
OXIDE BAR ER 0 

Ga As BY NEUTRAL 

10 BEA PUTTERING 

L. G. MEINERS 
R. C. PAN 

J . R. SITES 

DEPARTMENT 0 PHYSICS l 

COLORADO STATE U IVERSITY 
FORT COLLINS, COLO ADO 80523 

-

REPORT SF9 



"■■ ■" 11 mm  • ■ pa!iiii.iiiP|wiJni<iiiiiii ppmnpHP "™wirw7i""Kf^ra'---'ir^*-- ■ 

VMC UUI K«<i 
SECUMTY CLAMiriCATIOH Or THIS ^AOI (Wkm Dm* CritM*« 

I REPORT DOCUMENTATION PAGE MAD mmeucnoNS 
BBFOKB COMPLlTPtO FORM 

I.   RCCIPICNT't CATALOO NUMBER 

i 
NUMfCR 

SF9 
2. OOVT ACCCMIOH NO. 

S^rVM or KCPORT • pcmoo COVCRCD 

echnlcal Repiwt. 

4- S-tkl fl* ^ik""1> 
/OXIDE CARRIERS ON GaAs BY NEUTRALIZED ION BEAM 
I |PUTTEÄING , - JL «.   RRVSIBHNÖ ORO. RIRONf NUM»eil ITNUMMCR 

I,   CONTRACT OR GRANT NUMMENraJ 

L.   G./Me L.   G.•'Heiners"t- 
R.   C.  Pan 
J.   R.   Sites 

+tf N0P014-76-C-0976 / 

I.   rERPORMINOOROANirATION NAMC AND ADORCM 

Colorado State University 
Fort Collins,  Colorado,   80523 

^^4 
'Mil' 

FRQORAN BLmCNt>ROJKCT. TAIK 
ARIA • WORK UNIT NUMBERS 

Task NR 372-305    .- i. NR 

dm-. mltm 

February 10,  1977 
u. NUMBER orlhi 

II.   CONTROLLINOOrPICE NAME AND AOOREtt 

Office of Naval Research,  Electronics Program, 
Arlington,   Virginia,  22213 

15 
I«.   MONITQRINO AOENCV NAME A ADOREW//M/tann> «Ma ämSättSm OIHcm) Wtitr&faäS) ii. »ECURITV cLAir f»rTiyi mm) 

Unclassified 
tU.   OECLAUIFICATION/DOWNORAOINa 

SCHEDULE 

I«.   OISTRIIUTION STATEMENT ftl »I» KtpoH) 

Approved for Public Release; Distribution Unlimited      ^^    C> 

17.   DISTRIBUTION STATEMENT (al Hit tbltfcl mtf* In BlMk M, U mtltmt i 

IS.   SUPPLEMENTARY NOTES 

l>.   KEY BONOS fCantfou* an raMraa alrfa 11 luttfmr m* MmNiy Sf Maaft itumkm) 

Galium Arsenide 
Semiconductors 
Oxides 

/ 

\1 
10. 

L 

ACT fCanflnua an rararaa altfa If naaaaaair mi lämiltf ky MaaJk mumbm) 

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

oo,:;:M473 EDITION OF I NOV SS IS OBSOLETE 
s/n oioj-ou-sfoi i BaalaattLLted —.  -—_ 

SBCUmTV CLAISirtCATION OF TNIi RAOB (Km Out» WKfntt 

"■■ ■^.   ^-.:..   .  ■       ■:i.     ■-JBH"''   •■    ■  -II  ■■||| mmam IMMM HM 



m~^mm- 

OXIDE BARRIERS ON GaAs BY NEUTRALIZED ION BEAM SPUTTERING 
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ABSTRACT 

Tantalum and  silicon oxides have  been   sputter deposited 

onto  gallium arsenide using  a  500 eV beam of neutralized  argon 

atoms.     MIS devices  show very  low  leakage  and capacitances  that 

can be varied   from full aci.umulatIon  to depletion with the 

application of  modest voltageö.     Other measurements   (breakdown 

field,   dielectric constant,   adherence,  Auger profile,  and  photo- 

luminescence)   also  suggest   that   these  structures hold potential 

usefulness  for   insulated  gate GaAs  circuitry. 
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INTRODUCTION 

The problem of preparing an insulating layer on gallium arsenide 

with properties suitable for a technologically viable MIS device has 

proven elusive. One important constraint on the fabrication oi such 

devices is to keep the GaAs temperature below 750° to avoid formation 

of arsenic vacancies at the Interface.  Thus, limitations are placed 

on both the fabrication temperature and any subsequent annealing cycles. 

Other constraints, if one can extrapolate from the more well understood 

Sl-Si0„ system, are that the chemical bonding must be strong and the 

impurity level low at the semiconductor-insulator interface. 

Thermal oxides grown on GaAs have generally been too conductive to 

2 3 
form an insulating barrier.  Anodically grown oxides have good insulating 

properties, but have exhibited a substantial degree of charge trapping in 

the interfacial region. The microscopic nature of oxides grown in an 

aqueous environment and the effects of this environment have not yet been 

4 
determined.  Foster and Swartz have grown silicon nitride layers by CVD 

which also had good insulating properties, but some charge trapping at the 

interface. 

Plasma techniques for the growth and deposition of insulating layers 

on the III-V compounds provide interesting possibilities. Chang and Sinha 

have recently demonstrated growth of an oxide on GaAs using an oxygen 

plasma. This oxide is somewhat conductive, but the interfacial properties 

look relatively good. Rf sputter oeposition of Si.N.  on GaAs has been 

reported as far back as 1967.  The requirements of forming an insulating 

layer with high density and low interfacial charge seemed, however, to be 

-1- 
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mutually incompatible with this technique. Quite possibly the inter- 

facial charge results from the large amount of ion bombardment Inherent 

to the diode rf sputtering system. 

The present paper describes the application of a relatively new 

plasma technique for deposition of Insulating layers. A beam of low 

energy argon ions is neutralized by passing it by a hot filament. The 

resulting plasma is used to sputter insulating materials without problems 

of charge buildup on either the target or the substrate. 

FABRICATION PROCEDURE 

The sputtering arrangement is shown schematically in Figure 1. The 

neutralized ion beam was produced by a 10 cm diameter Kaufman type source 

-A 
supplied by Ion Tech, Inc.  A bell jar pressure of ^3 x 10  torr argon 

was required to sustain the beam. Its energy can be varied from 100 to 

2 
800 eV/lon, and its current density from 0 to 2 ma/cm . 

The gallium arsenide substrates used were Si doped wafers (n = 

18 -3 
1 x 10 cm ) with either <100> or <111> orientation. These were mounted 

on a moveable platform to facilitate pre-deposltion cleaning. In position 

A (Figure 1), the beam falls on the target, sputtering away the top layer, 

but these sputtered particles are shielded from the substrate. In position 

2 
B, the substrate is cleaned using a reduced energy beam (100 eV, 0.2 ma/cm ) 

for about five minutes, being mindful of possible sputter damage discussed 

below. 

Actual sputtering takes place in position C. The angles and positions 

of the substrate and target are designed to give reasonably uniform coverage 

and still keep the substrate out of the beam path. Using 500 eV argon ions 

-2- 
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with a density of 1 ma/cm , the deposition rates were approximately 

o o . 
AO A/mln for tantalum oxide sputtered from the metal, 10 A/min when 

o 
sputtered from Ta-O.  powder,  and 30 A/min for  the silicon oxide sputtered 

from quartz.     Final  thickness ranged from 600 to  1800 A.     The substrate 

could be heated during deposition,  but doing so generally produced in- 

ferior results. 
Q 

As with other  ion beam sputtered films,    we  found  the adherence and 

the abrasion resistance to be very good.     Chemical etching and cleaning 

prior to the above steps made no observable difference to either the 

mechanical properties of  the films or the electrical quality of  the 

interface.    Omission of  the In situ ion beam etch,  however, did yield 

films with poor adherence. 

Part of  the substrate Is shielded from the ion beam to produce a step 

and facilitate  Interference thickness measurement.     After  the deposition 

is completed,  several evaporated aluminum gates  (0.8 mm diameter) are 

applied.    Ohmlc contact  to the GaAs was achieved with alloyed Ni/Au-Ge 

9 
films as described by Robinson. 

RESULTS 

A summary of the results from the MIS structures produced is given 

In Table 1. These results can be described as typical of samples made 

after some time was spent optimizing procedures; changing thickness made 

no qualitative difference. 

Preliminary to the primary measurements, we did some studies of the 

surface damage to the GaAs wafers during sputter cleaning. Wafers were 

etched with a solution of H.SO-.HO-.HJ)  (5:1:1)  and with the ion beam. 

-3- 
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No difference was observed  in the carrier concentration or the mobility 

for the two processes.     However,   the Schottky barrier height using gold 

contacts, was reduced  from 0.96 to 0,41 volts  (using I-V and C-V measure- 

ments) when ion etching at 500 eV was substituted  for the chemical etch. 

The depth of the damage was determined by timing how long a chemical 

etch was necessary to restore the barrier.    This depth was less  than 80 

o 
A at 500 eV and presumably considerably less for the 100 eV bombardment 

actually used. 

Photoluminescense ST ectra were taken to see if the ion etching 

produced trapping levels.  No additional radiative transitions were 

observed. Auger profiles of the insulators on GaAs revealed no obvious 

impurities. 

The current-voltage characteristic of the silicon oxide MIS structure 

from Column 3 of Table 1 is shown in Figure 2. The data do not give a 

good fit to either a Schottky diode or a bulk insulator trap conduction 

model. No significant difference was observed in the I-V curves from the 

two types of tantalum oxide targets, or the original silicon oxide fabri- 

cation. However, it was suspected that stray argon particles were 

sputtering the stainless steel fixturing and hence introducing metallic 

impurities in the oxide layers.  Refixturing the apparatus using all quartz 

supports has, in fact, yielded silicon oxide layers with conductivities 

four orders of magnitude lower (see Table 1). Very recent results from 

silicon nitride have similarly shown very low conductivities. 

Capacitance-voltage measurements were made at a frequency of 1 MHz 

using a Boonton model 72B capacitance meter. A plot for the tantalum 

structure is shown in Figure 3 and the comparable curve for the silicon 

_4_ 
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oxide structure (stainless steel flxturlnp) Is depicted by Figure 4. 

The most salient feature is that the surface layer can be driven from 

full depletion to accumulation without dielectric breakdovm. 

All the C-V curves to date show the type of hysteresis suggestive 

of charge injection into the insulator.   The degree of hysteresis 

was somewhat lower with the silicon oxide. The minimum capacitances 

17 -3 
in Figures 3 and 4 suggest a substrate carrier concentration of 10 cm , 

lower than the manufacturer's specification. Measurements on the lower 

conductivity silicon oxide layers, however, give a MIS capacitance 

minimum consistent with the GaAs carrier concentration. 

DISCUSSION AND CONCLUSIONS 

The devices reported here go into the deep depletion at large 

negative voltages. The evidence Is that the minimum in capacitance is 

smaller than predicted from a calculation based on the known carrier 

concentration of the substrate material. The samples prepared in the 

improved deposition system have produced Si0„ layers with resistivity 

of 10 ft-cm and the resulting MIS devices exhibited C-V characteristics 

consistent with the predictions of the calculation.  It seems clear, 

therefore, that the conduction through the insulators was preventing 

the formation of an inversion layer at the surface of the GaAs.  However, 

without quantitative information on the minority carrier lifetime for 

this sample, it is not possible to report exactly when the insulator 

conduction prevents inversion layer formation. 

The surface state density for one of the Al-SiO -GaAs devices is 

shown in Figure 5. This calculation is based on the Terman method.   The 

-5- 
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additional charge,  AQ    ,  which is developed for the various band bending 
ss 

conditions,  is found by measuring the voltage shift   (AV)  between the 

high-frequency capacitance and the ideal MIS capacitance.     The charge is 

given by 

AQ =    C    AV     , 
ss ox 

and the interfact state density is given by 

N = ± i^s 
ss qA      d  i); 

where    it      is the surface potential,  q    is the electronic  charge,  and 
s 

A    is  the area of  the capacitor plate. 

The  sputter deposited  layers described here have been shown to have 

good Insulating properties and have good adherence and physical pro- 

perties.     The surfaces of  the n-t/pe GaAs substrates used  in the depositions 

have always been depleted after  insulator deposition.     It  thus  seems that 

the technique provides suitable electrically passivatlng  layers on n-type 

GaAs.     The charge  trapping  in  the   interfacial region of   these  Insulators 

is still  too large for  them to be useful in constructing stable MIS 

devices.     However,   further  refinement   in  the  techniques  should provide 

a definitive answer to  their ultimate utility. 

ACKNOWLEDGEMENTS 

It   is a pleasure  to  acknowledge  the assistance of W.   Y.   Lum  in making 

the photoluminescence measurements,   the  advice of H.   R.   Kaufman concerning 

the fabrication,  and  the  interest  of  H.  H.  Wieder during  several useful 

discussions. 

-6- 

' ...-tMll.;.^iM.ii..«..^*W,i^^J..^4a. ..„.;..-.■.-,-.■,.. ^■,...1....-.i_a.,.-|||||li|ml|MM|tjl|i|i|1g||M|n dÜt 



Wp UjwiwwjWi, pumnp wiiw .niiywj ■.■»-Tu y ^, »Mm1 iw. ■ii>T ■■ 

! 

REFERENCES 

1. W.  Y.  Lum, H.  H.  Wieder,  W.   H.  Koschel,  S.  G.  Bishop,  and B. D. 

McCombe,  App.  Phys. Letters  30,  1  (1977). 

2. C. W. Wilmsen,  private communication. 

3. H. L. Hartnagel,  J. Vac.   Sei.  Technol.   l^,  860 (1976). 

4. J. E. Foster and J.  M.   Swartz, J.  Electrochem.  Soc.   117,   1410  (1970). 

5. R. P. H.  Chang and A.  K.   Slnha, App.   Phys.  Letters 29,   56  (1976). 

6. S. M. Hu and L.  V.  Gregor.   J.  Electrochem.  Soc.  114,  826  (1967). 

7. P. D.   Reader and H.  R.  Kaufman, J.  Vac.  Sei. Technol.   12,   1344 

(1975). 

8. J.  DuBow, D.  Burk and J.   R.   Sites,  App.  Phys. Letters 2^,  496 

(1976). 

9. G.  Y.   Robinson,  Solid State Electron.   18,  331  (1975). 

10. S.  M.   Hu, D.  R.  Kerr,  and L. V.  Gregor, App. Phys.  Letters 10, 

97  (1967). 

11. L.  M.   Terman,  Solid State Electron.   5,   285  (1962). 

i\ m 

'—■■■■•' -■■—- i- ..i   i, ^  mmm 



wßmmmm. 

id 

u 

Ü5 

W 

< 

•o 
•H 

c 
o 
ü 

o   ^ 
to     N 

<u 

n 
H 

00 

a 
H 

o 

o 

i 

l 
u-i 

o 
f-t o 

X 

1 i—, 

e B 
(U u « o "*— 

c r—i ß > 
tO E 0) o — '—< 
u u 60 OlN 
in l « 1 T3 
B C1 4J 0)  B iH 
O 1 1 l-l 00 o 111 
u o u ^- ■H 

>> > M (i. 
u 4J 4=   C 

1-1 •H -a U   0 g u > C •H 
u ■H 0) (U u 0 
V 4J CQ O   M 

■^ 
1) 01 «   U Ji 
H •H 4J U-l    4J ifl 

<U m <s M 4) 
•rl 01 r-l 3 Kl 
Q oa tu t/2 PQ 

**.wlt**mmmi/t nf» t  niiiMillllBl'iliniHll'llllflil -i   -nil  iniiiTiiilMiM mmmmtm ü^^^tä 



m^^mm*** LAL^-Jlll  "l-^l^■l^ '■■"——- ——■ 

FIGURE CAPTIONS 

Figure 1.    Schematic of sputtering apparatus. 

Figure 2.    Current vs. vcltage curve for 1000 X  silicon oxide film 

as fabricated using stainless steel fixturing. 

Figure 3.    Capacitance vs. voltage curve for Al-tantalutn oxide-GaAs 

structure. Oxide thickness was 600 A. 

Figure 4.    Capacitance vs. voltage curve for Al-sillcon oxide-GaAs 

structure corresponding to Figure 2. 

Figure 5.    Surface state distribution for same silicon oxide 

sample. 
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