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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.




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. Timmler. 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. RShkel, 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




&

was therefore not only able to qulish several new interesting
results in the scientific literafu{eﬂ 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. ROhkel spent some periods at various British research
laboratories where the questions of surface passivation were also
systematically discuised. 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.

;




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.
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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 um, mobilities around

4400 cm-2 vV <;ec_1 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 ficm.

A glycol-tartaric acid based agqueous 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 um wide gate strips. The gate to source (or drain) length

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

the order of 1000 R.

By measuring the drain resistance at the origin of the

I. -~ Vds curve, displayed on a Tektronix curve tracer, it was

d
found that RS = Rd 40 2. 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.




The MOSFET transconductance Ino 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 Imo values, it was found that the intrinsic output conductance

G is equal to 2.8 mmho's.

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

g ds

were evaluated by low frequency measurements as described above.

tested devices. Some of its parameters, namely Rs’ Ry R and

ng

Others, however, such as C R__ and ggﬂwere estimated by

gs’ Cdg’ gs

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
S11, 522 and the transfer terms S12, 521 were measured with an HP

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

R were evaluated from

is ~iven in Fig. 2. The elements Cgs’ Cdg’ gs

the S-parameter data and are given in Table 1 together with other
characteristics of the transistors.

*
9 ~ frequency-dependent transconductance of equivalent circuit

- "low frequency" transconductanceg of MOSFET amplifier

4}

Imo




Fig. 1 MOSFET small-signal equivalent circuit




Fig. 2 Small-signal s-parameters of a MOSFET




Geometry
Gate length: 1 = 5 - 10 um
Gate width : w = 200 - 300 um

Gate to source/drain length: 15 =1,= 10 um

Channel depth (under gate notch): = g 000 R
n - epi layer = 0.8 - 1.0 um
Material parameters
Carrier density: n = 1.0 x 1017 en3
Mobility: w =4 400 em® vis7l
Substrate: Semi-insulating (S.1), Cr-doped
p > 107 Qcm

Equivalent circuit parameters
Transconductance: 90 = 3.5 mmho
Output conductance: Gds = 2.8 mmho
Gate resistance: Rgs =209
Source/Drain resistance: Rs = Rd = 40 @
Gate metal resistance: Rg =3Q
Gate to channel capacitance: Cdg = 0,15 pF

Cgs = 2,07 pF

Table 1 Typical parameters of an n-channel GaAs MOSFET




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 9, 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.




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
separation, the initial current through a 0.25 cm2 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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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
l oxide layer emits light under reverse voltage biasing conditionl1l.
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 al|2| 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 & 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.




- 14 -

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 1017 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 350° ¢ 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

i

I

E 3 % aqueous solution of tataric acid : glycol
ratio: 1 : 2




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 NH,OH (25 %)

4
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 HCl1l prevents

light emission and etching with a solution, including alkali,

improves it.

4.3 Reverse 1I-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.




j:'.'—"——“v—-—-—m"

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 i

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 HCl 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. 7 Band diagram of the MIS Schottky barrier diode without
interfacial charge (a) and with negative interfacial
charge (b). "rhe negative interfacial charge reduces the
preakdown voltage of the reverse V-1 characteristic.




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.




Table 2 : A Summary of the light emission effects observed

Definition of Symbols employed:

R1

R2

R3

R4

Py .

0] The process was inclusive
A 4 3 H202 + 2 % NaOH
B HCl (25 %) was diluted with 5 portions of water

C NH3 (25 %)

The wax was removed with acetone, after the evaporation of

Al electrodes

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

anodized oxide layer was etched out by using the solution B

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

Al electrodes emit light.

Light emission was observed just after fabrication, but the

sample stopped emitting light after 3 weeks.

1
b

|
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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. TQe 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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Figure 8 Circuit for measurement of rise- and falltimes of

1ight emission




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 us, 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.
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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

This relation holds for the risetime T, and the -3dB- cutoff
frequency fr of linear low pass filtersl4|. 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




CQY 31 LD 242 LD 271 SU 22
Risetime (measured)
{us) 0,15 0,9 1,2 1,5
cut-off frequency
(kHz) 2800 900 300 200
Risetime (us)
calculated from cut-off 0,13 0,4 1,0 2,0

frequency




ey

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 600o C, low temperature
processes are indeed of interest. It was therefore decided to fabricate
GaN and AlIN 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 - 33° ¢ ana - 77o 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 fliissigem 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 > Li  + NH

NaN - Na + N

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




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 - 33° ¢
can not be investigated because of the low boiling temperature of
ammonia. It would of course be possible to undertake electrolytic
work with ligquid NaNHZ—KNH2 at about 100° 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.




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.

XN
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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.




CHAPTER 8

Emulsions on GaAs Surfaces

(K. ROhkel)

Experimental efforts are underway to explore the possibilities
of passivating GaAs surfaces by the deposition of emulsions which
turn into 5i0, 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. Laboratoryls‘
where GaAs surface seem to have been passivated quite successfully
with such 8102 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 8102.




Since interest in such work also exists at the 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.

Rohkel.

The best method for 5102 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
200° C and 400° C for 15 minutes was first applied. A solid film

occured through polymerisation with the doping impurity 2Zn.

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

3

~ 1018 cm ° and thickness ~ 1 mm) a SiO layer of ~ 4000 8 thick-

2
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 800° - 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 um 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).

Xl
1
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Figure 12 : GaAs covered with a silica film after

hardening at

about 200° C, rapid heat rate
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Figure 13 : GaAs surface after 40 minutes diffusion at 900° ¢

(SiO2 film removed) otherwise like Figure 12
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Figure 14 : SEM-result of the etched GaAs cleavage plane after

f diffusion (900o C, 40 min., p-n junction ~ 1,5 um)
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Figure 15: Current voltage characteristic of the p-n junction after

ohmic contacts are applied




Figure 16 : Microprobe material profile versus etch time
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APPENDIX

Publications of the period of this report.

1.

S. Hannah, B. Livingstone
Composite A1203 and Native Oxide on GaAs and InP, Incorporating

Enhanced G III Oxides for Surface Passivation; paper presented at
MOS Conference in Durham, England, 1979

Institute of Physics Conference Series No 50, Ch. 4

H.L. Hartnagel
Non-Si MIS Structures
Invited Paper - International Autumn School on MIS Systems,

Dobogoko, Hungary, 12th - 22th Sept. 1979

H.L. Hartnagel, D. Pavlidis

Microwave Characterisation and Performance of GaAs MOSFETs
Conference Proceedings of the 9th European Solid State Device
Research Conference (ESSDERC 79), Munich, West Germany,

9th - 14th Sept. 1979

B. Bayraktaroglu, H.L. Hartnagel
Anodic Oxides on GaAs
IV: Thin Anodic Oxides on GaAs

Invited Paper, Int. J. Electronics 46 (1979), p. 1-11
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5. P. Breeze, H.L. Hartnagel
An Assessment of the Quality of Anodic Native Oxides on GaAs
for MOS Devices

Thin Solid Films 56 (1979) p. 51-61

6. J.T. Grant, H.L. Hartnagel, F.L. Schuermeyer, B. Bayraktaroglu,
D. Mays
Multiple Insulator Layers on GaAs studied by Auger Analysis

Int. J. Electronics 46 (1979) p. 209-214

7. H.T. Mills, H.L. Hartnagel
Ohmic Contacts to InP
J. Electronics 46 (1979) p. 65-73

;

[ 8. B.L. Weiss, H.L. Hartnagel

’ Crystallsation of Native Oxides on GaAs for Device Application
I
'

Thin Solid Films 56 (1979) p. 143-152

9. D.W. Langer, F.,L. Schuermeyer, J. Johnson, H.L. Hartnagel,
H.P. Singh, C.W. Litton
Chemical Reactions of Oxide Layers on GaAs
7th Annual Conference on the Physics of Compound Semiconductor
Interfaces, Estes Park, Colorado, U.S.A., 29th - 31st Jan. 1980

to be published in Journal of Vacuum Science Technology

10. P.A. Breeze, H.L. Hartnagel
An Investigation of Anodically Grown Films on GaAs Using X-Ray Photoelectron
Spectroscopy ;'
J. Electrochem. Soc.: Solid-State Science and Technology, Febr. 1980, Vo. 127, No2
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Non-Silicon MIS Structures

H.L. Hartnagel
Institut filir Hochfrequenztechnik
1 Technische Hochschule Darmstadt
MerckstraBe 25

6100 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-

GELE . £ igtag

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-,




plasma- and anodic oxidation; evaporation, sputtering, chemical
vapour deposition and others|1|. None is fully satisfactory, although
some are more uscful already than others., They can be devided into

g 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_semicohductor. 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 O has been analized by various methods such as Auger
electron spectroscopy, secondary ion mass spectroscopy and X-ray

t

pfotoelectron 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 Ga203 when they are

annealed at temperatures higher thkan 450° C. Polycrystalline Ga, 0O
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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 semiconductcrs.
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 temperaﬁure, time and ambient atmosphere)lzl.
Then the eiectrical conditions after partial crystallization are
described,3,. 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 S§i doped Gaas {(n = 2 x 1018 cm-3).
It was cleaved into samples approximately 5 mm x 3 mm which was

cleaned in an ultrasonic cleaner using acetone, trichloroethylene,

methancl 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|4|. The oxide layers were grown using several
values of the initial current density ranging from O.1 to 2.0 mA/cmz,

with the current density being changed by varying the resistance

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




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 ﬁo the required
temperature (T) as quickly as possible, held at this temperature
for 10 mins and then cooled down at a rate of either 300° ¢ per hour

or 100° 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 & was obtained, where
© 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 (A = 1.938 8).

The structure of the surface of the oxide layer was determined
using an AEI E.D 2 electron diffraction camera. From the diffracticn

patterns obtained the structure and orientation of the surfaces of




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 % soiution (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/cmz. 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 GaAslsl.

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

2 and etched in HCl fumes to remove all

a current density of 1 mA/cm
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 HCl fumes on the remaining oxide

layer. The former explanation could also be understood in connection
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with the observed excess Ga or non—qxidizcd|7| As found in such

a layer as described below in chapter 3.




Several samples were grown by using an initial current density of

1 mA/cm2 and annealed in either As or high purity hydrogen at 500° ¢
for 30 mins., After annealing tﬁe 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 & (green) . Taking into account the penetration depth of the
microprobe analyser this corresponds to a considerakle 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 tempcrature'sl 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 600° 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‘gl.

For the anodised samples grown with an initial current density
of 2 mA/cm2 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 ].

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 pecaks werc of a comparable magnitude, due to

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




amount of anodic oxide present. The pcak which occurs at 2 ¢ = 40.6°

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

g - Ga203, i,e. the g8 - Ga203 is (100) orientated. This is the most
likely orientation of the g8 - Ga203_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 B -~ Ga203 which are 2.816 & and 2.832 R respectively., Information on the
change in the volume and crystallite size with annealing temperature
for the crystalliﬁe B - Ga203 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

g - Gazo3 only for high-current density growth and that the total

amount of crystalline material did not increase significantly until

. o
it was annealed above 450~ C.

As the peak width is inversely proportional to the average size
of the crystallites in the oxide, one can sece that the crystallite
size decreases initially with increasing annealing temperature until
450° 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 decrecase 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 considcrable formation rate of

new single-crystal nuclcating 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 350o C to 450o 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 i
around 2 0 = 86° 3° (@ ~ 1.4 R) was found which indicates that there
may be an unmeasurcably samll amount of some other orientations of

g - Ga present in the sample. 4

293
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 rr'I\./cm2 and were annealed at
600° C as above except that the cooling rate used here was 100° ¢
per min. instead of 300° 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.
those grown with a current density of 2 mA/mz. By varying the
annealing time from 10 to 60 mins at a temperature of 600° C it was
found that the average crystallite size increased with increasing
the annealing time, see Fig. 2, with no significant changé in the
total volume of the crystalline g -~ Ga203. 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 § - Ga203, for a peak width at half

height of 0.050, gives a value of -~ 150 R.

An analysis of the electron diffraction patterns produced by the
samples grown with initial current densities cof between 2.0 and
0.1 mA/cmz shows that the surfaces of all of the unannealed oxides
are amorphous, However, after annealing in connection with the
fabricat%gpﬁpf Au Ge ohmic contacts on the back face of the sample,
the surfaces of the oxides became slichtly 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 300° ¢ per hour an

analysis of the electron diffraction patterns showed that the




surface crystallised out into a polycrystalline g - Ga203 structure,

with only the rings corresponding to the (h.o.l) reflections present.
As the anncaling 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 samplgs grown using a current density

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

reflections were visible indicating that this structure had become
more orientated. However, after annealing at 80oo° ¢ it produced a
pattern consisting of spots and rings showing that some crystals of é
B - Ga203 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
100° ¢ per min even the sample annealed at 700° 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:n fact be estimated to be

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




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 fo be extremely flat with
the exception of a very occasional defect, which can be thought to l
be due to some contamination 6f the sample surface, except for
samples, annealed at or above 800° 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 compcnent

of the oxide between 400 and 500o 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 % 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
0]

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




the interfuacial 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. Thesc two crystallisation processes
can be considered to be independent of ecach 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 anncaling. 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 £ = 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 €, = 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 mcasured point-by-point rather quickly. (On figure 3(c)

the small hysterisis in C for the 300° C anncaled 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 uA ranges per cm2 at 700° ¢ for a gate

6 1

bias of + 15 V, corresponding to an average field of 1.5 x 10 V cm
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.




3. Chemical Analysis

Using ESCA, it has been demonstrated|7| that, by ion etching
the oxide away from its top surface, one first finds the transition
from Aszo3 to non-oxidised As, and, only several etch minutes later,
the transition from Gazo3 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 Aszo3 - As transition can be made to go nearer to
the oxide surface whereas the Ga203 - Ga interface moves simultaneously
further into the GaAs. It_wuuld mean that the provision of sufficient

energy causes a transfer of oxygen to take place from Aszo3 to any

non-oxidised Ga or to Ga in GaAs.

R.P.H. Chang reported|1ol 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-beamn
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.




Preliminary results'11I show that a two step oxidation of the
following procedure avoids the band of non—ox;dised As and seems
to givé 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 Aszo3
evaporates without, however, éffecting the GaAs, and so that most
of the Ga203 is transformed into Ga and H,0 {which evaporates)l 9'-
A layer of Al is now evaporated on the remaining Ga + Ga203 film
and electrolytically oxidised. This oxidation is pursued into the
original Ga203 layer without, however, going into the GaAs. The

resulting capacitance-voltage behaviour of such films is discussed

at the end of Chapter 5.

Structural infcrmation on the composition of such thin films
can be obtained by Auger electron spectroscopy (AES)I12| and X-ray
photoelectron spectroscopy'13l (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
former|13'. 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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(i) 3 % tartaric acid solution mixed in the volume ratio

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

(ii) 0.02 M (NH;) H,PO, solution mixed in the volume ratio

1 : 2 with propan 1, 2 diol.

Anodisation was carried out under constant current conditions.

ESCA spectra thus obtained'14'were 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

i recorded at 0.1 V sec”! (Ga and As 3d peaks) and 0.05 V sec” !
(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,

S TR T TTEe T RN

at a mean angle of 45° to the sample surface. Argon was 99.996 %
purity (B.0.C.). The source was operated at either 8 kV 3 mA or
5 kV 2 mA., Approximate etch rates were 25 ' per minute in the

" former and 6 R 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 featuges 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 Ga203 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 2.

(The sample was etched at 5 kV.)




4. Some Technological Recipes

In silicon technology, surface passivation is usuvally 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 componénts (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 reproducible 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 Gahs anode. The first two of these potential drops are generally




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 estimaté 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 abovemehtiOned 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 ard reproducible oxides by anodisation. A great deal
of attention should be paid to the sample preparation and the techniques

for maximum reproducibility.




The GaAs slices are usually in the form of 300 - 500 um thick

wafers, gencrally 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 uym 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 3 Au - 12 ¢ Ge alloy for n-type, and 200 ® 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-cvaporation etchant:
A -4 % H202 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




The annealing of the ohmic contacts is done in a N

purged,

2
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 465o C with 300° C/min. heating and cooling rates,
for p-type GaAs a 2 minute annealing at 600° ¢ with 100° 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-facilitigs 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 Companyllsl, 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 afe 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 opecrate FET amplifiers without any
bias supply provided for the gate -~ a possible circuit advantage.
The Fujitsu Laboratories in Japan have found[16| that the MESFET of
the same electrode geometry appecars to have a larger parasitic

capacitance C

gs between gate and source than the MOSFET. C is

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

| %)
that the

edge effccts than it is for MESFETs. It is then argued
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|16'17|. 2 y long gates have shown unilateral power gain
over the 2 - 8 GHz frequency range. An enhancement device exhibited
a maximum frequency of oscillation at 13 GHz, A depletion device
of 1.8 1 gate lenogth gave a maximum frequency of oscillation of
22 GHz. The intrinsic current-gain cut-off frequency for the

deplction 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 y thick, 2 x 1017 cm—3 n-layer under a 1.5y

5 x 1014 cm"3 n-layer covered by native oxide, an improved
enhancement-mode FET was produced,17| showing good saturation
characteristics and operating entirely in the enhancement mode. The
S paramcter measurements covering a frequency range of 2 - 12 GHz
show that, although the gate length is only 1.5 u short, the
unilateral gain U decreases with somewhat more than -6 db/Octave

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

performance.
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The difficulty with these otherwice very inpressive devices is
a strong charging 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 employincg
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 InP|18|. These insulating films
arc 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 hydrophilic
polar head. Typical molecular size is 2.5 nm for stearic acid

COOH) . The

(C17H35 COOH) and 2.75 nm for arachidic acid (C19}I35

Langmuir-Blodgett films can be built up to a thickness of 1 u.
Cadmium arachidatc shows improved adhesion properties. The gate

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

\ -2
conductancce mcthod, a surface state density of N, = 2.3 x 1011 cm

(c\l)-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|19|: both the output
characteristics and the power Qain 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 to

20
long-term charge storage transistorsl |. They Operate in a similar

manner as Si MNOSFETs where N is SisN4, 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 A1203. Therefore native-oxide thicknesses above the

tunnelling distance can be used when it was found that the dis-
21
charging times for zero bias are substantially longerI | than with

i the corresponding Si N-O interface where the Si0O., cannot be larger

2
than 50 8. The increased charge retention facility of GaAs MAOSFLTs

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

A1203 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

22 .
diodes with oxide thicknesses up to around 200 R' l. The devices
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have to be biased then in the reverse directioen, when minority
carricrs arc formed in an inversion layer at the interface. They
are injected into the oxide, at the same time when majority-type
carriers arc 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 enexrgy. 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 cmission cffect 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 oxides| 3|
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.




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/Ga203 layer is a strong contender
for improved GaAs passiva;ion. 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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Fig. 1

Fig. 2

Fig., 3
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Fig. 4

Fig, 5-8

Figure Captions

The variation of the X-ray intensity and peak width (x) at
half height for the (200) reflection of B-Ga203 with annealing
temperature for the samples grown with a current density of

(a) 2,0 mA/cmz, (b) 1.0 mA/cm2 and (c) 0.1 mA/cmz.

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

reflection of 8—Ga203 with annealing time at 600° C for sample

grown with a current density of 2.0 mA/cmz.

Cpacitance (C) and corresponding DC current (I) against
voltage Vg applied to the Al eléctrode of MOS diodes for
various annealing temperatures; (a), (b), unannealed; (c),
(d) 300° C; (e), () 700° C. - and + refer to the polarity

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

curve is plotted, oxide thickness = 1000 R, area = 10_3 cm2,

ramp speed for C - V plot = 5 V s~ '.

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

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

-1
Vstress = 20 V, ramp speed = 15 V s T’ca p-type; o n-type.

Depth profiles of Ga and As 3d E.S.C.A. intensities

(in Fig. 7: o Ga in Ga,O 0 Ga in GaAs
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& As in A5203

& As in GaAs)
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Microwave Characterisation and Performance of GaAs MOSIITs

D. Pavlidis
H.L. Hartnagel

Abstract

GaAs MOSFETs fabricated with anodically grown oxide gates in n-type cpitaxial layer
on semi-insulating substrates were tested at both low and high frequencies in ordor
to evaluate their characteristics and prove their microwave capabilities. A maximum
oscillation frequency of 4.8 GHz has been obtained with a 5 um long gate Structure.
The device showed power gains (MAG) of the order of 14 db at 2 GHz and appreciuble
frequency dispersion of transconductance below 800 Hz.

I. Introduction

Although Si-MOS technology has already reached a mature stage, GaAs and related
IIT - V compounds are well behind in this field due to the numercus difficultiss in-
volved with the passivation of their surfaces. Anodiclll, P]asma!22 and Hitrice
based|3| passivation techniques have not yet resulted in satisfactory interface state
characteristics and the formation of an inversion layer on the semiconductor surfacc
has first to be confirmed before full advantage of the material properties in device
applications can be taken.

The techniques developed until now for forming the insulator Tlayers have prinarily

been applied in order to produce enhancement/depletion mode HOSFETs!4’5‘

and thus show
the advantage of using a gate insulator in order to protect a FET from pesitive voltac:
excursions, which in the case of Schottky gate transistors can be detrimental. Furiher
more, due to the reduction of gate fringing capacitance in MOSFET's, & q;oher OB ETaths
oscillation frequency can be obtained than with similar MESFET structures 1.

The results reported here concern the electrical properties of anodically uade
(AGW processlll) n-channel GaAs MOSFETs. Low frequency and microwave tests were under-
taken in order to fully characterize the devices and prove their feasibility for

microwave operation,

I1. Device Structure
The devices were made on n-type, S doped VPE iayers having thickness be*ween 0.7
2 -1 -1

and 1.5 um, mobilities around 4400 cm™“ V™' sec * and carrier concentrations of the

order of 1017
strates with a resistivity larger than 107 Qcm.

cm_3. The epitaxial layers were grown on Cr-doped semi-insulating sub-
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A glycol-tartaric acid based aquecus 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 1ift-off techniques|4|
and had 5 um to 10 um long, 300 um wide gate strips. The gate to source (or drain)
length was 10 um and the channel depth underneath the oxide layer was of the order

of 1000 R.

111, 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 = 0) 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 5 % of its maximum value,
while pinch-off was sometimes impossible under weak illumination conditions.

The source and drain contact resistances RS and Rd were estimated to be about 40 @
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 Rg is a function of the gate geometry and metallisation
technique employed. Evaporated aluminium was used in order to form the gate contacts
of the tested devices and Rg was estimated to be of the order of 3 Q.

The MOSFET transconductance 9o VAS 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 90 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 Imo values, it was found that Gds = 2.8 mS.

IV. Microwave Device Characteristics e .
The equivalent circuit of a GaAs MOSFET is shown in Fig. 1. Its derivation is based
upon simple Tumped modelling considerations for MOS Field—Effect-Transistors|7| and is

valid in a limited frequency range only. Some of its parameters, namely Rs’ Rd, Rg,
Gds and Ino €N be evaluated by low frequency measurements as described in Section III,

Others, however, such as C C Rys and g need previous microwave characterisation

gs’ “dg’ "gs

of the device in order to be calculated.

A special test fixture with 50 @ 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.



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 512 describing the reverse
power gain characteristics of the transistor was found to be by at least 8 db smaller
than the forward parameter 521. 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 Sll’ 522 and the transfer terms 512, 321 were

gs? Cdg and Rgs of the equivalent circuit of

Fig. 1. This was achieved by ex?rissing the S-parameters in terms of the Jumped
7

used in order to evaluate the elements C
elements as outlined by Fischer'!’ !, 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 Voo = 4V, VGS = -1 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 I 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 I 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
probably due to interactions with traps at the oxide-GaAs interface.
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V. Conclusions

GaAs MOSFETs 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 procedure suitable to evaluate the transistor performance. In spite of the fact
that the testéd 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 characteristics 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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Fig.2 GaAs MOSFET as mounted on o micrustrip test-circuit

Seometry

Gote length: 1 o § - J0um

Gate width : w « 200 - 300 um

Gote to source/drain length: l’ . l. PR |
Channel depth (under gate match): o 1

- epi Jayer ¢ 0.8 - 1.0 yn

Material perameters
Carrier density: n s 1.0 x 10'? ™3

Nobilfty: v 4400 ca? vist
Substrate: Semi-insulating (S.1}, Cr-doped
o> 10 xa

Equivalent circuit parameters

Yransconduc tance: G *35%8
Output conductance: c2.805
Gate resistance: =200
Source/Orain resistance: Rg *Ry » W0
Gate metal resistance: R, =3gp
Gate to chenne) capacitance: C‘ = 0.15 pf

[4 . 2.07 oF

» _0
a
w

Table 1 Typica) parameters of an n-Channe! GaAs MOSFET
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Invited paper
Anodic oxides on GaAs

IV. Thin anodic oxides on GaAs

B. BAYRAKTAROGLUYt and H. L. HARTNAGELYt

As the anodic oxides produced on GaAs become thinner, the highly resistive nature
of the oxides changes rapidly, allowing large leakage or tunnelling currents through
the oxile without, however, permancatly changing the original properties of the
oxide layer. A considerable deviation from ideal insulator propertics was observed
with native oxides thinner thun about 250 A, and with anodic AL,Q,, thinner than
100 A. In the reverse bias conditions, MOS structures employing very thin oxides
(<100 A) can allow lcakage currents of a few A em-2? with non-destructive white
light emission. By limiting the minonity carrier leakage currents, inversion changes
cun be made to accumulate ncar 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 layer
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 effcets 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 thercfore necessary, from a
device application point of view, to know the electrical properties of very
thin oxides as well as the thicker ones.

This paper reports an investigation of the electrical properties of thin
(<300 A) anodic oxides grown on Gads, 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 Al,0, 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 case of native
oxides (Bayraktaroglu and Hartnagel 1978 a) and by the uniformity of the
evaporated Al films in the case of ALO; (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 Al,O4

Received 27 July 1978.
1 Department of Electrical and Electronic Engincering, University of Newcastle-
upon-Tyne, Newcastle-upon-Tyne, NE1 7RU, England.
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B. Bayraktaroglu and H. L. Hartnayel

and GaAds unless speeial precautions are taken.  When native oxide lavers
k' are grown alone in electroivtes A and B (Bavraktaroglu and Hartnagel
_ 1978 a, b), the minimum thickness of the oxides can be as low as 11 4,
provided the anodic current density is carefully controlled (Bayraktaroglu
and Harinagel 1978 a).  The minimum thickness of ALO, that can be grown
on GaAs, on the other hand, depends very much on the surface roughness of
the GaAs substrate.  Assuming that the surface is free from scratches and
contamination, a minimum of 50 A of evaporated Al film leads to the produc-
tion of satisfactorily uniform 75-80 A thick ALQ, layers.
The uniformity of thin oxide films was judged by their electrical breakdown
strengths. For this purpose, MOS structures were produced by evaporating
Al ficld plates, 2000 A thick, over the oxide layers grown on heavily doped
GaAs (N, —N,=2x10%cem-3) with typical field plate areas of 10-3 em?,
and the clectrical breakdown strengths were tested under forward bias condi-
tions. Oxide layers were considered uniform if their breakdown strengths
were larger than 2 x 108 V em-? for native oxide and 5x 108V em-? for Al,O,
layers.

2.1, The grouth of thin native oxides

The results of Breeze et al. (1978) and Chang ef 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 laver is grown, say 200\ thick, it is conceivable that
these two regions overlap to produce nearly stoichiometric oxides.

The following procedure was emploved to produce thin native oxides on
GaAs. First, a thick layer of native oxide (~ 2000 L) was grown and sub-
sequently etched in NH,OH. Then, by a second anodization, a 20-300 A
thick native oxide layer was regrown. A procedure similar to that described
above was empioved by Chang «f af. (1977) to produce stoichiometric GaAds
surfaces. Thev showed, with the aid of Auger electron spectroscopy, that on
removing 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 V-t curves plotted continuously during anodization
(Bayraktaroglu and Hartnagel 1978 a).

2.2. The grouth of thin Al,04 layers

Since the techniques for growing thin ALO, (and composite oxide) layers
are similar to those for growing thicker lavers (Bayraktaroglu and Hartnagel
1978 b), only a brief account of these techniques are given here.

Prior to the Al evaporation, at least 1 pm 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-¢ torr, or less at a rate of

t Pre-evaporation etchant : A, 4% H,0, by volume ; B, 29, NaOH by weight.
A:B=1:1.
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100 A min-1. Al ALO; layers investigated here were produced using an
anodic current density of 70-100 p A em~2, which gives an AL, growth rate
of 20-30 A min-1. At higher current densities the controllability of the
Al,0, thickness becomes reduced.

The oxide thicknesses can conveniently be cstimated from the over-
potential rise during anodization, provided the thickness-overpotential ratios
of both ALO; and native oxides are known. Typical overpotential-time
(V-t) curves plotted during the anodization of a thin layer of Al on lightly
doped n-type Gads is shown in Fig. 1. In the dark, after almost all Al is

15

OOr

o<

10

Y

Overpotential {Volts)

Overpotential (Volts)
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Figure 1. Overpotential-time (1'-t) curves obtained during the anodization of thin
Al layers on GaAs, both in the dark and in light. N,—N,=10%cm-3,
Al thickness~100 A. V', =Overpotential across Al,0,. V4=Voltage drop
in the space-charge layer of GaAs. 1= Overpotential across the native oxide.

converted into AlL,O, a change in the space-charge layver occurs in GaAs
(Bayraktaroglu and Hartnagel 1978 b) which is detected as a sharp rise in
the V-t curves. Further anodization produces a native oxide layer whose

thickness can again be estimated from the same §™-f curve as the overpotential '

rise after the sharp 1ise. In light, the anodization of Al is similar to that
observed in the dark; however, as most of the Al layver is converted into
AL O,, the highly reflective nature of Al becomes replaced by almost trans-
parent Al,O, and the stnall 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 space-charge layer from growing near the GaAs interface
(Baytaktaroglu and Hartnagel 1978 a) and, therefore, unlike anodization in
the dark, a large space-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¢ curves.

3. Non-equilibrium conditions
3.1. Thin native oxide MOS 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

1A2
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4 B. Bayraltaroglu and H. L. Nartnagel

develop. When the oxide thickness is typically Jess than 100 A, an MOS
diode virtually acts as a Schottky diode with a forward threshold field of
~2x10% V em=to Under reverse bias conditions the applied bias is absorbed
almost entively across the depletion layer formed in Gas.  This is demons-
trated in Fig. 2 by the behaviour of the I-V and -1 curves of a typical
MOS diode with 100 A of native oxide.

)
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Figure 2. C-V and I-1" characteristics of thin-film MOS diodes. 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 73C); 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 laver. All inversion charges are therefore thought to
leak through the oxide. Since almost all the bias applied goes to create a
depletion layer in Gads, the metal Fermi level becomes fixed with respect to
the conduction band edge of GaAs with a minimal voltage drop across the
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oxide.  As the reverse bias is incereased, the depletion layer widens to support
the extra voltage, decreasing the diode capacitancee,

The behaviour of the T-1 curves can alzo be explained with the above-
mentioned model.  Under forward bias, the diode ean sustain a field of
~2x 10° V em-!L, but at higher fields the leakage current vises very sharply
and substantial noise is usually present in this region.  Shoukd the current
level reach the A em~? range, the resistance of the oxide suddenly drops.
When this happens the forward characteristics of the diode change permanently,
reducing the forward bias threshold voltage to 0-3-0-6 V, regardless of the
oxide thickness.

Under reverse bias conditions, the leakage current of diodes produced on
n-type Gads (N~ .V = 1018 em=3) with Al field plates is less than 1073 A em~2
(the sensitivity of the measuring system employed) up to about —15V, and
is independent of the oxide thickness in the range 20-100 4. At this point
a reproducible s-type negative resistance is observed and the current starts
to increase rapidly in a linear fashion.  This instability is also seen on reducing
the voltage. The critical reverse bias which causes a sudden increase in the
diode current depends not only on the Gaas doping, but also on the field
plates used. Figure 3 shows the I-F characteristics of reverse-biased MOS
structures with different Gads doping and different field plates. Some
measurements were also taken at 77 K.

BIAS VOLTAGE (voits)

-25 -20 o
1
-0
Au A -20
~30 9
)
In ~20 3
b4
7.
3
-60 >
Ny=22 x10%m™ -70
300K _s0
»2 2x10%m3 -
ND 77K

Figure 3. I-¥ characteristics of typical anodic oxide MOS structures produced on
n-type GaAs with different top metal contacts at two test temperatures.
The oxide thickness ~50 A, estimated from V-1 curves.

The temperature dependence of the reverse bias current is consistent with
the avalanche multiplication process in GaAs.  However, since the current is
higher with field plates having low work functions than with those having
high ones, at the same bias values, the whole current due to avalanche multi-
plication in the GaAs depletion layer is not dikely to be the only source of
current measured.  MOS diodes produced on p-type GaAs, on the other hand,
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show higher leakage currents with field plates having larger work functions.
Non-destructive white light emission was also observed when the diode current
is larger than about 1 Aem % Details of this observation are reported
elsewhere (Bayraktaroglu and Hartnagel 197% ¢).

If the thickness of the native oxide is greater than 150 A. the above-
mentioned properties of MOS diodes partially disappear.  Typical C-V and
I-V curves of GaAs MOS diodes with a native oxide layer about 300 3 thick
are shown in Fig. 4. In the reverse bias, at moderate fields (~ 108 V cm-1)
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Figure 4. C-V and I-V characteristics of thin-film MOS diodes. The oxide thick-
ness ~300 A.

an inversion layer forms and the capacitance of the diode becomes fixed at
Cmin- At higher fields, typically greater than 2 x 108 V em-!, the capacitance
decreases further and eventually joins the deep depletion curve. Increasing
the light intensity has two effccts on the capacitance.

(1) Cpin increases due to the reduction in the depletion layer width.
Since extra minority carriers are created by the incident light, a




|
|
|
|
|
|
|
|
|
:

Anodic ovides on GuAds ‘ 7

narrower depletion layer underneath the inversion region is required
to create the same amount of inversion charges (Pierret and Sah 1970).

(2) Departures from the quasi-equilibrium oceur at higher voltages. This
is again due to the creation of extra minority carriers which 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- 1" curves
all join up with the deep depletion curve at high field values (typically at
4x10°V em?).

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 108 Vem—2,
a permanent change occurs in the oxide resistivity, as before. In the reverse
direction the leakage current is less than 10-% A cm=2 for field values less
than 2x10¢V em-!, 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,;, 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 MIS

V{voits )
e =1 4 <5 -t -3 1 -t O
| I'7T 'K | '
dark -1-+
dim @l -1-u
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Figure 5. Reversc-bias I-V characteristics of thin.film MOS diodes in light and
dark conditions. The oxide thickness ~150 A,
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diode with a native oxide about 150 A thick. These currents are much
higher than expected from the extra electron-hole pair generation with light
in the depletion layer of the Gals, since currents of this magnitude are not
observed, cither with simple Schottky barvier diodes constructed in the same
dimensions or with MIS diodes having thinner ( <100 A) oxide layers. It is
also interesting to note that these currents do not start to increase until the
reverse bias voltage reaches a threshold value.  Similar currents were observed
very strongly with thin ALO,, and the origin of these curves is discussed in
detail in § 3.2.

3.2. Thin ALO, MOS diodes

Typical C-1" and I-V curves of an MIS diode with a 75 A thick AlO,
layer are shown in Fig. 6. The effect of the light on the C-1" curve is similar
to that observed with thin GaAs native oxide, i.e. C,,;, increases and the
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Figure 6. C-1 and -V characteristics of thin-film MIS diodes with ~75 A ALO,
on the insulator.
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departures from the quasi-cquilibrium ocenr at higher voltages under illumina-
tion.  With the same light intensity the shift in the ¢ values is higher
in the present case than that observed with a 300 X thick native oxide. as
seen in Lig. 4. The I-1 curves shown in Fig. 6 are rather interesting since
they show very enhanced current Jevels in the reverse bias, with the same
light intensities as used previously with 130 A thick native oxide. Under
forward bias conditions large leakage currents start to flow at field strengths
of >3 x10°V em~1  As long as this current level is kept within the A em-—2
range, the electrical properties of the insulator are not changed, but at higher
values the probability of permanent diclectric 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 1073 A em=2 up to about —15V, where
a sudden rise in the current is observed. In light, the current starts to rise
at about —3V 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 Al,O, layer is increased
above 100 A,

Clarke and Shewchun (1971) have reported similar light-enhanced currents
with a 80 A thick SiO, layer on Si. An explanation of this phenomenon
given by Green and Shewchun (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 layver charges
can vuild up near the surface. Under these conditions the Fermi level of
the metal is pinned with respect to the conduction band edge of the Gais
and most of the applied bias occurs across the depletion layver formed in the
GaAs. However, if, with the aid of light, the gercration rate of the minority
carriers can be made larger than the leakage current. an inversion layer forms
and the depletion layer width becomes fixed. Any further bias produces a
voltage drop across the oxide, moving the Fermi level of the metal up with
respect to the GaAs conduction band edge. A 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 degree
of inversion at the surface. However, as the degree of inversion 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 suggest 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 ficld plates with
lower work functions are used. Figure 7 summarizes the mechanism of
light-enhanced currents observed with GaAs MOS (or MAOS) diodes.

It was shown by Green and Shewchun (1974) and by Shewchun 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-NiO,-
metal system. A simple comparison of the I-V 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 Al,0, layer (which
gives a leakage current of <10-3 A em~? in bright light conditions), shows
that with 75 A of ALLO, 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 AlLO,
can be produced uniformly over the GaAs, even when they are less than
100 A thick. The electrical propertics 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 AlQO, films were found to withstand
fields up to 2x 108 and 5x 106 V ecm-! 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 transconductances.

Sinee it is possible to obtain light-enhanced currents with thin oxide MOS
structures (cspecially with thin AlQ,), such devices can be used as photo-
sensors. The test devices employved in §3 always had 2000 A of Al pads as
the top contact which is, of course, highly reflecting. Incident light changed
the MOS characteristics of these devices by creating electron-hole pairs only




Anodic orides on Ga. s 11

around the edge region of the depletion layer. By using much thinner layers
of metal, ¢.g. 50 A of Au, which is practically transparent to the light, higher
efficiencies may bLe possible.

If the minority carricrs are supplied to the Gads 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
Shewchun and Clarke (1973) with 30 A thick Si0, on Si.

S. 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 ALO; than with a native oxide of the same thickness. It is
important to note that thin anodic oxides on GaAs (<100 A) do not change
their electrical properties until a leakage current density of several A em-2
is reached. Finally, a current enhancement process is possible with very
thin Al,O, layers on GaAs.
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Our present understanding of the factors which affect the growth and
propcrlics of the anodic oxides of GaAs is reviewed. The various parameters which

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.

1. INTRODUCTION

Since work was first started to find a suitable dielectric for the production of
MIS devices on GaAs. a varicty of materials and techniques have been investigated
including the deposition of SiO,. Al,O, and SiO N, '3 thermal oxidation*-®.
anodic oxidation®™ and plasma oxidation'®. Thermally grown native oxides on
GaAs have been found to be composed almost entirely of Ga, O, ' owingto the high
volatility of As,0,, although recent work on thermal oxidation under a controlled
As,O, vapour pressure has shown improved results''.

The difficulties due 1o the loss of As, O, and arsenic at clevated 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. However. 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. asscssing the results of the anodization technique used and indicating
those areas in which further work is required.
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2. ANODIC ONIDATION THCHNIQEL

The growth of a native oxide film on GaAs by anodic oxidation is carried out by
polarizing the GaAs sample positively with respect to an inert electrode such as
platnum in a suitable electrolyte. The tmportant parameters which must be
controlled are the current. the overvoltage and the electroly te composition. The
experimental apparatus used to carry out anodization has been described in detail
by Hascgawa and Hartnagel®.

Growth may be carricd out under either constant-current conditions or
constiant-voltage conditions(or a combination of the two)'*. However, growth under
constant-current conditions has the following advantages over the other regimes.

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

(i) The thickness of the growing film may be monitored by monitoring the
voltage developed across the oxide. The thickness-overvoliage characteristics of
anodic oxides are extremely reproducible, and once these have been determined any
required thickness may casily be obtained. It should be noted. however. that the
thickness-overvoltage 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 elcctrolytes have been employed. but veiy reproducible results have been
obtained® with mixed aqueous glycol clectrolyvtes. The role of the glyvcol seems to be
to limit the diffusion rate of ions in the electrolyte. Many electrolytes eich 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 pH 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 10 be water®* whose concentration is very
high the eflect is expected 1o 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 involved during GaAs anodization is not well
understood at present but some general observations may be made.

1t is well known that during the anodization of valve metals, particularly
aluminium, some clectrolytes 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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formation is not clear cut as some barrier-film-formmg clectrolytes seem to produce
porous films when the anodization conditions are changed' ™. 1t has been observed '
inour laboratories that when the anodization of GaAs s carried out in an clectrolyte
consisting of I part of 0.02 M (NH )N, PO, mived with two parts of propan 1.2 diol
the oxide film, which is imtially of the barrier type. seems to become porous when the
(ilm thickness becomes large. This behaviour is characterized by a flaticning off of
the overvoltage-time curve for constant-current growth, and scanning clectron
micrascopy photographs appear to show deep pores in such films. The onset of this
pehaviour appears 1o be sensitive to the growth current density, the critical thickness
becoming smaller at low growth current densities. This phenomenon must be
carefully monitored 10 avoid porous film formation, and its occurrence might
account for some of the discrepancics in the reported properties of anodic oxides
produced in diflerent electrolytes.

Even when clectrolvtes are used under barrier-film-forming conditions.
variations in oxide composition have been observed. The anodic oxide surface scems
particularly sensitive in this respect. Chang er al.'* have used Auger depth profiling
techniques to study GaAs native oxides produced by anodization in dilute agucous
solutions of H,PO,. They observed a surface region which was arsenic deficient, the
gallium-to-arsenic ratio at the surface being about 5. We have used X-ray
photoclectron spectroscopy (electron spectroscopy for chemical analysis (ESCA))
combined with argon ion etching to carry out similar studies'®. Samples of GaAs
anodized in the (NH,H,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
whatsocver 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 ™). In contrast
with this, samples grown in the AGW electrolvte® (one part of 3 vol.°; tartaric acid
solution mixed with two parts of propan 1.2 diol) showed a gallium-to-arsenic ratio
in the oxide surface region that was lower than that in the bulk of the oxide. Table |
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. However, 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 clectrolytes. For example the rate is 35 pA em~2 in the AGW
clectrolyte whereas in the (NH,)H, PO, - glycol electrolyte it is less than | pA cm ™ 2.
Since the dissolution process 1s also a surface phenomenon it may be possible to
relate the surface composition to the equivalent 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 arca.

The gallium-to-arsenic ratio in the bulk of the oxide film shows some variation
with electrolyte composition (sce Table I) and variations have also been noted'®
from determinations made on similar oxides using different techniques. Chang et




54 P A HRELZE.H. L. HARINAGEL

TABLE1
THL GALIICM-TO-ARSENIC RATIOS AT THE SURFACE AND IN THE BUILA O ANOIBNC OXURS ON GALLIU'M
ARSINIDI GROWN UNIHR DIFFERENT CONDIUTIONS

Gallium-to-arsenic Gallium-to-arsenic Licctrolyie, growth conditions Reference
ratio at or nedr the ratio in the oxide bulk
oxide surfuce

kX] 18 (NHH,PO, glycol, ~ 16
$00 pA cm 2

14 1.8 (NH OH,PQ, glycol, 16

- 10pAcm?

14 1.8 Tartaric acid glycol, ' 16
200 pA cm " ?

29 1.8 : Aqueous H PO, 15

- constant voltage 150V

14 0.77 Citric acid - glycol, 19
constant current and constant
voltage

al.'® have reported a gallium-to-arsenic ratio of 1.8 for the bulk of the oxide film.
Verplanke and Tijburg'® have used radioactive tracer techniques (o analvsc films
grown by anodization in a citric acid solution-glycol electrolyte. They have
observed a gallium-to-arsenic ratio of about 0.7. In our own ESCA studics we have
observed gallium-to-arsenic ratios in the range 1.7-1.8 for samples anodized in both
AGW and (NH IH,PO,-glycol clectrolytes. However. the extent to which the
ESCA ratios arc affected by the selective etching that occurs during the argon
profiling has not been established so that at present these values are tentative. (A
typical ESCA profile is illustrated in Fig. 1.) The rcasons for the vanations are not
clear but Verplanke and Tijburg have suggested that it is due to the use of different
electrolytes. However, their suggestion that the effect is due to the use of glycol in the
electrolyte does not seem to account entirely for the diflerence in the light of our
ESCA results unless selective etching affects the gallium-to-arsenic ratio here by a
factor of 3, which is greater than the effect observed from the GaAs substrate (about
1.5) and thercfore seems unlikely.

In view of these problems it is not cleat what the optimum gallium-to-arsenic
ratio should be. It might initially be anticipated that a ratio of unity is the most
favourable. However, consideration of the densities of Ga, O, and As, 0O, indicates
that, if equal volumes of cach were mixed together, then the pallium-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 the composition of the oxide film is controlled by
some mechanism related to the mixing of the two oxides and that a ratio different
from unity may Icad to the most stable structure. However. more work is required to
establish the range of compositions which can be achieved and the electrical
propertics associated with each composition. 1t should be pointed out in connection
with this, however, that a recent paper?© reported a galtium-to-arsenic ratio of unity
for a plasma-grown anodic film formed bencath an aluminium oxide layer.

As with the surface region the composition at the GaAs-oxide interface also
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Fig. 1. A typical ESCA profilc of an anodic oxide on GaAs: anodization in (NH,IH,PO,-glycol
electrolyte at 1O A cm ™ ?; oxide thickness, 750 A; @, As: O. Ga.

deviates from that in the bulk of the oxide. Chang er al.'* have reported an excess of
arsenic at this interface. In our ESCA studies we have observed two important
changes in composition close to the GaAs substrate (see Fig. 1). Firstly the As,0,
starts to disappear before the Ga, O, so that the ratio of Ga, O, to As. O, increases
in this region. Wilmson and Kce?! have made a similar obseryation. Sccondly there
is a region adjacent to the GaAs substrate in which arsenic appears but no gallium,
although the ESCA chemical shift suggests that gallium s 1in a similar state to the
arsenic in the GaAs '°. Both these effects were observed in oxide films grown in
cither of the clectrolytes whichwe studied. Thisseems to sugpest that the composition
in this region is controlled by the anodic growth mechanism involved and does not
depend on the clectrolyte.

The thickness-overvoltage characteristic of the anodic onide varies with the
growth current density. For example in the AGW electrolyte the observed® values
arc20AV - TatlmAcm 2and 21.5A V™' a1 100 pA cm ~ . Crystallinity has been
observed?? in oxides grown at current densitics greater than 2mA cm ™ <. From these
observations it appears that the structure of the anodic oxide is affected by the
current density employed during growth. This may be related to the anodic growth
mcchanism since the variations occur with the same electrolvte.

The cflect of annealing on the composition of anodic oaides has been studied by
various workers'3:1%22. The results show that arsenic is lost from the film if
anncaling is carried out above 350 C owing to the high volaulity of As,O,. The
cficct becomes more pronounced the higher the temperature used. and poly-
crystalline Ga, O, 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 appcar to be in part controlled by the growth mechanism, it isimportant to try
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and understand s the properties aie to be completely controlled Although very
fow studies have been reported on s aspect of GaAs anodization there s a
considerable amount of data avalable concernmy the mechanism mvolved duning
the anodic passivation of sanou vahve mictads Certam conclusions can be draan
from these duta which iy be ot value m cluadatinye the mechamsms imyvohved with
GaAs. However,an the absence of dear expernmental evidence the mechanisis
which we propose must be ol a speculative nature

Davies et ul?  have used radioactin e tacer technigues to study the migration of
oaygen and metal atony dunng the ancdic oxidation of a series of metals. From
these results they caloulated a factor 1, which represents the fraction of the film
growth duc to the metal atom mugration These values are presented in Table N
together with the ronic radn of the metabions in the valenoy state appropriate for the
oxide formed. From Table i1t can be seen that the contnbution from the metal on
decreiases as the tonie radius indreases, the contibution approaching zero forons of
radius greater than OR A (The value for atunumam ncluded i Table 11 s that
obtained for anodizanon mamived gheol sodium tetraborate electroly e, Different
results were reported for anodizetion in an aqueous atrate clectirolvie, with a
variation in 1, with current density. However, this may be due to porous film
formation since this electrolyte has been reported’ as bang of a pore-forming
nature whereas the former s not. Smaller vanatons of 1 with current density
occurred with some of the other metads but these were not constdered by the authors
to be sigmificant i compatison with the expenimental errors:in these cases we have
listed average values)

TABLE Il
THE CONTRIBUTIONS OF METAL JON DRIFT TO THE GROW THOF ANGDIC ONIDES ON V ARIOLS METALS

Metal Percentage contribution 1 of metal ions Avtal on radius i oxide’ (A)
1o pulmi growth* (0 )

Zr < a9
Hf <$ 078
Nb 27 069
Ta * 29 06X
w 3} 02
Al S8 051

The variation in ¢, with omc radius can be explained if the metal tons move
interstitially through the oxnide film during growth i this s the case. then as the size
of the ions increases. relahine 1o the size of the terstitial sites, the activation energy
for drift under the influcnce of the electnie hield s expected to merease. leading to the
observed results. The situation 1s not guite as simple as this sinee we must consider
the structures of the different oxades and the posable vatistions an the size of the
interstitial sites. However, since anodic ovde films are generally amorphous and
possess no long range order. it s possible that the structures are simlar and are
dominated by the relatively large oxveen anions,

K this interpretation s constdered 10 be vahd and applicable to GaAs
anodization. then two conclusions may be drawn.

(i) Since the jonic radn of gallium and arsenic are different (0.62 and 0.69 A
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, \'\\-gll\t‘l_\ for the tripositive ions)* they are expected to drift at different velocities.
) () The size of the oxygen di-anion l'l.4() A} precludes the possibihty that
snterstitial transport of oxygen makes i sl“.'n!ﬁCilllﬁl{COllll’lbul.l(\l\. to lI?c grgwlh. .

Considering the transport of oxygen Pringle”” has studied its migration during
the anodic oxidation of lunlulgm. Firstly his results showed that oxygen atoms do
angrate during anodic oxidul'lon. sccondly he demonstrated that during growth
lm:nr order is preserved and thirdly he estimated that the average jump distance for
an oM gen atom during migration is about 4 A. (This is about the same order of
magnitude as the distance expected between nearest neighbour oxygen atoms.)
1hese results are entirely consistent with the assumption that oxygen migration
ihes plice via a vacancy transport mechanism. In fact the preservation of order is
evactly the opposite of what would be expected from an interstitial transport
mechanism where the ions entering the film last would be expected 1o appear nearest
to the opposite interface. Recent results from a similar study of GaAs anodization'*
Jhowed that the order of oxygen atoms is also preserved in this case.

On the basis of these observations we propose a mechanism for GaAs anodic
onidation in which gallium and arsenic atoms are ionized at the GaAs-oxide
mierface 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
suggest that oxygen transport from the surface towards the interface is by a vacancy
transport mechanism. Because of their differing sizes the gallium and arsenic ions
may drift at different rates. The vacancy transport mechanism for oxygen requires
that positively charged vacancies are created at the oxide-semiconductor interfuce,
possibly 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 oaide film. There is no clear evidence that such a gradient exists but the actual
concentration of interstitial ions present could be extremely small. depending on
their absolute drift velocities. Accurate measurements of the overvoltage-thickness
characteristic for anodic oxide films on GaAs *® have shown a linear relationship for
prowth at 1 mA cm ™2 This suggests that there is no observable space charge effect
within the film due to the migrating ionic species which in turn suggests that the
concentration of ionic specics 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 1on drift. but it would be an
oversimplification 10 consider this to be the complete explanation. It has been
suggested clsewhere! that this arsenic build-up is due to the preferential formation
of Ga,0,. This was cxplained as due to the fact that Ga,O, has a higher
thermodynamic stability than As,O,. However, the thermodynamic data refer to
cquilibrium conditions whercas here we are dealing with a kinetic situation where
the height of the energy barriers is the most important consideration.

* Diffcrem sources give different values for the As®® ionic radius. This value is calkulated for
siafold coordination as is that for Ga* * ; thus these are probably the best values for comparison purposes.
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Ap alicrnative, although entiiely speculative, explanation for the arsenic build-
up is refated to the way i which gallium and arsenic Gitions are formed and
removed from this interface. If we consider a GaAs pair in the GaAs substrate at the
interface, it 1s possible that under the influence of the high elecine ficld the gallium
atom may be removed as a positine jon, leaving the arsemc atom negatively charged
and at the same time forming a positively charged vacancy. The 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 negatively
charged gallium species, is less likely owing to the more electropositive nature of
gallium.

If the model is correct in predicting the formation of oxygen vacancies at the
oxide- semiconductor interface, this i1s an unfavourable situation since it imphes the
likelihood of excessive defect concentrations in this region which might result in a
higher interface state density. This situation is likely to be aggravated by the use of
high growth current densities, especially if any space-charge-limiung effects are
involved?”, and may explain some of the variations observed with current density.
For this reason the use of low current densities (in the region of 100 pA cm™?) s
likely to produce oxide films with better electrical properties.

Although the growth mechanism suggested here is largelv 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 we hope that it will stimulate further
consideration in these areas.

S. ELECTRICAL PROPERTIES OF ANODIC OXIDES ON GALLIUM ARSENIDE

The electrical properties of anodically grown native oxides on GaAs which
have been discussed in detail elsew here” 228730 will be bricfly mentioned here.

Kohn et al.2® 3¢ 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 values of up to half the onide thickness. The presence of the
charge centroid was used to explain vanious instabilities observed in the anodic
oxides. For example a non-destructive breakdown phenomenon was observed when
the brecakdown field strength ((2-3)x 10° V cm™') was just exceeded. Partial
recovery took place if the device was stored for several days. It has been suggested
that this breakdown occurs close to the interface owing 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.

Interprctation of these results in terms of the theory developed for the silicon-
$iO, 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?® that this theory is not applicable to the GaAs—native oxide
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system because of the comphicated omde trapping and interface behaviour. Indeed.
enhancement-depletion mode MOS ficld-effect transistors (MOSFETs)** - *2 which
show promusing characternstics have been fabnicated using the GaAs anodic oxide
technolopy, suggesting that the present understanding of their behaviour is far from
compk‘lt‘

6. ANODICALLY GROWN DOUBLE OXIDE STRUCTURES

Recent work has examined the propertics of dielectrics on GaAs incorporating
aluminium oxide as well as the GaAs native oxide?®. 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 hysteresis 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 s also reduced.

In addnion, dielectrics fabricated in this manner have shown charge storage
propcrlics”, and a memory transistor has been constructed using this technology**,
The performance of these devices compares extremely favourably with that of
devices produced using sihcon MNOS technology.

7. CONCLUSION

We believe that the anodic oxidation of GaAs represents the most promising
technique available for the production of MOS devices on this semiconductor.
However. the processes involved are extremely complicated and as yet not very well
understood.

The cflects of the electrolyte and of the growth current density on the properties
of the anodic oxide need carcful examination. and an attempt should be made to
correlate any physical changes observed with the electrical characteristics of the
films. Itis alsoimportant to obtain a good working model for the growth mechanism
involved during the anodic oxidation of G As and to try and understand how this
influences the film structure and properties. Qur suggestions in this respect are based
primarily on results reported for other anodic systems. and our model is based on
the interstitial transport of galhum and arsenic ions and a vacancy transport
mcechanism for oxygen ions. We believe that it represents a uscful starting point for a
critical examination of the mechanismsinvolved.

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 However, we have found that ESCA combined with argon
ion ctching provides extremely valuable complementary information. Its particular
strength lies in the ability to distinguish between atoms of the same element in
different chemical environments. This has allowed us to observe much more clearly
the compositional changes that occur at the oxide - semiconductor interface. The use
of a varicty of different physical techniques will help to clarify certain areas of
uncertainty, particulirly the composition of the anodic oxide films. From this point
of vicew the use of as many diflerent techniques as possible will be highly
advantageous.

FRemE—.
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With regard to the electrical properties of the GaAs anodic ondes. partucularly
their mterfacal properties, it s clear that the carrently avafable modcels e
inadequate. In Ui aren the avatlability of precise physical information wdl certainly
assist in the development of more realistic models which predicr the elecirical
characteristies much more reliably.

Finally, with the production of double oxide films on GaAs the flexibility of the
anodic oxidation process has been demonstrated. This innevation has produced
diclectrics with better efectrical properties as well as introducing new possibilitics for
device applications. We feel that the value of this technology kas now been proved.
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Multiple insulator layers on GaAs studied by Auger analysis
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Recently research was forused on the formation of mult:ple laver anodie insulators on GaAs
to obtain superior passivation fayers In partn ular ALO Oilms i conjunction with native
oxide tilms were evaluated. Tn this paper Aazer analy sis studies are reported on AbO 5~
native oxide films on Ga A= The results rdieate that onvien misrates during anodization
towards the mterface while Ga and As mizrate towards the surface.

1. Introduction

Passivation of GaAs surfaces requires a stable insulator with very small leakage
currents apart from numerous other important features. Multiple-laver inzulating
films have therefore been arown anodically to achieve improved pertformance over
the pure GaAs native oxides. [n particular ALO; with its potentially wide energy
gap of up to 3eVhas been considered a promising material. 1t is therefore useful to
study the chemical compositional protiles of such structures by Aucer spectroscopy.
This work is also useful in the investigation of such properties as diffusion and high-
field drift processes of material across an AL Oy laver inserted into the native Gads—
oxide film.

Some preliminary results on plasma-dizcharge grown oxides on GaAs have been
reported (Chang et o/ 1977). [n this paper we present further data on electroly tically
grown oxides. based on the AGW electralyte (Haserawa and Hartnacel 1976).
Earlier publihed tindings are in fact contirmed here. However. several important
further details are reported which are relevant for the correct sefection of
manufacturing parameters for device applications.

2. Experimental procedures

All oxide lavers deseribed in this work were growtf in the AGW electrolvte
(Hasegawa and Hartnagel 1976) under illuminated conditions. The pH value and the
temperature of the electrolytic bath were keptat 225and 5 Crespectively. Composite
oxide structures were achieved by tirst depositinz the desired thickness of the Alfilm
on a chemicallv-polished. cleaned and chemicallv-etehed surface of GaAs and
anodizing the whole structure until all the Al was converted mto Al,O5. Anadization
was then continued. in order to grow Gad< native oxide fayers. The thickness of each
oxide laver was estimated by the overpotential rise during the growth of the
corresponding laver (Bavraktarogly and Hartnawel 1978). Amnealing of some
samples wax carried out in N, ambient at 350 € for 13 min with [(0-C min heat-up
and cool-down cycles.
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Figure 1. First derivative Auger spectr from anaodized GaAs surficee illustrating electron beam effects.
(@) usimye i 15 A electvon heam and () using a3\ electron beam. The data were taken using a
sinusordad modulation of 6V peak-to peak and a 3 s tme constant.

Auger measurements were performed with a scanning Auger microprobe
(Physical Electronies Industries Model 515), Auger speetra were recorded in the
usual first derivative form, dN dE, and the intensities presented are the peak-to-
peak heights (Joshi e al. 1975). Senious changes i surtice composition were nuted
when a HkeV. 3pd electron beam (rastered o produce 125 mimim? careent
density) with a 23 m diwmeter was used. These changes could be eliminated by using
a 05 1A electron beam (rastered to produce a 5.\ mm? curvent density). Figure 1
iHustrates the changes in surface composition due to clectron bombardment: the
Auger spectra obtained for the 023 g\ and 3\ cleetron heam current are shown in
Figs. 1 (@) and () respectively. The tigure indicates acdecrease in the As and Csurfice
concentration for the A p\ beam. During protiling the beam current could be
inereased 1o 10\ without significant effeet on the Auger measurements, The depth
profiles were obtained by sputtering with 2keV Arions. The Arion beam width was
approximately 1 mm. Carbon was observed on adl specimens; however, it decreased
rapidly on sputtering, indicating a surface contamination,

Results and discussions

By first depositing a thin layer of Alon GaAs,anodic oxidation oceurs initially of
the total Al laver and subsequentdy of the underlying GaAs. This second oxidation
has to involve transport of cither oxygen to the interface (cither interstitinlly or
substitutionally as a vitcaney) or Gaand As to the oxide surface or any combination
of both. Ftis then possible, by studying the position of Al in the oxide by Auger
analysis, toderive the ratio of the transport of Ga, Asand oxygen species. However,
the data must be considered on a qualitative basis: since the oxides are compaosites,
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their ion cteh rates are oot hnown and theretore the jon eteh time may not be
pl‘()lml'liun.ll tor the thickness of the tilin \[;lllh'!n-tl oft’

Such measurernents were undertaken with sarmples where the oxide was grown
using different current densitvecand ditferent AMand native onide thicknesses. [t was
found for samples swath 100 0 of M and Tovo X ol navive oxide that the Al peak
position depends o the current density ot wrosth (B 29 With dearrent density of
100 A cm?L the ratio of the sputtering times below and ahove the Al peak is 193
whereas this number is 249 for a current density of 10X cm?: the ratio of these
numbers is -52, which was tound to be independent of sample annealing. The above
etch times were obtained from the Aland Ga signals at the halfpoints on the vignal
variations.

Unfortunately, it is not possible to use the amplitude of the Auger lines from the
raw data as a measure of the elemental concentrations. as etfects like Auwer line
shape changes, electron escape depth and preferential etehing have not been taken
into consideration. This problem was seen in the Ga Augeer signals in going from the
anodized GaAs to the GaAs. where the Ga signal indicates a dip. This dip is probably
not due to a large decrease in Ga concentration but is mainly due to the fact that the
Auger peaks from oxidized Ga and from G in GaAs appear at different energies.
Techniques developed to overcome these problems in depth protiling (Grant et al.
1976) cannot be directly applied here owing to the small energy separation of the Ga
and As lines. Such effects might also be responsible for the observation that the

Native A\zo:, Native Oxide GaAs
Oxide ) H |

60

Native Oxide Native Oxide

PEAK-TO=PEAK AMPLITUDE (Arditrary units)

(-] 10 20 30 40 %0 60 7
ETCH TIME (Min)

Figure 2.  Depth profiles of GaAs with 100 X of Aldeposited following anodization: The anodization was
continued untit 1000 A of native oxede was grown, as determined by the overpotential during tilm
growth Samples were anodized with carrent densities of 10 A cm? (upper traceyand WO A em?
(lower trace), The oxyvgen Auger signal s shown attenuated by a fuctorot two The data presented
are raw data and the Al and oxygen nose levels can be seen i the GaAs region.

et =




212 J. T Grant et al

60

PEAK~TO-PEAKX AMPLITUDE (Arbitrary units)

ETCH TIME (Min)

Figure 3. Depth proile of GaX<soth 650N of Al deposted following anadization: Note the presence of
approximately 2°, carbon through the oxide, The oxy et ignal was attenuated by a factoroftive.

oxygen concentration underncath the Al peak appears to be about 152, fower than
that above the Al peak (lower curves in Fie. 2y However itis possible that there isa
real phenomenon which would indicate whether the native oxide underneath the Al
consists of either an oxide which is based on less oxyaen atoms (say As,05 rather
than As,Og. or Ga, 05 and A=,Oy instead of Gads0 ) or incompletely oxidized Ga
and As. Further work in this area is planted,

It is alzo found that Al reaches through the oxide from its peak to the surface with
reducing densities {(Fiz. 2), whereas the onide underneath the Al peak does not
exhibit any AL This scems to indicate either that Al can be broken out of AlO5.
ionized and dritted by the high crowth ticld to the oxide surface. or that the oxygen
transport from the oxide surface is xo strong thatany Gaand Asion=drifting towards
the surface are causht and ionized by these oxyeen species before they reach the
surface. This process could he associated with an jonized oxyeen-vacaney dnft
towards the surface (Breeze of af. 1973)0 Another explanation for the surface
composition could be that Ga and A~ ditfuses alony detects in the aluminium oxide
and the alumininm surface is partially covered with Ga-oxide and As-oxide.

Within the Auzer sensitivity. no € was found in the bulk of the oxide when the
films were grown with current densities less than 100 g A while with hicher carrent
densities appronimately 2at. 2, residual carbon ixobserved in the oxide (Fig. 3). This
indicates that the glveol-hased electrolvte may incorporate carbon hased anodic
fragments into the oxide tilm during vrowth at very high densities.

With 1000\ thick ALO; and a thick Gads-oxide, we always tind GaAs-oxide on
top and below the AL Oy but the AL O, contams only minute amounts of Ga and As
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PEAK-TO~PEAK AMPLITUDE (Arbitrary units)

o 10 200 20 40 30 60 70 80 S0 100 110 120 130 140
ETCH TIME (Min)

Figure 4. Depth profile of GaAs with 6503 of Al deposited following anodization. The Al,0y was
approximately 1000 4 and the native oxide 700 A as determined frum the overpotentials. The
oxygen signal was attenuated by a factor of tive.

(Fig. 4). The etch time ratio for top and bottom GaAs-oxides does not seem to depend
on anodization current density and does not depend on the GaAxz-oxide thickness. .
However. for structures with thick Al;O; (1000 A) and thin GaAs-oxide (1003
estimated from the anodization 1'~t curves). no discrete native oxide laver was
observed by Auger measurements for current densities of 100 uA ¢m? and above: for
smaller current densities. native oxide was observed both on top and below the
Al05. Layered composite oxide formation is consistent with the memory effects
observed previously (Bayraktaroglu ef al. 1977). In all our measurements. the native
oxides on top of the ALO; appear As deficient. If only thin native oxides are grown
(100 A) after establishing 150 A of Al, O, it was observed that no native oxide forms
on top of the Al;0,. although some Ga is always observed on the surface.

4. Conclusion

It is shown here that Auger spectroscopy of oxides on GaAs can give information
on the transport mechanism during anodization of the elements forming the oxide. It
is shown that GaAs—oxide usually forms both on top and below Al 0, films. With
thick Al1,0, tilms (1000 ) only minute amounts of Ga or As can be observed by
Auger spectroscopy in the Al,0,.
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Ohmic contacts to InP
H. T. MILLS} and H. L. HARTNAGELt}

Tho problems involved in making Sn-Ag ohmic contacts to InP have been investi-
gated.  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 i8 less than the measurement error and whose barrier height is too low
to be detected. These vhmic contacts were used for the contacts of InP Gunn
oscillators, and efficiencies somewhat less than 99 could be obtained, in agreement
with theoretical predictions.

1. Introduction

Typical ohmic contacts on I1I-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.F.E. (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 chmic 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 » on a7 InP with n~10%cm% and p~1Qem, and the
epitaxial layer being 16 um thick with a crystal orientation of {100>.

Prior to evaporation, the semiconductor slices were cleaned by boiling in
trichloroethylene, acetone, methanol and chloroform. The surface was then
etched in the pre-evaporation etch using HCL, HNO, and H,0 in the ratio
2:2:1. Although this has a rather fast etch rate of ~2 um min-1, a 10s
etch was found to leave the surface flat and undamaged when examined with
an S.E.M. and X-ray analysis.
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Figure 1. S.EM. micrograph of a Sn-Ag ohmic contact alloyed for 1 min (magni-
fication x 480).
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Figure 2. I-V characteristics of Sn-Ag ohmic contacts.
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The metallization used was 1200 A Sn +4000 A Ag deposited by thermal
evaporation in a vacuum of <10-%Torr. When subsequently annealed in
an atmosphere of H, at 470°C for 1 min, the resulting surface can be seen in
Fig. 1 to be very non-uniform and the resulting I-V characteristics, shown in 1
Fig. 2 at 300 K and 77 K are both non-linear. The specific contact resistance
at 300K is 4-6x 1074 Q em~2 using Brooks and Mattes’ (1971) equation to
calculate the effect of spreading resistance.

E.D.AX. (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.

£

bt o ot s s e ivm A it o S

e

L

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
1 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 102 Q em~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)

12
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Figure 4. S.E.M. micrograph of a Sn-Ag ohmic contact alloys at 600°C (magni-

fication (a) x 520, (b) x 5200).
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evaporation conditions conuruent evaporation ocenrs up to 356 ¢, above
which temperature the loss of phosphorus becomes greater than that of
indium.

All these observations indicate the problems involved in making ohmic
contacts to InP, e, “halling up ~ or de-wetting of the contact metals and a
loss of phosphorus during the alloying eyvele.

3. T.F.E. grown ohmic contacts

The techniques developed for GaAs were adapted for InP where, of course,
the arsenie vapour has to be replaced by a suitable phosphorus atmosphere
and the equilibrium vapour pressure of P over InP is much greater than for
As over GaAs, therefore limiting the maximum alloying temperature. The
InP used 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
evaporated 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 phosphorus is provided during alloying.

The metallization used was

200 A In+750 A Sn+2500 3 Ag

which was subsequently alloved in an atmosphere of phosphorus using a
furnace similar to that described by Sebestyen ef al. (1975) with a slow
temperature cycle, as shown in Fig. 5. Phosphorus was provided by includ-
ing a small piece (of the red allotrope) inside the furnace ampoule along with
the sample to be alloved.

The resulting surface of the contact shown in the S.E.M. micrograph,
Fig. 6 (@), can be seen to be extremely flat and quite featureless, 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.

Temp °C
SOOT
2°c min!

400+
3004
2004
100+

— — ¥ v v v

o 10 20 30 40 50 60 70

Time (min)

Figure 5. Alloving temperature evele of T.F.E.-grown ohmie contacts.
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Figure 6. S.E.M. micrographs of the T.F E..grown ohmic contacts (magnification
(@) x 510, (b) x 10 300).
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At 300 K the [-T characteristic (see Fig. 7) is linear, giving a specific
contact resistance (Brooks and Mattes 1971) below the measurement error,
e, <104 Qem 2 Using the method of Tantraporn splitting (Tantraporn
1970), an attempt was made to measure the barrier height, but was un-
successful because no splitting in the voltage -temperature characteristic could
be detected, even down to 77 K, ie. the I-V characteristic at 77 K is linear
(see Fig. 7).
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Figure 7 /- 1" characteristies of T F E..grown 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
material. A similar test for InP presents difficulties due to the lack of
relevant data, but the ratio of 176 obtained here for the T F.E.-grown
contacts seems to be in reasonablea preement with the limited information
available (Tebbenbam and Walsh 1975).

4. Gunn diodes

Gunn diodes with efficiencies as high as 22° ) have previously been fabri-
cated from InP (Colliver et al. 1974) © this value is much greater than has
been obtained from similar GaAs devices.  The higher conversion efficiency
was proposed 1o be due to two effects - the large peak-to-vailey ratio of the
electron velocityifield characteristic of InP, and the existence of a potential
barrier at the cathode which permits the injection of hot electrons (Colliver
et al. 1974).

Therefore a useful supplement to the ohmic contact work would be to
fabricate some Gunn diodes using T.F.E. grown contacts and to test their
characteristics
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1.1, Packaging

The T.F.E.-grown ohmic contact slices described in the previous section
were cleared and mounted into 84 packages.  Because the alloying temperature
of these contacts was so low and InP so soft, it was essential that the use of
Au Ge solder and thermocompression 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 any 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 25ns duration with a repetition frequency of 75 Hz. The
pulsed /-1 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.
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354
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20]
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Figure 8 Pulsed I- 17 characteristies of the InP Gunn diodes with T.F E -grown
electrodes.

4.3 Microwave measurements

A coaxial cavity with a characteristic impedance of 50 {) was used in
conjunction with a HP181A 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 3:1°, was
measured.
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This is the overall efficieney 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

1 1 1 1

000,70,

where the subscripts are t for total, 0 for unloaded cavity, ext for external
circuit and d for the diode. These @ factors were determined by the imped-
ance method (Ginzton 1957) and had the values

Qext=128'9, Q=691 and @y=54

The previously determined efficiency can now be corrected for the losses in
the cavity by the equation :

b Qe 110,
corr meas I/Qen

to give a value of 8-99,.

This is low compared to the maximum value of 229, 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 evele. T.F.E. has been applied to produce very high-quality ohmic
contacts to InP 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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CRYSTALTIZATION DYNAMICSOFNATIVE ANODIC OXIDES ON
GaAs FORDENICE APPETCATIONS

B L. WIHISS® AND L 1. HARINAGH

Department of Llecrncal and Elccirome Engincenmg, Unnerary of Newcasile upon Tyne, Newcastle upon
Tvne, NEI TRU (Gt Britnny
(Recenved March 27, 1978 uccepted May 30, 1978)

The structure of as-grown and anncaled native oxide layers on (100) GaAs was
studicd using X-ray diffraction, reflection electron diffraction and microprobe
analysis. The results show that erystalline f-Ga, O, 1s present at the oaide- GaAs
interface either when the oxide is grown using a current density larger than 2 mA
cm” 2 or when itis anncaled at temperatures above about 600 C. The gallium excess
with respect to arsenic is more pronounced for the oxides grown with a low current j
density than for the high current cases. Further, a loss of arsenic is found to occur
during anncaling.

1. INTRODUCTION

To date the anodic oxidation of GaAs using an electrolyte consisting of tartaric
acid and glycol' has been found to produce oxide fayvers which have improved
clectrical and interface properties® and which are more suitable for device
applications than oxide lavers produced by other methods including thermal
oxidation. The lavers produced by anodization are very umiform and the process is
highly reproducible. Such oxide layers have been used to realize depletion mode?
and inversion  mode®  metal oxide semiconductor  field-etfect  transistors
(MOSFETs) on GaAs. Surface passivation and impunty dittusion barriers are two
other device applications. The anodic oxidation techmique has been used to
determine the electrical properties of n-type GaAs®, for the analysis of
multicomponent films on GuaAs”, for the controlled removal of GaAs (as in the
production of thin semiconductor samples for transmission electron microscopy
(TEM) experiments” ) and for the oadation of InP %,

Many of these applications require the oxide to exhibit structural stability
when it is subjected to various annealing processes. A preliminary studv® of the
structural properties of these oxide lavers has shown that $-Ga, O, is present at the
GaAs-oxide interface when oxide growth current densities of between 1 and 2 mA
cm ™2 are used. The effects of anncaling on the electrical properties of these oxide
layers have shown them to be suitable for MOS applications'®. Consequently to
obtain a better knowledge of the thermal vanation of the oxide properties a detailed

* Present address: Department of Flectronic and Electrical Enginecring, University College London,
Torangton Place. London WCIE TJE, Gt Britain.
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stady vrequired b ihe cllcas ofanneading nutive onade lyers fabncated by using 4
vanety al prosh patancters

Results e preented here whnch show thie changes e enystallographic
structure, cnsstalbinty and chenncal composiiion as funcions of gros th rate Gnia|
cuttent density) and anncaling parametens tanocaling temperature, time and
ambient atmosphere) Fadly the chiemical resistance of the onide to attack by HCJ
is assessed.

2. EXPERIMENTAL MEJHOD

The material used for these expenments was (1001 oriented bulk single-crystal
silicon-doped GaAs = 2+ 10" cm “ywhich was supplied by MRC with one face
ctch pobshed with bromme methanol. The GaAs was ceaved into samples
approximately S mm < 3 mmoan ares winch were cleaned in an ultrasonic cleaner
using acctone. trichloroethy fene micthanol and chioroform.

ative anodic onide Livers were praduced on the samples by anodization in an
electrolyte consnung of turtanc acd i glycol the pH of the solution being adjusted
10 6.3 by the addmion of NHLOH Y The onide lavers were grown using several values
of the initral current density m the ranee 0.1-20 mA m ™7 and a constant voliage
supply. The current density was changed by varying the resistance in series with the
clectrolytic eell,

The samples were annealed 1in o quartz furnace tube in an atmosphere of high
purity nitrogen tonyeen free) supphied by BOC and the furnace temperature was
accurately controlled using an ciectronie temperature controller so that the heat
cyvcle used was reproducible. Before the samples were heated the furnace tube was
flushed out with nitropen 1o remosve all the oxygen present, and oxsgen was
prevented from entenng the furnace tube via the gas outlet by using a bubbler
partially filled with plycenne. The form of the heat evele used for the annealing is
shown in Fig. 1ithe sample was heated to the required temperature T, as quickly as
possible, was held at this temperature for 10 min and was then cooled at a rite of
either 300 Ch ™ 'or 100 Cmun ',
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Fig. 1. The heating cycles used for the annealing processes

The structure of the bulk oxide was determined by X-rav diffraction for which
the sumples were mounted on alumimium rods which were mounted in the specimen
holder of a Philips X-rav diffractometer. A plot of X-ray count as a function of 20
was obtained, where 0is the angle of inaidence of the N-ray beam with the sample. A
cleancd unprocessed sample of the GaAs was analysed and the (200) and (400)
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petlections of G vy which abeo oc e b el peding of the ovadized samplos,
corved asacalibaation tor cach spoctom B doenminanion of the 20 sGale ol the
st et e tind Uicstamental poch-browed g factor The radiatiog used fiere
wus e Korts [IRERY|

The surface structare of the ovde Lover waes deternmned oy an AR ED2
clection ditivaction camera Fron the dalraction patterns obtined. thie structure
and onentation of the surfaces of the simples were determimed. A scantmyg electron
microscope htted with a nncroprobe anabyser was used 1o examine the surface
topography und the chanmval compositon ol the oxide Tavers.

I or the determmation of then chemical resistance the vanious onide lavers were
ciched ina 10 vol” solution of HOT Tor S mune after which the ctehing was
terminated by swaslime the samples i deronized water.

3. RESULTS

Initially a4 thin anodic oxide fayer @approsimately S0 A thick) was grown on a
GaAs sample using o mitial current density of about 023 mA cm ™2 An
examination of tis sample using reffection clectron dufracuon showed that the
surfiace wis almost amorphous, its diffraction pattern conssung of several diffuse
bands which are charactenstie of smorphous natne oxide lavers on GaAs

Another anodic oxide Liver 2000 A thick was grown with a current density of 1
mA cm 2 and was ciched i HOL fumes o remove all but the Jast 50 A
approximatelyr of ovde whose straciore was determined by electron ditfraction.
The ditfraction pattern consisted of dots arranzed i nngs wineh indicated that the
material immediately adjacent to the GaAs surface was polyerystalhne. The
amorphous ovide wis probably removed dunng the eiching process 1o leave behind
the erystalline onde at the intertace. unless ervstallization was produced by the
action of the HCT fumes on the remaiming onde layer.

Several samples were growns by using an mutial cureent density of 1 mA am ™ 2
and were anncaled mocither arserae or high punty hvdrogen at 300 C for 30 min.
The samples anncaled i anansenic atmesphere were chemieally analysed and were
found to huve a Gas Asrato of 21 whereas the rauo was 2 LS before annealing: this
change was comnardent with a chanze i oxide tuckness from 2000 A (pink ) to 1300 A
(green). When we tihe into accournt the penctration depth of the microprobe
analyser this corresponds to a consideriable loss of the arsenic component of the
oxide. Since the presence of the arsenie atmosphere will inhibit the loss of arsenic
from the onide and since no siemiicant arsenic foss 1s expected from the GaAs at this
temperature’ it can be concluded that the arsenic foss is due to the out-diffusion of
arsenic onide. A stmilar process has been reported recently '3, The samples that were
anncaled in u high purity bydropen atmosphere behaved ma very similar manner.
However, on raising the anneahing temperature to 60 Cand with the high purity
hydrogen atmosphere the amorphous oxides were reduced to metallic gallium, as
has been found previously '™,

3.4, X-raydiffraction
For the anodized samples grown with an initial current density of 2 mA cm
the only peak presentin the spectrum which was not also presentin the spectrum of

-2
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compatable oronade oy to e Tow ity v i o the (2001 GirAs
reflection and the snadbicnoen o dedic oade preant The peck which oceurs at
2002 40,6 for the ancdized sainpios cottespona e the 00 reiection of §-GaL O,
ieothe B-Ga, O, s dloer onenied The s the most probuble onentation of the -
G, Oy sice s lattice constants i the CHon plaae are very simnbar to those for the
(100} plane of GaAs ot this was connied by the d spacmps of the 12005 retiections
of B-Gu, O and Gans whnchare 25716 A and 2552 Ajespectivedy . The changem the
volume and the enverallite see wath anncaiimg toniperature for the onvstalhine B-
Ga, Oy are shownom o 2ocunves althese resalis wore dernved from the miensity
and the wadth at haltytenaty respectinely of e peaks The resalts show that the
unanncaled sampics contaed

iapprecnible amount of covstaihine B-Gua. Oy and

that the total amount of civstidine muterniad did ot increase sigmibicantdy unil the
samples weie annedded above 430 C

As the peah width s imver ey propornion sl to the averaze size of the crvstathites
in the oxide, st can be seen that the crssiathte s decreases imtuadly withnimereasing
anncaling temperatare up 1o S50 Coabove wineh stincreases rapudly. 1t shiould be
noted of course that some of the eharved variations e peak wadin, especraliy the
decrcase with mcrcasing anneahctemperstare, may be due to other tuctors such as
stram and varations m the chemical composioon of the <ample. Tn contrast, a real
decrease an aseraee cnvstullite sive over o Lated temiperaiure range can be
considered as an imndicanion of o conaderable 1omation rate of new angic-crystal
nucleation sites, At hiehor temy cratures thwill heconie more deiicult to torm Ciosters
of molecules that are suilicicnthy ~Uibic to become singie-crystal nucleation sites:
thus only eannthie evsstathites wail vrow and the averaze annstallite sive witl increase.
Such an interpretavion ndicates that iyl anooading wmperatures can be apphied
without considerable crvstathizatone byovomy oy rapidiv as possible over the
temperature range 330 450 O both when heatmy and wlien ceelimg the samples.
The experiments descriped beiow do mdecd give some contirmaton of this
hypothesis,

A small but stonmeant micre e in the background of the spectra around
20 == 86" £ 3 (= 1.4 Ay was Tound whidh indicates tat there may have been an
inmeasurably small smount of some othier onentations of B-Ga, O presentin the
sample.

For the samples erown with an it current densty of 1 maA ¢m ? the
anncaling process produced tivoponented onvtaline B-Ga,O4 oy found aboyve.
The variations of the amountand the orastaihite siee of the B-Ga, Oy with annealing
temperature are presented i bag Zocunves b Fhe carves show thai the unannealed
samples contained o detectable amounts of B Gu O dithough after anncahng at
about 300 Csome B-Ga O vastound The averaec onystadinte size of the B-Ga, O,
decreased up to an aanaading teiperature of about oo Catter whichaitimcreased.
and this munimum i the averave civstabate size concrdes with aloss of the arsenic
component of the oxsde (see Section 3.3

Finally. a senies of samples was grown usime a current density of 00t mA em”
and was anncaled as descrrbed above The results for these samples (Fig. 2. curves ¢f

2
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are very similar to those obtained for the samples above cyeept thatashightly higher
temperature (wbout 450 C)was required before the erystalline 3-Ga, O, which had
a smaller average erystallite size, could be detected.

An important anncaling parameter which was found to be relevant to the
occurrence of crystallization at the oxide- GaAs interface was the cooling rate used
at the end of the anncahing eycle. Several samples were grown using a current density
of 0.1 mA cm ™% and were anncaled at 600 C as described above except that the
cooling rate used was 100 C min "' instead of 300 C h™'. The quickly cooled
samples showed no crystallization at the interface between the oxide and the GaAs.
Thus with a high cooling rate the material does not have enough time to arrange
itsellin a crystalline form and is “frozen™ in an amorphous type of structure.

Although the cooling effect was only measured for an annealing temperature of
600 °C there is no rcason why a similar eflect should not 1ake place at other
anncaling temperaturcs.

The effect of the annealing time was studied on the sumples which were found to
be the most crystalline, i.e. those grown with a current density of 2 mA ¢m ™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 the crystalline B-Ga,O;. This can be
considered to be due to the movement and coalescence of the individual crystailites
produced during the increased anncaling time.
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Fig. 2. The variation with anncahing temperature of the X-ray intensity and of the peak width ¢ x ) at half
height for the (200) reflection of B-Ga, O, for samples grown with current densities of 2.0 mA cm ~?
(curves a), 1.0 mA ¢cm ™2 (curves b) and 0.1 mA cm ™2 (curves c).

Fig. 3. The variation with anncaling time at 600 "C of the peak width at haif height for the (200) reflection

of B-Ga, 0, for samples grown with a current density of 20 mA cm ™ 2.

The effects of the absorption of the X-rays in the amorphous oxide layers have
becn neglected in all of the above results. An estimate of the average crystallite size of
the B-Ga, 0, for a peak width at half height of 0.05 " gives a value of about 150 A.
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3.2 Retlectin electron diftraction

An anahsis of the electron diffraction patterns produced by the samples grown
with imual curtent denaties of between 2.0and 0.1 mA ecm ? shows that the surfaces
of all of the unannealed ondes were amorphous. However. after anncaling during
the fabocauon of Au Ge olume contacts on the back faces of the samples, the
surfaces of the oaides became slightly ordered and produced diffraction patterns
which consisted of several very diffuse rings. as was found previously!, which were
duc to amorphous native uaides present on the GaAs surface.

For samples that were grown using current densities of between 2.0 and 0.1 mA
cm ™2 were anncaled and then were cooled at a rate of 300 °C h ™', an analysis of the

-electron diffraction patterns showed that the surfuce crystallized out into a
polycrystalline B-Ga,O; structure with only the rings corresponding to the (0!
reflections being present. As the anncaling temperature was raised the rings of
the diffraction patterns became sharper, indicating an increase in the average
crystallite size. Another eflect which was observed at high anncaling temperatures,
especially for the samples grown using a current density of 2mA cm ™ 2, was that only
rings corresponding to the (10) reflections were visible. indicating that this structure
had become more oriented. However, anncaling at 800 C produced a pattern con-
sisting of spots and rings that indicated the production of some crystals of f-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 anncaling process with the fast cooling rate of 100 °C min~* evena
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 mA cm™ 2, had been annealed at S00 C and had been cooled at a rate of

300°Ch™1, .
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Fig. 4. Reflection electron diffraction patterns of samples grown with a current density of 0.) mA cm ™
and annealed (a) at S00 -C with slow cooling and (b) a1 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 matcrial can be estimated to be about 50 A. This surface crystallization of
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course accurs on an amorphous bed of oxide. unlike the interfacial crystallization
detected by X-ray diffraction which takes plice on a single-crystal GaAs substrate
with a reasonable lattice match.

3.3. Scanning electron microscopy and microprobe analysis

Scanning clectron microscopy (SEM) showed all the sample surfaces except
that of the sample annealed at 800 Cto be extremely flat apart from very occasional
defects which were thought to be due to some contamination of the sample surface.
A micrograph of the surface of the sample anncaled 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.

AR Besgls ” e P el )
- S T et sy i T £ g
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Fig. S. An SEM micrograph of a sample grown with a current density of 20 mA cm~? and annealed at
800 °C. (Magnification, 7650 x .}

For the microprobe analysis the Kx 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 vields for cach of the peaks. Since the volume of emission could
not be restricted to the oxide layer 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 ™ (Fig. 6)shows that there was little change in the As:Ga
ratio except in the sample annealed at 800 “C, which gave an As:Ga ratio of 0.34.
However, annealing at this temperature also produces changes in the GaAs
substrate'? (a loss of arsenic) which will ultimately affcct the annealing behaviour of
the oxide layer 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.
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For the samples prown with a curtent density of LOmA e ? the results for the
variation of the As: Ga ratio with anncahng temperture (Fig 61 show that there is a
significant loss of the arsenic component of the ovde between 400 and 500 C. This
loss caincides with a change in the colour of the uxide fromy blue to purple which
indicates a change in the oaide thickness from 1000 A to about 850 A. Since no such
arsenic loss is known to occur in GaAs *2 this chanpe must come from the oxide, as
has been found previously for oxides grown using other electrolytes's, and i is
thought 1o be duc to the loss of As, O, owing to the high vapour pressure of As,0; at
relatively low temperatures’,
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Fig. 6. The variation of the As:Ga ratio of samples grown with current densities of 2.0. 1.0 and 0.1 mA
cm ", anncaled at various temperatures and then cooled at esther 300 Ch~* or 100 Cmin~!.

Samples which had been grown with a current density of 0.1 mA em~? and
which had been annealed using both the fast (100 °C min~!) and the slow (300 °C
h~1) cooling rates were analysed (Fig. 6). The results indicate a difference in the
arscnic content of the samples due to the two different cooling rates; this
demonstrates the complex chemical nature of thesc oxide lavers 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!®. 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 environment of the gallium atoms which can
be explained by all the gallium in the oxide being present as Ga,0,;.

3.4. Etching in HC!

The oxides grown using a current density of 2 mA cm~2 were found to be
soluble in the HCl 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
thickness of 1000 A with a current density of 1 mA cm ™2 behaved slightly differently:
those annealed at 600 °C for 10 min were found to be again only partly soluble
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teaving a Liver aboot 400 A ek b whereas those anncaled a1 600 C for 60 min
were completeh msoluble: the samples anncaled at 600 C for 30 mim had properues
between these two. For the samples prown with a current density of 0.1 mA ¢m -~ 2
and cooled usmyg the two rates, only those anncaled below 500 C were found to be
soluble 1 the etchant whereas those annealed above 500 C were found to be
insoluble.

‘Since amorphous Ga, (), 1s soluble in the ctchant’® whereas crystalline p-
Ga,0, is insoluble, the above-mentioned eiching experiments provide further
evidence for the presence of B-Gu, O, at the GaAs oxide interface and show that it
increases with anuncaling temperature and time. At low anncaling temperatures
where the amount of crystalline -Ga,O; is small, any isolated crystallites are
probably washed away with the surrounding amorphous material.

The residual etehed surfaces were studied using SEM and with the exception of
the sample anncaled a1 800 C were all found to be tlat. However, it should be noted
here that the resolution of the scanning electron microscope used was 250 A or
greater so that small crystallites, 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 with 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 crystallization, both of which are greater for the interfacial process.
The volume of the surface crystallization 1s much less than that of the interfacial
crystallization since only the latter shows up in the X-ray spectra. These two
crystallization processes can be considered to be independent of each other since the
orientations of the two cryvstathized Yavers are different, Consequently the bulk of the
oxide which lies between the two erystallized layers is likely to exhibit an amorphous
structure.

With current densities of 1 mA ¢m ™2 and less the as-grown oxide layers are
amorphous, whilst those grown using higher current densities are found 10 have a
crystalline interfacial oxide laver. After anncaling to sufliciently high temperatures
and slow cooling, a crystathine interfacial layer is produced in the oxide, and the
annealing temperature at which crystallization i1s detected is an inverse function of
the growth current density used.

For the short anncaling times used here (i.e. 10 min) slow cooling produces
crystalline layers and rapid cooling produces non-crystalline layers. If longer
annealing times arc used. the material has ume to rearrange itself into a crystalline
structure so that the effect of the cooling rate will vanish. However, this assumes that
the increased annealing time does not produce a change in the overall chemical
composition of the laver.

At all times it is the gallium component of the oxide which determines the
structure of the film whereas the arsenic component appears to be present in an
amorphous forin that is casily removed by annealing if the oxide is grown at a low
current density. '
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5. CONCLUSIONS

The presence of crystallinity in the oxide Luyer at the GaAs oxide interface is
generally considered to be detnimental to the electrical interfuce properues of any
device using an MOS structure. In order to retain a sttable amorphous siructure
after anneahing, the following conditions have been found to be important: (1) a
currentdensity of 0.1 mA cm ™ 2:(2) annealing in nitrogen and i very fast cooling rate
at the end of the heating cycle: (3) the lowest possible anncaling temperature and
the shortest possible annealing time.

ACKNOWLEDGMENTS

The authors wish to acknowledge Dr. D. Thompson of the Crystallography
Laboratory and Miss B. Arnold and Mr. E. Boult of the Electron Optical Unit of the
University of Newcastle upon Tyne for useful discussions and for the provision of
the X-ray diffraction, the electron difftaction and the SEM facilities respectively, and
Dr. R. Heckingbottom of the Post Office Research Department, lpswich, for
carrying out the Auger analysis of the samples.

Finally, one of the authors (BLW) would like to thank the Science Research
Council for the provision of a Rescarch Fellowship.

REFERENCES

H. Hasegawa, K. Forward and H. L. Hartnagel, Electron. Lett., 11(1975) 53.
H. Hasegawa and H. L. Hartnagel. J. Electrochem. Soc.. 123(1976) 713,
H. Hasepuwa, K. Forward and H. L. Hartnagel. Appl. Phys. Letr . 26 (1975) 567.
D. L. Lile, A. R. Clawson and D. A. Collins, Appl. Phys. Leir.. 29 (1976) 207,
B. Bayraktaroglu, E. Kohn and H. L. Haninage), Electron. Lest., 12 {1976) 83,
A.Colquhoun and H. L. Hartnagel. Solid-State Electron., 19(1976) 819.
A.El-Safti, B. L. Weiss and H. L. Hartnagel, Efectron. Lett., 12(1976) 322
B. L. Weciss, J. Microsc. (Oxford), 110 (1977)45S.
A. Colquhoun and H. L. Hartnagel, Surf. Technal., 5(3) (1977) 291,
B. L. Weiss and H. L. Hartnagel, Elcciron. Lett., 12 (1976) 32].
E. Kohn, B. Bayraktaroglu and H. L. Hartnagel, Paper presented at 6th European Solid State
Devices Research Conf., Munich, September 1976.
B. L. Weiss, E. Kohn, B. Bayraktarogiu and H. L. Hartnagel, 6th In1. Symp. on GaAs and Related
Compounds, Edinburgh, Inst. Phys. Conf. Scr.. 33a (1976) Paper 5.4.
It B.L Weissand H. L. Hartnagel. In1. J. Electron.. 41 (1976) 185.
} 12 C. R.Bayhss and D. L. Kirk. J. Phys. D, i9(197¢) 233.
13 R.M. Malbon and J. M. Whelan, J. Electrochem. Soc., 123 (1976) 761.
14 ). C. Bailar (ed.), Comprehensive Inorganic Chemisiry, Vol. |, Pergamon, Oxford, 1973, p. 1091.
15 J.C. Bailar (cd.), Comprehensive Inorganic Chemistry. Vol. 2. Pergamon, Oxford, 1973, p. 603.
16 R. Heckingbotiom, personal commumcation, 1976.

"

SV DK hAEWN




T T T

. C-V characteristics of these structures show improvements over
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CHEMICAL REACTIONS OF OXIDE LAYERS ON GaAs
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The interface of GaAs and its native oxide exhibits a reéion

of excess As. The amount of this excess is increaséd by laser
annealing of the oxide layers; a corresponding change of the
depletion lay:r capacitance is ébserved. Thé migration of As
out of the sucrface of GaAs is clearly observéd whén Al is de-
posited on Gails but not when Ga is defositéd on GaAs. MOS
structures ar: formed by a series of new processing steps that
avoid the foraation of excess As in the insulator region and As

vacancies in zhe semiconductor region of the interface. The

those produced by conventional oxidation methods.




1. INTRODUCTIOl

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 towérds 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 Ga203 is formed than Aseo3 (the two most commonly found compounds),
and secondly the destruction of thg 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 authorsl’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 A52033
and 257 kcal/mole for Ga203; these are both probably the most common
components of native oxides on GaAs., Our ESCA measurements confirme@
this behavior for unannealed, AGW growuh GaAs MOS strucutres using the
Varian XPS system and an Ar ion etching at 2 kV.

In order to investigate the effect of loculized heating on such
iaterfaces, a pulsed ruby laser (pulse duration 25 nsec, laser energy

3 Joule/cmz, 5mm diamater spot size) was used to irradiate an AGW

native oxide-GaAs structure., Since the oxide is transparent, most of the




GaAs MOS structures. Firstly, using the method of photopulse analysis”,

energy 1s absorbed at the oxide/semiconductor interface so that this
region containing the noun-oxidized As is locally heated. Provided that
thte local texjperuture is not raised to catastrophic melting or even
evaporation values, interecting effects on the interface behavior re-
sult. 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
franm A5203 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 capa>ility of changing the amount of non-oxidized As gives us
the possibility of studying its effect on the electrical behavior of

5

the capacitanc=2 Co of the oxide alone can be determined for equivalent
measurement frzquencies around 1 kHz. It ic found that C° is increased
by up to 100% for such laser-annealed samples with an increased non-
oxidized As rejion. The apparent donor concentration has decreased from

1.8Xlol6 -3

to about h.?Xlols cm ~, as shown in Fig. 2. Obviously, these
As atoms creat: states whicg 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-voltage 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 350°C

does not produce such widening of the atomic As region.

— w-u‘t-:m------------"...‘"




3. As-Vacaney Grenerati-n

! The second intertuce stute wnd trap generating mechanism seems to

be the process of the energy provision by the first-layer oxidation, or

the heat of condensaticn 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 measurenments. It was found then that the deposition
of 30am of Al causes the Ga signal to disappear almost entirely whereas
the As signal remains very strong (see Fig. 3). Obviously, As was
removed frum the CaAs by Al deposition, and accumulated on the deposited
Al surface. This effect is representative of numerocus other deposited
materials.

The heat of coudwncation for Ga on GaAs, on the other hand, seems
to be lower3 than that of Al on GaAs. This material was therefore also

evaporated cnto GaAc. Indeoed, the Auger method demonstrated that after

ebout 30nm of Ga the As signal had practically disappeared (See Fig. k).
The condencation ¢f Ga does thercrlore not release sufficient energy to
knock out As from the Gads lattice near the surface.

It seems tc 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 trunstormed by electrolytic oxidation into a good insulator
which would cover then the CaAgs 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 understundable that the following scheme of surface

passivetion preceuts premising features.

L, Two-Step Oxidation

In line with the understanding that any processihg involving low
reaction energies does not perturb the GaAs composition, and that further
any regicn of atcmic As has to be avoided, the following processing
steps were usedsz A thin native oxide layer (less than 15nm was AGWh-
produced onto GuAs, which was then annealed for about 30 minutes in H2
at 650°C. The A5203 of this film is then mostly evaporated (a low-

f energy process), and the Ga203 is to a large extent reduced to Ga by the
formation of H2O. Subsequently Al is deposited. The Al heat of conden-
- sation getters the remaining As ouﬁ of the Ga-rich thin surface layer.
This Al film is AGYW anodized by carefully monitoring the overpotential-
time curve which gives a clear indication when firstly ell the Al, and
when secondly 2ll the Ga-film is oxidized. After the oxidation of the

Ga layer, the anocdic current is switched off (Fig. S). The MOS devices

fabricat=d by such a two-step anodic process give now very different

capacitance/voltase 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 Hz-annealed thin Ge-rich layer, before Al deposition, has indeed
mostly metallic Ca, with small residual levels of Ga,0, and metallic As.

273

It was also discovered that the normal change-over from H2 to N2 gas in

the furnace at a temperature of 300°C or higher produces a significant

N-cignal in the Auger spectra for the whole thickness of the Ga-rich




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. T.

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 650°C 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 Ga, 0, towards

273
the surface.
5. Conclusions

Experimental data is presented on the dynamics of forming a non-
oxidized As layer in the insulator near the igterface. This atomic As
layer is found to cause a high denéity of short time constant traps
.vhich 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 A5203 takes place due to the low-energy Drocesé of
thermal out-diffusion at 6§O°C. |

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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An Investigation of Anodically Grown Films
on GaAs Using X-Ray Photoelectron Spectroscopy

P. A. Breeze! and H. L. Hartnagel?
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) 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 As.O, and Ga:0; 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 Al;O; region had ditfering compositions,

The anodic oxidation of GaAs (1) offers a very
simple technique for producing barrier-type insulating
films on this semiconductor. Such rilms are of great
importance for the fabrication of MOS (metal-oxide~
semiconductor) devices and sucvess has already been
achieved in producing transistors on GaAs (2, 3) using
this technology. However, the oxide and interface

I‘ l:‘resenc address: Inorganic Chemistry Labocatory, Oxford, En-
gland.

- Prevent address: Institut fue Hoch Frequentztechnik, Fachbe.
getch 18, Meromstrasse 35, Germgny.

Key words: GaAs, anudic oxidatiun, ESCA, depth profiles.

properties obtained still show room for improvement
and work in our laboratories is concerned with optimi-
zation of the anodization conditions in order to im-
prove device hehavior. To do this etfectively, detailed
structural information is required and of the methods
available to obtain this data Auger electron spectros-
copy (AES) (4) and x-ray photuelectron spectroscopy
{ESCA) (5, 6) are probabiy the most usctul, when
ombined with a suitable vtchiny technique.

In *:us paper we present chemical depth protiles of
anost aily grown filins on Gads, obtamned using KSCA
comb.ied with Ar-ion etching. We feel that ESCA
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offers sdvantuges over AES duc to the chomacal shaft
data whictt 1s moie tasily obtaned and nterpreted
with the former (b Howevar, AES docs nave the
advantage of speed and of being able 1o exannune dif-
ferent parts ¢ o singue sampae, o that a combination
of both lechnigques where avatlabie vilers the best solu-
von (5). -

i

Experimental

GaAs samples (Monsuntu n-type, carrier concentra-
tratvon 10'*) were cleaned 1n methatiol and acetone
and dnied from acctone, Al (w9980 purity, MR.C.
Limited), where used, was deposited by evaporation
under vacuum at about 10 ¢ Torr. GuAs samples were
etched for 1 min in 19 HCl solution prior to ancdiza-
tion. Electrolytes were all muade up from rescarch
grade reagents and deilonized water. Two electrolyvtes
were studied. Thewe were: (1) 3¢ tartaric acid solution
mixed in the volume ratio 1:2 with propan 1. 2 diol
(AGW) (1) and (@) 0.02) (NH;) H.PO, solution
mixed 1n the volume ratio 1:2 with propun 1, 2 diol.

Anodization was carried out under constant current
conditions using experimental apparatus and tech-
nigues described previously (1). Atter anodization the
samples were rinsed 1n acetone. Typical sample size
was 0.6 cm x 1.2 em. The samples were attached 1o
the copper spectrometer sumple holder witn ELEC-
TRODAG 915 conducing puint (Acheson Colloids Com-
pany) to minmnize sample cnarging. 1ne sample holder
itself was mounted on a UHV rotatable probe to en-
sure precise repositioning of the sample aftler rotation
for etching.

ESCA spectra were recorded on an AEIL E.S. 200B
spectrometer at typical chamber pressures of 2 x
10-* Torr, utthzing Mg K1 ;> radiation at 1253.6 eV
They were recoraed at 0.1 V sec™ ! (Ga and As 3d
peaks) and 005 V sec™! (Al Zp and O 1s regions).
Both analog and digital spectra were recorded stmul-
taneously, the campiing rate for the latter peing 50
times per minute.

Ar-1on milling was carried out using an ION-TECH
saddie field 1on source nitted wity a scanmng facihty.
The source has a peam of heignt 1 em, and this was
scanned atony the lengtn of tne sampic, &t & mean
angle of 43 to the sampic surface. Argon was 8996
punity (BO.C). The source was operated at either 8
kV 3 mA or 5 kV 2 mA. Approximate etch rates were
25A/min 1n the former and vA/min In the jaller case.
These etch rates were estmated from depth profiies
obtained from oxide films of known tnicuness. The
anodic growtii constants for ox:dation of GaAs have
been establi:zned previousty (1), To oblain depth pro-
files the sampies were etched inoa stepwise fashion,
spectra being recorded after each period of etching.
Some 1dea of the reproducibility of the etching tech-
nique may be obtained frem Fig 6 vohere exclung was
contuinucd into tite substrate. A may be seen, in this
region where constant compusition 1s expected, fluc-
tuations are less than =9%.

Data Processing
Most depth profiles were oblained from the ESCA
peak areas of the G und A+ 3d peuks. the Al 2p peak
and the O 1: peak in tne analog spectra. To calculate
these arcas a tnangulal approxunali n was assumed
so that
peak area = peak height » width at half height

The intensity of photoelectrons of a given energy
observed in a homogeneous material of path length x
is given by (7)

FaDk

4

(1 — exp!— xc)) )

if elastic scattering is neglected. I = intennity of pho-
toelectrons enmutted. F o= x-ray flux. o = cross Lection
for photoionization 1n a given energy 1(*\"(. of a given
atom for a given x-ray (neigy, Do=oodensty of the
given atom in the matcerial; ko= a spectromeoler cone-
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stant, ¢ = 1/, wherd v 1 the mean cscope depth of
PLOLULICCT 0L O Ve hanetic ener gy,

Ful Wwo repaate Core ety Jovels A snd Ban the
Sae sarnpiv Jnearuied Lo sdentical conaitions 1)
may bu wrillen

Na Dy {a cp 2)

Ny Dy Iy aa L
where Ny and Ny are the number of atoms per unt
volume of A and B, 11 1t s assutned that ep ~ 2y In
our cuse tns 1u truc lor the Ga ana As 3d levels and
the Al 2p level to within 3¢ since «. « y-kinetic energy
t6) und the above-mentioned levels are of very sinu-
lar Kinetic energies. We have ured Eq. (2] to give
depin pronfes lnat $how the rerslhve pumbers of sloms
per unit volume. 1he results have been plotted relative

to the Ga 3d intensity Iga by plottng Ige, las ¢ and
aap

oGa Lo .
lar — giving the relative number of atoms per unit
aAL

N

volume in arbitrary units of —A—‘— Ic, for stom A
Ga
The cross seclions (a) were taken from those calcu-
lated by Scofield (9). The O 1s region showed a strong
oxide oxygen peak, the intensity of which was only
used to oblain intertace widing, $0 NoO corrections were
applied.

Wnere the Ga 3d peaks due to Gz;03 and GaAs were
not clearly resolved the position of the composite peak
center at half-height relative to the two extreme posi-
tions was used to estimate the amount of each com-
ponent present, e, percentage ¢f peak due to Ga.O;

BE(Ga 3d) — BE(GaAs 34)
BE(Gu:0; 3d) — BE(GaAs 3d)

In the presence of As:O: elemental As was always
observed after Ar-ton elcinng. On etching through the
oxide film to the GaAs subsiraie the elemental As
peak disappeared. An expernment using & sample of
powdered As U mountea on couble-sided seliotape
maicated tnat some of the oxide wus redu.ed to ele-
mental As by tne lon beam. Tris s iliustrated in Fig.
1. A similar expeniment showed that Ga,O; was stabie
towards reduction under the same condiuons. It was
thercfore assumed that the or:gin of the elemental As
peex 1N the anocic oxice film was from reduction of
As:O;. When construcung depti profiles the intensi-
Les of the A<.O, ancd eiemental As 3¢ peaks were
summed to give the total amount of As originally
presen} as oxide, (Making the approximation that the
cross sections and escape depths ure the same for the
two materials.) Where the elemental As 3d peak was
obscured by that due to As in gallium arsenide its
peak height was assumed to be one-third of that of
the As O, peak for eichung at 8 kV and one-quarter
for on etching at 3 kV. Taese were the ratios ob-
served expernimentally in the bulk of the oxide, Under
these circumstances the assumed elemental As inten-
sty was also subtracted from the measured As 3d in-
tensity of GaAs.

In order to assess the errors invelved in the above
approximations an attemp! wus made to analyze one
compiete st of digitul specira by employving @ non-
Iinecar least sguares fiiing program which uses a
Gaussian Lorentziann product function (10).

In order to obtain meaningful results it was neces-
sary to fix the linewidths of the various 3d peaks of
Ga and As in the interface region. The fixed values
uscd were obtained from fits of spectra from the oxide,
or {rom the GaAs sub:trate Tne results are illustrated
in Mg 20 which also snciudes the profile obtained
from the wnzlog spectra (The dips in the analog
profile: after 13 mun elchung are where the sample
was left over might an the spectrometer after having
ciched for 10 min.)

As o further cheek of the vahidity of the approximez-
tion used to resoive tne Ga 3d peaks of G O, and

X 100%
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Fig. 1. ESCA spectra of the As 3d peaks for an As:03 powder
sample {a) before and (b)Ac-ion etching at 5 kV.

GaAs in the analog spectra the values of the expres-
son BE(Ga 3d) — BE(GaAs 3d)
BE(Ga.0; 3d) — BE(GaAs 3d)
were compared with values of the expression
1(Ga,03)
1(Ga;03) + I(GaAs)

where 1(Ga.0,) is the intensity of the Ga 3d peak
of Ga;0; obtained from the digital analysis and simi-
larly I1tGaAs) represents the Ga 3d intensity of GaAs.
Since both expressions represent the fraction of the
Ga 3d peak due to Ga:01 they should be identical. The
values agree well (=57) when the component peaks
were of similar intensities but discrepancies appeared
where the intensity ratio of the two components was
estimated as greater than about 5:1 from the analog
data. In these cases the weaker peak appeared rela-
tively stronger trom the digital analysis, However
only 11 one case, point 14 in Fig. 2(b). did the ditfer-
ence exceed the =93% confidence limits (equal to 2
standard deviations) of the digital analysis.

These dilferences probably atise for two main rea-
sons. First, the approximation used to resolve the
analog spectra is not entirely valid under the condi-
tions whnere the discrepancies oceur. Second, the 3d
pruk shapes are not pettectly titted to a angle peuk

e a

ACVEL eV

Satin

o - T Lol - ""—_—r—-——W
] 290 A
E£7CH TIME (m ns)

Fig. 2. Depth profiles of Ga and As 3d ESCA intensities from @
1000A oxide film grown on GaAs in (NH{H:PO/glycol electrolyte
ot 50 «A cm 2, Ar ion etching ot 8 kV. ‘a) Profiles from analogue
spectra, (b) profiles from digital spectra, and (c) profile of
elementa! As from digital spectrg. For .0) and (b), =, Ga in
Go:03; o, Ga in GaAs; @, As in As:03; ., As in GoAs.

(they are in fact closely overlapping doublets com-
prising the 3d 3/2 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-
ever the good agreement obtained in most cases is en=
couraging and indicates that the approximation used
is a userul one in cases where no other method is
available.

The region where the accuracy of the profile be-
comes most critical is at the interface because here
the greatest compositional variations occur. In par-
ticular there is the question of whether or not there
is any elemental As present at this interface.

In the case of the analog spectra elemental As
could not be resolved out in the presence of gallium
arsenide As (i.e., at the interface); rather, a constant
ratio of As:O3: As was assured in these cases and only
this amount subtracted from the overlapping peak of
gallium arsenide (see above). Any additional ele-
mental As over and above this amount will still be
included with the gallium arsenide As. Hence, if
there were excess elemental As present we might ex-
pe:t to see a profile such as that in Fig. 2(a) where
the gallium arsenide As appears before. and is initially
more intense than the Ga. (Note that within the sub-
strate the As appears less intense than the Ga due to
selective etching. This etfect is discussed later.)

From the digital spectra, the computer analysis
made it possible to resolve out the As 3d peaks due
to As:Oy As, and GaAs as shown in Fig. 3. The As:Oy
and As intensities have not been summed in Fig. 2(b)
but the elemental As plotted separately in Fig. 2(¢c).
(The error bars n the latter figure represcnt the 35%
confidence lhimits of the digital curve fitting analysis
and do not include any other experimental errors.)
As may be scen the amount of elemental As appears
to increase at the interface even though the amount
of As.0), is decreasing. This also sugyeests the presence
of excess clemental As at the interface, Howuver 10
the dugital protile of Fug 2eb) the wathium arsenide
Ga upprars carhier than an Fig. 2(aj, leading to some




Vol. 127, No. 2

. a
»
— 1 -
om-a >
E . / A
3 /—" o 3}
2* ) L _:.' . .. . .
L v, :“"- —— . - , . - -
:: PR \;:‘:_ SaE, ""L‘f: :—f—
8
=
o
2
¢ 1
c / '
2 |
=} M '
= j | b
‘
!
»
et L RN Vi

45 44 43 42 41 40 39
Binding energy (eV)

Fig. 3. Exponded spectrum of the As 3d region (o) ot the inter-
foce showing the digital resolution of the 3d peaks due to AsxQy,
As, ond GoAs; (b) in the GoAs substrate.

uncertainty as to whether the feature in the analog
profile can definitely be identified as being due to ele-
mental As and is not merely an artifact ot the method
of data analysis. Two points should be mentwned in
conjunction with this. irst, although the Ga profiles
do dcviate in the interfuce region the difference be-
tween these in Fig. 2(a) and (b} only exceeds the
959 confidence Iimits 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 xA cm~*? using this maximum resolution.
The analog profile for the same sample is shown in
Fig. 6. The spectra in lig. 5 clearly show that sig-
nificant changes occur in the As 3d spectrum before
similar charnges occur in the Ga 3d region and we be-
lieve that this is due to the pressure of 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 digité! analysis of the same
set of data the authors decided to rely exclusively on
the analog treatment of tne 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 energies. The comparison
indicates that the major peaks observed in the anod-
ically grown films on GaAs cerrespond In position wWith
those of Ga:0.. As:O,. and As within expernimental
error. In the film incorporating aluminum the Al 2p
peak corresponds in position with that of Al.O,. The
C1S peak at 284.6 ¢V (which is the value obtained in
this laboratory for @ hydrocarbon contamunation layer
based 1n Au 4f; , at 84.0 eV) was generally used for

e e M A N - (| R g0
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Toble I. Peok positions

Binding energy (eV)

Freviously

This work reported FWHM
(=02 eV) (11, 12,¢ (This work)
GaAs 19 4+ 18.5 1.6°
Ga 3 Ga.0, 20.5¢ 204 2.0
GaAs 41 2+ 412 1.6+
As 38 AsiOs 44 5¢ 4“4 2.0°
As 4]1.80.¢ 418 18
Al 2p ALO 74.5° 745 19

s Referred to C1S at 284 6 eV.

®* Kelerred to Ga 3d position of GasOs at 20.5 eV.

;Ob(au.ed from the pest computer fitlted spectra of the anodic
oxide

¢ Referred to C1S at 2850 eV,

¢ Obtained from digital spectra.

calibration if possible but in many cases this did not
prove reliable ‘This may be due to the presence of a
carbon-contai.....g species 1n 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
assignment. Typical ESCA spectra of the Ga and As
3d region for an anodic oxide and the GaAs substrate
are illustrated in Fig. 4.

In addition to the ESCA peaks discussed above, sev-
eral other weaker peaks were also observed in the

a

Intensity (arbitrary units)

T T 1 1

50 40 30 20 10
Binding energy (eV)

Fig. 4. ESCA spectro of the Go ond As 3d region with computer
tit pcoks of (o) GoAs native oxide ond (b) GoAs substrate after
removal of the notive oxide by Ar-ion etching ot 8 kV.
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13- eV btinding eneray resion (see Yoo 4). Two
pars af feans occuteed an the anodic uxode spectra
Botween anout Jooand 1) oV These were sesedned o
the As LM MG, Auger tranations L), there bemng
ot pall acociated wan A O, aned anot
meostat A Woen Gads
of N iier peaks were soen to shomtly luwer binding
enesles Utner praks are the satedite peaxs from the
nronmor.uchromated x-radiation used 1n the pectrome-
ter. Their position and ntensity are weil known and
are taken from x-ray spectroscopy tresuits (13). A
broad peak was tdentiiied 1n the computer-analyzed
spectra of the anodic oxide at about 39 eV. A simular
peak was seen in the GaAs substrate at around 35 eV.
The latter peak 1s a plazmon loss peak associated with
GaAs (4, 14) and the lower peak protavly has a
similar origin. Finally, a new geak was seen at 275
(x1) ¢V which disappeared on etching through to
the substrate. This 15 probably the oxyuen 2s peak (13),
the assignment being supported by the fact that the
pcak correlates quite well with the oxyegen ls in-
tensity which was monitored in most of these experi-
ments.

I Wit eles
srattod aperr s a2 i d opae

Orides grown in the (NHy) H.PO,/glycol electrolyte.
—The depth protiles shown in Fig. 2 were obtained
from a 1000A thick native oxide fiim on GaAs, grown
in the (NHy) H:PO,/glycol electroivte at 30 WA ¢cm--.
As seen in the tigure the surface of the oxide grown in
this electrolyte is As deficient as compared to the
bulk. For a similar sample grown at 300 <A cm-3
the ESCA spectrum showed no As present at the sur-
face. The bulk ox:de region i1s fairly uniform and shows
a constant As/Ga ratio of atoms per unit volume of
between 0.5 and 0.6, this value appearing o be nde-
peadent of growth current density over the range 10
#A-300 «A em 2 To what extent this ratio is artected
by selective etching has not been established. How-
ever it is clear from tiie Ga and As pronles of Zallium
arsenide, where the As/Ga ratio is 0.6 instead of unity,
that selective etching of As from the substrate depi-
nitely occurs.

At the oxide-semiconductor interface the As:0Qy in-
tensity generally starts to drop before that of Ga.Oa.
Indced, in some cases the Ga.,O; intensity increases
first before droppinyg otf. This leads to a Ga Qs rich ox-
ide next to the substrate. The etfect seems to be more
pronounced at higher and lower growth current den-
sities than it 1s at 50 uA cm~:, See for example Fig. 6
for a sample grown at 10 «A cm~: Sinular behavior
has been observed for samples grown at 500 wA cm-—2,

From the protile in Fig. 2(c) it can be seen that
the amounc of elemental As observed increases at the
oxide-semiconductor interface even though the As,Qj
intensity is decreasing. This suggests that there is a
region adjacent to the GaAs substrate where elemental
£As was prosent prior to Ar-ion etching. Alternatively
it is possible that very thin films of As:0y may be
tnore readily reduced, leading to a smaller As.0;/As
ratio than that observed in the bulk of the H[lm.
However, it has been supgested previously (4) that
there 1s an As rich region adjacent to the substrate
in anodic films on GaAs. In view of this it seems very
probable that what we are seeing here is contirmation
of the presence of elemental As at the oxide/semicon-
ductor interface. Figure 3 shows spectra obtained on
etching through the interface of a sample grown at 10
#A cm~—% It can be seen that the changes in As 3d
spectrum occur earlier than those in the Ga 3d re-
gion. The profile from the sample is shown in Fig. 6
and shows a similar region to Fig 2(c¢) although in
this case the elemeantal As intensity 1s included in the
As profile of gallium arsemide as discussed earlier.
Similar results were also observed for samples grown
at 500 xA cm 2. .

Interface widths, measured from these profiles, were
defined as the distance over which the intensity of
the component beinyg measured changed (rom 20 to
80, of its steady-state value (4). [nterface widths
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were measured on both Ga., As, and oxygen profiles.
It was found that those measured from the oxygen
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Fig. 6. Depth profiles of Ga and As 3d ESCA inte-iities from
800A oxide film grown on GaAs in (NH,JH PO/glycal slectrolyte
ot 10 uA cm "% Ar 1on etching at 8KkY. _, Go 1 Ga:0(; @, Ga
GoAs, B, As in As Q;; ([, Asin GaAs,
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profiles pave the larpest widthe as would be expecte]d
since they refiect the chanpe in both As O and Ga O
at the interfoce Tre widtne from the oxvpen profiles
are therefore uced o discussing the mmtertaces

Signtficantly senaller interface widths were obeerved
when etehing at & rather than 8 kV  For example tne
interfuce width mea.ured for o I0OVA film prown at
500 4 A cm - and ctehed at € KV was 210A whereas the
width measured for @ simijar ilm etched at 5 kV was
about 90A. This 15 due to knock-on eilects ocecurring
during ion etching which make the nterface appear
broader than it actuully 1s. The eftect is greater for
higher encrgy bombarding ions. Another effect which
has not been investiguted 1n a4 systematic way here is
uneven etching, Tins mukes the observed interface
width depend on what filin thickness has previously
been etched away, the broadening increasing for
thicker films (6). Because of these eflects the measured
interface widths represent an upper hmit and the
actual widths may be expected to be significantly
smaller than the measured values.

Oxides grown in the tartaric acid/glucol eiectrolyte.
—Figure 7 shows the profiles obtained from a 500A
rtative oxide film grown on GaAs in the AGW electro-
lyte at 200 A c¢m ™= In contrast to oxides grown in the
previous electrolyte the surface region is As rich as
compared to the bulk. (The first point in all these
profiles 1s unrepresentutive due 19 surfece contam-
inat:cn and should be 1gnored ) The other features of
these profiles are very similar to those already dis-
cussed. The bulk of the film s uniform with an As/Ga
ratio of about 05 There s a shghtly Ga.0; rich region
adjacent to the substrate and the As profile of the
GaAs substrete mdicates the probable presence of ele-
mental A< @t the mterface The interface width ob-
tained from the oxyvgen profile was 60A. (The sam-
ple was etched at 5 kV)) :

Using the data shown in Fig 7 an ~*iempt was made
to estimmate the amocunt of eiemental As present at the
interface over and @bove thut expected due to reduc-
tion of As:O; by the 1or beam. Tne galhium arsenide
As peak intensities woio i ocerrected for selective
etching using the observed Ga/Ac 1zto of the sub-
strate which 1s 060 nsteod of unity, und assuming
that the effect becomes operative as coon as the sub-
strate appeurs. Us tie corrected values the dif-
{ference 1n areas benca tine Go und As profiles of
the gollium arsenride wa: ottermed Yrom the known
etch rate and the known cenaty of A atoms in GuAs
the ares could be converted nto o namber of atoms
per square centimeter, giving the valuce 2 > 10% atoms
per cin-. It was not posiible to assign a realistic value
to the errors involved in this eztumate,
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Fig 7. Depth profiles of Go ond A+ 3d ESCA entensitics from o
S00A oaide him grown on GoAs un tortarc or1d ‘glveol clectrolyte
ot 200 LA ¢cm < Arion etching ot 5 kY Goin Go. 0., @, Go
in GoAs, B, Asan As O, ., Ay in GoAs .
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Anodic filmes awcorporating  aluminum —Figure 8
snow. the profile obtwined from an anodic oxide
film prown an thec AGW clectrolyte on a GaAs sample
with 200A of Al depoated onto s curface. ESCA
spectry of the Ga and A< 3d r1egion taken at points A,
B oand Con Fig # are shown an Fig 4. The total oxide
filin thuckness here s approximately 900A. As already
noted. the Al 2p pesk can be sssipgned to that of AL.O,,.
(see Tuble 1), Tric peak was observed all the way
through the oxide film and significant amounts were
seen at the surface,

From Fig. 8(a) it can be seen that there are two
GaAs native oxide regions, one zbove and one below
the Al.QO; laver. The native oxide beneath the Al:O;
layer 1s similar in all respects to that observed on
GaAs in the absence of Al [compare Fig. 4ta) and
Fig. 9(c)]) and at the oxide semuconductor interface
the probable presence of elemental As s indicated.
However the native oxide at the surface of the film
[see Fig. 9(a)] shows marked diflerences when com-
pared to the normal GaAs native oxides grown with-
out Al First the oxide is very As deficient as com-
pared to the normal anodic oxide. The As/Ga ratio
of atoms per unit volume here 1s about 0.3 rather than
0.5. Second the As-O;: As ratio in this region is almost
1:1, not the 4:1 ratio expected from reduction of As:O,
by Ar ions at 5 kV. This situation persists right through
the predominantly Al-O- reg:on untl the oxide region
undernezth 1s reached when the normal ratio is again
observed. This seems to suggest that there is some
difference between the As:O; in the two regions such
that that nearer the surface is more readily reduced.
An zlternative possibility which cannot be ruied ocut
from the data available here is that there was orig:-
rnally some unoxicdized Al present :n the film wiich
reacted with As,O- during Ar-i1on etching to produce
As — Al:O: since Al;O, 1s the thermodynamically
more stable oxide.

Discussion

The foregoing results indicate that aneodic native
oxide films on GaAs may be divided into three regions;
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Fig 8 Depth profiles of Go ond As 34 ond Al 2p ESCA intensitiey
from gr onodic onide grown on GoAs — 200A Al in tortonc oad/
gfycol efectrolyte ot 100 A cm ™" Ar-ron etching ot 5 kY., Ga
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Fig. 9. ESCA spectrg of the Ga and As 3d region recorded at
points A, B, and C in Fig. 7.

the surface, the oxide bulk, and the oxide/GaAs inter-
face region. In terms of chemical composition the sur-
face reg:on 1s extensively intluenced by the electrolyte
whereas the other two regions are not. The factors
which control the surface composition are not known
but the adsorption behavior of the electrolyte 1s prob-
ably important.

Due to the limited number of samples studied here
no detinite conclusions have been drawn concerning
the influence of growth current density on film struc-
ture. However no overall systematic changes were ob-
served over nearly two orders of magnitude (10-500
wA cm-¢). The most obvious variation seen was in
the extent to which there was a Ga:0; rich region
in the oxide near the oxide/semiconductor intertace.
This seemed much less pronounced for samples grown
at 50 uA cm~-: than for those grown at the extremes
of the range studied. It is conceivable that the ob-
served variation was simply an experimental artifact.
However a previous report (16) of oriented 3-Ga 0,
observed at this interface for samples grown at very
high current densities (>2 mA cm~-) may also sug-
gest a more Ga.0; rich oxide at the interface, since
As:Q; is a primary glass former and its absence could
lead to polycrystalline Ga:0, being formed. [Wilmsen
and Kee also reported a Ga,0, rich oxide near the
interface in anodic oxides grown 1n both tartanc acid/
glycol and H,PO, solutions (3).] There wuas also some
evidence that the surface depletion of As was less
severe for sumples grown at low current densities 1n
the (NH,) H.PO, electrolyte. Similar results have been
reported by Croset et al. (17) for samples grown in
a Na;PO/glycol electrolyte.
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As noted above it is possible that the as-grown
anodic uxtde tihins contuin elemental As at the vxade/
semiconductor intetfuce. The orngin of this elemerntal
As s not known, but we have previously suggested
“18) that tne Jrowth mechaninm may te resgulisiGiv
Whatever the rea:on for this ucoumulation, (s presence
must intluence tne nterface propertes and hence ce-
vice behavior where this ‘echnoiogy is employed. He-
cause of this 1t would be advantageous to ve avle ‘o
control and hopeiully eliminate this elemental As
buildup. However, at present there is no obvious way
in which this m:gnt be accomplished.

One further gbservation of relevance in connection
with the oxide ilm growrth mecnanism s that 1n F:g.
8(a) Al>Oj3 is seen throughout 'ne film. [!'s occurrence
deep in the film, below tne expected Al:OQ; reg:on, may
be due to knock-on etfects 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 (13) 1s an oversimplifcation and
that “lattice” and “interstitial” ilons can interchange
within the film. Further experimental work :s required
here.

Finally, it is important to consider the erfects of ion
etching on the sample and how this infduences the
results. We have observed in these experiments that
the Ar-ion beam reduces As:0;3. No similar e:fect was
seen with Ga,0;. We have also seen selective etching
in the GaAs substrate where the observed Ga: As ratio
was not unity. However, we have not vet been able
to estimate the extent to which selective etching erfects
the observed Ga: As ratio in tne oxide. Until the ex-
tent of this etfect 1s known we cannot make any reil-
able quantitative measurements from resuits such as
these. Also we have noted *hat the measurcd interface
width is significantly inrluenced by the etching conc -
tions, a factor -wnich should be taken into accou
when using such measurements.

Conclusions

The results presented in this paper illustrate the
application of ESCA 10 the study of anodic oxide iims.
Using this tecnnique we have been abie 0 obtain
chemical depth proiiles which provide considerabie
insight into the structure of such tilms. They indica‘e
that the oxide/semuconductor interface region is very
compiex with variations in the Ga.0+/As,04 ratio as
well as the probable presence of elemental As. Some
variation was noted between films grown in two differ-
ent electrolytes.

Results from an anodic film grown on a GaAs sub-
strate plus 200A of aluminum also showed complex
behavior. Two different native oxide regions were
identified. one at the film surface which was relatively
As.O4 deficient and one below the Al.O; adjacent to
the substrate, which resembled the anodic native ox-
ides secen in the absence of Al

Much more work is still required, both on anodic
native oxides of GaAs and also on multilayer anodic
films. It is hoped that progress will be assisted by
further applications of ESCA to take advantage of the
insight which it ailows.
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