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SUMMARY
;; 7 77

Three samples of MBE grown graded AYi-iﬁﬂ?ﬁs epitaxfal layers on GaAs
have been prepared. The initial oxidation procedure used on these samples
produced only a superficial oxide layer as determined by SAM analysis. C-V and
G-V results have been obtained for the initial oxidized specimens and for a
specimen of sample #411 which was given a subsequent additional oxidation
treatment. During the next reporting period a systematic C-V study as a

function of oxidation conditions will be carried out.

An initial attempt to deposit an aluminum oxide layer by evaporating Al
in an oxidizing atmosphere was unsuccessful which suggests that a much more

oxidizing ambient (perhaps a plasma discharge) needs to be utilized if this

approach is to be pursued.




SECTION 1

INTRODUCTION

This report summarizes results obtained during the first four months of
the redirected program for Contract No. F33615-78-C-1591 which is entitled "GaAs
Surface Passivation for Device Applications.” The initial contract called for
the development of a practical dielectric for GaAs surface passivation by the
preparation of an amorphous GaP0, layer produced by thermal oxidation of a
heavily implanted phosphorous layer. The results obtained with this approach
did not yield a dielectric with sufficiently good GaAs/dielectric interface
properties to warrant proceeding into the device development phase of this

program. Consequently, a major redirection of the program has been undertaken.

Recent progress has been reported in the development of dielectric
layers for GaAs MIS devices by three different approaches. The first utilizes
thermal oxidation of Al,_,Ga,As epitaxial layers grown by molecular beam epitaxy
(MBE).l The second employs a plasma oxidation process to form dielectric layers
on GaAs (see e.g., Refs. 2 and 3) with particularly good C-V results being
reported by R.P.H. Chang et a1t A third approach which makes use of a novel

two-step anodic oxidation process has also produced promising C-V results.’

The major emphasis of the redirected program will be to pursue the
approach which utilizes thermal oxidation of MBE grown graded Al;_4Ga,As
epitaxial layers. Capacitance voltage (C-V) measurements of MIS structures have
been 1nterpreted1 to demonstrate the achievement of inversion behavior and a
fixed interface charge density of less than 2 x 1010 cm‘z, however, results for

more complex structures which involve carrier transport parallel to the




semiconductor/dielectric interface have not yet been reported. 1f promising C-V
results are obtained, a goal of this program will be to fabricate simple FET-
type device structures to evaluate charge transport characteristics parallel to

the passivated GaAs interface.

The second interim report (AFWAL-TR-80-1018)associated with this con-
tract and dated March 1980 summarizes all progress obtained on the initial ion
implantation passivation approach. This third interim report covers progress on
development of the MBE approach from 12/3/79 through 3/31/80. In Section II the
MBE preparation of samples is outlined. Section IIl presents initial C-V
analyses of these samples. Section IV discusses an attempt to prepare an Al

oxide layer dielectric by deposition of Al in an oxidizing ambient.
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SECTION II

MBE PREPARATION OF SAMPLES

Three structures were grown by MBf to investigate MIS performance in
the system GaAs-Al;_,Ga,As-AlAs (oxidized). These structures were grown by MBE
using the apparatus shown in Fig. 1, which was designed and constructed in 1977
at ERC, Thousand Oaks, for the growth of GaAs and Al;_,Ga,As. This MBE machine
has extensive LN, cryoshrouding to maintain excellent vacuum conditions during
epitaxy, a cryogenic 10K sorption pump to provide a high pumping speed for CO,
and an airlock substrate insertion system. This airlock was also used in these
experiments to provide an initial oxidation of the samples in an H,0-free 0,

atmosphere.

The three structures are illustrated schematically in Fig. 2. All
three were grown in an identical manner except for the Al;_,Ga,As layer between
the n-type GaAs and the AlAs layer. The substrate in each case was n* Se-doped
GaAs grown at ERC. This was prepared by using a Br-methanol etch on a rotating
felt pad. The substrate was then soldered to the Mo MBE substrate holder
heating block with indium metal, followed by a 10 sec etch in flowing
HZO/HZOZ/NH30H (10:1:1). This substrate preparation procedure typically leads
to an oxidized GaAs containing a trace of carbon, as seen by Auger Electron

Spectroscopy.

The oxide was removed from the GaAs substrate by heating the substrate

in about 10"6 torr of As4 { from elemental 6N As) to 580°C for 10 minutes.




Figure 1

Photograph of MBE apparatus.
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Epilayer growth was done with a substrate temperature of approximately 580°C,*
growth rate of 1.0 um/hr, and ratio of As; to Ga partial pressures of 20:1, as
measured by a movable ion gauge. Tin was used to dope the GaAs layer to 5 x

1016/cm3. The n-type GaAs layers were 2 um thick.

Al;_4GayAs intermediate layers were grown on two of the three samples.
For sample #411, the Al content was initially set at x = 0.5 by opening the Al
source shutter with the Al flux set equal to the Ga flux. The composition was

then graded linearly to x = 1.0 over a 1400A& thickness by gradually reducing the

Ga source temperature. For sample #412, the Al content remained at x = 0.5 dur-

ing the entire 14003 intermediate layer growth. Sample #413 had no intermediate
Aly_xGayAs layer. Substrate temperature for the Al;_,Ga,As intermediate layer
growth, and for growth of the top AlAs layer, was increased to about 620°C.*
This substrate temperature has been used most successfully in the MBE growth of
Tow threshold double-heterostructure lasers® and leads to a Tower density of
traps and recombination centers in Al;_,Ga,As than more conventional MBE
substrate temperatures of 550-580°C. The Al,_,Ga,As intermediate layers were

not intentionally doped, and therefore are expected to be semi-insulating.

Following the AY;_.Ga,As intermediate layer (or the n-type GaAs layer
in sample #413), undoped AlAs was grown epitaxially at 620°C by shutting the Ga
shutter, leaving the Al and Asy fluxes unchanged. The thickness of the AlAs

layer was varied linearly along the length of the samples by using a Mo shutter

to gradually cover a portion of the grown layer. In this way, the AlAs

*Later calibrations suggest that the actual substrate temperature may have been
as much as 30°C lower than this value.




thickness was varied from about 10002 to about 2000A across each sample. Due to
the difference in index of refraction between GaAs and AlAs, this grading shows
up clearly as series of interference fringes across the sample. Variations in
the intensity of reflected 1ight due to the AlAs thickness variation can be seen
in Fig. 3.

Following growth of the AlAs top layer, each sample was cooled to
450°C* and withdrawn into the MBE chamber airlock. Cooling during the transfer
process resulted in the temperature dropping to about 400°C by the time the
sample was within the airlock. Pure 0, was then used to backfill the airlock to
about 0.1 atmos., and the sample and Mo block were allowed to cool in 0, to room

temperature, which took about 30 min.

*Later calibrations suggest that the actual substrate temperature may have been
as much as 30°C lower than this value.
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Photograph of MBE Sample 413.

Figure 3




SECTION III
C-V CHARACTERIZATION

C-V characteristics for the three samples were taken over the range of
1 kHz to 1 MHz. Comparative results are shown in Fig. 4 at 1 MHz; there was
essentially no change in the characteristics at lower frequencies. Sample #412
showed the least amount of hysteresis, while #413 showed the largest. The
degree of hysteresis for all three samples did not appreciably change with AlAs
layer thickness. Hence, the hysteresis is probably due to energetically deep

interface acceptor traps.

Figure 5 shows the 1 MHz C-V characteristic for sample #411 with a
superimposed ideal characteristic (dashed 1ine) for a donor density of 5 x 1016
em=3.  The experimental curve clearly does not show significant inversion at
high reverse bias. Also evident is the shift in the C-V characteristic due to
net negative charge at the interface. Figure 6 shows the same curve in
comparison with the C-V characteristic under white 1ight illumination. The
hysteresis in this case has been substantially decreased, indicating that some
of the deep acceptors have been filled with holes. A similar decrease of the
hysteresis can be obtained by further oxidation of sample #411 at 400°C for two
hours, as shown in Fig. 7. This suggests that the deep acceptor states may lie
at the interface between the AlAs and the Al;_,Ga,As layers.

Figure 8 shows the G-V curves during white 1ight 11lumination for sam-
ple #411 before and after oxidation. Similar results were obtained for sample

#412, hut the dark conductance of sample #413 was too high to show any conduc-

tance peaks. The conductance peaks for samples #411 and 412 appear only under

d
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Figure 8 G-V measurements for sample #411.




illumination, a further confirmation that these are due to minority carrier
(acceptor) traps which lie below mid-gap. Note that after oxidation these traps
disappear, consistent with the C-V results in Fig. 7.

The fact that the conductance peaks in Fig. 8 do not shift in voltage
with changes in frequency indicates that these peaks are due to discrete trap
Tevels in the bandgap. It would be useful to calculate the energy and density
of the major trap level at -4 volts based on the results of Fig. 8. We will
assume that this trap level is completely filled as a result of the illumina-

tion. For an interface state capacitance Cs, the conductance at the maximum is

given by

Cswzt

1+

where t is the reciprocal of the trap emission rate and w is the signal
frequency. Comparing the results at 1 kHz (G = 45 nv) and 10 kHz (G = 65 nv)
using Eq. (1), we obtain a time constant of r = 2.3 x 10~4 seconds. The

interface state density N, is given by
c
- S
Nes = T (2)

where A is the contact area. By using the calculated value for t and the
measured conductance in Eq. (1), cs is found to be 15.3 pF, and hence from Eq.
(2), Ngg = 4.8 x 1011 w2 ev-l, An estimate of the trap energy can be made
from the relation

15
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kT -
E, = = an (NVVTOD) (3)

where N, is the valence-band density of states, v is the thermal velocity, and
9 is the hole capture cross section. Assuming a typical value of I =

10'14cm2, Ea is estimated to be ~ 0.4 eV above the valence band.

3.1 SAM Profile Analysis

Following MBE growth of the AlAs/Al;_,Ga,As/GaAs structures the top
Tayer of AlAs was exposed to dry 0, in a auxilliary chamber on the MBE system as
described in Section II. Initial estimates of oxidation rates suggested that
this procedure would fully oxidize the AlAs top layer. To assess the actual
effect of the above procedure, a piece of sample #411 was analyzed in a Scanning
Auger Microprobe (SAM) which is equipped with an Ar-ion sputter gun. A chemical
analysis depth profile was obtained by a series of sputter-Auger analysis
steps. In Fig. 9 we show the result of sputtering for 180 min. The sputter

time axis is proportional to depth, with the sputter rate = 30A/min.

From the sputter profile it is apparent that the initial oxidation pro-
cedure resulted in only a superficial AlAs oxidation, the top layer remained
essentially pure AlAs. However, the sputter profile also reveals that the
Aly _4Ga,As middle layer was graded in the desired manner, going from 100% Al to
50% A1 at the GaAs interface. Thus as mentioned in Sectfon III, a portion of
sample #411 was reoxidized at 400°C for 2 hrs in 0, with the intent of increas-
ing the oxide thickness. This procedure had a substantial effect on C-V and G-V

results (Section 111); a SAM analysis of this sample has not yet been performed.
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SECTION IV

XPS STUDY OF DEPOSITION AND OXIDATION OF Al ON n-TYPE GaAs(100)

In a related Contract ("Effects of Surface Conditions on Carrier
Transport in I11-V Compounds," Contract #F33615-78-C-1532), XPS (X-ray <
Photoemission Spectroscopy) has been utilized to study the surface chemistry of
GaAs(100) and to characterize the variation of surface potential with chemical
and/or thermal treatments. The instrument used for these investigations is
shown in Fig. 10, which is a Hewlett-Packard 5950A electron spectrometer modi-
fied to obtain ultra-high vacuum (<2 x 10-10 torr) and provide various in situ
specimen treatments (heat, molecular and atomic heam deposition, jon etching)
and LEED analysis capabilities (see Fig. 11). Previously reported studies
(Contract #F33615-78-C-1532, Interim Report #2) indicated that high temperature
oxidation of a thermally cleaned n-GaAs(100) surface results in a surface which
s covered with Ga,04 (see Table 1 which summarizes the typical chemistry and

surface potential vartiations of such a surface) and decreases surface band

bending by ~ 0.2 eV. This suggests that a useful structure would be to grow a
thin interfacial Gas03 oxide on GaAs and to deposit a thick dielectric layer on
this surface. Thus, an initfal attempt was made to grow an A1203 dielectric
layer. The results are shown in Figs. 12-14. The lower portions of Figs. 12
and 13 show the Ga3d and As3d core-level spectral regions before Al deposition
but after growth of the Gay03 layer which is indicated by the asymmetry to high
binding energy of the Ga3d level. Aluminum oxide growth was attempted by slow

(~ 1A/sec) deposition of Al metal in an ambient of 1 x 10-4 tore 0,. Figure 14

shows that a chemical reaction occurs upon deposition of submonolayer amounts of

18




Figure 10 Photograph of XPS apparatus.
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Table 1
XPS RESULTS FOR OXIDATION AND DEPOSITION OF Al ON GaAs(100)
(n -2 x 1017 em3)

Relative As3d
Treatment Binding Ene Remarks
in GaAs (eV

Chem. etch +0.2 G3203 + A5203

710°C 0.0 Clean

2 x 10% 0, at 575°C +0.2 Gay03

Few moRo1ayers Al deposited Ga3d asymmetric to low
in 1077 torr 0, (25°C) 0.0 binding energy

G8203 + 2A1 +» 2Ga + A]203

21
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Figure 12 XPS spectrum which illustrates effect of Al deposition on
Ga3d line shape. See Section IV.0 for details.




'y

Y T !
O. ]
_ ‘ | As3d -
| cans(100) | .
; ':' l(n)2x1017 em™3
; E
o -
> After Al ot . B . ..
= | deposit .- . e
- N * :
[FW]
3 * .
Before Al . )
= deposit . -
.“"-- s oo aoe
? ] l
+2 4] -2

RELATIVE ENERGY (eV)

Figure 13 XPS spectrum which illustrates effect of Al deposition on
As3d line shape. See Section IV.0 for details.
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Al. First, the gallium oxide is reduced and, secondly, some Ga metal is
produced as indicated by the Ga3d line asymmetry to lower binding energy.
Figure 13 shows the potential shift as monitored by the As3d level. After the
Al deposition the bands are pinned at the "clean" surface positfon. Figure 14a
shows that Al oxide is formed. Further deposition of Al in an ambient consist-
ing of water vapor and 0, resulted only in a thick Al metal deposition

(Fig. 14c) with no obvious difference from Al deposited under UHY conditions

without 0, ambient. Conclusions drawn from these experiments are:

1) There is a surface chemical reaction occurring, namely the

reduction of gallium oxide by Al metal
Ga,0, + 2AY(m) -+ 2Ga(m) + A1203

This reaction might be expected from consideration of the relative

heats of formation.

2) The Al, which getters the Gay03, pins the bands at the "clean"

surface position.

3) Under the conditions employed here, after the oxygen available in
the form of Gap03 is consumed, the Al deposit is metallic and not

oxide,

25
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