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1. Introduction

The past three years have seen a rapid increase in the utilization of

I1-V semiconductors in such applications as heterojunction lasers, optical

detectors, and field effect transistor circuitry. These applications have

been paralleled by progress in synthesis, characterization, and fundamental

understanding of these semiconductors and their interfaces with other

materials.

Several individual projects have been completed under ONR Contract

N00014-C-76-0976 in the general area of dielectric layers on III-V

compound semiconductors. These investigations include: (1) metal-

insulator-semiconductors (MIS) structures on GaAs, (2) encapsulation of

GaAs with oxides and nitrides of silicon and aluminum for annealing

purposes, and (3) electronic profiling of thin InAs layers. Additionally,

there has been an evolution of new laboratory techniques, particularly

those related to ion beam sputter deposition of dielectric materials.

The sections that follow will describe the results form each area of

study and will conclude with some general observations and suggestions

for future studies. The final section will present the abstracts of

reports, and In some cases the full technical reports, generated under

this contract.

The research reported here has all been done in the framework of

the graduate degree programs at Colorado State University. It is

IIgratifying to acknowledge the hard work and creative thought of several

students and visitors: Larry Meiners, Hudson Washburn, Ru-pin Pan,

Lynn Bradley, Joe Bowden, Sung Pak, Helmut Schmidt, Phil Jensen, and

Halya Birey. Much of the work was carried out fn partlal collaboration



with the Naval Ocean Systems Center (NOSC) profiting from the advice

and assistance of Harry Wieder, Division Leader for Electronic Materials.

Finally, I would like to acknowledge the constructive interaction with

the Office of Naval Research, particularly the timely feedback from

Max Yoder.
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2. Work Completed

2.1. GaAs MIS Structures. The original motivation for our dielectric

layer program was to investigate the possibility of inverting the surface

of gallium arsenide. Success would be the first step in the development

of normally off logic circuitry analogous to that of silicon. When we

began (1976), progress by others had led to anodic oxides on GaAs which

were insulating and to some degree passivating.1 It seemed prudent,

therefore, to investigate MIS structures made with other insulators and

deposition techniques.

We had found that our low energy, neutralized ion beam sputtering

techniques (See Sec. 2.4) were extremely useful for exploratory studies.

This type of deposition offers a high degree of flexibility including:

(1) use of essentially any target materials, (2) ability to change or

mix the beam constituents, (3) independcat control of primary beam

energy (50 - 1500eV) and intensity (0 - 2.5 ma/cm 2), as well as background

pressure (2-20 X lO5 torr), (4) option of predeposition sputter cleaning

of target and/or substrate, and (5) control of substrate temperature

from that of the laboratory environment upwards.

The two insulators we studied in the MIS configuration were tantalum

oxide and silicon dioxide. An argon beam was used to sputter Ta205 and

Si0 2 targets. Additionally a mixed argon/oxygen beam was used with a pure

tantalum target. In general, the films produced were mechanically sound,

transparent, relatively high in resistivity, fairly immune to electrical

breakdown, and slightly lower in dielectric constant than reported bulk

1. H. Hasegawa, K. E. Forward and H. L. Hartnagel, Electron. Lett. 12,i
53 (1976).
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values. Our ability to move the surface potential, as deduced from 1MHz

capacitance-voltage (CV) measurements seemed promising, ans the initial

results2 were presented at the 4th PCSI Conference in Princeton. Of

considerable interest to us was that the density of surface states

extracted from the CV measurements was remarkably similar to that of
structures with pyrolytically deposited SiO 2 and anodic oxidation.

3

At this point it was realized, principally by Larry Meiners, that

something was wrong with the interpretation of CV measurements on our

GaAs MIS structures as well as with several results reported by others.

He noted that the carrier density indicated by the 1MHz curves was

inconsistent with that from Hall measurements. He also recognized that

large variations in surface state density with surface potential *s can

lead to CV curves which are qualitatively similar to the textbook curves

depicting the onset of accumulation and inversion.

To distinguish between a large number of surface states and a large

number of free surface carriers (accumulation or inversion regimes), the

circuit model below was considered. The surface states, of course, have a

distribution of response times, T, and hence the above picture is over-

simplified. Nevertheless, the qualitative trends are valid: (1) the

surface state contribution Cs(l + '2 2)-l becomes progressively less

significant for higher frequency w, and (2) the insulator capacitance

Ci (in series) becomes less important for small insulator thickness di.

Using these observations and a great deal of careful measurement at

2. L. G. Meiners, Ru-Pin Pan and J. R. Sites, J. Vac. Sci. Technol. 14,
961 (1977). [See Aopendix A]

3. C. R. Zeisse, L. J. Messick and D. L. Lile, J. Vac. Sci. Technol. 14,
957 (1977).

4.. . .. . . . .. . . .. .
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Fig. 2.1. Circuit model of MIS structure

frequencies up to 150MHz, Meiners was able to unravel the surface state

distribution and the resulting dependence of surface potential s on applied

bias V for GaAs. 4 6

The surface state densities from both n- and p-type GaAs are shown

in Fig. 2.2 on the following page. In both cases depicted the insulator

was formed by anodic oxidation. This analysis clearly demonstrates that

the GaAs Fermi level is pinned in a region extending from approximately

0.7 to l.leV below the conduction band minimum. It cannot be moved

outside this region with any reasonable gate bias, and the pinning to

first order is independent of the insulator used or the GaAs carrier

7type. This result is supported by both photoemission measurements and

by recent theoretical calculations.8 The inescapable conclusion is that

4. L. G. Meiners, PhD Thesis, Coloradc State Univ., Ft. collins, CO
1979. [See Appendix I]

5. L. G. Melners, J. Vac. Sci. Technol. 15, 1402 (1978).
6. L. G. Meiners, Appl. Phys. Lett. 33, 7MF (1978).
7. W. E. Spicer, I. Lindau, P. E. Gregory, C. M. Garner, P. Pianetta,

and P. W. Chye, J. Vac. Sci. Technol. 13, 870 (1976).
8. J. J. Barton, W. A. Goddard III and R. T. McGill, to be published.
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the GaAs surface can be neither inverted nor accumulated nor even brought

to flat band with any of a wide variety of insulators.

The situation with InP, also studied by Meiners, is considerably more

hopeful. 4'' 10  Similar CV measurements o%,' a wide range of frequencies

show that the Cs contribution to the mea--.%.ed capacitance is much less

pronounced. The surface state densities extracted from the indium phosphide

measurements are plotted in Fig. 2.3. In this case the insulator is

pyrolytically deposited S102. In contrast to the GaAs curve, the density

is lower, and remains low over a larger portion of the band gap. The

implication is that it is possible to move the surface potential of InP

over a large range, including the inversion condition necessary for an

enhancement mode transistor.

2.2. Encapsulants on GaAs. In addition to the MIS structure, we

have also deposited dielectric layers on gallium arsenide to encapsulate

the surface during annealing. This procedure is particularly applicable

following ion implantation when one wants to anneal out structural

damage, but not lose arsenic from the surface or allow foreign constituents

to diffuse in. We have deposited and tested both silicon nitride and

aluminum nitride as well as their oxynitrides, for this purpose. Both

nitrides were chosen for their chemical stability. Again we used the ion

beam technique, taking particular advantage of the capability for room

temperature deposition and the good adhesion associated with the 10 - 20eV

energies of the sputtered atoms.

4. L. G. Meiners, PhD Thesis, Colorado State Univ., Ft. Collins, CO,
1979. [See Appendix I

9. L. G. Meiners, Thin Solid Films 56, 201 (1979).
10. L. G. Meiners, J. Vac. Sci. Techn-o-1. 16, xxxx (1979).

7
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Figure 2.3 Surface state density of
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oxide. [L. G. Meiners, PhD Thesis
Colorado State Univ., 1979]
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In order to evaluate the potential effectiveness of our encapsulating

layers, we invoked several test procedures. Visual inspection before and

after annealing, electrical and optical characterization of the films, and

Auger electron spectroscopy search for diffused constituents give indications

of gross difficulties with the sputtered layers. A much more sensitive

evaluation, however, came from photoluminescence (PL) studies. These

measurements can reveal both the loss of arsenic and the in-diffusion of

impurities from the outside.

The PL apparatus we assembled [See Appendix J, Fig. 1], was designed

to be straightforward, but reliable. The sample temperature could be

varied from 20 to 300K, but we have done most measurements at liquid

nitrogen temperature. For reference, we examined uncoated n-type gallium

arsenide of several different doping concentrations, that had been

subjected to various heat treatments. 11,12 The primary conclusions from

this work were: (1) the near bandgap PL line increases in intensity with

heating,particularly dramatically for the lightly doped material, (2) a new

line at 1.36eV appears at temperatures of 600*C and above, and (3) both of

these effects take place within lpm of the surface. We attributed the

heat treatment PL effects to the loss of arsenic from the surface, and we

adopted the point of view that a similar change in the PL spectrum of

encapsulated samples was an indicator that the encapsulant was failing.

For further tests, we chose to use the lightly doped material (-I0 16cm 3

of silicon) since it had less background spectrum to obscure surface

deterioration effects.

11. H. Birey and J. R. Sites, J. Appl. Phys. in press. tSee Appendix J
for full text]

12. H. Birey and J. R. Sites, unpublished. tSee Appendix M]

9 ' :I!



Initial encapsulants of S13N4 were deposited by using a mixed

argon/nitrogen ion beam impinging on a pure silicon target.13 These

first experiments showed that the silicon nitride could be deposited

without affecting the PL spectrum. With attention to general vacuum

procedures and with judicious cleaning of the GaAs before deposition,

the deposited layers were mechanically sound following annealing

cycles in excess of 9000C. The GaAs PL spectrum, however,-showed the

characteristic onset of the 1.36eV line at temperatures between 500"C

and 6000C. Also of interest in the early deposition was a strong

correlation between the refractive index of the deposited layer and its

ability to withstand high temperatures. A low index was nearly always

an indicator of later trouble. (See Appendix E.

Depositions of aluminum nitride, where a high purity aluminum

target was substituted for the silicon, yielded somewhat similar results.14

As others had reported for SiO 2/Si3N4 comparisons, we found that the

inclusion of oxygen, either purposefully or accidently, degraded the

resistance of the interface to cross diffusion at elevated temperatures.

We also found that the argon component of the ion beam was not essential

and that nitrogen could be used as both sputter agent and reactive

constituent for the deposited film.

With time we were able to reduce the oxygen content in our silicon

and aluminum nitride films, and to improve their overall quality. More

13. L. E. Bradley and J. R. Sites, J. Vac. Sci. Technol. 16, 189 (1979).
[See Appendix E for full text]

14. H. Birey, S. Pak, J. R. Sites, and J. F. Wager, J. Vac. Sci. Technol.,
in press. [See Appendix G]

10



recent depositions have produced films where no PL changes in the GaAs

were observed until the annealing temperature reached 80OBC in the case

of AN and 900C for Si3N4 , significantly higher than before.
15 No other

evidence of interfacial deterioration was observed.

The conclusion from the above studies is that the ion beam sputtered

nitride layers are effective encapsulants and compare favorably with those

fabricated by other techniques. Their utility is probably not limited to

GaAs, and their integrity at high temperatures may be even more useful in

the annealing of indiun phosphide where the tendency to lose phospherous

is even greater than that of GaAs to lose arsenic.

2.3. Profiling of InAs Epilayers. A third area of study involving

a dielectric layer on a III-V semiconductor was oriented toward gate

control of the surface potential in InAs and the resulting impact on the

transport along an epilayer. n-type InAs was chosen because the naturally

accumulated surface gave a marked contrast between surface and bulk

properties and because the light effective mass was likely t, iead to

quautum effects in the accumulation layer. Following earlier work,
16'17

we adopted a model in which the epilayer was divided into three regions:

(1) the substrate interface, (2) the bulk of the layer, and (3) the

18,19surface accumulation layer. The electron density of the latter can

be externally controlled through application of a gate bias.

15. H. Birey, S. Pak, and J. R. Sites, Appl. Phys. Lett. 35, 642 (1979).
[See Appendix L for full text]

16. H. H. Wieder, Appl. Phys. Lett. 25, 206 (1974).
17. J. R. Sites and H. H. Wieder, CRCrit. Rev. Solid State Sci. 5,

385 (1975).
18. H. A. Washburn, Thin Solid Films 45, 135 (1977). ISee Appendix C]
19. H. A. Washburn, PhD Thesis, Colorao State Univ. (1978).

11



The specific epilayers studied were 5-15 In thick, grown on seni-

insulating GaAs substrates by YPE techniques at NOSC. The substrate

interface was studied by successively thinning the InAs in 0.5 on

increments by ion milling. Assuming that the top surface condition is

the same after each milling operation, a difference procedure allows the

extraction of the carrier and scattering profiles as one approaches the

substrate.Ig9 20  For the samples studied, we found that the density of

both carriers and scattering sites increased in the neighborhood of the

interface. The interfacial values were to first order independent of

temperature.

The top surface of the InAs was studied by varying the surface

potential with an insulated gate. In this case the insulator was

pyrolytically deposited SiO 2. Although the surface potential is difficult

to move, it is possible to achieve flat band by applying about 30 volts

across the l0O00 dielectric. As the surface potential is varied from flat

band to approximately one-half the band gap into the conduction band, the

carrier density increases more-or-less linearly and the surface mobility

falls from near the bulk value (40,000 cm2/V-sec) to about one tenth

that value. The shape of the decrease is consistent with the electrons

being trapped in a potential well which is becoming deeper and which

exhibits partially diffuse scattering from one side. As with the interfacial

electrons, these also show a density and mobility which is nearly temperature

independent. In contrast [See Appendix F] the bulk epilayer mobility behaves

as expected with a pronounced maximum near 800 K.

20. H. A. Washburn, J. R. Sites and H. H. Wieder J. Appl. Phys. 50,
4872 (1979). [See Appendix F for full text"

12



The application of a magnetic field at temperatures of 700K and

below results in the oscillatory behavior of resistance and Hall coefficient

with either magnetic field or gate voltage. These oscillations, interpreted

as resulting from the quantization of the accumulation layer electrons into

subbands, occur for magnetic fields of 0.5T and above and for gate voltages

more positive than the flat band voltage. Three distinct subbands are

discerned, each of which shows an electron density [Appendix F, Fig. 9]

linear in applied gate voltage.

The fact that the oscillatory behavior extends to relatively high

temperatures is indicative of a low effective mass m*. If the temperature

dependence of the resistance oscillations is used to extract the average

effective mass of the InAs accumulation electrons, one finds a pronounced

dependence of m* on surface potential. It rises by a factor of three over

that found at the conduction band minimum. Such a large rise, [Appendix F,

Fig. 11), however, is consistent with the Kane model of nonparabolic bands.

The implications of this project for InAs MIS devices are that it

may be difficult, though not impossible, to switch the conduction channel

of InAs on and off under gate control. One must also anticipate a

significantly reduced mobility and an enhanced effective mass in the surface

channel as compared with bulk values.

2.4. Ion Beam Sputtering. Throughout the work described in the

preceding sections, we have tried to improve and better understand the ion

beam sputter deposition process.21 Some time ago, we concluded that the

21. For a comprehensive discussion, see J. M. E. Harper, Thin Film Processes,
ed. J. L. Vossen and W. Kern (Academic Press, New York, 1978), p. 177.

13



low energy ion beam, where all accelerating potentials are removed from

the target/substrate area and where the beam can be made into a neutral

plasma by adding electrons, offered distinct advantages over other

sputtering techniques. In particular we are convinced that the ability

to vary the target and bean constituents, plus the stability and independence

of the beam parameters provide the flexibility one should have for

exploratory studies. The same apparatus can in fact produce a wide variety

22 fl
of thin film layers. The primary drawback in our opinion is the

relatively slow rate of deposition (lum/hour).

Our current ion beam system is an attempt to realize both clean

vacuum conditions and fast turn arond time. It uses cryopumping to main-

tain an oil free vacuum environment. At the same time, it is equipped with

hinged doors with o-ring seals for fast access to both the ion source and

the target/substrate fixturing. The cryopump has served well except that

it becomes somewhat unstable when hydrogen is mixed into the ion beam.

We have made considerable effort to characterize both the pumping

cycle and the ion beam parameters of our specific system. The details are

contained in an unpublished report [See Appendix H] available on request.

We have also investigated the operation of the ion beam system when different

gases and mixtures are used for the beam.23 We find that argon, krypton,

and nitrogen can be utilized with relative ease, but that oxygen shortens

the life of the ion source filaments.

22. J. R. Sites, Proc. 7th Intl Vac. Congress, Vienna, 1977, p. 1563; Thin
Solid Films 45, 47 (1977). [See Appendix B)

23. S. Pak and J.T. Sites, submitted to Rev. Sci Instrum. [See Appendix N]

14



In order to provide good film adhesion and remove surface contamination,

we have generally arranged our fixturing so that the substrates can be

exposed to the ion beam forin situ sputter cleaning. Although low

energies (100 - 500eV) are used, there has always been some question as

to the extent and depth of damage caused by the sputter beam. We therefore

exposed GaAs to several different argon beam energies and measured the

effect on the ability to form gold Schottky barriers.24 The conclusions

were:. (i) at low beam energies (50 - OOeV), there is small increase in

barrier height, probably due to compensation or type conversion at the

surface, (2) at beam energies between 100 and 300eV, the Schottky barrier

height falls rapidly and above 300eV the contact is essentially ohmic, and

(3) the thickness of GaAs that must be removed to restore the original

barrier is relatively small, ranging from about 20A for a 50eV to SOX for

500eV.

24. H. E. Schmidt, P. E. Jensen and J. R. Sites, submntted to Solid State
Electronics. tSee Appendix 0]
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3. Future Directions

Ion beam sputtering of dielectrics has turned out to be a valuable

technique in the fabrication of new structures. This capability may well

lead to one or more breakthroughs in MS/MIS technology involving III-V

semiconductors. Specifically the following possibilities, some of which

are interrelated, should be considered:

(1) MIS InP devices. The promise of InP in an enhancement mode

structure makes it essential to find the best material and procedures for

the dielectric. Low temperature plasma deposition of SitO 2 and Si3N4 appears

to be effective, but it would be a mistake to foreclose other possibilities.

A side-by-side comparison with sputtered dielectrics, particularly Si3N4

would seem appropriate. The net charge of the ion beam should be varied

to see if trapped charge in the sputtered dielectric can be eliminated.

(2) Doping of GaAs and InP. Following the investigations of Arnold

et al,2 5 it seems feasible to diffuse dopants out of an encapsulating

dielectric into semi-insluating material. Ion beam sputtering of the

dielectric, already known to be effective for encapsulation, has the

capability for careful control of the amount of dopant. Furthermore, it

can be easily arranged to deposit a double layer where the dopant is

concentrated right at the GaAs surface.

(3) Encapsulation of InP. Dielectrics such as Si3N4 and AIN

should be sputtered onto InP for encapsulation purposes. At the same

25. N. Arnold, H. Daembkes, and K. Heine, Proc. Intl. Conf. on Solid
State Devices, Tokyo, September 1979.

16
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time a relationship must be established with a laboratory which can

perform a simple implanting operations on a fast turn around basis.

(4) Barriers and contacts. There are several small projects

involving rectifying and ohuic contacts to compound semiconductors

that should be explored. Among these is the possibility of forming

higher barriers by sputtering carefully controlled mixtures onto the

semiconductor. Of particular interest is n-type InAs where there has

been some difficulty in obtaining a good barrier. Another project is

exploring the use of ion beam sputtering for formation of ohmic contacts

on troublesome materials, and still another is further Investigation of

the damage resulting from ion milling of semiconductor surfaces.

The primary conclusion from the work done to date is that dielectric

layers, an important component of compound semiconductor technology,

require careful and systematic study. Obviously, much more work needs

to be done, and in our opinion, the ion beam techniques can play a

significant role.

17



4. Reports and Publications

The technical reports listed below were generated under Contract

N00014-76-C-0976. The appendices that follow reproduce the first page,

and in some cases the full published versions, of the technical reports.

SF 9 "Oxide Barriers on GaAs by Neutralized Ion
(Appendix A) Beam Sputtering," by L. G. Meiners, Ru-Pin

Pan, and J. R. Sites. J. Vac. Sci. Technol.
14, 961 (1977).

SF 10 "Semiconductor Applications of Thin Films
(Appendix B) Deposited by Neutralized Ion Beam Sputtering,"

by J. R. Sites, Thin Solid Films 45, 47
(1977).

SF 11 "Multilayer Model of Indium Arsenide
(Appendix C) Epilayers," by H. A. Washburn. Thin Solid

Films 45, 135 (1977). F

SF 13 "Oscillatory Transport Coefficients in InAs
(Appendix D) Surface Layers," by H. A. Washburn andJ. R. Sites, Proc. EP2DS, Berchtesgaden,1977, and Surf. Sci. 73, 135 (1978).

SF 14 "Silicon Nitride Layers on Gallium Arsenide
(Appendix E) by Low Energy Ion Beam Sputtering," by
Full Text L. E. Bradley and J. R. Sites, J. Vac. Sci.

Technol. 16, 189 (1979).

SF 15 "Electronic Profile of n-InAs on Semi-
(Appendix F) insulating GaAs," by H. A. Washburn, J. R.
Full Text Sites, and H. H. Wieder, J. Appl. Phys.

50, 4872 (1979).

SF 17 "Ion Beam Sputtered AlOxNy Encapsulating
(Appendix G) Films," by H~lya Birey, Sung-Jae Pak,

J. R. Sites, and J. F. Wager, J. Vac.
Sci. Technol. 16, xxxx (1979).

SF 18 "Cryopumped Ion Beam Sputter Deposition
(Appendix H) System: Desciption, Operation, and

Optimization," by Sung-Jae Pak, unpublished.
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SF 19 "Dielectric-Semiconductor Interfaces of GaAs
(Appendix I) and InP," by Larry G. Meiners, PhD Thesis,

Colorado State Univ., 1979.

SF 20 "Radiative Transitions Induced in Gallium
(Appendix J) Arsenide by Modest Heat Treatment," by
Full Text ulya Birey and James Sites, J. Appl. Phys.,

in press.

SF 21 "Thickness and Refractive Index of Thin
(Appendix K) Transparent Films by Spectrophotometric

Transmissivity," by H101ya Birey, unpublished.

SF 22 "Photoluminescence of Gallium Arsenide
(Appendix L) Encapsulated with Aluminum Nitride and
Full Text Silicon Nitride," by Hi0lya Birey, Sung-Jae

Pak, and J. R. Sites, Appl. Phys. Lett. 35,
623 (1979).

SF 23 "Depth and Carrier Concentration Dependence
(Appendix M) of Photoluminescence Features in Heat Treated

GaAs:Si," by Hblya Birey and James Sites,
unpublished.

SF 24 "Broad Beam Ion Source Operation with Four
(Appendix N) Common Gases," by S. Pak and J. R. Sites,

submitted to Rev. Sci. Instrum.

SF 26 "Sputter Damage in GaAs Exposed to Low
(Appendix 0) Energy Argon Ions," by H. E. Schmidt, P. E.

Jensen, and J. R. Sites, submitted to
Electronic Letters.
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APPENDIX A
Rep qnud ,(,,, ~f EVoW ,.,,,,. 4

& Technology
Oxide barriers on GaAs by neutralized Ion-beam sputtering"

L. G. Melnerb s Ru-Pin Pan, and J. R. Sites
D/arevmmu to 106ya Ceudo Smate Uwniesy. Fen Colha& Calara. 80.23
(Recei tO Febnamary 197; accepted 12 Api 1977)

Tantalum and silicon oxides have been sputter deposited onto gplum arsenide using a 500eV
beam of neutralized argon atoms, MIS devices show very low leakage and capacitances that
can be varied from full accumulation to depletion with the application of modest voltages.
Other memsuremnats (breakdown field, dielectric constant, adherence, Auger profile, and
photoluminescence) also suggest that these structures hold potential usefulness for insulated-
gate GaAs circuitry.

PACS numbers: 73.40.Qv. $1.15.Cd, S5.30.Hi

INTROOUCTION FABRICATION PROCEDURE
The problem of preparing an insulating layer on gallium ar- The sputtering arrangement is shown schematically in Fig.
senide with properties suitable for a technologically viable I. The neutraized ion beam was produced by a 10-cm diam
MIS device has proven elusive. One important constraint on Kaufman-type source7 supplied by Ion Tech, Inc. A bell jar
the fabrication of such devices is to keep the GaAs tempera- pressure of -3 X 10- 4 Torr (4 X 10- 2 Pa) argon was required
ture below 750*C (Centigrade) to avoid formation of arsenic to sustain the beam. Its energy can be varied from 100 to 800
vacancies at the interface.' Thus, limitations are placed on eV/ion, and its current density from 0 to 2 mA/cm2.
both the fabrication temperature and any subsequent an- The gallium arsenide substrates used were Si-doped wafers
nealing cycles Other constraints, if one can extrapolate from (n = I X 10'5 cm- 3 ) with either (100) or (11) orientation.
the more well-understood Si-SiO2 system, are that the These were mounted on a moveable platform to facilitate
chemical bonding must be strong and the impurity level low predeposition cleaning. In position A (Fig. 1), the beam falls
at the semiconductor-insulator interface, on the target, sputtering away the top layer, but these sput-

Thermal oxides grown on GaAs have generally been too tered particles are shielded from the substrate. In position B,
conductive to form an insulating barrier.2 Anodically grown the substrate is cleaned using a reduced energy beam (100 eV,
oxides" have good insulating properties, but have exhibited 0.2 mA/cm 2) for about 5 min, being mindful of possible
a substantial degree of charge trapping in the interfacial re- sputter damage discussed below.
gion The microscopic nature of oxides grown in an aqueous Actual sputtering takes place in position C. The angles and
environment and the effects of this er vironment have not yet positions of the substrate and target are designed to give
been determined Foster and Swartz4 have grown silicon ni- reasonably uniform coverage and still deep the substrate out
tride layers by chemical vapor deposition (CVD) which also of the beam path. Using 500-eV argon ions with a density of
had good insulating properties, but some charge trapping at I mA/cm 2, the deposition rates were approximately 40 A/min
the interface for tantalum oxide sputtered from the metal, 10 A/min when

Plasma techniques for the growth and deposition of insu- sputtered from TaO 5 powder, and 30 A/mn for the silicon
ating layers on the Ill-V compounds provide interesting oxide sputtered from quartz Final thickness ranged from 600
pasibilities Chang and Sinhas have recently demonstrated to 1800 A. The substrate could be heated during deposition,
growth of an u.-de on GaAs using an oxygen plasma. This but doing so generally produced inferior results.
oxide is somewhat conductive. but the interfacial properties As with other ion-beam sputtered filmss we found the
look relatively good Rf sputter deposition of Si3N4 on GaAs
has been reported as far back as 1967.6 The requirements of
forming an insulating layer with high density and low inter- -ION WrAM SOUC
facial charge seemed, however, to be mutually incompatible
with this technique. Quite pomibly the interfacial charge re- -SUTTR wrn m
suits from the 6 amount of ion bombardment Inherent to CURRET 11OOToR

the diode rf sputtering system.
The present paper describes the application of a relatively e HOLIER

new plasma technique for deposition of insulating layers, A
beam of low-energy argon Ions is neutralized by passing it by ARGO LA ---_

a hot filament. The resulting plasma is used to sputter insu- Vi OXYGEN LEM

Wng material without problems of charge buildup on either
the target or the substrate. FIG. 1. Schematieol sputtrtlgaparatut
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SEMICONDUCTOR APPLICATIONS OF THIN FILMS DEPOSITED BY
NEUTRALIZED ION BEAM SPUTTERING*

)AMtFS R. SITLS

Phi.ti % Dlhorlient. Clordn Stott L'p orshi . Fort Collnm. Colo. 8052 (Li.S.A.1

I RL.rwd March 31. 1977. acccptcd March 31. 1977)

Thin films deposited by sputtering with a neutralized ion beam source have
%hown promise for performance improvement in two distinct types of devices:
insulating barriers on gallium arsenide and heterojunction solar cells. The source.
first devcloped by NASA for space propulsion, accelerates positive argon ions to
100 800 eV and then neutralizes the beam with electrons from a hot filament. MIS
%tructures formed from tantalum oxide, silicon oxide and silicon nitride on GaAs
show very high resistivity and relatively low surface state densities. Indium tin
oxides deposited on silicon produce respectable diodes and solar cells with
efliciencics as high as 12,.

The use of accelerated ions for sputtering applications has evolved con-
mtdcrabl) through the )cars, Refinements to the d.c. glow discharge source of ions
ha~c included (a) injection of electrons. (b) magnetic containment of electrons, (.:)
high frequenc) operation and (d) neutralization of the resultant ion beam.
Neutralization in this context means that sufficient electrons are added to achieve
electrical neutrality: it does not imply that one has a beam of ground state atoms.
The neutralization accomplishes two things: it lessens the tendency of a collimated
beam to diverge, and more importantly it removes all macroscopic electric fields
from the interaction of the beam with a target and from any sputtered material
impinging on a substrate.

The Kaufman thruster, designed for spacecraft propulsion'. is particularly
adaptable to providing a neutralized ion beam. Such a beam has proved useful for
high resolution pattern etching" J. surface texturing4 - and thin film deposition6 - 8 .
The neutralization step seems particularly important in semiconductor device
fabrication where difficulties may arise in forming a good quality homogeneous
lau)cr when charge is present on the substrate or where charge trapping at an
interface may adversely affect device operation. The neutralized ion beam also
allows sputtering from essentially any type of target without special preparation

and also independent control of all process parameters.

*Papr presented at the International Conrcrcnce on Metallurgical Coatings. San Francisco. California.
U S A.. March 28 April t. 1977
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MULTILAYER MODEL OF INDIUM ARSENIDE EPILAYERS*

ifH. A. WASHBURN
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The charge carrier transport coefficients of an inhomogeneous thin semi-
conductor in a MOS structure were obtained using a multilayer model. The
expression for the Hall coefficient of a three-laver system extended to arbitrary
strength magnetic fields was used to separate the bulk transport parameters from
the parameters describing transport at the two surfaces. Experimentally. a gate
voltage was used to vary the surface under the oxide from depletion to
accumulation, and the Hall coefficient was measured as a function of magnetic field.
The characteristics of the back surface were obtained with the front surface held at
the flat-band condition. The variation of the front surface parameters with gate
voltage was obtained with the front surface in accumulation. The measurements

were made on a MOS structure consisting of an InAs epilaer deposited b, vapor
phase epitaxy procedures on a semi-insulating GaAs substrate covered by a
pyrolytic silicon dioxide insulating layer and an aluminum gate.

1. INTRODUCTION

InAs epilayers grown by vapor phase epitaxy (VPE) procedures on semi-
insulating GaAs substrates have exhibited nearly bulk-like electrical characteris-
tics' - 3 even though there is about a 7, lattice mismatch between the two materials
and the front surface, whether free 3 or covered with an oxide2, is normally
accumulated. The lnAs-GaAs interface has been shown to have a compositionally
graded region", and the front surface is thought to contain a combination of fast
and slow surface states5 . It is thus expected that the carrier density and mobility in
the epilayers will exhibit spatial inhomogeneities in a direction perpendicular to the
film.

In order to understand the electrical transport in these epilayers and the
influence of spatial inhomogeneities, a model of the epilayer is presented (see Fig.
1(c)) which assumes three parallel non-interacting layers: a region with bulk-like
properties bounded by a front surface layer (surface I) and an interface layer
(surface 2). The magnetic field dependence of the Hall coefficient calculated for this
model, when combined with gate voltage control of surface I from accumulation

*Paper presented at the International Conference on Metallurgical Coatings San Francisco. California.
U.S.A.. March 28--April I. 1977.
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OSCILLATORY TRANSPORT COEFFICIENTS IN InAs SURFACE LAYERS

H.A. WASHBURN and J.R. SITES
Department of Physics. Colorado State University, Fort Collins, Colorado 80523, USA

The resistivity and Hall coefficient of gated n-lnAs epilayers have been measured at low
temperatures utilizing differential techniques and a magnetic field swept from zero to six tesla.
When the InAs surface is in accumulation, three distinct series of oscillations, periodic in inverse
magnetic field, are observed. These series afe interpreted as the quantization of the surface elec-
tron energies into three subbands. The densities of these subbands are roughly linear in applied
gate voltage and vanish as one approaches flatband. The temperature and magnetic field depen-
dences of the oscillation amplitudes suggests an effective mass of 0.04 me and a Dingle tempera-
ture of 26 K.

I. Introduction

Most surface quantization studies to date have been undertaken on inversion
layers [I I in which case the surface transport can be isolated from that in the bulk.
Accumulation layer transport studies have been less common. Tsui 12,31 however,
has demonstrated the existence of surface quantization and characterized the
behavior of the electronic energy levels in InAs surface accumulation layers using
capacitance measurements and tunneling through a native oxide. At least qualitative
agreement with several of the theoretical predictions of Baraff and Appelbaum (4)
was found. Surface quantization in n-channel InAs inversion layers has been studied
by Kawaji and Kawaguchi [51 who found an increase in mobility with carrier den-
sity, consistent with coulomb scattering in the quantized surface channel.

In this paper, we report on electrical transport measurements made on accumu-
lation layers formed at the surface of InAs epitaxial films. To distinguish the sur-
face contribution to the transport coefficients an MOS structmtre was employed and
an excitation voltage was added to the dc gate voltage. The resulting differential
signal was measured for both conductivity and Hall configurations as functions of
gate voltage, magnetic field, and temperature. Three series of oscillations are
observed and an analysis in terms of surface quantization in the accumulation layer
yields information on the carrier effective mass and scattering lifetime which is
compared to the bulk and surface parameters observed by others.

2. Experimental

The films of n-type InAs grown heteroepitaxially on GaAs have been described
previously [6]. They are approximately 15 m thick. Electrical measurements at
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Slihcon nitride layers on gallium arsenide by low-energy ion
beam sputtering

L E. Bradley and J. R. Stes
bepriment of Pncs. Colwdo &am Univer'ry. Fo Collins. CoWd 80523
(teceived 6 Octo 1976; acceptd 14 November 1978)

&iion nitride layers are formed on gallium arsenide for encapsulation purposes. The process
utilizes a 500-eV neutralized ion beam containing argon for sputtering and nitrogen for
reactive deposition, directed at a pure silicon target. It is found that, with proper surface
preparation, layers having mechanical stability to above 900'C can be formed.
Photoluminescence shows that no radiative transitions are introduced in the deposition process,
but that annealing inevitably leads to diffusion of silicon into the GaAs. Auger studies reveal
significant oxygen impurity in the Si3N,, particularly near the interface. Index of refraction
was found to be a sensitive, nondestructive test of encapsulant quality.

PACS numbers: 73.40.Qv, 73.60.Hy, 81.15.Cd

1. INTROD vacuum system. During evacuation, typically to 5 X 10-7

Silicon nitride has been used extensively as an encapsulant Tori, the ion source filaments were degassed with currents
to prevent loss o arsenic when gallium arsenide is thermally slightly greater than ',perating conditions. The argon neces-
tonpevedfolowint ion wheantaiu. S aeniues he y sary to start the ion beam was about 1 X 10- 4 Tori. Initially
annealed following ion deplantation Several techniques have a 500-eV Ar beam was used to sputter clean the target, a 3-in
been employed for the deposition of the silicon nitride layers: Monsanto silicon wafer, for ten minutes. Next, the GaAs
volving silane and ammonia in a nitrogen carrier gas; (2) substrate, in most instances, was sputter cleaned. Finally,

deposition itself utilized a I mA cm-2, 500-eV beam.
plasma deposition' 6 using nitrogen and silane; and (3) The amount of nitrogen added to the 1.3 X 10" Tor
sputtering 78 with a silicon target in a 100% nitrogen atmo- partial pressure of argon was determined, as shown in Fig. 1,

sphere. A comparison of these techniques is found in a recent bfrting aer w a widetrne of ntoen pressures

review article.9 In general, it is concluded that Si3N4 layers by forming layers with a wide range of nitrogen pressures.
are superior to SiO2 and other materials for encapsulation of The change from a silver metallic appearance for nearly pure
gallmareseit d silicon films to the blue characteristic of transparent films in
gallium arsenide the 800-A thickness range occurred at relatively low nitrogen

In the work reported here, we have utilized low energy ion gscnetaim oee.teidxo ercin hc

beam sputtering to deposit silicon nitride. This technique has gas concentrations. However, the index of refraction, which
thepotntil avanage ofroo tepertur deosiionand was measured at 6W28 A with a Gaertner ellipsometer, con-the potential advantages o room temperature deposition and tinued to decline. For a nitrogen to argon gas pressure ratio

a high degree of process control. greater than 3, we found a saturation in the index of refraction

IL EXPENRdENTAL of the films. This saturation was interpreted as an indication
of the proper gas ratio for SiaN 4.

Deposition of the silicon nitride layers was accomplished
by low energy ion t ,-m sputtering uing a pure silicon target 4 1 1 1 1
and a 24cm-diam beam of argon and nitrogen ions neu- SILVER I BLUE

tralized with electrons from a hot wire filament. Details of the Z
0ion betim process have been reported elsewhere.' 0' 01

A stringent chemical cleaning procedure for the GaAs '
substrates was necessary to assure clean and reproducible 3 3 MOST
surfaces. One-centimeter-square substrates cut from (100) ,W, DEPOSITIONS

GaAs purchased from Morgan Semiconductor were initially
cleaned and degreased in detergent, acetone, methanol, xy-

lene and deionized water. Next, each was dipped in 45% hot 2.
KOH bv volume for S0 s for oxide removal and mounted o 2
a polishing puck for 'c polishing with a Pellon
pad soaked with IS Bromine-methanol. Each substrate was a A

screened under the 200X magnification dark field of our 0 1 2 3 4 5 X0 ,

microscope for scratches and etch pits. NITROGEN PRESSURE [TORR]
The substrates ed were dipped in 50W% HCI for final oxide F'.I.' Index of rdmconm&d corf depoolted layerxs a fuocwton of ni-

removal, rinsed, dried, and immediately mounted in the tiqe puial pinure in the bell jr.

f 188 J. Vm. $a. TelmoL, 14(2, Mr/Apr. 1673 N0 -24Mf/9Ot1N-O4 01.00 01319 AmtiM Vasum S0 -1 AM% in
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TABLE 1. Five classes of' silims aitrde layers on GaAs substrates reflectuSg the effects of substrate and deposition parameters on encapsulating
qualities.

Chemical Vacuum system Sputter Index of Mechanical
Class achinq and pumping cleaning - refraction adhesion

I io quick pumpdown no 1.77 poor
2 yes rust run yes 1.894.,08 poor
3 o good yes 1.94 * .02 poor
4 yes good no 2.03 * .03 good
s Ye soad yes 2.02 * .03 good

Postdeposition annealing of the silicon nitride encapsulating Table I where a total of 17 samples are grouped into five
layers was conducted in a quartz tube surrounded by resistive classes.
heating coils and continually flushed with hydrogen from a Class one is characteristic of a quick deposition. A substrate
high quality generator. A maximum of 30 min was needed is not chemomechanically etched, the deposition chamber is
for the anneal temperature to be reached after which the evacuated only to the 10-6 Torr range, and there is no sub-
substrates were maintained at temperature for 45 min. The strate sputter cleaning. These parameters resulted in a very
system was then allowed to cool to room temperature. Typical low index of refraction of 1.77, and upon annealing to 7000 C,
anneal temperatures ranged from 6000-950 ° C. the silicon nitride showed poor adhesion.

Compositional depth profiles of the silicon nitride layers A class two sample was typically the first sample deposited
were made with a Physical Electronics Auger thin film ana- after having the deposition chamber opened to air for repairs
lyzer operating with a 3-kV primary electron beam. Photo- or cleaning. The adsorbed gases and contaminants were
luminescence studies utilized a standard setup in which the probably not fully pumped from the system prior to deposi-
excitation radiation was the chopped beam of a 7-mW he- tion. The substrates were chemomechanically cleaned,
hum-neon laser, and the emitted radiation was passed through pumpdown was to the i0 -

7 Torr range, and one of a variety
a jarrel-Ash 'km spectrometer to a p-l-n detector. The of sputter etches was conducted. These samples had a wide
current output was converted to a voltage which became the range of indexes and lost adhesion anywhere from 6000 to
input to a lockin amplifier. In general, the sample under study 9000C. Figure 2(b) shows the affect of annealing to 600°C as
was held at 20 K. compared to the pre-annealed silicon nitride surface [Fig.

2(a)]. Poor mechanical adhesion results in circular holes
U. RES ULTS completely covering the sample following a single anneal. It

does not appear to be a gradual process.

The most important parameter in determining the en- A clean system, pumpdown to below 5 X 10- 1 Tort, and
capsulating quality of the silicon nitride layers is the prede- proper degassing is characteristic of class three, but the sam-
position substrate preparation procedure, including general pies are not chemomechanically etched. Their indices of re-
cleanliness of the vacuum system. This point is illustrated in fraction were 1.93 to 1.96, and they degraded in the 7000 to

(a) (a)

FiG. 3. Two stages of
FIG. 2. Surface of sam- silicon nitride degrada-
pie deposited before tion for sample without
vacuum system had bromine methanol
been thoroughly treatment: (a) after
cleaned: (a) as deprated. 6O- ( anneal, (b) after
(b) after 600'C anneal. 00°C

(b) (b)

50 Aun 50MUm
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800C rnge. Figure 3(b) shows the effects of further heat
treatment to 900C after the initial degradation at 800C

imIn Fig 3(a). The exposed GaAs has been thermally ~
etched fanning metangular etch pits typical of (100) W
CA" Ga

Cass four naple were the first to display good AsD I
to =mae&%n They 1111r ceNwhecanically cleaned ad&30',A
vacuum systan was properly pumped and degassed,, but the
smples were not sputter clea~ned. The refractive index was

ahou 2.08, Whereas crystalline SigN4 is reported to be Z.1.12 w

Anneals to 900rC resulted in only very small etch pits from 0
pnholes in the silicon nitride layer.

The ladt class is similar to class four except some ind of
sputter cleaning was used. The index was much like class four cL
and the samples repeatedly withstood annealing Above -0 M0-5
850c, tiny etch pits we visible when viewed wihtedr DISTANCE FROM tNTERFACE[]

field of the microscope. The concentration of etch pits in- FG .Agrpo i ftpclmpe
creased when the annealing was done at higher temperture.
Figure 4(b) shows the surface condition after annealing to imotn features revealed by these studies are (1) the oxygen
WV5C, again in contAs (Fig. 4(a)) to the pre-annealed sur impurity level is relatively high, as it seems to be in other
face. processes for depositing silicon nitride; (2) there is a particu-

The puter leaing stdiedwer cobintios o n~ larly high concentration of oxygen close to the interface with
gen versus argon and 100 vs 500 eV. Although little difrec the substrate, most likely due to partial oxidation between
in annealing behavior was found, it was felt that 100 eV ni-

trogn ws no aseffctiv an tht 50-eVargn ~ upeior sputter cleaning and deposition; (3) the carbon seen is prob-
but erhps esuts n sgniican sufac daage(~8 A) ably from the grids of the ion source and can be minimized
but erhps esuts n sgniican sufac datag (-0 A to by better alignment.

the GaAs. Is There is some evidence' 4 that a 100-eV argon Poouiecnesuisaeue odtc n aitv
beam sputters the surface stoichiometrically with only a fe htrasiinoeseesdes introued n thec an driihe

atomic layers of damage, but further work in this area should depnsition pocannealin.odThed rin stre befodrn deoition

be done. (Fpigt6ihoslyeion rranalnTecomsbnate and tha desto
Turning now to the effects of deposition and annealing on (Fig. carbowonl cetoredeosition rnd itf (dlet

the SiaN4! GaAs structures, we find that the Auger profiles shlocabncepr.Tedpsion ms tef(ide

belfoe annealing are essentially as shown in Fig. 5 for both the
class three and five samples pictured in Figs. 3 and 4. The

(a) 2

U
Z ANNEALED
U

M.G t Surface of UM-
pie with Chemical M Z
sputter etch substrate
preparation: (a) as de- -

posited, () after 935C0
anneal. DEPOSITED

(b) 0-

0.80 0.85 0.90 0.95
WAVELENGTH Lum)

FIG. 6. pheWtolMlneaec Wpetnim of 1.3 X 1017 CMt3 Ta-doped GaAs
50 Ajm before depoaluion after depwItaa and alter M0OC anneal

I. V"s a TedMAe, VOL. 16, No.2,. UM/Apr. 1070
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curve) does not add any radiative transitions. The annealing many helpful discussions with Harry Wieder. We are par-
cycles, however, even as low as 6000 C, introduces the double ticularly grateful for the support of the U.S. Office of Naval
peak structure shown. The larger peak has been previously Research through Contract N00014-76-C0976.
attributed' s to a complex between a gallium vacancy and a
silicon impurity on an arsenic site, the smaller peak to the "Prfent addre Loveland lnirwnent Division, Hewlett-Packard Cmonny,

mciated po n replica. Thus, we find that even relatively Loveland, 0 8037.Lwocate ph~ml eplia. hus we indthateve reltivly 'j. P. Donnelly, W. T. Lindley, and C. E Hurwitr, Appl. Phy& I.et 27,.41

modest annealig with silicon nitride encapsulants leads to (1975). 1 D
a diffusion of silicon impurities into the CaAs. G o. Boaer, J. P. Donnepy, R. A. Murphy, B. W. Laton, R. W. Sudbury,

and W. T. Lindley. Appi. Phys Let., 12(1976).
3R. Heckaghottom, G. W. B. Ashwell, P. A. LAigh, S. O'Ha0 r and C. J.

Todd, Proc. SVmp. Thin Film Phenomnna-lterfaces and Interactona
(Electrocbe. Soc., Princeto. NJ, 1977), p 419.

IV. CONCLUSIONS 4T. lim, T Ohkubo, S Sawada, T. Ham and M. Na6pma. ectrochUL
Soc. 15, 155 (1978).

Our primary conclusion is that with reasonable care, ion SM. I. Hel&, K. V. Vaidyanathan, B. G. Stretman, K. B. Dietrich, and P.
beam sputtering can be used for mechanically stable silicon K. Chatteriee (to be published).
nitride encapsulation of gallium arenide. There is an unex- 6 H. B. Dietrich and P. i& Reid, Proc. Symp. Tkn Fam Phonomee -later-
plained difficulty with excess oxygen at the interface, and f- and Inaemectoln (Electrochem. Soc., Princeton, NJ. 1977), p.

340.there is a serious problem if diffusion of silicon dopants into 7F H. Fa, B. M. Welch, It Muller, L. Gao T. oads. and i. W. Mayer.
the GaAs are undesirable. The latter difficulty is likely com- Solid State Electron. 00, 219 (1977).
mon to all deposition techniques for silicon nitride, and p- 8P. L. F. Hemment, B. I. Sealy, and K. G. Stephen in Ion, Impknta, Hio
sibly also SiOs, on gallium arsenide. in Semicowductort, edited by S. Namba (Plenum, New York, 1975), p.

27.
eW. A. Pliskin, I Vac. Sci. Technol. 14,1064 (1977).
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Electronic profile of n -InAs on semi-insulatlng GaAs

H. A. WaSdtu1%*I J. R. Sites, and H. H. Wledei)

Departmn of Ph* Colorado State UiuvwXr Fort Collins, Colorado 80523

(Received IS November 1978; accepted for publication 7 March 1979)

The electron density and mobility of VPE-grown I 5-pm n-type indium arsenide epilayers have
been detenined as a function of distance from the gallium arsenide substrate. Both epilayer
surfaces show sigficant increases in density and decreases in mobility from the bulk values
(10"-I0" cm- -ad 10' cm2/Vsec at 77%). The interfacial, or back, surface is apparently
dominated by defects to a depth of about 3 #&m. The density and mobility profiles are roughly
exponential; integrated values are 1.6 X 10" cm - 2and 2 x I0P cm 2/V sec. The front surface, highly
dependent on applied gate bias, has a density range in accumulation from zero to 5 X 102 cm -'and
mobility from 2.5x 10' to 3X 10' cm2/Vsec. The parameters for both surfaces are essentially
temperature independent below SOX!. The front-surface effective mass increases with electron
density from its band-edge value ofO.02!5m, to nearly 0.06 m,.

PACS numbers: 73.60.Fw, 72.20.My, 73.25. + i, 73.40.Qv

L INTRODUCTON perature zone where they disproportionate and are deposit-

Many semiconductor applications utilize a conductive ed in the form of a single-crystal InAs layer upon the GaAs
epitaxial layer deposited on a high-resistance substrate. In substrates.
general, the electronic depth profile of such an epilayer is not The lattice-constant mismatch and the difference in the

homogeneous, and it may be misleading to characterize the thermal-expansion coefficients of InAs and GaAs prevent

layer with average electronic parameters such as carrier den- the outright deposition and growth of high-quality epilayers.
sity, mobility, and effective mass. Furthermore, when one For this reason, a compositionally graded ternary
has heteroepitaxy, different materials for the substrate and In, Gal - As intermediate layer is grown upon the sub-

epilayers, there are additional complications due to inhomo- strate with the grading adjusted to provide an appropriate
geneities in composition and defect density at the interface. match to GaAs at one face and to InAs at the other. This
Finally, when the epitaxial layer consists of a high-mobility compositional grading can relieve much of the strain associ-

low-effective-mass material, it may well be necessary to ated with the interfacial mismatch. InAs epilayers of thick-
evaluate the effects of quantization of the surface carriers. ness d > 10p m grown in this manner have a relatively low

The purpose of this paper is to evaluate the inhomoge- defect density, a low residual impurity density, and a bulk
neities normal to the surface of high-mobility n-type indium mobility which approaches theoretically calculated values,
arsenide layers grown on semi-insulating gallium arsenide based on scattering from ionized impurities and longitudi-
substrates. Through a variety of measurements, primarily nal-optical phonons. Since the compositionally graded re-
electrical and gplvanomagnetic, we have been able to obtain gion perturbs electrical and galvanomagnetic measure-

(I) a profile of the electron density and mobility at the epi- ments, it is desirable to keep the thickness of the
layer-substrate interface, (2) the bulklike properties of the compositionally graded region as small as practical without
main portion of the epilayer, and (3) the density, mobility, sacrificing the crystalline perfection. Fortunately, this can
effective mass, and quantization effects of electrons in the be done by means of relatively simple empirical procedures
surface accumulation layer. which require an appropriate choice of the temperature of

each reactor zone, the temperature gradients between them,
II. SAMPLE PREPARATION the partial pressures of the constituents, and the gas flow

Sw erates. In this manner the thickness of the interfacial region
InAs epilayers were deposited on (100>-oriented semi- can be kept to the order of or less than I pm.

inaulting GapAs subtrates by means ofan oen-tube chem - The samples described below were grown to thicknesses
ca vapor-phase disproportionation process.'"' Gaseous in the range between 10 and 1 Sum. The metal-insulator-

AsH 3, Ha, and H2 were transported at essentially constant semiconductor (MIS) structures shown in Figs. 1(a) and 1(b)
(slightly larger than atmospheric) pressure along a quartz were made by photolithographic procedures; undesired por-
reaction chamber placed within a three-zone temperature- tions of the InAs epilayers were removed by etching while
controlled furnace. Inside the chamber, the indium source retaining the portions protected by photoresist. An SiO2 in-
material, present in the high-temperature zone, reacts with sulating layer (-0. 15 pm thick) was deposited by the low-
HCI. The gaseous reaction products are transported through temperature pyrolysis of silane on the clean InAs surfaces.
the second intermediate-temperature zone to the low-tem- Finally, Ni gate electrodes [shaded area of Figs. 1(a) and

1(b), typically 3-10 mm 2] were deposited and leads attached
*Pmnt addrus: Intel Maspetim Santa a Caif. 9501. to the electrodes.
bPennanemt addrm: Electlok Materials Senes Div., NOSC, San The cross sections of the complete devices are shown in

Diq, Caif. 92132. Fig. 1(c), which also shows schematically three regions of

Aa2 J. Appl. Phys, W7), Juiy 1979 00214979/7907472"073)1.10 e 1979 Amtican Institute of Physics 4872



APPYIX! F,

i (a) (b)

GATE

OX IDE
---- SURFACE I

As BULK FIG. 3. SEM photograph showing contrast in texture between indium ar-
senide (right) and gallium arsenide (left) when both are exposed to 500-eV

---------- SURFACE 2 ion milling. Region shown is 60 X0 som.

(C) ed in the variable-temperature bore of a superconducting

FIO. I. (a) Samplecolganim reer toes thecloverlef. (b)B- Did magnet. The sample temperature could be varied from 1.6 to
shqpd mmple courabom. (c) Crom Section of lnAs MOS Structure. 400 "K and the transverse magnetic field from 0 to 6 T. The

apparatus used for dc conductivity and Hall measurements

the epilayer: Surface l is a region characterized by electron is shown schematically in Fig. 2(a). For clarity only two

accumulation; the bulk region is characterized by properties switch positions are shown; the other two switch positions

very similar to those of bulk single-crystal n-type InAs; and are used for permutations of contacts. The currents used
surface 2 is the interfacial region adjacent to the semi-insu- were 0.1 or 1.0 mA; these currents do not produce any sig-lating Gas substrate. nificant Joule heating of the sample. For some measure-

ments, particularly those involving the thickness depen-

MlL n s y dence of the electrical and galvanomagnetic properties of theepdlayers, the gate contact was omitted.
For most of the electronic measurements described in The ac, or differential, mode used in several measure-

this paper the indium arsenide MIS structures were mount- ments has the same basic circuit with a small ac voltage add-

ed to the gate bias V. In this case, as shown in Fig. 2(b), the
digital voltmeter is replaced by a lock-in amplifier referenced
to the ac component of the gate bias. Capacitance measure-

v. V.ments were made using a bias voltage and a I-MHz Boonton
capacitance meter between the gate and the InAs contacts.

CONTAN VO- IV. RESULTS
CURRENT~A MIEIJntortcll region

One of the experimental procedures used was to deter-
mine the conductivity and the Hall coefficient of a layer as it

() was successively thinned by low-energy (500 eV) argon-ion-
beam sputtering from 15 to O/m. The results thus obtained
are in general agreement with those from epilayers having a
variety of thicknesses .4 The thickness-reduction technique
appears to be quite reliable. Using a scanning electron micro-

oscope, it is quite obvious (Fig. 3) when the indium arsenide
(texture on right side) is etched through to the gallium arsen-

CONANT EECTi ide (left-hand texture). The initial layer and the sputtering
4 RI process were found to be sufficiently uniform that the entire

OUT area is etched through between two examinations separated
I by Jum. Furthermore, the vertical dimension of the InAs

surface texturing is seen to be less than this value.
(b) The measured values of conductivity cro and Hall coef-

FIG. 2. Schematic of the circuitry used for resistivity and Hali-coeflicient ficient Ro are shown in Fig. 4 as a function of remaining
mmemaits~ (a) de. b) diferential. InAs thickness. The measurements were made at 77 K in low

4M7 J. AW. P9hs., VOL. 50. No.? 7, ul 1979 Washburn, Sftas, and Wieder 4873



APPEP-7 F
o which the defect formation at the interface leads to a carrier

0 density which decreases exponentially as one moves away

0 0 ofrom the interface. The corresponding mobility is likely to be
- dominated by defect scattering, and to first order is inversely

0 proportional to n. The characteristic distance for our InAs

2 - samples is seen from Fig. 5 to be about I pm, and at 5pm and
00 above, the layer is essentially bulklike. The bulk values for

so 0 0ooO thisepilayer shown are somewhat inferior( 1 = 3.Sx 10I c m2/V sec; n = 9 x0 los cm - )to those of other samples

40- investigated.

The metallurgical profile of the GaAs/InAs interface,
as revealed by Auger measurements on the sample used for

0 i_ _ _ _ the thickness-dependence study, is also shown in Fig. 5. The
400 I 1 0 much sharper transition from gallium to indium dominance

S(less than 1000 A) is consistent with what one would expect
300o from vapor-phase growth and the abrupt change in texture

0 o mentioned above.

- 00
P 200 o ' " B -O rgo

o 00 o 0 The surface of InAs is known to pin the Fermi level

10 0 approximately 50 meV above the conduction-band mini-
0 mum.' Thus, n-type material has a heavily accumulated sur-

0 0 1 1 face under zero bias. Schwartz et al.' showed that at 77 "K, a
0 4 8 12 16 high negative gate bias would bring the surface into deep

d (Mm) depletion, and they calculated a surface-state density of

FIG.4. Measured values of conductivity (a) and Hall coefficient (b)as a 2.8 X 10" cm 2 and a fixed oxide charge of + 1.5 x 1012
fuction of thickness of the etched InAs. Sample A.

magnetic fields. These results may be interpreted analytical- I ' I

ly by expressing the electron concentration n(z) and mobility
p(z) as continuous functions of the direction z normal to the "
interface. The effective, or measured, value of conductivity is Z o0

o-- (z)dz, (1) V,
WoL--J y

and the Hall coefficient in the weak magnetic field approxi- Q:

mation is U 101--nb i

A, __rnz~j"() z,(2) 4 x104 *

where d is the thickness of the layer. 3 9

One can now take differences between measured values 7
of ao and Ro to determine n and pas a fumction of distance 2 (b)
from the substrate: 0 9

I 4 (ood) i
n(z(Z)= A (3)

e Ad 01 9

_(Z U2(Z) A (Rod) (4) , ,
e Ad zI

The values of n andju extracted in this manner are shown in 0

Fig. 5. Note that this procedure basically consists of measur-
ing the electronic properties of the portion of the epilayer (c) + I j

removed by each successive milling step. These are indepen- 
,

dent nf the rvn ,.a ,,, v,- , ', eters, assum ing the front sur- a

face is identical following each milling increment, even -5 -4 -3 -2 -1 0 .1
though the milled surface may differ from that as grown. DISTANCE FROM INTERFACE [P-1

The behavior of carrier concentration and mobility in FG. 5. Profileofcanrierdensity(a), mobility(b),and metallurgical compo
Fig. 5 is consistent with the model of Baliga and Ohandi' in sition (c) in the vicinity of the GaAs/nAs interface. Sample A.

4874 J. Appi. Phi., Va. 50, No. 7. Jr 197 Washbum, Stes, and Wledr 4874
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APPENDIX F
3000 1 2.4 X 10" value ofthe surface electron density when the front surfaceis

0 (a) in depletion is found to be .6X 0 Ucm 2 andagreeswll

0.with the integration ofthe interfacial density nr(z) taken from
O 0 - A2.2 the sample shown in Fig. 5(a). The surface mobility with the

v front surface at flatband is 2400 cm 2/V sec and is consistent
S2600 " 2.0r with the average value of Fig. 5(b), as weighted by the carrier

0 n

A3. density.
2400 coo -1.8 When the gate voltage is varied so that the front surface

v 0 becomes accumulated, the total surface density increases.
.0 .This increase, interpreted as the front surface density Nj , is

2200 1 . shown in Fig. 6(c). Extraction of the front-surface mobiltiy is
I0oo somewhat more involved,'" but leads with semiquantitative

a (b) reliability to the values of/A, also shown in Fig. 6(c). The
U[ 60 esurface mobility becomes quite large as the sample ap-

600, ~proaches flatband, achieving perhaps the bulk values, but in
3x10' any case is larger than that reported in inversion layers." For

4 x l0o stronger accumulation, the surface mobility falls monotoni-
71 2- \cally. The dashed curve, shown forcomparison, is based on a

\ simple calculation based on diffuse surface scattering using a
. (C) 2 square well surface potential. 2 It is not clear whether the

difference in magnitude is due to a form of screening, to aI- II3,
- certain amount of specular reflection, or to the magnitude of

:' 'A ~ the surface potential used.

00The following qualitative interpretation is proposed for

>d) 2.0 x 10'
0 (d

o"o - 1.5Y0 .0 O -

-40 -20 0 20 40 Z V NS2
GATE VOLTAGE W r-1 A NS2

FIG. 6. Gate-voltag dependence of (a) total sterface eiactron density and E 1.0- * fbdb (a)
effective mobility. (b) capacitance at I MHz, and (c) front-surface electron L.
density and mobility. Dashed line is calculated mobility. (d) Front-surface Cr
potential. Sample B. U

W 0.5- • A A

cm -. Further measurements made by Wilmsen etal. are in go * * 0

qualitative agreement.' 0.0t
We have measured the gatevoltage dependence of the

conductivity and Hall coefficient of MIS InAs structures. 1.5 X 10,
The samples used were from a different growth run than 0 k b x 01 0

those that were milled away in Sec. IV A. They had an aver- & JJsI 0
age electron concentration of 1.3X 10 "cm - and mobility V S2
of 1.4x 10 5 cm/V sec at 77 "K prior to the fabrication of the
MIS structu. r-, 1.0

0The values of the total surface electron density <N, > t:
and average surface mobility (As, >, combining the effects of - :.0 (b)
the two surfaces, are extracted from the 77 'K galvanomag- COO.-
netic measurements and are shown in Fig. 6(a). The analysis , I
procedure, which has been described previously," ' is to di- 0.5

vide the epilayer arbitrarily into a bulklike and a surfacelike
region. The flat parts of the Fig 6(a) curves at large negative
bias are interpreted as the depletion region where the front-
surface carrier transport is the same as that in the bulk, and 0.0
the values of (N, > and (/j, > are to be associated with sur- 0 20 40 60 so
face 2 or the interfacial region. This interpretation is sup- TEMPERATURE £K]
ported by the capacitance data shown in Fig. 6(b), where FIG. 7. Temperature dependwee of(a)electron density and(b) mobility of
flatband is seen to coincide with the kinks in Fig. 6(a). The each of the three InAs regions. Sample B.

4875 J. Appl. Ptys. Vol. 50. No. 7, July 1979 Washburl Sites, and WiWder 4875
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APPENDIX F

the average surface ncabity of Fig. 6(a). In depletion, it is
simply that of the inter0cial layer. As the front surface be- 2 x id' -
gins to be accumulated, however, its higher-mobility elec-
tes me added to the averag electron density in increasing
numbers. and the average surface mobility goes up. In strong GROUND
accumulation, though, the front-surface mobility has de-
creased subtantially, probably due to surface scattering, 0

and thus the average surface mobility goes back down. E
The value of surfce potential shown in Fig. 6(d) are

tenuous at best. Since the Fermi level is strongly pinned in z FIRST
lnA it is difcukt to extract the surface potential from ei-
ther the quasistatic or high-frequency C- Vcurve. Our sim-
pled approach, thereore, was to take the front-surface SECOND

density from Fig. 6(c), estimate the density of states and the O -'.
shape of the well, and calculate how deep the well must be to -40 -20 0 20 40 60
accommodate all the states, Each step involves a potential GATE VOLTAGE
error, but the nearly linear dependence of the result is con- FIG. 9. Subband densities as a function of pte voltap.
sidered com

The procedures described above to obtain the 77 "K
data were also followed for several other temperatures, and perature. If the front-surface densities for other gate voltages
the results allowed extraction of the temperature depen- were plotted, then the N, curve would simply be decreased

dence of the murfa1ce parameters. Figure 7(a) show the elec- to lower magnitudes. In all cases, however, it is substantially
tron density values for the front surface in strong accumula- lower than the back-surface density. In the case of the mobil-
tion (VG = 35 V), for the bulk of the epilayer, and for the ities also, both surface values are nearly constant. The effect
back surface. Figure 7(b) shows the corresponding mobility of lower gate voltages here is to raise the front-surface curve
values. Again, the analysis described in Ref. 10 was used. To in magnitude. This temperature independence of the surface
first order all three density curves are constant with ter- mobilities contrasts sharply with that of the bulk mobility,

which exhibits a strong temperature dependence, attributed
to ionized-impurity scattering in this temperature range.'

0 C. Surfac quantization
0 At low temperatures, electrons in the accumulated

00

a 6T front surface of an InAs epilayer are found in discrete sub-
0 bands of the conduction band. Experimentally, this effect

0 0 leads to Shubnikov-de Haas oscillations in the conductivity
1 0 as a function of the magnetic field or gate voltage.3"' The

S3T period of the oscillations is related to the electron density ofa
0 ]subband, and the temperature dependence of the amplitude

to the electron effective mass. One can also deduce electron
z scattering times from the magnetic field dependence of the

oscillation amplitudes."
The Shubnikov-de Haas oscillations can be seen in the

2 dc measurements using the circuit shown in Fig. 2(a), but the
amplitudes are not large enough for accurate analysis. A05T differential technique was used, therefore, in which the gate

120 2 voltage was modulated slightly, and the resulting modula-

tion in voltage across the sample detected with a lock-in am-
plifler. Two InAs samples were studied extensively, one of
them being the same as used in Sec. IV B.

8The output ofthe lock-in amplifier yields curves such as
those depicted in Fig. 8. In general, the ground-state sub-
band is dominant at gate voltages near flatband and at high

u magnetic fields. It leads to the peaks labeled 0, while the first
4o0 t Iand second excited-state subbands produce the peaks labeled

4o -20 0 .20 .40 1 and 2, respectively. Often there is a mixing of oscillations
GATE VOLTAGE 4TE LTE Hm aafnofrom more than one subband, as shown in Fig. 8. At gate

FIGS. Shuhmalhov-. k osealatuom asafuntic of Site voltag for voltages below flatband, the oscillations disappear. For com-
four mapeti Adds. Osctiaons ae asocated with the pouM state (0).
am fir . ad amed (2) exctd g Alo shown for the ftbatd parison, the capacitance curve also is shown, demonstrating
refteme is the 4 " cpaclt c'e. Sample B. that the onset of oscillations does indeed occur at flatband.

40 J. App Phy&. Val. 50, No. 7, July 1979 Wastkwn, Sflm, and WlW 4876
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1Wr analysis, the coeductivity oscillations ar generally 0.06 01

ploed agaist the mne ld, and the period in inverse
Aid a scalculatd. The density ofthe subband N,, () can now 0

be extracted from 0.05-
0

NO e 4.&4x10'0 -
N : • 414 lt°cm - (5)

xM (liB) 4 (JIB) c 0.04-

where iis 0, Ior 2, and the field B is in teslas. These surface me

electron densities are shown in Fig. 9, and they show an 0.03 -

increme in density with gate volta, as expected. Each high-
or subhead appears at succsively higher gate voltages andstllsbbns ~ ea .0 AND
suggests that sill higher energy subnds might appear if the 0.02 - EDGE

experiment were pursued to higher voltages and deeper MASS

wens. 0
The temperature dependence of ground-state Cmcila- 0.1 0 0.5 1 1.5 2 x 10"

tions at three gate voltages are shown in Fg. 10. From this SUBBANO DENSITY [cm")
data, it is pissble to calculate the effective mass for carriersint srfa potbleticalcwesin the fecthem foreca s FIG. I I. Effective masses of the ground state (circle), Ast excited (square),
in the surface potential well using the theoretical and second excited (triangle) subbtdsas functions of their respective den-
depenldim ' sties. Solid line is calculation.

2r 2kT/14,

Amplitude- sinh(2r 2kT/ri)' (6) calculated effective masses of 20%. The resulting values are

wherea), = eB /m*. Thesolidcurvesin Fig. 10, forexample, plotted in Fig. 11.
were calculated from Eq. (6) with m*/m, = 0.02,0.04, and The effective masses exhibit a monotonic increase with

0.06. density somewhat more dramatic than that observed in sil-

In practice, some corrections must be made to the data con." Such behavior can be explained with the Kane model
because there is a temperature dependence of the scattering for nonparabolic bands," and the resulting alteration of the
times" and because the accumulation layer is in electrical dispersion relation produced by the surface potential." The
contact with the remainder ofthe epilayer. We assume, how- solid curve in Fig. 11 was calculated from the dispersion
ever, that since the front-surface mobility shown in Fig. 7 is relation in Ref. 20 using an exponential approximation" to
essentially temperature independent, the lifetimes are very the surface potential well. The experimental values are in

neary constant, reasonable agreement.
The weighting of quantum oscillations by the rest of the Also shown in Fig. 11 are effective masses calculated

epilayer was determined using the analysis of Sec. IV B as for the first and second excited subbands using data taken at
elaborated in Ref. 10. The effect is found to be a function of 2.0 and 0. 5 T, respectively. At these lower fields, the effect of
gate voltage, magnetic field, and temperature. For a given the bulk-layer shunting is greater, and the corrections can
oscillation peak at constant magnetic field, however, only increase the effective masses by as much as 50%. Although
the temperature dependence of the bulk mobility shown in these values are considered less reliable, they also exhibit
Fig. 7 is a factor. For the ground-state oscillation at 6 T, the increases with density of carriers in the respective subbands.
bulk-layer shunting resulted in a maximum correction to the The increase of excited-subband effective mass is predicted"

to be greater than that for the ground state, but we do not
* .o have sufficient sensitivity to make such a contrast.

0,2 • 0 .- 3V V. CONCLUSIONS
% 43 V.. 38V Careful attention must be given to the effects of both

" surfaces of InAs epilayers in the evaluation of electrical and

0.8\ ", galvanomsetic measurements. Electron mobilities can

"0,,o"o4, easily be over an order of magnitude less than those in the
od " X bulk. Furthermore, since the interfacial region between an

0 , epilayer and its GaAs substrate shows electronic inhomoge-
\ neities that extend for a few microns, it may not be possible

SQ2- .., "" to utilize extremely thin layers of this type. In fact, if there is
a lattice mismatch in epitaxial growth, the result is a defect-

0. dominated layer whose thickness is a function of the mis-0 0 20 IT 1 :_. '

TEMPERATURE [K] match and the compositional grading.

FIG. 10. Temperature dependence of ocillation amplitudes for three gate The zero-bias front-surface mobility of InAs is also sub-

voltaes. Sample B.Solid lines are theoretical curves for three effective stantially reduced from that of the bulk, and it seems to be
rAwn. quite temperature independent at temperatures below that
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ION BEAM SPUTTERED A1O N ENCAPSULATING FILMS

xy

Hulya Birey, Sung-Jae Pak, and J. R. Sites

Department of Physics

and

J. F. Wager

Depirtment of Electrical Engineering

Colorado State University, Fort Collins, Colorado, 80523, USA

ABSTRACT

The encapsulating properties of 800-1500 1 aluminum oxynitride

(AIO xN y) films, deposited on GaAs by low energy ion beam sputtering,

were studied over a range of y from 0.1 to 0.8. Particular

attention was given to chemical and sputter cleaning procedures.

The structures were characterized by optical microscopy, electrical

conductivity, Auger profiling, and ellipsometry. The better films

were found to withstand annealing to above 900°C with minimal

physical deterioration. The films with a higher proportion of

oxygen allowed some oxygen diffusion; those made with inferlor

cleaning procedures an out-diffusion of arsenic.

a) Permanent Address: Physics Department, Istanbul Univ., Istanbul, Turkey

b) Permanent Address; , Ed4aLion Departmeni, Seoul National
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SING-JAE PAK

The specific objectives of this study are investigations of (1) the

pumping characteristics, such as foreline and hydrogen vapor pressure and

cryopump loading, and (2) of the dependence of the argon ion beam current

on various independent variables, such as argon pressure, discharge voltage,

and cathode current.

I. VACUUM PUMPING CHARACTERISTICS

1. Vacuum Pumping Station and Deposition System

The vacuum pumping system (CHA Model #SEC-600-RAP) is designed for high

10
pumping speed, low ultimate pressure, and a clean high vacuum system. All

stainless steel construction is used to minimize impurities from the system.

.J.: .
.l

Figure 1. Cryopumped ion beam sputtering system operated
by the author
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ABSTRACT OF DISSERTATION

DIELECTRIC-SEMICONDUCTOR INTERFACES OF

GALLIUM ARSENIDE AND INDIUM PHOSPHIDE

This thesis reports an experimental investigation of the properties of

insulator-semiconductor structures formed using the semiconductors InP and

GaAs in conjunction with a number of dielectrics. The insulators studied

on GaAs were the native oxide formed by anodization, sputtered-silicon

nitride, and pyrolytically-deposited silicon nitride. The investigation

of InP was limited to the study of pyrolytically deposited silicon dioxide

layers. Capacitance-voltage (C-V) measurements over a wide frequency

range and surface photovoltage measurements on metal-Insulator-semiconductor

(MIS) diodes formed from these structures were used to determine the bulk

doping, surface potential variation, and interface state density of the

semiconductor.

The data on GaAs Indicate that on n-type substrates the Fermi level at

the surface is pinned at a point 0.8 - 0.9 eV below the conduction band

minimum (CBM). Surface potential variations of only -, 0.4 V are possible

around this position. Results on p-type material were in agreement except

that the zero bias position of the Fermi level at the surface was 0.7 - 0.8

below the CBM. Accumulations of neither electrons nor holes were observed

on the GaAs samples for surface electric field magnitudes to to 166 V/cm.

A minimum surface state density of 2x10 12 cm"2 eV_ was calculated near the

zero bias position with values greater than 1014 cn2 eV"1 as the band

edges were approached.

Data on the n-type InP samples indicate that the surface is near

flatband with zero applied gate bias. With applied electric fields of

ttt
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1 ]06 V/cm the surface could be modulated from accumulation into. or nearly

into inversion. The surface state density rose from 6x1011 cm"2 eV"1 at a

point 0.6 eV below the CBM to 2x10 12 cm-2 eV"1 at flatband. Data on the

p-type samples indicated that the surface is near inversion with zero gate

bias. The surface could be fully inverted with positive gate bias;

however, the surface did not reach flatband with negative gate bias. This

apparent discrepancy between the data on the n- and p-type material was

not fully resolved.

LARRY G. MEINERS
Physics Department
Colorado State University
Fort Collins, CO 80523
Spring, 1979
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Radiative transitions induced in gallium arsenide by modest heat treatment
Holya Birey* and James Sites
Physcs Depanment. Colordo State Uniuersity. Fort Collins, Colorado 80523

(Received 23 April 1979; accepted for publication S June 1979)

Photoluminescence spectra from three species of n -GaAs, lightly Si doped, heavily Si doped, and
lightly Te doped, show the onset of additional radiative transitions upon modest annealing in the
550-700"C range. Etchback procedures reveal that the new structure is all surface related. It
is attributed to the creation of arsenic vacancies at the surface which allow electrical activation of
silicon donors, enhance the probability of silicon site exchange, and lead to complex formation
involving both donor and acceptor levels.

PACS numbers: 78.55.Ds

I. INTRODUCTION filter, modulated by a 40-Hz mechanical chopper and fo-

Photoluminescence (PL) has been extensively used to cused to approximately I mm' at the sample. The emitted

characterize many of the impurity and defect energy levels in radiation was focused onto the entrance slit of a 0.5-m pgat-

gallium arsenide." Some of these levels have been unambi- ing spectrometer, taking care that the reflected laser light

guously identified, while others have been the subject of missed the slit. A siliconp-i-n detector was mounted directly

speculation and controversy. In particular, there are many over the exit slit of the spectrometer. Its sensitivity covered

situations in which the transition appears to involve a com- the 8000-10 500-A range of interest, although some correc-

plex of more than one impurity or vacancy. These transitions tion must be made for magnitudes of spectral lines above

are often rather broad, sample dependent, and have a peak 10 000 A. The current output from the detector was ampli-

wavelength that depends on excitation intensity. fled and converted to a voltage which became the input sig-

The purpose of this paper is to study the effects of mod- nal of a lock-in amplifier referenced to the chopper driver.

est heating of bulk gallium arsenide, and to attempt to iden- The lock-in output was connected to an x-y recorder for pre-

tify the fundamental changes in the material insofar as they serving the spectra.

can be deduced from the PL spectra. In this study, we have Thermal annealing of the GaAs samples was done in a

chosen three different types of n-doped GaAs, and have temperature-controlled quartz furnace. They were exposed

carefully measured the effects of controlled annealing on to a continuous flow of hydrogen gas. Annealing tempera-

their PL emissions. We have then integrated our observa- tures were concentrated in the 550-700 C range and times

tions with those of'other authors to form what we believe is a were varied from 10 to 150 min. Samples were kept in the

consistant model of the thermal effects. flowing H2 atmosphere until they cooled to ambient tem-
perature. Etching procedures to establish the depth of the

I. EXPERIMENTAL thermally induced transitions were done using a sulfuric
acid solution. A part of the sample was protected during the

The GaAs samples studied were (1 00) orientation sin- etch, and the depth of the resulting step was measured with a
gle-crystal wafers. As far as we could establish, they were all scanning electron microscope.
grown in silica as opposed to graphite crucibles, and thus
unintentional impurities are likely to be silicon and unlikely
to be carbon.

The PL measurements were made with the relatively
straightforward apparatus shown in Fig. I. Samples were me .N,
mounted on the cold finger of a cryogenic Dewar that could
be operated with either liquid helium or liquid nitrogen. Es-
timated sample temperatures for these two modes of oper- SAME

ation were 12 and 90 IC., respectively. The warm up rate COPRFLE

after liquid helium boiled away from the chamber shown ---------
was about 15 %K/h, alowing suffcient time to make tem- [ _------ LAE

perature-dependent measurements over the intermediate
range. Further heating above 90 *K was also possible. The DL

actual Dewar used had four light-entry windows and was DVE LIFIR

equipped to measure four samples each cool down. SETO

The PL excitation source was a S0-mW 6328-A He-Ne
gas laser. The beam was attenuatcd by a variable-density W Tj H '

X-Y• R(CDRUMM "v

"Tmnmimt Addrm: Plhyscs Dvpenmams Ishamul Univeuty, u. R-CORR
Twiley. FIG. 1. Schematic of pbotolumince apperaim
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III. RESULTS AND DISCUSSION FI. 3. PL spectr at 12 XC
A. As-grown material

lt PL spectra from annealed samples of thtre and arsenic sites in heavily doped material. The energy of
* ~~types of GaAs studied are shown in Fig. 2 at a temperature of BadIdfesfrm anIbySm ,whcisosstt

90 'K and again at 12 'K in Fig. 3. T'here are three classes of with the denro adoby28 aceptori impurnitTean
emission fines observable in FL spectra of corresponding crheeasg y doiaof hydonir-acceptor tranity. Is in-

sampes. oththe ighly dpedsilion n =4X 1 ~Ca 3) preted as the decrease in acceptor ionization with lower tern-
*and the lightly doped tellurium (4.5 X 10 Is cat 3) samples perature Further evidence that Band 11 involves a donor-
*show anarrow peak at 1.S03 eV for 90'K and 1.514 eV at actor armsfrom sfhhioftlne t igerenerges

12 'K, in each case about 7 meV lower than the band gap for with increased ecitation intensity (1.2 meV/decade in our
those temperatures." This energy corresponds closely to case) and narrowing of the line (1 meY/decade). Following
that of a simple hydrogenic donor impurity" and is assumed the argument of Leite and DiGiovanni,12 there is a coulom-
to result from silicon on a gallium site (Sio,) in the first case itemnador-cporrnsinwthaptalnrg
and tellurium on an arsenic site (Te.) in the second. We will bdcperndnra ccepth r trnsitio wxithatial energy
refer to this donor-valence band (13-11) transition as Ban deedneIn.ihe nest xiato ih nra
This transition as well as the other assignments we make to
the as-grown material are shown in Fig. 4. iA

In the heavily doped silicon (n =3 x10" cm - )mawe-
rial, there is asecond peak labeled Band 11at .474 eV for
90 *K which moves progressively to 1.486 eV at 12 'K [see ~4
Fig. 5(a)]. Band!I is also present in these samples at the high- '

er temperatures, but becomes unresolvable at about 35 OK z
[Fig. 5(b)). Both of these peaks are somewhat wider in the 0 e
heavily doped material than Band I is in the lightly doped
samples. We attribute Band 11 to a donor-acceptor (Si, -- ________

SA) rnsition (we 14) since silicon is known to be an -
3

amphoteric donor in Ga"s and is found on both gallium F10. 4. Su"MiWe esM diagram for a-pmm GaAa: S4. To.

K Sirey Nod J. Ses
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The evolution of the 90 OK PL spectrum fromi lightly doped - S AND!
GaM : Si for succ eiey longe annaling times is shw *i * Go As: Si
Fw 6. Thefimfeature of trstheowth inintensity 40 -4~dn

of Band 1. the donor-to-band transition. Similar behavior *s %=4x(C5A W O

observed in a slightly more heavily doped sample from a ~20 BAWN
Z . . AN

different manufacturer. TIsk increase in intensity involves ON
only material in the first few microns from fae su as m; 300 -(b
determined from etch-back procedures. Since the lightly B, 200M Go As: :Si U
doped material is known to be partially compensated, it is in j ANO n a 29X10 CM
possible that the additional donors are being transfered from W BAND I
acceptor sites, a situation presumably enhanced in the sur- Z
face region by a higher incidence of vacancies. An alternative
explanation is that the additional silicon could dise into 2 AN
the GaAs fom external sources, such as the quartz anneal- reloBN Go As: To
ins tobe.

The second major feature of the lightly doped GaAs : Si GAW
is the almost immediate appearance, and then gradual de- o 3o so (min)
crease, of a peak at 1.36 eV (Band IV') and a smaller com- ANNEALING TIME -

panion at 1.33 eV (Band IV). This structure has been ob-
served by many authors, and has been explained in different FIG. S. PL iaflsiti vetm aftn time for (a) n - G..s: Si (b) a

Ga&s: Si end (c) n-COaAs : Te.

(*) Uways. 31""' The major peak is interpreted by us a an arsenic
AS R-" vacancy siboo COMPkex(VA -AA1 ) and the snaller as the

first phonon replica corresponding to the 36-meY W
phonon in GaAs. Since this peak, in our viewpoint, involves

x I Si on As sites, it is logical that it would diminish as the donor
T peak grows. A very similar looking peak, incidentally, oc-

__ _ _ _companied by phonon repica at139 eV and 1.4 V.-- We
asuethat the 1.4 l-eV transition is (VA.-C,). One report,

(61 ~ u in fact, finds the 1.36-eV structure when GaAs is annealed in
AFTER contact with a silicon compound, and the l.41-eV structure
ANNIALN: Au's' when it is adjacent togSraphite." It would seem reasonabl to

TOS.IS.' asum that other acceptors in GaAs will form similar com-
plexes and may, in fact, be'idsigusal fromn
(VA.-SIU)

The Ainal feature to appear upon modest saealing(5
6) for longer times is Band 1II, not previously seen in the
lightly doped GaAs : Si samples. The explanation here is

DAM that eventually enough Arsenic vacancies form near the sur-
sFR Ag, face that it becomes statiticafly favorable for the reaction

A NKorVA. +SiOs.-Vo +Si~toproceed tothe right, Iadingtoa
OOOCfinite concentration ofpgalimn vacancies. At the same time,

SIA weansa very small feature at 1.47 eV, the position of the peak
previously attributed to a (Si~k -EA.) donor-acceptor tram-"7 don. oth these peaks are eliminated by etching a few mi-

The time evolution of the 9MPLspectrum oca
(d) heavily doped GaAs: Si specimen is shown in ftg 7. No

AFTER $AS significant diffecrences in the evolution were observed at
ANNEAL ING 12 -K. In FWgs S(a) and 8(b) the evolution of the msjor

ismi peaks in the lightly And heavily doped samples are am-
pared, and one observes that the changes in the spectrum
from the heavily doped material are much less dramatic. In

$$4000 10,000 9000 000 FM. 8b), we do mea roughly parallel increase in Bands II
u-.AIA) and IV (1.2 and 1.36 *V) and corresponding Ide crease in

MO. 7. Evoludoa of P. spew=u form a 3 x20" GaAs: SL Bands I and 11 for the singl imprity traitons. Again we

H. 3a" WW J. Ofte
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m phonon replicas, from Dad IV. We believe that this new
band probably results from a transition from the tellurium

(d) 6000C 1.4 x2.5 donor to anearby arsnic vacancy acting as anacceptor
6011im (Ce -VU.). It has a width and shape (no phonon replica)

SAND 1.494 quite reminiscent of acceptor bands due to gallium, vacan-

(0 ms 70- K2ND cies, but its energy is much larger. This peak, which is also
15min 4 x23seen in am heavily doped Gas Te fromi two different
_________________maniufacturers, is presumably related to the primary dopant,

11000 10.000 00M 6000 and it seem very unlikely that tellurium would amt a an
acceptor. An arsenic vacancy, on the other hand, holds the

FIG.9. vah= a Ww= fr i - -5X10 AM:Te.possibility of pairing the extra electron almost as well by
FIG.~. toluwdP~swuun fr a- 4.X 1" G~s:o.bing an acceptor as by beings2 donor. An alternative expla-

nation, however, is the existence of the other unknown inpu-

attribute the basic physical change in the GaAs to the in- riy creating a new deeper acceptor evel in the crystal.
diffin of arsenic vacancies leading to complex formation IV. CONCLUSIONS
and the subsequent creation of gallium vacancies through
silicon site exchange. As before, the additional structure can Based on fairly careful photoluminescence measure.
be eliminated by etch-back techniques. ments of moderate temperature-annealed gallium arsenide,

Of additional interest is the heavily doped silicon mate- we have constructed (FWg 10) a tentative energy level dia-
rial in the development of a peak at 1.44 eV (Band V). This grai for the common impurities, silicon and telunumn, and
peak is clearly distinguishable from the l.47-eV peak and in their complexes with vacancies. With the exception of the
fac is just resolvable in the asgrown material (Fig. 7). It is 1.3 1 -V line in GaAs :Te, all the spectral features described
presumably the Peak first discussed by Queisser" in even above are represented.
oe havily doped GaAs: SL Following the suggestion of The basic trigger, in our opinion for the transitions

Knausel, et al.' we think it reasonable to attribute Dad V to which we see develop during modest annea cycles, is the
a donor-acceptor complex of silicon on two adjacent sites, formation of arsenic vacancies at the GaAs surfaice. These
.distinguishable from the standard Sich -SiA.. transition at include (1) a growth of the 1.503-eV donor-band tranition

1.47 eV. We observe that the next largerSl6 -Si,, distance is in lighitly doped GaAs: Si, (2) the appearance of the 1.36&ev
nearly twice (11/3) 1,1 the nar neighbor distance. After arsew vacancy-acceptor complex transition in all amples,
highe temperature annealing (Fig. 7). there is a general de- (3) the appearance of the IM4-eV complex line in heavily
crses in the inteity of Bad InI and a fuirther shift from doped GaAM : Si, and (4) the appearanc Of broad 1.3 1-eY
Dad H1(1.47 MV to DandV (1.44 eV) explained as atenden- peak in GaAs :Te. We appreciate that this picture is subject
cy f(r silicon Impurities to cluster on neighboring sites, to some discussion, but we feel that it is supported by the

Tehe~as: Te PL evolutionis given in Fig.9. There is a blkoftvdenecrtyavailghle
smail initial Inc-eas in Band I and the immediate appear-
ance of Dend IV (1.36 eV). We attribute these feature to ACKNOWLEDGMENTS,
silicon impurities with idenitical eltects a in the lihtly Si- We are gratefuWl to B owden for the construction of
doped samles silicon being present likely because of the the original pIotoIuinecnce apparatus and to Harry
siic container for the original crystal growth. The most Wieder AndsLar Lum for many provocative and ussdW
ja t a' aur I-Ii--- In fg 9, howeve, is the appearance Of A discussions. We particularly ackowledge the support of the
new pee at 1.31 eV, labeled, Bad VI. This peak is definitely, U.S. Oftie of aval Research thog Cotrc N00014-
Me a pnan replica of the 1.36-eV peak. It is too larg and 76-C-076, and the Scientific and Technical Retsarh Coms

ocusat the Wxq WMrgy it would, howeve, mask any oil of Turkey and Istanbul University.

M. bey and J. Sls
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THICKNESS AND REFRACTIVE INDEX OF THIN TRANSPARENT

FILMS BY SPECTROPHOTOMETRIC

TRANSMISSIVITY

by Htllya Birey-

thysics Department

Colorado State University

Fort Collins, CO 80523 U.S.A.

Interference effects in the transamission spectrum of

transparent films are used to simultaneously extract the index

of refraction and the thickness. Excellent agreement with other

techniques is found for AIN films on glass substrates.

Permanent Address: Istanbul University, Faculty of Science

Physics Department, Istanbul, TURKEY



APPENDIX L

Photoluminescence of gallium arsenide encapsulated with aluminum nitride
and silicon nitride

Hulya Birey,"l Sung-Jae Pak,b) and J. R. Sites
Department of Physics. Colorado State University, Fort Collins. Colorado 80523

(Received 29 June 1979; accepted for publication 15 August 1979)
Aluminum nitride and silicon nitride films were deposited on lightly doped n-type GaAs: Si by
low-energy ion beam sputtering. Mechanically, the films were stable at annealing temperatures
above 900C. In contrast to bare GaAs and previously reported encapsulation with Si3N,,
where the 1.36-eV line appears at relatively low annealing temperatures, there was no change in
the photoluminescence spectrum until the samples were annealed at 800C in the case of
aluminum nitride and 900C for silicon nitride.

PACS numbers: 78.50.Ge, 81.15. - z, 78.55. - m

'Peranent address: Physics Department. Istanbul University, Istanbul, Gallium arsenide that is doped by implantation must be
Turkey. annealed to relieve structural damagc One technique for"Penaent address: Science Education Department, Seoul National Uni-
versity, Seoul, Kom. preventing the loss of arsenic during the annealing process is

o23 Appl. Phys. Left. 36(6). 15 October 1979 0003-6951 /79/200623-03500.0 g) 1979 American Institute of Physics 623



APPEOIX L
BARE GoAs the substrates remain near room temperature throughout

the process. The sputter beam energy used most successfully
600"C 1.36 503 was 800 eV. The AIN depositions used a pure nitogen beam,
15 min while the Si3 N, seemed to work best with a 15% admixture

33 of argon. Typical deposition time was 20 min resulting in
films of the order of 800 A thick. Both the AIN and Si, N4
films on glass were quite transparent (-90% transmission)
from 0.3 to 3pm. Auger analysis showed that the primary

Aimpurity was oxygen, having a concentration near 5% in
both the AIN and Si3 N4 films. Other impurities were con-
siderably lower and probably unimportant. Neither the pre-

mmOOC deposition sputter etch nor the deposition itself leads to any
15 rain significant changes in the PL spectrum.

_The development of the PL spectrum for the AIN en-
capsulated GaAs, at successively higher annealing tempera-

BEFORE GoAs+ARN
ANNEAL 1.36

___9000 C 3 1.503
t__~~~1 m J fin

10.000 8000
WAVELENGTH [A]

FIG. I. Appearance of 1.36 eV and growth of 1.503-eV PL lines. Data taken
at9OKhforeandafterhareGaA :Si(n = 4)< 10"cm ')isannealedat
500 and 600 "C Same scale for each spectrum.

to encapsulate the GaAs surface with a deposited dielectric
layer that can withstand high temperatures. In this letter, we
report the results of encapsulation with silicon nitride and
aluminum nitride films as revealed primarily through photo- 8000C
luminescence (PL) studies. 5 main

Characteristic of what happens at a GaAs surface that
is not encapsulated is shown in Fig. 1. The n-type GaAs used
had only a very light doping of silicon (4X 10 " cm - ') so
that there would be a high degree of sensitivity to any
changes in the PL spectrum. As reported previously,' the
initial spectrum has only a single near band-gap peak at
1.503 eV and is not sensitive to the measurement tempera-
ture below 100 K. Upon annealing, however, a distinctive
feature appears at 1.36 eV. It is attributed' to an arsenic- 700 C
vacancy-silicon-acceptor complex, although other au- 15 min
thors'' disagree. The 1.33-eV lower energy shoulder, in any
case, is the LO phonon replica. In our work, the appearance ,_ , _

of the 1.36-eV line was first noticeable at 500 "C annealing
ara .. i ........ C ..'jitiJallly, we observed 6001C

considerable growth of the 1.503-cV line at the same tem- 15 mn
perature, and visual observation showed that the polished
surfaces had become significantly duller.

Considerable effort has been given to develOping tech-
niques for depositing silicon nitride,"' and'to a lesser extent, AFTER
aluminum nitride,'" for encapsulation purposes. The tech- DEPOSITION A
nique we employ is low-energy ion beam sputtering" using aJl
neutralized beam, primarily nitrogen, impinging on a pure L I -

neously on GaAs and Coming 7059 glass substrates which WAVELENGTH [A I
u ruated during the proccss. (enerally, both target and FIG. 2.Onset orthePLfeatureswhen neOsAaisen,-asulatedwith AINsubstrate are lightly sputter etched in situ before deposition; using ion beam sputtering and then annealed. Same scale a Fig. 1.

824 APpI. Phy& List.. Vol. 3S. No. 8. 15 October 1979 Siey, Pak, and SIts. 624
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GoaAs + Sis N4  Si, N4 results where in more heavily doped material we saw
the onset of the I .36-eV line at 600 *C. The difference, we

? 9000C 153believe, is due to an increase in our sputter beam energy from
15 min 500 to 800 eV and an increase in the nitrogen fraction of the

beam.J1~ In summary, we have succeeded in depositing dielectric
layers of aluminum nitride and silicon nitride that appear to
be useful for the encapsulation of gallium arsenide. We feel
that good results are attributed to general cleanliness, prede-
position sputter etches, and the proper energy and cosnposi-

60* tion of the beam. We also see some evidence that oxygen
impurity in the films may degrade their encapsulation prop-

____________________erties, perhaps explaining the somewhat better results with
10,000 8000 the Sit N4, which is slightly more stable chemically corn-

WAVELENGTH [Upared to SiO1 than AIN compared to Al, 0,.
We wish to thank John Wager for the Auger results and

FIG. 3. Higher temperature onset o(PL change when GaAs is encapsulated Harry Wieder for several useful conversations. We also ac-
with vi N. ri-r ir asjv Sirsi s;le a Fig. 1. knowledge the financial support of the U.S. Office of Naval

Research (Contract N00014-76-C.0976), the Basic Science
Program of Seoul National University, supported by

tures, is shown in Fig. 2. The same low carrier concentration USAID, the Scientific and Research Council of Turkey, and
GaAs is used, and the scale is the same as in Fig. 1. Basically, the faculty improvement program of Istanbul University.
the same pattern is seen except that 300 additional degrees of
annealing temperature are gained before changes begin. In 1H. Direy and J. Sites. J. App. Phys. (to be published).

addition to the growth of the l.503-eV line and the onset of 'W.Y. Lum and H.H. Wieder, J. Appl. Phys. 49. 6187 (1978).

the l.36-eV peak, we did observe a small feature at 1.40 eV, 1S.Y. Chiang and G. L. Pearson, J. Lumen. 10, 313 (1975).
'7K. Chatter*e, K.V. Vaidyanathan. M.S. Durschiag. and B.G. Street.also seen in other work.' Even at 900 *, however, there is no m, Soi State Commun. 17. 1421 (1975).

observable visual deterioration (under 400 X magnifica- 'PH. Eisen, B.M. Welch. H. Muller', K. Gamo, T. Inada. and J.W. Mayer,

tion), no shift in refractive index, no decrease in transparen. SolIid State Electron. 20, 219 (1977).
*P.L.F. Hemment. B.). Sealy, and K.G. Stephens, in Ion Implantation incy, and no change in Auger profile. Other AIN samples stud- Semiconductors. edited by S. Namba (Plenum, New York, 1975), p. 27.

ied show basically the same PL development, except in some 1.. Bozler, .P. Donnelly, R.A. Murphy, R.W. Laton, R.W. Sudbury,
cases the growth of the 1.503-eV line precedes the onset of and W.T. Lindley, Appl. Phys. Lett. 29, 123 (1976).

that at 1.36 eV. 'Mi. Helix, K.V. Vaidyanathan, B.G. Strectman, H.B. Dietrich, and P.K.
Chatteriee Thin Solid Films 55, 143 (1979).
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APPENDIX M

DEPTH AND CARRIER CONCENTRATION DEPENDENCE OF PHOTOLUMINESCENCE

FEATURES IN HEAT TREATED GaAs :Si

Hilya Bireya) and James Sites

Physics Department, Colorado State University

Fort Collins, Colorado 80523

ABSTRACT

The photoluminescence (PL) spectra of silicon doped n-type

GaAs of four different carrier concentrations from 4 x 1015 to

3 x 1018 cmw3 ere examined. Successive measurements as the

samples were annealed for times from 15 to 60 minutes at 600-700*C,

and as they were successively etched back, revealed that all PL

changes were surface re)*ted, with a typical depth of 1 jim.

a) Permanent Address: Physics Dept., Istanbul Univ., Istanbul,

Turkey



APPEDIX N

BROAD BEAM ION SOURCE OPERATION

WITH FOUR COMMON GASES

S. Paka) and J. R. Sites

Physics Department, Colorado State University
Fort Collins, CO 80523

ABSTRACT

A Kaufman-type broad beam Ion source, used for sputtering and

etching purposes, has been operated with At, Kr, 02 and N2 gas

inputs over a wide range of beam energies (200-1200 eV) and gas

flow rates (1-10 scorn). The maximum Ion beam current density for

each gas saturates at about 2.5 mA/cu2 as gas flow is increased.

The discharge threshold voltage necessary to produce a beam and the

beam efficiency (beam current/molecular current), however, varied

considerably. Kr had the lowest threshold and highest efficiency,

Ar next, then N2 and 02. The ion beam current varied only weakly

with beam energy for low gas flow rates, but showed a factor of two

increase when the gas flow was higher.



APPENDIX 0

SPUTTER DAMAGE IN GaAs EXPOSED TO

LOW ENERGY ARGON IONS

H. E. Schmidt, P. E. Jensen, and J. R. Sites

Department of Physics, Colorado State University

Fort Collins, Colorado, 80523

ABSTRACT

Substrates of n-type GaAs were exposed to charge neutralized

argon ion beams of uniform energy ranging from 50 to 500 eV.

Exposure times were 10-30 minutes with a beam density of 1

2ma/cm . Schottky barrier diodes were formed on the sputtered

surfaces using gold films. Capacitance and current measure-

ments showed a marked decrease in barrier height for samples

sputtered above 150 eV, though rectification persists to higher

beam energies. Chemical etching of the damaged layer to re-

store the Schottky barrier height showed that the characteristic

depth of heavy damage was 20-50 A, increasing with ion beam

energy.

01.
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