using both the fast 0100 -C min- ') and the slow (300.'C
h -1) cooling rates vere analysed (Fig. 6). The results indicate a difference in the
arsenic content of the samples due to the two different cooling rates- this
demonstrates the complex chemical nature of these oxide layers which can only be
studied properly using a more sensitive analytical technique such as Auger
spectroscopy.

An Auger analysis of some samples was undertaken. The analysis of some
unannealed samples showed that the oxide contained more gallium and less arsenic
than was found in the stoichiometric GaAs substrate 6 . Also the energy of the
gallium peak was found to shift from 1067 eV in the oxide to 1072 eV in the GaAs:
this indicates a change in the bonding en ironment of the gallium atoms which can
be explained by all the gallium in the oxide being present as Ga1O 3 .

3.4. Etching in 1ICI

The oxides grown using a current density of 2 mA cm -2 were found to be
soluble in the I ICI solution apart from those annealed at 600 -C for 60 min, whose
thickness was reduced from 1000 A to about 600 A. and those annealed at 800 -C.
which were completely insoluble in the etchant. However. the oxides grown to a
thick ness of 1000 A with a current density of I mA cm - behaved slightly differently:
those annealed at 600"C for 10 min were found to be again only partly soluble

~ak-
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(Iea\ ini, a lai CI ,ibout 40()0 Ihik I V, hIccis tho,,c ;ltluhi)CL.d at 6(X) C for 60 min
\\ere comlilcl.II I'olublc thc ',,IIplcs t n Ialcd at (0 C, fo 10 Imm hI.d properties
bet ween lt tc,c t W 1 -or I he s3imnpiC, g ou, Ii with a ci.lrnClt densitv of 0.1 mA cm- 2
and cooled uwlnr the t\, o Iae,,. only lhose annealed bclow\ 500 (" ,ere found to be
soluble in ihC etchnt, hcrcas those annealed aboxe 500 C %%ere found to be
insolible.

-Since amorphous Ga,() is soluble in the ctchant ' whereas crystalline I-
GaO, is insoluble, tile aboue-mentioncd etching experiments provide further
evidence for the presence of P3-Ga,(), at the GaAs oxide interface and show that it
increases \ith amncaling temperature and time. At low annealing temperatures
where the anount of cr stailine ji-Ga20, is small, any isolated crystallites are
probably washed away s Itlh the surrounding amorphous material.

The residual etched surfaces were studied using SEM and %ith the exception of
the sample annealed at 800 C %sere all found to be flat. However, it should be noted
here that the resolution of the scanning electron microscope used was 250 A or
greater so that small crsstallites, which might have existed, could not be seen.

4. DISCUSSION

A comparison of the results of the X-ray diffraction and the electron diffraction
experiments shows that the predominant crystallization process occurs at the
GaAs-oxide interface Nkith a secondary crystallization process occurring at the
oxide surface. This can be seen from the highly oriented nature of the interfacial
oxide compared with the surface oxide as well as from the degree of order and the
volume of the cr%stallization. both of Ahich are greater for the interfacial process.
The volume of the surface cr.stalliation is much less than that of the interfacial
crystallization since only the latter showks up in the X-ray spectra. These two
crystallization processs can be considered to be independent of each other since the
osientations oflhe l-o crystallized lasers are dillerent. Consequently the bulk of the
oxide which lies between the two crystalli z ed la)ers is likely to exhibit an amorphous
structure.

With current densities of I mA cm - 2 and less the as-grown oxide layers are
amorphous. N&hilst those gros n using higher current densities are found to have a
crystalline interfacial oxide layer. After annealing to sufficiently high temperatures
and slow cooling, a crystalline interfacial laser is produced in the oxide, and the
annealing temprerture at Mshich crxstallization is detected is an inverse function of
the growth current density used.

For the short annealing tunes used here (i.e. 10 min) slow cooling produces
crystalline layers and rapid cooling produces non-crystalline layers. If longer
annealing times are used. the material has time to rearrange itself into a crystalline
structure so that thecflcct ofthe cooling rate %ill \anish. However. this assumes that
the increased annealing time does not produce a change in the overall chemical
compoition of the la\er.

At all times it is the gallium component of the oxide which determines the
structure of the film \%hercas the arsenic component appears to be present in an
amorphous form that is easily removed by annealing if the oxide is grown at a low
current density.
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S. c'ONCIiiONS

The presence of crystalli nit) in thc oxide la ' er ; thle Ga -%s oxide interface is
generally conlsidcled to be detrimental to the elctrical intet f~ice properties of any
device using ant MOS structure. Ini order to retain a suitable amorphous structure
after annealing, thle folloss ing conditions have been found to be important: (1) a
current density of0.l 1 mA crn - 2 :(2) annealing in nit ropen and a % ery fast cooling rate
at (lhe cnd of the heating cycle. (3) the lowest possible annealing temperature and
the shortest possible innealing timie.
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The interface of GaAs and its native oxide exhibits a region

of excess As. The amount of this excess is increased by laser

annealing of --he oxide layers; a corresponding change of the

depletion lay~r capacitance is observed. The migration of As

out of the surface of GaAs is clearly observed when Al is de-

posited on Gals but not when Ga is deposited on GaAs. MOS

structures ara formed by a series of new processing steps that

avoid the fornation of excess As in the insulator region and As

vacancies in -;he semiconductor region of the interface. The

C-V characteristics of these structures show improvements over

those produced by conventional oxidation methods.
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I. NTRODUCTION

It is possible that oxide insulators will be attractive for GaAs

surface passivation of various types of applications such as MESFET,

optical devices and MOS structures. It is therefore important to study

the relevant chemical reactions which occur during the formation of a

native oxide. A series of experimental observations are reported here

which are considered to be a useful contribution towards an understanding

of the basic processes involved.

It seems that there are two important processes, firstly, the

difference of oxidation heats of formation for Ga and As suggests that

more Ga2 03 is formed than As203 (the two most commonly found compounds),

and secondly the destruction of the GaAs surface through such processes

as the heat of condensation which seems to favor the removal of As atoms

from the atomic layers near the GaAs surface.

2. Laser-Annealed Native-Oxide/GaAs Structures

Various authorsI1 2 have established that non-oxidized As atoms ex-

tend from the GaAs interface a distance of around 10 nm further into the

oxide than non-oxidized Ga. It is likely that this is caused by the

difference in the heats of formation which are 156 kcal/mole for As2 0 33

and 257 kcal/mole for Ga2 03 ; these are both probably the most common

components of native oxides on GaAs. Our ESCA measurements confirmed

this behavior for unannealed, AGW grown GaAs MOS strucutres using the

Varian XPS system and an Ar ion etching at 2 kV.

In order to investigate the effect of localized heating on such

iaterfaces, a pulsed ruby laser (pulse duration 25 nsec, laser energy

2.3 Joule/cm , 5mm diamater spot size) was used to irradiate an AGW

native oxide-GaAs structure. Since the oxide is transparent, most of the

2



enera is absorbed at the oxide/semiconductor interface so that this

region containin: the no:n-oxidized As is locally heated. Provided that

tLe local te=1 :rat,.re is riot raised to catastrophic melting or even

evaporation values, intereLting effects on the interface behavior re-

suilt. ESCA studies show that the thickness of the region with non-

oxidized As in the oxide near the interface has been increased 2 or 3

times. Profiles of the Gallium (and Arsenic) ratios of the oxidized to

the non-oxidized concentrations are shown in Fig 1. Obviously, oxygen

from As20 3 nearest to the non-oxidized As region is transferred to the

Ga of the GaAs near the interface, thus increasing the non-oxidized As

region at both ends.

This capability of changing the amount of non-oxidized As gives us

the possibilit.r of studying its effect on the electrical behavior of

.5GaAs MOS structures. Firstly, using the method of photopulse analysis 5 ,

the capacitanc? Co of the oxide alone can be determined for equivalent

measurement frequencies around 1 kHz. It is found that C is increased0

by up to 1005 for such laser-annealed samples with an increased non-

oxidized As reion. The apparent donor concentration has decreased from

l.8XO 16 to ab.ut 4.7XI01 5 cm- , as shown in Fig. 2. Obviously, these

As atoms create states which can be easily filled and emptied from the

semiconductor so that the oxide capacitor appears to be reduced corres-

pondingly in effective thickness. The measurement of high-frequency

capacitance-voltaje characteristics seem to indicate a strongly enhanced

trap density which is obviously another electrical manifestation of the

interface containing elemental As. Normal thermal annealing at 3500 C

does not produce such widening of the atomic As region.

3



The second i.t0rface state and trap generating mechanism seems to

be the process uf the energy provision by the first-layer oxidation, or

the heat of condensation in connection with various deposited materials.

This supplied energy creates vacancies of either Ga or As which form

traps in the semiconductor near the interface.

Clear evidence of As-vacancy creation was obtained when Al was

evaporated onto GaAs in an MBE system and the resulting surface was

analyzed by Auger measurements. It was found then that the deposition

of 30,m of Al causes the Ga signal to disappear almost entirely whereas

the As signal remains very strong (see Fig. 3). Obviously, As was

removed from the GaAs by Al deposition, and accumulated on the deposited

Al surface. This effect is representative of numerous other deposited

materials.

The heat of condensation for Ga on GaAs, on the other hand, seems

to be lower 3 than that of Al on GaAs. This material was therefore also

evaporated Gnto GaAL. Indeed, the Auger method demonstrated that after

about 30nm of Ga the As signal had practically disappeared (See Fig. 4).

The condensation of Ga does therefore not release sufficient energy to

knock out As from the GaAs lattice near the surface.

It seems to be valuable to undertake this deposition scheme with

many further materials, particularly also the various insulators poten-

tially useful for surface passivation. As is well known, the deposited

Al can also be transfor.ed by electrolytic oxidation into a good insulator

which would cover then the GaAs surface. The As vacancies in the semi-

conductor underneath the interface would then prevent one from obtaining

satisfactory C/V curves since the Fermi level gets pinned by such traps.



It is therefore unuerstandable that the following scheme of surface

passivation pre1ts prcmising features.

4. Two-St-po Oxidation

In line with the understanding that any processing involving low

reaction energies does not perturb the GaAs composition, and that further

any regicn of atomic As has to be avoided, the following processing

steps were used5: A thin native oxide layer (less than 15nm was AGW -

produced onto GaAs, which was then annealed for about 30 minutes in H2

at 650°C. The A:203 of this film is then mostly evaporated (a low-

energy process), and the Ga203 is to a large extent reduced to Ga by the

formation of H 0. Subsequently Al is deposited. The Al heat of conden-
2

sation getters the remaining As out of the Ga-rich thin surface layer.

This Al film is AUW anodized by carefully monitoring the overpotential-

time curve which gives a clear indication when firstly all the Al, and

when secondly all the Ga-film is oxidized. After the oxidation of the

Ga layer, the anodic current is switched off (Fig. 5). The MOS devices

fabricated by such a two-step anodic process give now very different

capacitance/voltage characteristics (Fig. 6 for the "classical" anodic

MOS diodes, and Fig. 7 for the new structures).

In order to investigate the chemical compcsition of the various

steps, ESCA studies were undertaken. The follcwing results were obtained:

The H 2-annealed thin Ga-rich layer, before Al deposition, has indeed

mostly metallic Ga, with small residual levels of Ga20 3 and metallic As.

It was also discovered that the normal change-over from H2 to N2 gas in

the furnace at a temperature of 3000C or higher produces a significant

N-signal in the Auger spectra for the whole thickness of the Ga-rich

5.



film. This effect does not appear for lower change-over temperatures.

Is it possible that the reduced Ga atoms are still active and form GaN?

This N in the Ga-rich film does, however, not seem to be essential for

the improved C/V data of Fig. 7.

The annealing time has to be optimized in order to ensure that all

the Ga203 is reduced to Ga. For example a 20 nm thick native oxide

layer requires an annealing time of 45 min at 6500C to reduce all the

Ga203 to Ga. From this data it can be estimated that the reaction rate

for this reducticn is probably limited by the diffusion of Ga203 towards

the surface.

5. Conclusions

Experimental data is presented on the dynamics of forming a non-

oxidized As layer in the insulator near the interface. This atomic As

layer is found to cause a high density of short time constant traps

which can be charged and emptied easily from the semiconductor. The

creation of As vacancies in the GaAs near the surface by a strongly

energetic insulator-deposition process is demonstrated with Al conden-

sation, whereas the Ga condensation does not seem to produce such As

vacancies.

The two-step anodic scheme seems to avoid both difficulties. The

chemical analysis of the surface layer involved demonstrates that indeed

a reduction of As and As203 takes place due to the low-energy process of

thermal out-diffusion at 6500C.

The results presented here demonstrate that with the aid of system-

atic analytical work a better understanding of the processes of surface

passivation can be obtained so that further progress can be made in this

area.
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List of Figures

Fig. 1. Profiles of Gallium and Arsenide ratios of mixed oxides before

and after laser annealing. Ratios are relative intensities of 3d

photoelectron emission peaks corresponding to the oxidized state (Ga2 03

As2 0 3) and the non-oxidized state (e.g. As or Ga in GaAs or in elemental

form).

Fig. 2. Depletion layer capacitance (C D ) as function of photopulse for

an oxide layer before and after laser annealing.

Fig. 3. Principle peak Auger intensities of Gallium and Arsenic as

function of the thickness of an aluminum layer deposited on GaAs.

Fig. 4. Principle peak Auger intensities of Gallium and Arsenic as a

function of the thickness of Gallium layer deposited on GaAs.

Fig. 5. Anodic oxidation of an aluminum layer on a Gallium rich surface

of GaAs. The cell potential is plotted as function of anodization time.

Fig. 6. Capacitance-Voltage characteristics of a GaAs MOS structure

produced by anodic oxidation of GaAs.

Fig. 7. Capacitance-Voltage characteristics o: a GaAs MOS structure

produced by anodic oxidation of an aluminum film onto a Gallium rich

surface of GaAs.
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An Investigation of Anodically Grown Films
on GaAs Using X-Ray Photoelectron Spectroscopy

P. A. Breeze' and H. L. Hartnagell
Department of Electrical and Electronic Engineering, University of Newcastle upon Tyne, England

and P. M. A. Sherwood
The Department of Inorganic Chemistry, University of Newcastle upon Tyne, England

ABSTRACT

Anodic oxides on GaAs have been examined using x-ray photoelectron
spectroscopy (ESCA) combined with Ar-ion etching. The ESCA spectra were
analyzed using both analog, and in some cases digital techniques. Results
showed the films to be composed of As2 O1 and GaO 3. The composition at the
surface of the films was found to be electrolyte sensitive. At the oxide-semi-
conductor interface evidence was found suggesting a Ga,0 rich oxide region
and a layer adjacent to the semiconductor whicn appeared to contain ele-
mental As. Anodically grown oxide films on GaAs incorporating Al were also
studied and it appeared that the regions of GaAs native oxide above and below
an A12O3 region had dillering compositions.

The anodic oxidation of GaAs (1) offers a very properties obtained still show room for improvement
simple technique for producing barrier-type insulating and work in our laboratories is concerned with optimi-
films on this semiconductor. Such films are of great zation of the anodization conditions in order to im-
importance for the fabrication of MOS (metal-oxide- prove device behavior. To do this effectively. detailed
semiconductor) devices and success has already been structural information is required and of the methods
achieved in producing transistors on GaAs (2, 3) using available to obtain this data Auger electron spectros-
this technology. However, the oxide and interface copy (AES) (4) and x-ray photoelectron spectroscopy

iESCA) (5. 6) are probably the most useful. when
I Present address; Inorganic Chemistry Laboratory. Oxford. En- .omkbined with a suitable Otctling technique.

gland. In -iis paper we peserit chemical depth profiles of
-Preient address: In.titut fur Ikoch Frequentztechnik. F"chbe.

tich Is, .Nttr,tra se 2.5, i.erm.w4y. an ,i. 4ily grOxn films on Ga .s, obtained using ['SC,

Key words; GAs, anudtc oxidamiun, LECA. depth prufileS. von.L.iied .ith Ar-ion etching. We feel that ESCA
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Experimental V 1  u
GaAs samples (Mon antu i -type, carrier canceritra- where NA and N;I are the number of atorls per urit

tration I 0-ji were cle'arId InI IInetnaIoL0 and ace1toneC VolUI Utl ti arid 1. 1i it ;S anLuiled ti-at IA -4.U InI
anddrid rom etoe.rsl~.e~na'.purty MR~. our, case tis is, true lor thev Ua aria A s Jd levels and

Limited), w,.here- used, was d..posrted by. evaporation thec Al]PIVIt Atfil3~51C /. c \ke lei gry
under vacuum at about 10 b Torrm GatAs samrples mere ilu) arid tne above:-mntioned levels are of very simll-
etched for I min in V(. IICI solution prior to aniodiza- liii kinetic eiigiec Wt: 1av used Eq. (21 to give
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(AGWj (1) and (ii) 0.02M I Nli) HYO4 solution 0 Am
mixed in thle volume ratio 1:2 with p:opari 1, 2 diol. IAL - giving the relative number of atoms per unit

Anodization was carried out under constant current CAL

conditions using experimental apparatus and tech- vouei rirr nt fNA cfoatmA
niques described previously (1). Ali e r anodization the vouei rbtayG&s f--I~ o tmA
samples were rinsed in acetone. Typical sample size The cross sections W.. were taken from those calcu-
was 0.6 cmn x 1.2 cm. The samples were attached to lated by Scofild (9). The 0 Is region showed a strong
the copper spectrometer sample holder wvitn ELEC- oxide oxv gen peak. the intensity of which was only
TRODAG 915 conducing paint kAchkeson Colloids Corm- usdtotanierae idnonocrcinswe
pany) to mnIt:mmze samiple crargin.. 'I ic samiple holder apid
itself was mounted on a UHV rotatable probe to en- Whplerete.dpak u oG_0 n aswr
sure precise repositioninig of the sample after rotation no clearly resolved tile position of th- opst peak
for etching. center at half-height relative to the two comotre o

ESCA spectra were recor ded on an A E I. E.S. 200B tions was used to estimate tie amnounit of each (om-
spectrometer at typical chainber pressures of 2 x poetrsnnepeetaefpakdeo aO
10- Torr, utilizing Mg K,,1 K,2 radiation at 1253.6 ev.
They were recoroed at 0.1 V sec-- iGa arid As 3d B3E Ga 3d) - 3E (GaAs 3i)
peaks) and U.05 V sec-i (Al 2-p and 0 is regions). X3ta Id 00'7c~s3d
Both arialog and digital spectra were recorded simui~l- LE(a, 3)-B G~ d

taneously, the sampling rate for trie latter being 50 In the presence of A5s0O;. elcmental As was always
times per minute. observed after Ar-ion: eicing. On (,ellhing through the

Ar-ion milling wvas carried out using an ION-TECH Oxide tilm to tlhe GaAs usrt the elemental As
saddle field ion s.ource ritre-d wv"!1 a scannjI.Ig faciiity. Peak cw-saPpeareci. Ar, exper.,iment using a sample of
Tne source has a beam of heiprnt 1 cm. and this wkas Pov.-dcred A-.(-) mourntea or, do!este eliotape
scanned along the iezigtn of tile sample, at a mean indicated tnat soDme of tuec oxide was redL.ed to ele-
angle of 43 to the sa.:rp L surface. Ar got: w a 91i.9S'6V mental As by tne ion beanm. Tnsis tllostrated in Fig.
purity (II 0G.). Trie source was operal-vd at either 8 1. A simlar experiment snowed that Ga_,O, was stable
kV 3 mA or 5 kV 2 mnA. Approx.tmate etcn ratc. were to,,%ards reduction unuer- thee co nuitions. It wa
25A/mnin in the former and uA/min in tnt: latte r case. thereLfore assumed tn:the origin. of thie elemental As
These etch rates were es.=;ated fro~m depth profles pc .i1 in tne anodic oxicif film was from reduction of
obtained fromr Oxide fhlis of kno\.. 1:,'icrlu-S. The As2_OL. When constructung Ciept! profiles the iensi-
anodic growthi co:nstants for oxidation of Ga\s have ties of the As..05: and e,c 1nnental As 3d pcaks we
been estabi:s-ned Pre\ iusly I ). To obl..li n upth pro- sumnmed to g:ve the total amnount of As originally
files thle sample, were et-I ch it, a rpa fashon. prusenll as oxide. IMakini; thc a~proximation that the
spectra beingj recorded after each period of etching. cross s~ctiori- and escape deptis are the samie for tne
Some idea of tole reprOducibility of the etching tuech- two miateriahs.) Where the elemental As 3d peak was
nique mway be Obtained f Iomn ~Ig (;% II. heL etching1r waS obscured by that due to As Inr. allium arsenide itsz
continu( d into the_ substratt_. A!. mae- be seen, it- this Peak height was assumed to be one-third of that of
region wriere cons tanlt ccrpos itiuri is expected, fluc- tile As55 05 peak for etcing a, 8 kV and one-quarter
tuatioris are less than for ion ti.rgat 3 kV. Tiese were the ratios ob-

served exPentmientallv- in the bulk of the oxide. Under
Data Processing these circumstances the assumed elemental As inten-

Most depth profiles, were obtained from the ESCA sitv was also subtracted from the nmeasured As 3d in-
peak areas of the Ga and As 3d pt.ak!. the Al 2p peak tensity of GaAs.
and the 0 1, peak in tne analog spcr.To calculate lnI order to assess the errors involved in the above
thtee areas a triangulis: ia .Pruximraii n was assumed approxirnation, an attempt was Ilae to anaiyze one
so that complete set of digital spectra by enmploying a non-

lrnu ar least squares lit ing program wich uses a
peak area = peak height x wA.idth at half height Gaussian Loreritziar, product function (10).

In ordcr to obtatr. mcaningful results it was neces-
The intensity of photoelectrons, of a riven energy sary to fix the linewicths of the various 3d peaks of

observed in a homogeneous iiittriil Of pathl length X Ga and As in the( InIterlaCe region The fixed values
is given by (7) Used w?,ere obtatned from fits off spectra from the oxide,

Fa I ep kx) or fr-im the GaAs sub 5 :rateL Twne reiults are illustrated
Inl ;,;1 2. %\lush alsO InincUde the profile obtained
fro0M' thle analOr spectra ine dips, in the analog

if elaic scatterinp is neclecltci I = intenurlty of plho- Prof!llcs aft..r 15, mit. (tcflitg are w\here the sample
toe~ctrrrsemited I~x-ra flx. . ro. ecton as left 0Over nipnit it- thle spctrometer after having

for photoionization, In a giver, energY hev(; of a riven etchted for 20 min.)
atom for a givten x-ray inet gv .U d0tvOf the- A> a fUTo V ticheck of the validity of the approxir. -

given atom in the matcria!; k :La spectrometer cor.- tions usd it, ic~oive ti~c G~. 3d peaks of G;A*O, and
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- " Fig. 2. Depth profiles of Go and As 3d ESCA intensities from a
3 IOO A oxide film grown on GaAs in (NH4 H.,PO/'glycol electrolyte

Aat 50 .A cm--, Ar ion etching at 8 kV. 'a) Profiles from oaaiogue

spectra, (b profiles from digital spectra, and ic) profile of

elemental As frcm digital spectra. For .o) and tb), , Ga in

W "GoZO 3; O, Go in GaAs; 0, As in As1,3; -, As in GaAs.

L L

,& • tt.. "- "e .. " .- " (they are in fact closely overlapping doublets cor-

s% prising the 3d 51'2 and 3d 3/2 peaks) and so the fitting
program may obtain a better statistical fit by modify-

ing the intensity of the weaker peak present. How-

0 40 ever the good agreement obtained in most cases is en-

50 30 20 10 0 couraging and indicates that the approximaton used

Binding energy (eV) is a useLul one in cases where no other method is
available.

The region where the accuracy of the profile be-

Fig. . ESCA spectra of the As 3d peaks for an As2O3 powder comes most critical is at the interface because here

sample (a) before and (b)At-ion etching at 5 kY. the greatest compositional variations occur. In par-

ticular there is the question of whether or not there

GaAs in the analog spectra the values of the expres- is any elemental As present at this interface.

sion In the case of the analog spectra, elemental As

BE(Ga 3d) - BE(GaAs 3d) could not be resolved out in the presence of gallium

arsenide As (i.e., at the interface); rather, a constant

B(Ga2 O3 3d) - BE(GaAs 3d) ratio of As.,O3 :As was assured in these cases and only

were compared with values of the expression this amount subtracted from the overlapping peak of

gallium arsenide (see above). Any additional ele-

I(Ga210) mental As over and above this amount will still be

Z(Ga23) + Z(GaAs) included with the gallium arsenide As. Hence, if

there were excess elemental As present we might ex-

where I(Ga20 1 ) is the intensity of the Ga 3d peak pe:t to see a profile such as that in Fig. 2(a) where

of Ga203 obtained from the digital analysis and simi- the gallium arsenide As appears before. and is initially

larly I(GaAs) represents the Ga 3d intensity of GaAs. more intense than the Ga. (Note that within the sub-

Since both expressions represent the fraction of the strate the As appears less intense than the Ga due to

Ga 3d peak due to Ga., they should be identical. The selective etching. This eftect is discussed later.)

values agree well (=5%) when the component peaks From the digital spectra, the computer analysis

were of similar intensities but discrepancies appeared made it possible to resolve out the As 3d peaks due

where the intensity ratio of the two components was to As.O, As, and GaAs as shown in Fig. 3. The As..Oi

estimated as greater than about 5:1 from the analog and As intensities have not been summed in Fig. 2(b)

data. In these cases the weaker peak appeared rela- but the elemental As plotted separately in Fig. 2(c).

tively stronger from the digital analysis. However (The error bars in the latter figure represent the 95%

only in one case, point 14 in Fig. 2(b). did the differ- conlidence limits of the digital curve fitting analysis

ence exceed the ±95% confidence limits (equal to 2 and do not include any other experimental errors.)

standard deviations) of the digital analysis. As may be scen the amount of elemental As appears

These differences probably arise for two main rea- to incr,:ase at the interface even though the amount

sons. First, the approximation used to resolve the fof As.01 is deccreasin. Tis also -,ugigests the pic. ence

analog spectra is not entirely valid under the condi- ')f excc.s clemeital As at tlse interface. However in

tions where tike discrepancies occur. Second. the 3d the 'kiIntl psiciile of Fig. 2(b) the ,a.lliunti aienide

peak shapes are not percectly litted to a single peak Ga .ppeais earlier than in Fig. 2(a), leading to sone
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Table I. Peak positions

Binding energy (eV)

Frelou iyThis work reported F V H M
(=0.2 eVj (i1. 12)

d  
(This Work I

a
GaAs 19 4' 19.5 16

" Ga 3d GajO. 205" 204 2.0
GaAs 41 2' 41.2 1.6'

•, As 3d As 1a. 44 5' 444 20"
As 41. -' 41.8 1.8"

~.~. -~*L,- Al 2P A60O. 74.5b 74.5 1.9

r Referred to CIS at 284 6 eV.
b Referred to Ga 3d position of Gaas at 20.5 eV.

fl 'Obtauhed from tie Vest computer filted spectra of the anodic
oxide

I 'Referred to CIS at 285.0 eV.
\ * Obtained from digital spectra.

b calibration if possible but in many cases this did not

prove reliable 'This may be due to the presence of a
7carbon-contai.....g species in the anodic films but more

work is required to definitely establish this.) Under
these circumstances internal calibration against the
Ga 3d peak of Ga-03 was used. In all experiments the

. internal calibration was consistent with the above

45 44 43 42 41 40 39 assignment. Typical ESCA spectra of the Ga and As
Binding energy (eV) 3d region for an anodic oxide arid the GaAs substrate

are illustrated in Fig. 4.

Fig. 3. Expanded spectrum of the As 3d region (a) at the inter- In addition to the ESCA peaks discussed above. sev-

face showing the digital resolution of the 3d peaks due to As2O.,  eral other weaker peaks were also observed in the

As, and GaAs; (b) in the GaAs substrate.

uncertainty as to whether the feature in the analog C
profile can definitely be identified as being due to ele-
mental As and is not merely an artifact o the method
of data analysis. Two points should be mentyined in
conjunction with this. First, although the Ga profiles
do deviate in the interface region the difference be-
tween these in Fig. 2(a) and (b) only exceeds the
95% confidence limits of the digital analysis at point
14 (indicated on the figure). Second. the Ga profile
of gallium arsenide is iterated to zero arbitrarily
at the point shown in Fig. 2(b) since here none was
observed. However the profile could be more abrupt
than shown.

However better resolution was required in order to /
clarify this issue. This was achieved for the ESCA
spectra by going to the narrowest slit width available.
Figure 5 shows spectra at the interface of a sample .

grown at 10 AA cm-- using this maximum resolution. 2
The analog profile for the same sample is shown in (Z
Fig. 6. The spectra in Fig. 5 clearly show that sig- U
nificant changes occur in the As 3d spectrum before
similar chaiges occur in the Ga 3d region and we be- _)
lieve that this is due to the pressure o, elemental As. "

Subsequently (for the profiles shown in Fig. 7 and
8) improved depth resolution was achieved by using
lower Ar-ion etch rates.

With this improved resolution, and since reasonable
overall agreement was obtained between the profiles
obtained by analog and digital analysis of the same
set of data the authors decided to rely exclusively on
the analog treatment of the results.

Results
The binding energies of the various 3d peaks of Ga

and As and of the Al 2p peak observed in these ex-
periments are listed in Table I and compared with
previously reported binding energieF. The comparison ....................
indicates that the maior peaks observed in tnt anod- I I I 0 I

ically grown films or, GaA.s currespond it' position with 50 40 30 20 10
those of Ga 2O:. As:O.,. and As within expu.rxmental
error. In the film incorporating aluminum the Al 2p Binding energy (eV)
peak corresponds in position wlith that of AlO,. The
CIS peak at 284.6 eV (which is the value obtained in Fig. 4. ESCA spectra of the Go and As 3d region with computer
this laboratory for a hydrocarbon contamtination laycr fit peaks of (o GaAs native osidc and (bl GaAs substrate after
based in Au 4i; . at 84.0 eV) was gencrally used for removal of the natie oide by Ar-son etching at 8 kM.
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130"0 cV", d~geetyr~s ( -v" F'it, 4). Twoi
pai ;f 'dE )a,.:~cui I I II t.,e 5110 .; qI c p-tra

t: 1St 2'6 ,irl.I i ' . 2 A Vb~ to - a e

A, * A iit_--j . t.;:x *-i 11 ,1;r il

ri!Al A;. "V -Ln GiA. !7,,l '. I. if. I' S h: J pa.
of ~ ~ ~ .~A A ;dog%'e '''I j

;1't e k art(S ,& tffe a.tc!.itu2 pt " tIloiS he ee -.- -.

non111nu.,hillmilated -rd.tnue In tole pe-itruine- --

tciXr ilie.r po-.ition ii,.d :rnten-~ty are wedl knrowon and
are taken from x-ray zpe-stro..copy re~uits (13). A
broad peak was tdcenti: Qd in the coniputer-analyzed
spectra of the anodic oxide at about 39 eV. A .;irrular b
peak was ,een in the GaAs ubstiate at around 35 eV.
Th latter peak is. a piasnslon loss peak as.;oc)L~ated with
GaAs (4, 14). and the lower peak protably hias a
similar origin. Finally, a new peak was seen at 27.5
(=I) eV which disappeared on etching through to L _,d6.1

the substrate. This is probably the oxyg;en 2s peak 15) _

the assignment being supported by thle fact that the
pc2ak correlates; quit.e well with. the oxygen Is in-
tensity which was moniitored in most oi these experi-
merits. ~c

Oxides grown in the (NI14 ) 11- P0 1 9lYCO1 electrolyte.
-Tile depth profiles shown in Fig. 2 were obtained
from a 1000A thick native oxide riim on GaAs, grown
in thle (NH 4 ) l.P,glycol electroiyte at 50 A em- -.
As seen ill the tigure tile surface of tile oxide grown in !E~
this eikctrulyte Is As deticient as comipared to tile
1;-alk. For a similar sample grown at 500 A cm-

2

tie ESCA spectrum showed no Ais present at the sur-
face. The bulk ox~de regionr is fairly uniform and shows d.h
a constant As/Ga ratio of atoms per unit volume of
between 0.5 and 0.6, this value appeaing to be inde-
pendent of grow.th current density over the range 10
PA-500 ;,A cm -. To whiat extent this ratio is aitected
by selective etching has not been established. How- .*

ever it is clear from the Ga and As profiles of falliumn
arsenidle, where the As/Ga ratio is 0.6 instead of unity, I__________
that sele,:!ive etching of As from the substrate dezi- s 0. f
nitely occurs. 

BNIGEEG
At thle oxide -semiconductor interface the As_,Ol in- EEG . iz.

tensity generally starts to drop before that of GaO-.0:!. Fig. S. ESCA spectra of As and Go 3 d region of sam'ple grown at
Indced, in some cases thle Ga,0 1 intensity increases 10 uA cm 2 - after Ar-ion etching at 8 kV for (a) 25 min, -b) 28 min.
first before dropping oil. This leads to a Ga-,O rich ox- (c) 31 min, (d) 32 nin, (e) 33 min, Mf 34 min, (g) 36 min, (h) 39
ide wext to the substrate. The elfect seems to be more min.
prirniouii-,ed at higher arid lower growth current deni-
sities thaa it is at 50 A cns 2. See for example Fig. 6

for saplegron a 10~A c~. imiar ehaior were measured on both Ga, As, and oxygen profiles.
has bIeen ol.'si-ved for samples grov.'n at 500 .A cm. It was found tlat those measured from the oxygen

From (hc profile in Fig. 2(c) it canl be seen that

oxide-fIviicuilductor interface even though the As 2O3  >intens;ity is decreasing. This -suggeAts that there is a
region adjacent to thle GaAs substrate where elemental T

-4Ais was prcLiit prior to Ar-ion etcihing. Alternatively M 76 0
it is pos;sible that very thin filmns of As2 O1 may be P
more readily reduced, leading to a smaller As2 O1 /As _
ratio than that observed in the bulk of the film. C
Howevee, it hias been suggested previously 14) thatZ
there is an As rich region adjacent to thle substrate L
in anodic films on GaAs. In view of this it seems very0
probable that what we are seeing here is confirmition
of the presence of elemental As at the oxide/semicon-
ductor interface. Figure 5 shows spectra obtained on
etching through the interface of a sample grown at 10
P~A cm-2 . It can be seen that thle changes in As 3d
spectrum occur earlier than those in tile Ga 3d re-
gion. The profile from tile sample is shown in Fig. 6
and shows a similar region to Fig 2(c) although in
this case thle elemental As intensity is included in the0
As profile of gallium arsenide as dliscu.;;ed earlier. 0 20 40
Similar results were also observed for samples grown ETCH TIME MINS
at 500,.A cm --! 

foInterface widths, measured from thle:;( profies, were Fig. 6. Depth profiles of Ga and As Id ISCA itr''tiqs fo
defined as the distance over vhsirli the intvsIity of 800A oxide film grown an GaAs in (N 1)1H_2P01 /glycol 4p'ectroIvts

the component being measurted changed from 20 to at 10 ~A cm -. Ar ion etching at 8 MV Ga in Gao.0; 0, Ga -n
805o of its steady-dazte value (ti). interface widths GaAs. M, As in As.0 I; E, As in GaAs.
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profile s gave the 1c rge(, t N dth,,a would bt f. \cpe.Ctvl A ji()d I fj fit 111( r 1 10 TaI Tl ~g ao ir n u -nFgru re C
Since tnev), iellect~ tIc' 01hi~ ft i both As, 0 arid (;,.0) sm the, pitoilt. obtoirmed fro ai rt anodic oxide
at the ifltertl(( 'lice frwo ~iti the NVem pm Uilt-. filn g~roi ini t AGW cletroIvte on a (aA" ,mp)(
are tht.refore used : d am, thei iter i,ie Aith 2OUA, of Al depoi ted onto its Smface. ESCA

Significantly 5!1'll. ler irit ic i" %re ob.'erved spe 'tra of th, Ga~ and A, Mc r egion taken at point, it.
whenl etcingi1 at a) ratlm r tfi am i; ),% I-or exaimiple trim( B anid C it, I-lb 11 l i si'mmwri ii; Ji11 0. The total oxide
interface width ine-uiad for a, 1000A Ilrii row.n at t,iM thin. :f)e:.s here is ap1,ir0X!?imatU1N 900A As alrecady
500 pA cm -- ' anid utcmive at e, kV wc.- 210(A wresthle noted. the( Al _"p peak canl be a-c igried to that of A1.O:,
widith rreasurt-d fur it .irmi ilmr etchedi at 5 kV was (sie Table 1). Ttin peak swa' tieerved all the way
about 90OA. This is due tom knos -oii eilects occurring through thle oxide filnm anid significant amounts were
during ion etching maike ijs the inter-face. appear seen at thle surface.
broader than it actua!ll is T he Olect is greater for From Fig. 8(a) it can be seen that there are two
higher energy bombardin t~ ons. Another effect which GaAs niative oxide regions, one above and one below
has not been iiivestiga ted ini a systemnatic way here is thle AlO0. layer. The native oxide beneath the A12 0 3
uneven etching. Ticis miakes the observed interface layer is similar in all respects to that observed on
width depend or) what t'il~n thickness has previously GaAs in the absence of Al [compare Fig. 4(ma) and
been etched away* , thre broadening increasing for Fig. 9(c)] and at the oxide semiconductor interface
thicker films (6). liecause of these eflects the measured the probable presence of elemental As is indicated.
interface widths represent an upper limit and the However the native oxide at time surface of the film
actual wvidths may. be: expected t, be significantly [see Fig. 9 (a)] shiows marked diflerences when com-
smaller than the measured values, pared to the normal GaAs native oxides grown with-

Oxids gownin ~e ortric cidplool ~ecrolte. out Al. First the oxide is very As deficcent as corn-
-Figure 7 shows the profiles obtained from a SOOA paef otenra ndcoie h sG ai
ilative oxide film grown on GaAs in the AG"' electro- of1 atoms per unit volume here is about 0.3 rather than
lyte at 200 ,.A cin- . In contrast to oxides grown in the 0.5. Second the As2 O 3 - As ratio in this region is almost

previous~~~~~~~~~ elcrlt-h ufcergo sA iha 11 not the 4: 1 ratio expected fromn reduction of AsO,
coparedu etoyte bule Thfae rtgion~ in All tihes by Ar ions, at 5 k%'. This sctuation persists right thr-ough
profiles is unrepresentative due to surface contal-n- prcedoialy Al r i re nontil the i oie regin
irat:cn. and should be ignored ) The other features of udrneath is reaed hntenoalriosagn
the~t profiles are very similar to those already dis- observed. This seems to suggest tfhat there is sorme

diflerence bectween the AsO.: in the two regions suchcussi ci. The bulk of the film is unifoirn with an As-/Ga thttanerrhesfcesmoeediyruc.
ratio of abou.t 0 .5 Theref is ai slightly Ga ,0: rich region ta htnae h ufc smr edl eue

adjaentto hc sbstateand he s pofil ofthe An alternat~ve possibility wkhich cannot be ruled out
aasett substa' mciats thdtc A probalep isne of ec- h from the data available .here is that there was orig:-

rinrtal As at tuie imterface The interTface wvidth ob- nally some unoxidized Al present in the film winch
tained fronm tht- ox Ygen profiWe was 60A. (The sam- reacted wvith As -O0 during Ar-ion etching to produce

plcwasetced t 5k~iAs - A]20,-. since A1,O, is the thermody namically
Using the data show.n in Fig 7 ati tterncpt was made mr tbeoie

to estimnate the amnount of eefntal As presenit at the Discussion
interface- a' sr and acethat expected-_ die to reduc- The foregoinc results indicate that anodic native
tion of As-) .0 by ti i ,r. be:-'.Tnc Calhium a~senide oxide films on GaAs may be divided into three regions;
As peak iilteirs:t~te wic:. a. 1 cv:reccle c ior selective
etching using- the c)e GaA r::o of 'fte sub-
strate wkhich is 0 161 ii f uni!.-, znd assun':ng
that 11wf effect beo~'o~ as s.on as the sub-
strate appears.Ui tin: crc' -t 'ted va'ues the dif- 1
ferenice in areas tin+ G.t and_ As p rofiles off >
the galliU7 21 rc'e.!Ide v.i or Yc romn the k.rcown-: X,
etch rate aind. tl.( k:n-wi ,.no of As atoms' in GtAs Z
the zirea co-uld- bc o e an ce of atorn,

to t :ir nuve i h, _uncate.
csign a _

>r j
X

2 IC

0 2000

ETCH TIME Irnins)

Fi 9 orpI!' profiles of Go and As 3d and Al 2P ESCA intensities

Fig 7. Depmth profiles of Go oand A- 3d ESCA ,rntc's-t,cs Iotem a from on anodic oxide grown on GaAs - 200A At in tartaric acid'
SOOA ode film grown on GoAt in toft001 o'ii 'gqkCol CleCCrolstC glycol clectrointe or 100 A cm-:. At ion etchming of 5 tV. Go

t 200 A cm -' A, on etching a? 5 kv Go in Go.O S Go in Go.0 *. Go in GaAs. 0, As in As.D,; .._, As or GaAs,
in GaAs, M. As in As.0.; j.As in GoAs !2i of A! 2p intenity in Al.-O. j
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As noted above it is possible that the as-grown
A anodic oxide ihrn contain elcrnt-ntal A5 at the oxide/

semiconductor inteiface. [he orii: of thi clvmer.tal
As is riot ktrown. but we nave prevuusiy - U''_,'.'_

18) that tr'c jro',h linecn ,anl:,1i mlay e t r: i U. .
: Whatever tihe rteazon 'or th:s ac-'inuiaton. ;rt.e

rnut Influence t:e nt1eiifa.e nioperus arid -,.,e w-
vice behavior .vhere this 'echnoiogy is employed. Lec-
cause of this it %%ould be advantageous to be aule to
control and hopefully eliminate this elemental As
buildup. However, at present there is no obvious way

:, in which this mrignt be accomplished.
'One further observation of relevance in connection

with the oxide .im growth mecnanism is that in Fig.

8(a) A12 0,3 is seen throughout tne film. Its occurrence
deep in the film, below tne expected A12 05 reg:on, may
be due to knock-on eile,'ts during ion etching. How-
ever, the spreading towards the oxide surface cannot

.-- be explained as an experimental artifact. It may mean
that the previously suggested interstitial mechanism
for metal ion drift 113) is an oversimplification and
that -lattice" and "ntersttial" ions can interchan-e

2 within the film. Further experimental work .s required
here.

C" Finally, it is important to consider the effects of ion
etching on the sample and how this inriuences the

/ results. We have observed in these experiments that
the Ar-ion beam reduces As:0 3 . No similar effect was
seen with Ga2 0 1 . We have also seen selective etching
in the GaAs substrate where the observed Ga:A.s ratio
was not unity. However, we have not yet been able

* , to estimate the extent to which selective etching effects: the observed Ga:As ratio in the oxide. Until the ex-

tent of this effect is known we cannot make any rehi-
- .A .able quantitative measurements from results such as'these. Also we have noted that the measured interface

width is significantly iniluenced by the etching con,. -
tions, a factor -,vhch should be taken into accou -

60 50 40 30 20 10 when using such measurements.

Binding energy (eV) Conclusions
The results presented in this paper illustrate theFig. 9. ESCA spectra of the Ga and As 3d region recorded at application of ESCA to the study of anodic oxide films.

points A, 8, and C in Fig. 7. Using this technique we have been aole to obtain
chemical depth profiles which provide considerable
insight into the structure of such films. They indicate

the surface, the oxide bulk, and the oxide/GaAs inter- that the oxide/serruconductor interface region is very

face region. In terms of chemical composition the sur- complex with variations in the Ga 2 O3 /As 2 O, ratio as
face region is extensively influenced by the electrolyte v, ell as the probable presence of elemental As- Some

faceregon i exensielyvariation was noted between hilms grown in two differ-whereas the other two regions are not. The factors Lata t o ly te.
which control the surface composition are not known ent electrolytes.
but the adsorption behavior of the electrolyte is prob- Results from an anodic film grown on a GaAs sub-
ably important, strate plus 200di of aluminum also showed complex

Due to the limited number of samples studied here behavior. Two different native oxide regions were
no definite conclusions have been drawn concerning identified, one at the film surface which was relatively
the influence of growth current density on film struc- .Xs.O deficient and one below the Al2 O:, adjacent to
ture. However no overall systematic changes were ob- the substrate, which resembled the anodic natve ox-

served over nearly two orders of magnitude (10-500 ides seen in the absence of Al.

,.A cm-2). The most obvious variation seen was in Much more work is still required, both on anodic
the extent to which there was a Ga2O.O rich region native oxides of GaAs and also on multilayer anodicin the oxide near the oxide/semiconductor intertace. films. It is hoped that progress will be assisted byTis eoxdemed uche ponouncdor implegrowne further applications of ESCA to take advantage of theThis seemed much less pronounced for samples grown insight whch it allows.
at 50 .A cm-' than for those grown at the extremes
of the range studied. It is conceivable that the ob- Acknowledgments
served variation was simply an experimental artifact.
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