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1. Introduction

The goal of the proposal research was to study surface states at

• GaAs-metal Schottky barrier junctions and the effect of oxygen exposure on

the surface states. It was proposed to use optical absorption measurements,

photoelectr ic measurements, capacitance-voltage and conductance-voltage

measurements with the goal of correl ati ng the opti ca l and elec trical resul ts.

For the most part, these goals have been reached. The optical measure-

ments were unsuccess ful in detec ting the surface states , while the electri cal

measurements have provided interesting results. GaAs single crystals were

cleaved in ultra high vacuum (‘~lO~~ Torr) and either ininediately metallized

or first exposed to oxygen and then metallized. For aluminum metallization ,

for example, considerabl e differences were found between junctions formed

with and without oxygen exposure . Oxygen caused a cons iderable increase in

the surface state density and these additional surface states showed considerable

frequency dispersion . Fortunately, from the device point of view , a large

fraction of these oxygen-induced surface states are slow, so that high speed

performance will not be completely degraded.

II. Optical Measurements -

An attempt was made to observe the optical absorption due to the oxygen-

induced surface states using a multiple internal reflection technique . This

had been done success fully for S i and Ge. 1 ’2’3 Samples metallized with

Al with and wi thout oxygen exposure were compared , but no differences could

be detected.

• Photoelectric response measurements were also made on these samples ,

both internal (illuminated from the GaAs side) and external (illuminated from

the Al side). The Fowler theory predicts that the photo current per absorbed

photon, R, should be4

R~ (hv—hv 0)
2 (1)
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where h\’ is the band qap energy. Any structure below hv
0 

may be due t

surface states. This has been seen in Si—metal junctions5. A plot of P112

versus hv can be used to obtain the barrier height:4

VB 
= .80 ± .05 ev for Al-GaAs

VB 
= .89 ± .05 ev for Ag-GaAs

Fig ure 1 shows V~ plotted versus hv for Al-GaAs and Ag-GaAs diodes.

However, no structure below the band gap indicative of surface states was

seen in the samples studied. The reason for this is not known, as the

electrical measurements suggest a sufficient density of surface states to

be seen photoelectrically if the absorption cross section is similar to those

observed for Si.

An interesting feature was noticed while making the optical measurements.

The transparency of the samples varied widely from supplier to supplier

and even wi thin samples from the same supplier. Samples obtained from

Monsanto were opaque in the 1-2 ~im region , most sampl es from Morgan

Semiconductor were also highly absorbing, whi le most sampl es from Laser

Diode were transparent. The reason for the great differences in the

infrared transparency has not been explored. However al l our measurements

were made on transparent sampl es , the majority from Laser Diode Loboratories.

It wo uld be Interesting to see if dev ice yield or charac teristics correlates

with the infrared transparency.

III. Electrical Measurements

Diodes we re prepared on freshly cleave d (110) surfaces , wi th and without

oxygen exposure, before vapor depos ition of either gold or aluminum. Befcre

the samples were mounted In the UHV chamber for cleaving, ohmic contac ts were

made by di ffusing tin contacts in an H2 and HC1 atmosphere at a temperature

of 300C for 1 mi nute. To obtain samples with minima l oxygen exposure, s ingle

crystals were cleaved In a metal vapor stream at a pressure of about lO~~

- - -
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Torr. Oxidized san’ples were obtained by cleavinq in UHV and then exposin

the sample to oxygen or air at one atmosphere for one hour. This ~hou1d

give an equilibrium oxide layer typical of device manufacturing condi tions.6

Onl y cleaves yielding large smooth areas were used.

The forward current density is related to the applied voltage by4

J~ exp (~~f) (2)

where n is the ideality parameter

~ _9_ ~V 3— kT a(lnJ)

The parameter n is sensitive to surface treatment and disorder.7

For our samp les w ithout oxygen exposure n was typical ly about 1.1 , while

samples exposed to oxygen had larger values of n, about 1.5. Figures 2(a)

and 2(b) show the I-V characteristics for an Al-GaAs diode which had been

exposed to 02 after c leav ing and before metall i zation. The das hed line

in Fig. 2b gives n 1.5. Ami th and Mark7 have studi ed GaAs metal diodes

to look for effects øf oxygen and surface di sorder. However , they did

not start with a clean , cleaved surface. Instead, they ion sputtered and

then annealed . The clean , ordered (as determined by LEED) surface gave

values of n greater than three, while dirty , disor dered or ox idi zed surfaces

gave n ’~. 1.35 - 1.5. A comparison of these results wi th ours suggests that

their method of preparing a clean surface gives a surface quite different

in some way from that obtained by an UHV cleave. Quite likely, the

stoichciometryoftheir surface differs from the ideal despite good LEED

patterns.

An estimate of the barrier heights VB can also be obtained from the

I-V curve. Good agreement was found wi th the values obtained from the

photo response for our diodes.

[ -~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~--—— -~- ~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— - —.-‘—.- - .  
~

—
~~

-- --—-.-
~
--,

~ 
---—— ‘.- -

The capaci tc i r ce ~nd conductance was measured as a function o~ appl ied

bias and frequency between 5kHz and 20kHz using a Boonton 1615A bridge

and a lock-in amplifier as a detector. Some measurements were made at

higher frequencies, but errors in the bridge reduced the accuracy of these.

In the reverse bias region , the slope of (~ )2 vs. V is related to the

bul k impurity concentration by4

- 2 dv
qE 5A d( l /c )

where E5 is the dielectric constant of GaAs
, q is the electron charge and

A the area of the diode.

To analyze the capacitance-voltage data , two models were used: one

for the clean , UHV cleaved surfaces and one for the oxidized surfaces. For

the c l ean surface , the equivalent circuit shown in Fig. 3a was used.8 The

observed absence of frequency dispersion in the conductance was taken as

evidence of the validit y of this model for clean surfaces. Deneuville 8

used this model to extract the density of surface states from C-V measurements

on Si diodes.

For the oxidized samples , the equivalent circuit shown in Fig. 3c was

used. Kar and Dahlke9 used thi s model to analyze the surface states for

Si diodes. It shows large frequency dispersion of the measured admittance

caused by carrier reconibination in Interface states.

Figure 4 shows the conductance versus bias voltage for Al-GaAs diodes with

oxygen exposure before deposition of the Al electrode for several frequencies.

Considerable frequency dispersion for the oxidized surface is seen, while

essen tially no frequency di spers ion of the conductance was seen for di odes

without oxygen exposure. 
.

Several steps are involved in analyzing the measured capacitance data.

The bri dge gives the series capacitance , C~ and ser ies conductance

as shown In Fig. 5 (a). Following Kar and Dahlke9, this is changed to the

equivalent circuit shown in Fig. 5(b), where 
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Cs
C ~~, G = C L E

l+ D

To account for the resistance in the substrate , this is modeled by tne

circuit shown in FIg. 5(c) with

-
~~~~~ 

. 

S C ’
C (w) ‘ 2  2 2 ’ 2  

(6)
m (1-RG ) + ~~R C

and
‘2 ‘ 2 2G - RtG + C  U) 7)

m (l-RG ’ )2 + w2R2C ’ 2

where R is the series resistance of the substrate. R can be found as

the inverse of the satura tion value of G ’ i n the forward bias region.

One now pictures the diode current as coming from two contri butions,

one from tunnel i ng through the oxide layer (largely frequency independent)

and one from recombi nation at the interface. This is shown in the equivalent

circuit of Fig 5(d). 6T 
is the frequency independent tunneling contribution

to the conductance and

G ( w ) = G ’ (U)) — G.1. 
-

à~ C m (8)

Gm
’ (U)) - Gdc 

if  Gdc <<
~~~~~~

6dc 
can be obtained by graphically differentiating the static I-V curve .

The next step is to break the capac itance into a contribution due to the

oxi de barrier C0~ in parallel wi th a capacitance , C i,, (w ) representing

the surface state capac itance and the space charge capac itance. The

resulting equiva lent circuit is shown in Fig. 5(e) and1°

— 

Cox (G ac
2 + ~~ ~~

2)[w2C~~
(C0~ — 

Cn, ) - G~;
2] 

(9)
p w C0~ Gac + [~ Cm (C 0~ 

- Cm
t )  — Gac 

)

U ) C  G (
ox ac ac m

G~(w) = 

~~~~~~ 
Gac

2 + ~~ c~ (C ox - Cm
’) - Gac

212

- ~~~~~~~~~~
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C is equal to the saturation caoacitanc€.., C5, in Fi q . 5a in the strong

accumulation region. Our final step is to put the space charge capacitance

in parallel with surface state capacitance C~ as shown in Fig. 3c. The

space charge capacitance is4

Csc = A~
/
~(~~

1)
V) (11)

where A = the diode area

q = the electron charge

= the dielectric constant of GaAs

N0 
= the doping concentration

V0 
= the conduction band bending

V = the bias voltage

At low frequencies, that is those frequencies for which the surface states

relax rapidly compared to the frequency , Fig. 5(e) becomes Fig. 6(b).

The capacitance due to the surface states, C5, can be found from

C~ = Cp(W~q) - ~~ (12)

and the density of ‘ urface states from
C

~~ = (13)

Figure 7 shows the three terms in eq. (12), namely Cp (U)eq)~ ~~ 
and

C
~
, for an oxygen exposed Al-GaAs diode. The density of surface states

deri ved from these curves is shown in Fig. 8. It can be seen that there

is a peak in the density of surface states at about 0.28 ev above the

— Fermi level.

The density of free carriers in the bulk deri ved from the 1/c2 vs.

V curve [eq. (4)) was 2.3 x io16 cni3 In reasonable agreement with a

Hall measurement of ND supplied by the manufacturer.

- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •
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Figure 9 shows the forward biased 1-V curve for Al-Ga L’s ~~~liize d

ininediately after an UHV cleave . The ideality factor n is found to be

1.1 , as compared to n ’~ 1.5 for a diode formed with °2 exposure before

metallization. Figure 10 shows the C-V curves for the clean Al-GaAs diode.

Note that the peak in C is ~t about 0.2 ev above the Fermi level and

considerable reduced in size from the oxygen-exposed diode. A l so,

the frequency dispersion is much less for the clean sample than for the

oxygen-exposed sample (Fig. 7). Clearly, the presence of 02 has created

more surface states, and these surface states have relatively l ong

relaxation tines.

Figures 11 and 12 show I-V and C-V curves for Ag-GaAs diodes with

oxygen exposure before metallization . The peak in the density of surface

states is now at about .3 ev above the Fermi level , and again the surface

density is considerably reduced compared to the Al-GaAs dioxide with 02

exposure.

For Au-GaAs diodes wi th oxygen exposure , the peak in the density of

states shifts further above the Fermi level to about 0.45 ev. The I-V

curve for one of these di odes i s shown i n Figure 13.

Measurements are currently being analyzed for the Au-GaAs diodes without

• xygen exposure.

I 
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IV. Quantum—Piechanical Calculations Rela~inQ t~ r~e ~1e~al1izat ior o’ the
Surfaces of GaAs . Particularly the Pt/~3aAs Interface

A. Introduction

The work of this part was the responsibility of oi~e of the principal

investiators , G. P. Alldredge , with the assistance of C. A. Ward.

• The primary aim of this subtask was the i nvestigation of the electronic

structure of the GaAs surface in i nteraction with metallizina atoms and

the exploration of the resultant atomi c geometries. The results of such

studies are expected to qive information on formation of intermetallic

• compounds, on diffusion barriers , and on other details of atomic geometry

in junction regions of GaAs devices . Such results yield insights that are

useful in attacking such practical problems as the stability of Schottky

barriers in devices operating at high power levels for extended times.

Additionally, the electronic structure itself, evaluated at minima of the

calculated potential surfaces, is of importance in interpreting experimental

electron spectroscopies being applied in other laboratories to study GaAs

interface problems .

A second aim developed during the course of the grant period when attention

became focussed on certain intermetallic crystal compounds which were identi fied

in experimental studies of metal/GaAs interfaces. This aim was to investigate

the bulk electronic band-structure of some of those compounds whose band-

structure was not wel l known. PtAs2, in the pyrite structure, i s  an example

of such crystal compounds of interest. To support these primary aims , two

important secondary aims were i dentified very early in the grant period. One

was the task of providing the necessary software for large-scale computation

of the kind needed for the primary aims . The second was the testing on

simplified programs of new computational techniques needed, some of which provided

in results that are interesting in their own right. 

• __~~
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The following subsection .sununarizes the work accormiisnec to’-~ rd meeti .

these aims . It will be seen that work remains to be done to neet the

primary aims. Considerably greater success was attained in meeting the

:1 secondary aims .

B. Work Carried Out and In Progress

1. LCMTO thin-film study of electronic structure of Pt on GaAs (llOj~ Alldredge ,

in collaboration with L. Kleinman 11 , was the first worker to calculate the

electronic structure of a bare metallic surface using a psendopotential method

with realistic boundary conditions , and (with the further collaboration of

E. Caruthers) this method was used to investigate several problems .12’13

However, it was felt that a method better adapted to a treatment of d-states

than a psendopotentfal should be used to treat the Pt/GaAs(llO) system.

Accordingly, a collaboration wi th R. V. Kasowski (DuPont Research Laboratory)

was initiated , utilizing the technique of linear combination of muffin-tin

orbitals (LCMTO), especially as applied to thin films ’4~

This collaboration consisted both of exploratory calculations carried

out at DuPont and of a conversion of Kasowski ’s initial LCMTO codes from

• their original Univac 1100 and DEC PDP-lO forms to an IBM S/370 form to

run at the Un iversity of Missouri . The conversion project was a massi ve

one. The origin al LCMTO code was a suite of about a dozen programs, comprising

some 20,000 lines of Fortran.

Preliminary results were obtained for a GaAs (110) film wi th Pt atoms

placed in a bonding position with respect to the surface As atoms. When only

5d orbitals are allowed as basis fuiictions for the Pt valence electrons, the

results for eneray levels looked encouraging, although obviously not complete

since It is well known that the Pt crystal has about one s valence electron

per atom. When 6s orbitals were included in the basis for Pt, difficulties

arose with so-called “over-completeness” (i.e., near l inear dependence) of the

MTO basis set.

_ _ _ _ _ _ _ _ _ _ _ _ _ _  

Li
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At this point , we had t ,- t-~— ev.r1 i t t~ U prospects for this m ethod .

I i~~ prnt l ~~; with linear d t I I d ’ r ~ ~ of t it h~ s is set nc 1 udi ng 6s orbital S

for Pt ~ou 1d be solved satisfactori ly tnd rather strai ihtforwardly. A

tounher problem was presented by the large computer time requirements.

Because of this requirement of still further development of the LCMTO suite ,

it was dec i ded to temporarily abandon this approach for the purpose of

the present grant, and to look to cluster methods for an alternate approach.

In addition. It was clea r that much more careful attention would have to

be given to means of accelerating the rate of convergence to self-consistency

over the usual methods used in bu lk electronic band-structure . This concern

led us to use a semi emplrlcal quantum-chemical method , the modified Intermediate

neglect of diatomi c overlap method (II1NDO/3), as i model for experimentlnn

with improvements in scf convergence: These experiments have met with

some success. and the results will be detailed in subsection 4 below .

~~ clus ter sirnuLit,ion of interface systems. When It became clear that

the LCMTO code for thin films sti ll required extensive development work fo~

the reasons discussed In the preceding subsection , we decided to implement

two complementary methods for simulatin g interface systems by moderatel~

large clusters of substrate units with overlayer atoms in contact with them.

The two methods chosen were the multiple-scattering Xci sel f-consistent

(MS-Xci-SCF) method 15 and the linear-combination -of-atomic-orbitals Xci self-

consistent (LCAO-Xci-SCF) method)6 Wh ile we began with the MS-Xci-SCF, ue

bel ieve it Is necessary to work with both techniques more or less In parallel .

At their present state of development neither is a complete method (even

within the Xci form of the local density functional approximation), and the

strong points of each tend to compensate for the weak points of the other.

For example the muffin -tin approximation which makes the MS-Xa method so

• fast introduces some uncertainty In the physical applicabilit y of its

results, especially with respect to determi nation of the variation of total

• ~

. 
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• energy with geometry)7 Allowing overlap o~ the mufiiri-tins per i it s  a

significant reduction in the uncerta inty , but at the expense of a certain

• 
. 

degree of empiricism in determining the degree of overlap.
18 On the other

• hand, the LCAO-Xct method avoids the muffin~tin procedure and its associated

uncertainties, and it does provide solutions which (for given values of ~)

are variational in character and gives total energies without the troubl e

of additional parameters of the character of the muffin—tin radii. But

to be competitive in speed, the LCAO-Xci method requires choices of basis

functions (the AOs and fitting functions for the charge ane exchange-energy

densities) which try to strike a delicate balance between a limi ted number

of functions in a basis set and as much variational flexibil ity as feasible.

Thus , an i nvestigation of a physical problem which makes use of both methods

in parallel whoul d be on much firmer ground than either separately.

• To use the MS-Xci-SCF method , we have implemented and tested two

independently-coded sets of programs: (1) the University of Florida suite

MUSCATEL ,19a and (2) the very recently released University of Manitoba

program MSXALF.l9b Troubl ing discrepancies in results on a benchmark system

obtained from a program similar to MUSCATEL2° and from MSXALF appear to be

partially explained in terms of inadequate approximations for overlap

• 21
• integrals in the earlier program. Work is now underway toward calculating

electronic structure of GaAs clus ters , wi th current attention focussing on

two problems: (1) investigating the effects of terminating that part of the

• cluster which woul d be connected to the rest of the solid if we were able

to truly treat a semi-infinite substrate; and (2) investi gating the sensitivity

of geometrical dependence of the total energy on the various choices of

muffin-tin radii and their degrees of overlap. Some of this work Is being

continued at UM-Columbia beyond the termination of this grant.

_ _ _ _ _  

_ _ _ _ _ _ _ _ _ _  
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• The major part of an LCAO-Xci- SCF program suite is now in hand , and

we are now working toward the complete implementation and testing of this j
• . technique.

• 3. Electronic structure of PtAS~. The LCMTO work of 1.) and the cluster

calculat ions of 2.) above do not take into account relativistic effects.

Even more strongly than spin—orbit effects which will cause spl itting of

many degenerac ies , the relativistic Darwin and mass-velocity effects in

compounds containing heavy atoms such as Pt should cause significant

modifications in the electronic structure. Consequently, we began work on

applying the relativistic linearized APW (RLWPW) method22 to the bul k electroni’

structure of PtAs2, one of the compounds that appear to be formed in the

interaction of Pt contact material with the GaAs substrate. A collaboration

with D.D. Koelling (Argonne National Laboratory ) was begun and work is continuing

on extending RLAPW codes to the pyrite structure of PtAs2.

S
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Vii. Figure Cantions

Fig. 1. The square root of the photoresponse per incident photon plotted
against photo energy .

-• Fig. 2. (a) I-V curve for an Al-GaAs diode with oxygen exposure after
L cleaving and before metallization. (b) Same on a semi-log plot.

The dashed line is for n = 1.5.

Fiq . 3. Equivalent circuits for diodes with several different oxide •

thi cknesses , t. See text for details.

Fig. 4. Conductance versus bias voltage for an Al —GaAs diode with
oxygen exposure after cleaving and before metal lization for 0,
at a frequency of 10 kHz and ~ for a frequency of 20 kHz.

Fig. 5. Equivalent circuits for analyzing capacitance measurements. See
text for details.

Fig . 6. Equivalent circuits for analyzing capacitance measurements. See
text for details.

-; Fig. 7. CP(
~eq

)
~ 

Csc and C~ as a function of bias voltage for an oxygen
exposed Al -GaAs diode .

• Fia . 8. Density of surface states for an oxygen exposed Al-GaAs diode.

Fi~i. 9. I-V curve for an Al-GaAs diode metallized immediately after UHV
cleave . Straight line is for n = 1.1.

Fig. 10. C-V curve for an Al -GaAs diode metallized imediately after UHV
cleave. -

Fig. 11 . I-V curve for an Ag-GaAs diode with oxygen exposure before
metallization.

Fig. 12. C-V curve for an Ag-GaAs diode wi th oxygen exposure before
• metallization .

Fig. 13. I-V curve for an Au-GaAs diode with oxygen exposure before metallization .
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