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157) ARSTRACT

A geemanivmi-based feld effect transistor has a passivation

layer of aluminum oxide balow a germanium channel and
alumirum exide gate oxide layer fornsed over the channel,

The aluminum oxide layers are treated o reducs he densiy

of surface state impurities, particelarly arsenic released in
the oxide layer as a result of forming the oxide loyer, The
low sinrface state germanium channel has very low phase
noise aml is suitable for use as a local oscillalor in a
helerndyns recaiver,
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ULTRA-LOW PHASE NOISE GE MOSFETS

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE FEDERALLY SPONSORED RESEARCH
AND DEVELOPMENT

This invention was made with Government support under
Granl No. FA%620-95-1-03%, awarded by the U.S. Air
Force. The Government has cerlain rights in this invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related to ULS. patent application Ser.
No. OB/757.875. entitled “Enhancement-Depletion Logic
Bated on Gass MOSFET:™ filed on Moy, 27. | Gy
(Attomey Dockel No. 30794, 10US01); U5, palent applica.
tiom Ser. No. QR756.415. entitled “Enhancement-Depletion
Logic Based on Ce MOSFETS.™ filed on Nov. 27, 1996
{Altomey Docket No, 30794 3US01): and U.S. patent appli-
cation Ser. Mo, 08756240, “Ulua-Low Phase Noise GaAs
MOSFETs." filed on Nov. 27, 1997 {Attorney Docket No
SOTH.GUS01); which related applications are incorporated
by reference hersn.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to semiconductor amyplifiers. and
more particularly to a low poise germanium field effect
transistor and a method for manufacturing same,

2. Description of the Price At

Silicon chips and circuit families, for example transistor-
transistor logic (TTL) and complementary metal-oxide-
semiconductor (CMOS), have dominsted electronics for
many years, Silicon I3 widely favored as a base material for
semiconductor devices because of the ability to produce
both semiconducting material (silicon) and insulating mate-
ral (silicon oxide) with good electrical and mechanical
propertics. This combination of high quality semiconducting
and insulating silicon-based materials has allowed the wide-
dpread implementation of planar growth and [abeication
technologics which have resulted in the production of lage
scale imtegrated cireuits. Thus, silicon-based clreuit families
include devices which are easily fabwicated built and are
incxpeasive 1o produce, and have gained wide scoeptance in
the clectronics field, However. silicon-based devices are
limited in speed and frequency bandwidth due to the rela-
tvely low camier mobility. Materials having higher carrier
mobility would be preferable to silicon for Mmany
applications, including telecommunications, and would
result in the production of semiconductor devices which are
faster and have a larger bandwidth than those currently
fabricated using silicon.

Scveral other malerinls have been used to create new
devices previously unavailable in silicon. One of these
materials, gallium arsenide (GaAs) is common in high
frequency or high power microwave devices, However. even
although gallium arsenide is widely regarded as being a
superior material (o silicon, for example because of a higher
castier mobility and higher breakdown field. GaAs has
capiured only & small fraction of the semiconductor device
market share. The use of GaAs has been lmiied, in par.
because it has nol been possible 1o grow an insulating layer.
wich a3 an oxide layer, on GaAs. where the insulating layer
has good electrical and mechanical properties and has,
therefore. restricled the large scale integration of Gaas
through the use of planar technology. Consequenily, reliable.,
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high quality gallium sssemide melal-oxide-semiconductor
(MOS) ficld elfect wansistors (FETs) having low gate leak:
age have nol been widely available, Low gate leakage in
FETs is required for several applications, especially for low
phase noise oscillator applications, such as telecommunica-
tions.

Ciermanium (Ge). which has a lallice parameter close 10
that of GaAs, has largely fallen out of use in semicondsctor
for & similar reason. ie. that no oxide layer can be grown on
Ge having good electrical and mechanical propertics. This is
particulnely unfortunate since Ge las the best carrier mobil-
ity characleristies of amy semiconductor for Implementing
complementary logic circuits. Complementary devices, for
example pairs of Beld effect transistors (FETs) having
complementary chamnel types. are common in silicon and
silicon-based complementary metal-oxide-semiconductos
(CMO3) devices have found widespread use, However. the
operation of complementary devices rely on the ransport of
bath electrons and holes. The hole mability in a semdoon.
dustor is typlcally substantially less ihan the electron mobil.
ity. In silicon (S). the electron mobility is 1350 em®V "5,
while the hole mobility is only 480 cm*V 's~", Even in
GaAs the clectron mobility is 8800 em®V-'s"". while the
hole mobility is only 400 cm®V-'s™', Thus CiaAs does not
provide an advantage over 5i for complementary devices,
since conplementary devices are limiled in speed by the
shower of the two carrier types. typically the holes. Ge. on
the other hand. has an electron mobility of 3900 em®V-"",
whils the hole mobility is 1900 c®Y '™, thus allowing a
Ge-based complemsentary bogic device 1o switch Faster than
an equivalent device based on either 51 or GaAs, One of the
advantages In uding a Ge-based logic cireult is that, since
complementary logic devices only dissipale power when
switching. a Ge-based logic circult uses less power to
conduct a series of logic operations tham othei
semiconductor-based devices. For cxanigle, a Ge-based por-
Eable computer would run for around ten lines longer o8 one
battery than dos an equivalent Si-based portable computer,
However. reliable. high qualily Ge metal-oxide-
semiconductor field effect ransistors (MOSFETs) for wse in
logic circuits and low noise amplifiers have not been widely
available, forcing designers 1o maintain the use of silicon foe
logic applications.

In the field of wircless communications. local owillators
are required in heterodyne receivers for converting a radio
frequency (RF) signal to an intermediate frequency (IF)
signal for processing. An ideal local oscillator signal is &
pare sinusoid having constant amplitede. period and phase.
However. random fluctuations in the amplitude. frequency
and phase of thess sources iatroduce unceriainties in the BF
signal that is down-coaverted 1o the IF, The random fluc-
twations are caused by the natural thermal noise created by
currcat flow, and are enbanced by any trapping or scattering
effects that are present in the transistor of the oscillator
circuit, The random fluctuations produce nodse on the bocal
oscillator that varies in inteasity inversely with offset fire-
quency from the desired oscillstor frequency. For this reason
the noise is termed “Lf soise™. Random fluctuations in the
amplitude and phase of the oscillation are generally in
quadratuse and in a linear system would have equal impor-
tance. However, oscillators are inherently large signal
deviees and stable oscillation oaly occurs when the device is
driven into saturation, Le into the nonlincar regime. Hard
saturation limlts the amplitude Ductuations that can ocour
with the re sult that amplitude noisc tends o be quite low and
does nol, in general, serioasly affect sysiem performance.
Phase and frequency Auctuations, however, are not affected
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by tlee saluration mechanism and phase nodse characieristics
can be relatively luge and can have serious degrading
effects upon syslem performance. Phnse noise often pro-
vidkes the Tunclamental limitation 1o (he sensitivity amd per-
formance of reccivers for systems such as radios, radars,
certain radiometers. ete. Doppler svstems, in particular, are
extremely sensitive o phase noise,

Phase noise has beenm extensively and intensshy investi-
gated for a number of years and a large literature has been
published on the subject. It is well known that phase noise
vanes wilh the nctive device wsed for the oscillator, For
example, il [s known that the phase noise associated with a
bipolar transistor escillator is significantly lower than that of
a Gads melnl-semiconductor FET (MESFET) oacillators,
Ciunm oscillators are also observed 1o produce reduced phase
noits comparcd to Giads MESFET oscillators. The reduced
phase noise obtained with GaAs Gunn oscillators compared
to GaAs MESFET oscillators is particulary interesting sinoe
both devices are fabricated from the same semiconductor
and &e operated of essentially the same electric field mag-
mitude. A satisfactory explanation for this phenomenon has
never been presented and it is generally nitributed to *susface
states’, and olher such arguments,

There is a need to develop low phase noise ransistors
which have the extended frequency bandwidth afforded by
high casrier mobility materials. such as Ge. The low phase
moise transistors should preferably be manufactured using
planar fabrication techniques, such as is used in the manu-
facture of FETS, in order to maintain high relisbility and
performance al reduced manufacturing cost. In addition, it
Would be advantageous for tclecommunications devices,
such as digital cellular telephones, 1o be able to provide both
detection and logic circuits which are based on the same
semiconducior material. Funther. the low power dissipation
of Ge-based devices is particularly advantageous for com.
pact handsets which do sof camry large power supplics.
Therefore. it is desirable to develop a Ge-based FET which
incorporates an insulating layer for a gate. and which
produces phase noise st a level substantially below that
normally aszociated with Gads MESFETS.

SUMMARY OF THE INVENTION

To minimize the limitstions in the prior ant described
above. and to minimize other limitations that will become
apparent upon reading and understanding the present
specification, the present invention discloses a germanium-
based field effect transistor having a passivation laver of
aluminum oxide below a germanium channel and an alemi-
num oxide gale oxide layer formed over the channel The
aluminum oxide layers are tweated to reduce the deasity of
surface stale impurities. particularly arsenic released in the
oxide layer as a resull of forming the oxide layer. The low
surface state germanium channel has very low phase noise
and is suitable for use as a local oscillator in a heterodyne
TECTIVET.

BRIEF DESCRIFTION OF THE DRAWINGS

Referring now to the drawings in which like reference
numbers represent comespoading parts throughout:

FIGS. 1A-1B illustrate the axidation of an AlAs layer
ncoording to the present invention;

FIGS. 2A~21 illustrate various fabrication stages of a Ge
FET;

FIGS. 3=5 illustrate method steps in fabricating a Ge FET;

FIGS. 6A-60 {lustrate four embodiments of a Ge-hawed
device adapted to control exesss As:
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FIs. T illusirates the structure of a MISTET fabricated in
adcondance with the present inveniion,

FIGi. 8 illustrates the structure of a conventional MIEES.
FET:

FIGS. # and 10 jllustrate 1=V characleristics for a MIS-
FET haviag a high density of interface states:

FIG. 11 illustrates [-V characteristics for a MISFET
having a low density of interface states poior (o hydrogena-
tron of the oxide laver;

Fis. 12 illustrates 1=Y chasactenstics Tor a MISFET
having a low density of Interface states alter hydrogenation
of the oxide layer;

FIGS. 13A=131 illustrate various fabvication stages of a
Ge GOT MISFET device;

FIGS. 14 and 15 illustrate various mcthod steps for
labricating a Ge GOI MISFET device:

FIG. 16 illustrates a Ge GO1 MISFET device according (o
the second embodiment for controlling excess As;

FIG. 17 illustrates a Cie GOT MISFET device according 1o
the third embodimenl for controlling excess As;

FICi. 18 illustrates o Ge GO MISFET device according to
the first embodiment for controlling excess As; and

FIG. 19 illustrates noise power as a function of offeet

frequency for an FET having channels of diferent doping
profiles.

DETAILED DESCRIFTTON OF THE
PREFEREED EMBODIMENTS

In the following description of the preferred cmbodiment,
reference s made to the accompanying drawings which
form a part hereof, and in which is shown by way of
illustration & specific embodiment in which the invention
may be practiced, 11 is 1o be understood that other embodi-
ients may be wlilized and strectural changes may be made
without departing from the scope of the present invention.

LT moise is generated by charge trapping effects due to
deep-levels, surface states, defects, dislocations, efc. Stodies
have shown that the most significant source of charging
states oocwr al the surface of the semicondiscior, particularly
lor gallium arsenide melal-semiconductor FIITs { MESFETs)
where the channcl current flows paralie]l (o the surface.
MNoise minimization requires that the surface states be
de-activated. Standard methods of passivation, however, do
not generally work well because the passivation material
(nifrides of oxides) do oot lattice match the Ge and sfres:
oeeurs, Thie stress oreates and increases, rather than reduoces,
the density of surface states. Alio, the eleciric fizld nesr the
gate edge of the depletion region in the conduction chanmel
is very high and near the critical field for breakdown, In fact,
the MESFET generally operates under large-signal condi.
tions where the gale is lree (o breakdown for n portion of the
RF cycle. This generates gate current which increases the 1
noise.

A techaique for producing a movel surface oxide passi-
vation is preseated. The technique has been successfully
demonstrated to de-activale surface states. The technigue is
applied to the fabrication of amplifiers and oscillators having
very low 1A nodse,

Oxide Pastivation

The process of the formation of an oxide layer on top of
o Inyer of germanium {Ge) Is illustrated in FIGS. 1A and 1B,
A substrate 20 is used 03 a base. The substrate 20 is typically
of e, but may also be of other materials. A layer of Ge 22
is formed on a surface of the substrate 20, A layer of
aluminum arsenide (AlAs) 24 is then formed on the Ge layer
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12, FIG. LA, preferably using an epitaxial method growth
process sech as malecular beam epitay (M) oo metnl-
organic chemdoal vapor deposition (MOCYI), ALAE s
sclecied ai the materind (o the second layer 24 bocause AlAs
is lattice-matched to Ge ond alio becauie AlAs may be
converted inlo an insulating layer in a subsequent step. Since
thee AlAs material is o be oxidized of o lafer stage. it may be
refemed fo a5 an oxedizalde layer. Other aluminum-based
M-V semiconductor materials having a diferent anicn
{Liroup % atom) may be used In the oxidizable layer insten
of AlAs. for example aluminum phosphide (AIP) or alumi-
num antimonide (AISh). These other materials are also
oxidizabde to formy Al

The layered structure including the AlAs layer 24 s
heated 1o a lemperature in excess of 375% T, and exposed to
a mixture of mitrogen {(N,) gns and water vapor (H,0)), as
disclosed in 115, Pal, No, 5,262,360, The gas/vapsor mixture
i formed by bubbling Ny gas through water at a temperature
cloae 1o boiling, for example 93° C. The AlAs layer s
onidized according to the reaction:

TALGwa K O A 01 4 2 AN,

The oxygen in the water molecules of the vapor displaces ilie
arseRic im the AlAs, converting the AlAs laver (o an alumi-
ouam oxide layer (A1,0,) 26, as is shown in FIG. 1B, As is
relessed from Al in the oxidizable layer and combines with
hydrogen to form arsine (AsH,) as & byproduct of the
oxidation process. The arsine is transporisd away from dee
surface by unrescted water vapor and the N, carier gas. This
oxidation process is termed “wet oxidation™

Two distined processes are important is oxidstion of an
Al-bearing -V layer, I'irst, cuygen replaces the andon
(group V' element). to oxidize the cation {group 1T metal),
For example. in the cnse of oxidizing & layer of aluminum
arsenide (AlAs), Al Is oxldized 10 become ALLO,. Therefore,
the oxidizing gas should contain oxygen which is avallable
for oxidiring the metal. Second, the group V cation. As, s
remeoved from the oxide Inyer, In wet oxidization, the As s
reduced by the addition of hydrogen to form AsH, gas,
which escapes from the oxide layer. The amount of hydro-
gen available for binding with As is limited o thal amount
of hydrogen released by oxygen from the waler vapor. In
addition. some of the hydrogen may be bound up in the
production of AINOIT), or AID{OH). It has been found that
the amount of hydrogen relensed from the water vapor is
insufficiend io bind with all the As released in oxidation,
resulling im significamt excess As within the oxide layer afler
onidization. The excess Ag, the interstitial As left within the
layer as a resull of oxidation. including expoture to water,
has a deleterious effect on the underlying Ge layer due to the
formation of surface statcs at the interface between the axide
and the Ge layer. The surface As states produce a mid-level
(EL-2) impurity in the Ge layer.

The process of oxidation need not be rettricted to expos-
ing the oxidizable layer 1o a mixture of N, and H.0. but may
also be carried out by using other gas mixtores. For examyple,
oxygen may be providesd for the oxidation step by oxypen-
bearing molecules (oxidanisy other thas water, such as
onygen, orone, carbon dioxide, carbon monoxide, amd
nitrous axide.

Likewise, hydrogen may be provided for redocing the
interstitial As to arsine by hydrogen-bearing molecules
(reducing agents) other tham water, such as hydrogen,
deuterium. arsine. phosphine, immvonia, antimony hydride,
and dicthylarsine hydride. These alternative reducing agents
may be aacked 10 produce free hydrogen which migrates
through the oxide layer and combines with the Az 1o

L1

L8
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neutralize the As, The allernative oxidanis and reducing
ngents may be provided 1o dee AlAS layer either in sddition
L waler vapaor of in place of waler vapos,

Ciaseous Al iv inchisded in the list of reduction agenis,
When the temperature of the semiconductor is sufficiently
low (for example. 300° ) the hydrogen from the cracked
AsH, is able to migrate inle e oxide layer and bind up the
interstitial As found within the oxide layer as arsine. The free
As produced by cracking the arsine is unable to migrate inlo
the oxide layer below 500" C. along with the hydrogen. Thus
AsHy may be used a5 a source of hydrogen for removing
excess As from the oxide layer.

An advanltage in providing an aliermative gas mixturs
which includes additional hydrogen is that the relative
concentrations of oxygen and hydrogen may be altered in
order bo optimize the processes of arsenic replaccment and
of arsenie removal independently of each cther.

The AlAs laver 24 s well laitice-matched to the undar
Iying Cre layer 2. However, alter oxidation. the Al layer
6 has a volume which is around one half of the volume of
the original AlAs layer 24, aml 5o the ALO, is pot well
laltice-matched to the Ge layer 22, which leads 1o stress
within the semiconductor struclure, lowever, known meih-
adds are availabde for overcoming the problems of indeced
crysial fress, imcluding the vwse of ductile materials for
relieving tee stress, and reduction of the thickness of the
AlLO, layer. which produces legs siress on the underlying Ge
layer.

It has been found that te oxidizing process is most
favorably carmvied out by oxidizing through an edge of the
AlAs layer, rather than tuough a planar surface, advasta-
geously allowing efficient axidation of n stack of ALAs lavers
to be carried out. The ioventors have shown thai the oxvida-
tion process is more effective for AlAs Iayers which are thin,
preferably havimg a thicknese, dimension ¢ as shown in FIG.
1A, of less than 10.000 A and more preferably of less than
OO0 A. The inventors have also shown that the oxidation
process is more effective for layers having a width, shown
as w in FIG. 1o, which preferably is less than 100 jimm amd
which is more preferably less than 1 pme The widih w
correspoads to the separstion between the scurce and drain
regions in an FET. otherwise known as the gate width,

FIG. I illustrates sequential fabrication stages for a
Gie-based metsl-insulsor-semiconductor FET (MISFET),
bnsed on the production of an oxide Inyer sccording w e
process illustrated in FIG. 1. The Ge MISFET displays bogic
chasncteristics similar to logic chiracteristies of a silicon-
based metal-oxide-gilicon field eflest transistor (MOSFET ),
Related FIGS. 3-8 illustrate the sequence of procedure steps
required to produce the device llustrated in FIG. 2. Without
limiting the invention. the fabrication of the various regions
in the following MISFET device is described for a doping
process using ion implantation. It is understood that doping
various regioas of the MISFET device. for example the
wells and the channels. may also be carried out wsing other
kmown fabrication processes such as iom diffssios. la
addition. layers which are grown, such as the AlAs layer in
the following description. may be grown using one of a
number of growth methods, including molecular beam epi-
taxy (MBE), metal-organic chemical vapor deposilion
(MOCVIN, and Hguid phase epitnxy (LPE)L

During the courte of (abrication, masks are formed oa the
top surlace of the structure to shicld cenaln portions of dye
semicondector from e.g. the diffusion process or the growth
process, The masks are fabricated using photolithography.
The: process of photolithography entails the deposition of a
layer of photosensitive material on the top surface of the
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sembcanductor siricture. Cartaln pentions of the platoiens
sitive layer are covered by a photoniask nnd ihe photomask
is exposed 10 light. forming a latent image of the photomask
in the pholosensitive layer The phofosensitive layer s
chemically developed. After developing. these portions ol
the photesensilive matenial shich were exposed to the light
are removed, Iypically by washing wilh water. Those por-
tions of the photesensitive materinl which were shielded
from exposure by the pholomaik femain o bop of e
semiconductor structure, and act ns a mnsk for the sulbse.
quent processing step. The mask is [ypically removed by
wrarhing wilh ncetone. A funthar descriplion of the photeli-
thography process may be foand in most standard semicon-
ducior textbooks, For instance “Device Electronics fod Inte-
grated Circuits™ by B 5. Muller and T. L Kamins. lohn
Wiley, Mew York, 1977,

An nd bulfer layer 42 is grown on a swbstrale 4,
preferably an nCe substrate, fo progluce the strectere shawn
im FIG, 2A, The buffer Layer 41 is preferably a layer of e
having a thickness of approximately 2000 A, A channel layer
of o= Cie &4 i3 grown on the bullce layer 42, The chamncl
layer 44 Js*plcicrahl_'r dopead o a conccentration of approxi-
mately 10'7 e, and preferably has a thickness of approxi-
mately 1000 A, A laver of AlAs 46, prefersbly having a
thickness of approximately $00 A. is grown on the channel
lver 44, A silicon nitride (51,M,) layer is then grown of Lop
of the AlAs lnver 46, A dumeny gate 48 of 5i;M; is formed
on the AlAs Inyer 46 using & conventional photolithographic
procedd Wy have a width ppdeally sanging (roms | pim e (L8
pEm The dunimy gate 48 is thes preferily reduced in widlh
to approtimately 0.2 pm by an etch process. such as plaszma
etch, reactive ion etch (RIE) or the like, resulting in a gate
widih thai is parrower than the resolution of the photolitho-
graphic process. The AlAs layer 446 is etched to remove the
AlAs materinl lying cutside the gate region, leavieg only a
gale pawtion 50 of AlAs, which is covered by the dummy
gate 48, as shown in FIG, 2B, The gate portion 58 is then wet
onbdired by expoulng the ALAs of the gate portion 50 10
water vapor, (hus converting the AlAs gale portios 50 1o an
Al D, gate oxide layer S, as shown In FIG. 2C.

Mexl, twn SiM, sidewalls 54 and 56 are formed oa the
gate oxide layer 52 and dummy gate 48, as showm in FIG,
2. The sidewnlls define the seli-aligned spacing between
the gale and the sourcefdrain of the resulismg FET. A souree
reghon 58 and a draln reghon 0 are formed, as shown in FIG,
2E. The source nnd dradn regions 58 and 60 are foemed by
an bon implapintion procedume, bul may also be Togmed by
fon diffusion. ‘The loa-bearing source amid draln regeons are
sctivated afer implantation. The thickness of the sidewalls
54 and 56 determine the spacing of the soarce and drain
regions 58 and 60 from the gats oxide layer 32, The dummy
gtz 48 and gate oxide layer 52 shield a porton of the
channe] layer 44 from boa implantation, the shielded portion
of the channel layer 44 forming & channel region 62,

Ader the jon implastation step. the sidewalls 24 and 56
are removed wing RIE of other elcling process. as shown
in FIG. 2F. The etching process is controlled so as to avoid
removing the dummy gate 48, Neal, a planarization process,
wsinmg PMGI, Is camried out to expose the dummy gale, 1o
produce the stucture shown in FIG, 20. where a source
plane 64 and a drain plans &6 are deposited above the source
and drain regions 58 and &0 respeclively, Once the source
and drain planes 64 and 66 &e in place, the dummy gate 48
is removed wsing hydrofluoric acid (HF), as shown in FIG,
IH.

A meial contact &8 is formed on the gate oxide Layer S,
Without limiting the invention, it [s preferable o reduce the
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input lmpedance, that is the ingrat resislance A capactance,
il the MISFET is 1o be employed as a high frequency power
nnq'.-]jﬁ{[, A o |'|'|.]:-|,Il: i|I1FI'¢'||.IrIlI.'E may e achiieved IJ!-iI'u_J; a
T-shaped metal confact. This, a T-shaped conlact is Fermed
using the source and drain planss 58 and 60 for forming the
head posteon of the T-shape, The source and drain planes &3
amil 66 are then elched off. redulling mm the stnuciure showm
in FIG. 201 Lauly, & mctal sowsce comtact TO and & metal
drnin contsct T2 nre deposited on the sowce aml dradm
regions 58 and &0 respectively. Allernatively, n conventional
planar metal contnct may be depotited on the gale oxwle
layer 82

Releming onoe more 1o PICGS. 3-8 the slopes {0 maas-
facturing the Ge MISFET are now described. with reference
o the device fabrication stages shown in FIG. 2, Step 108
deseribes depositing a buffer layer 42 and a subsequent
channel laver 44 on a substrate. Swep 102 describes growing
an AlAs lawer 46 on the channel layer 44, Siep L0 describes
depositing & 54,8, layer ¢a the ALAs laves 46, ansd [rndeg
a dummy gate A8 [rom Hse 5N, layer using plecdolithe-
graphic techniques. Step 1 describes reducing tue width of
the dumniy gate 196 using an etching procedure to a width
below the pesolution of the photolithograplic process. Step
108 describes etching the AlAs laver 46, to leave o gate
portion 50 of AlAs lyving below the dummy gale 8. Siep 110
deseribes wel oxddizing the gate pontion S0 of AlAs 1o
produce am AlLD, pate oxlde layer 81 Siep 112 describes
forming Ji M, sidewnlls 5 and 56 on the gjdes of the
dummy gate 48 and the gate oxide layer 51, Swep 114
describes forming self-aligned source and deain regions 58
and 68 by sen imglantatios and activation. The souwce and
drain formation described in step 104 also results In the
formatican of the channel region 62 lying bebween the source
and drain regions 58 and 60. Step 116 describes removing
tlee swdewalls 54 and 56. Step 118 describes planarizing 1o
form sowree and drain planes 64 and &6, Step 120 describes
removing the dummy gale 48 using a hydroflueeic avid eich
Step 121 describes hydrogenizing the oxide Inyer 52 and the
interface between the gate oxide layer 52 amil (he chansel
region 62 o remove cxoeis As, Step 122 descril=s forming
a'T-shaped mctal contact 68 on the gate oxide layer 52, wsing
the soarce and drain planes 64 and 66 1o fomin Che head of e
T, Step 124 describes removiag the source and drais
planes &4 amd 66 Sfep 126 describes depositing metal
coptacts T8 and T2 on the source 58 and drain 60 respec-
Lively to comglets the device,

Contred of Excess Arsenlc

The oxidstion process described hercinabove may nol
result in the removal of all the arsenic frmn Uie AlAs Layer
Arsenic may be substantially replaced by oxygen to form
Al Oy, However, somse arsenic atoms may oot form Ask,
and thence be removed a5 a gaseous byproduct, but may
remain in the oxids layer. The presence of excess As in the
oxide layer consequently reswlls in & reduction in the redis-
Livity of the oxide layer by providing a conduction path for
carriers through the oxide Inyer. In sddition, the migration of
excess A from the oxide layer o the Ge laver resulis in the
production of a high density of surface states. The surface
stales produce mid-gap (EL-2) type impurity levels which
affect the electrical performance of the device, such as the
1=V charscferistics.

[deally im a FET device, there s novollags drop across the
gate oxide bayer, and the full applied woltage is available for
produciag the electric field in the channel. The occurrence of
n voltage deop across the oxide layer. as may occur due to
a reduced onide layer reslstivity of an increased inlerface
slate density, increases the voltage which must be applied to
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the gate in ordes 1o schizve a certain channal Reld and reaulis
in increased heating and & reduced device efficiency.
Additionally, an increased density of surface slates, and
conconutant EL-2 levels, has a deleteious effect on the FET
channel layce.

It is. therefore, advantageous 1o reduce the interface state
Eensily, and also o avedd reducing the seststivity of the gare
omide Iayer. by removing excess As from the oxide layer.
Excess Az removal may be achieved as discussed hersin-
above by wsing alternative oxidalion gas mixtwres having
variable hydrogen proportions, or may be achisved using
specilic semiconductor device struciures. FIGS, 6A-61
illustrate four cmbodimenis of the invention for controlling
the excess arsenic in the oxdde layer, by either physically
rensoving the excess arsenic from the aclive layer or by
remlering the exeess arsenic neutral.

FICE &A illusirates a fiest cimbodiment of a device strue-
ture for remaving excess As from the oxide layer, prior 1o
oxidation, The first embodiment muakes wse of the fact that
excess Mg may cllectively be moved under the influence of
an electric field. as has been demonstrated by the inventors.,
The first emlxsliment includes a 200 A thick n+ Ge layer
2 deposited over an original 500 A AlAs Jayer 202 which
is later oxidized to become an AL, layer 202° (not chown ).
The AlAs layer 202, In turn is deposited on top of a p— i
layer MM, peelerably doped to a level of approximately
310" em™, The p- Ge layer 204 may, for example. be a
channel in n FET. The p— Ge channel layer 204 and the n+
Ge layer 200 form a p-n junction. The p— Gz channel layer
204 is deposited on o p+ buffer Iaver 198, which in turn is
deposited on a pt+ substrate 196, Since As is an electron
donor, the As stoms in the oxide layer 202 have net positive
charge and migrate towards the n+ Ge layer 200, in the
direction shown by the arows, under the influence of e
intrinsic electric field of e depletion region of the [—h
Junction. It is understood that the n+ layer in this embodi-
ment is not restricted 1o being formed from Ge layer, bin
maay alse be formsed from other semiconductor materials
ingluding. but not being limited to, galliun arssnide, alu-
minum gallium arsenide (AlGaAs) and indium gallium
phosphide (In(ial’). Mote that this embodiment is useful
where the Ge layer 204 underving the AlAs layer 202 s
doped to be p-type. This embodiment 15 nat useful where the
Gie layer 204 i n-type, since the clectsic fiald of a pen
Junction having an n-type Ge layer 204 would resull in
driving the excess As into the Ge laver 204, rather than away
from ihe Ge layer 22,

Ao second embodiment of the invention Tor redissing
cxcess As s illusicated in FIG, 6B, inclding & low tem-
peratuce grown (LTG) Gads layer 206 on L o the AlAs
laper 202. The AlAs layer 202 is deposited on a layer of n-
Gre 208 which. in turn. is deposited on an e+ buller layer
134. The n+ bufler layer has been deposited on an n+
substrate 192, LTG GaAs is known 1o have a large number
of Cia wacancies, It is energetically more favecable for As Lo
occupy a Ca wacancy than o remain free as an interstitial,
Therefore, after the AlAs layer 202 has been oxidized. the
excess As advantageously migrates into the LT Gads Inyer
206, in the disection shown by the arrows, 10 eocupy the Ga
vacancies. The LTG Gass laver, thercfore, lessens the
amount of As forming surface states at the interface between
the Ge layer 208 and the oxide layer, This sccomd emibodi-
ment is nol restricted to using an LTG Gads layer, Other
materiale peay be used to fonm a Layer having vacancies,
alternatively known as a semiconductor vacancy layer. into
which the excess As 15 altracted, such as

A third embodiment of the invention for reducing excess
As i illustrated In FIG. 6C, which has a Ge layer 207
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deposited above the AlAs layer 202, aoud a J0 A& layer of a
Widle gap material 209, preferably AlGaAs or InliaP, pesi-
troned beiween the n-Giads layer 210, and the AlAs layer
Z0Z. I has been found By the inventors thal wide A
materials sweh s Gass, AlGass and InCiak seree as offae-
tive barciers against As migration and, therefore, prevent the
migration of excess As into the n-CiaAs laver 200 from e
oxide layer 202, A fourtl embodiment of e invention for
reducing excess As is slown in FICL 60, A layer of AlAs 202
is deposited on directly on top of an n-GaAs layer 210, After
the AlAs layer 202 has been wel oxidized 10 produce the
oxide layer 202 the oxide layer 202 is then hydrogensted.
Mydrogenation is prelerably carried out by exposing the
oxids layer 202X, containing exoess As. 10 4 plasma coniain-
ing hydrogen ions 212 The hydrogenation process also
hydrogenates the interface 214 belween the oxide Layer 202
and tee Ge Taver 200, The plazma 212 remaves the oxcess
arsenic was from the exide layer 202 and the interface 214
hy providing excess hydrogen in the oxide layer 202 which
rombines with the excess As 10 form arsine gas, AsH,. The
arsine gas then migrates oul of the oxide layer 202 and i
removed. The hydrogen fons in the plasma 212 are prefer-
ably accelerated to an energy of 204 electron volts (eV) pricr
to impacting the oxide layer 202, and the oxide layer js
preferably exposed to the plasma for @ duration of spproxi-
mately 13 mins, In additien o verical hydrogenation, as
shown In FIG, 6D where the hydrogen plasma is normally
incident on the surface of the ALD, oxide laver. the plasma
hydrogenation may also lake place through the edge of the
oxule layer, in a dicection perpendicular 10 the surface of the
Ally loyer, The interface stale density is related to the
concenralion of excess arsenic, By removing excess arsenic
in the hydrogenation process, the interface state density is
rediuced.

successfully lowering the concenization of excess As in
the oxise layer results in improved deviee properties, such
as I-V characteristics. a high electric fizld in the channel and
ellicient operation of a FET constucted using an Al,{, lnyer
formed om a Gre laver.

Experimental Resulis

bBxperimental studies have been carried oot on 3
depletion-mode GaAs MISFET 248, whose struclhure s
shown in FIG. 7, The MISFET 248 includes a substrate 250,
on top of which is deposited a buifer layer 252, On the buffer
layer 252 (s & channel region 254 fommed from s-Clads, On
the channel region 254 s & layer of ALD, 286, formed en
the n-Ciass layer 254 using the wet oxidation Process
deseribed hereinabove, The oxidation process took place ar
A temperature of @50° C, in an atmosphere of N, and 11,0
vapor. The MISFED 248 includes o+ GaAs source and deain
regions 258 and 260, and has source and drain Gads eaps
262 and 264 over the oxide layer 256 proximate the souree
and drain regions respectively. The gate electrode 266 and
source and drain electrodes 268 and 270 are formed from
deposited tungsten (W) The exide layer 256 was lyydroge-
nated to produce an interface state density of less than 107
e~ at the interface between the exide laver 256 and the
B-Gads layer 254, Pinch-off of the MISFUT 248 requires
that the Fermi level move freely through the gap,

In FIG, 8 is showit a known metal-semicenductor FET
(MESFET) device 280 for comparizon with the MISFET
248 of FIG. 7. The MESFET 280 has a sulwirale 282, Upan
which are succcssively deposited a buffer laver 284 and an
n-Urads channel layer 286, A gate electrode 248 is deposited
directly on the n-GaAs channcl layer 286, and n+ Gans
source and drain regions 290 and 292 are disposed on
opposing sides of the gate 288, The device is completed with



3,780,922

sodiree and drain GaAd caps 20 and 296 deposited on the
n-Cians channel layer 286. In the MESFET 280, the density
of interfnee states ot e intecface between the n-0eaAs
channel layer 286 and the gate electrols 285 65 greater tsan
10% em®, more than a factor of ten higler than for the
hydrogenated MISFET 248,

In FIG. ¥ is shown the 1=¥ characteristic for a MISFET

248 for a range of lenperalures, 120 C_ i 360" C.. and
under biasing conditions of =10 Y 1o 40 ¥ In FIG, 10 s
shoawin an expanded vicw of the I-% characteristic shovwn in
FICG 2 for the portion of the ias veltage ranging from 0%
o L3V showing I versus ¥, at 2ero gate bias. The MISFET
used o produce the resulls [-3 characlernsie illustrated i
FIGS, 9 and I hadd am ooxicle Bayer which lad nod Deen
treated for controlling excess arsenic, amd so the MISFET
had a high interface stale density, The high inlerlzce stale
density is reflected in the incomplete pinch-off of the device
(the failere 1o demonstsate zero cumrent under zere bias
comiditions) and the large hysteresis in the gate-diode break-
dovwn under reverse baas comditions, oth the pinele-off and
hysterssis charmcleristios are illustrated dn FIG. %, An indi-
calion of the pature of the inlerface slates is obaied via the
forwand charactenstics shown in FIG. 10, where the carrier
ranspot i probably die (o theemionic emission, The bacrier
|II'!:iE|'II is caleulated o e 0,72 W leaan the results dhown in
FIG. 10, which bareies hedght 1s nearly dentical tothe barrier
height of W directly deposited on Gads, This suggess that
the Fermi level is panned at the oxided/Gascs interface by the
samie defect as al the free Gads surface, in other words by
the As,, anti-sile, Furthermore, the high resistance in e
Farware ciode characiersioe SUREESLE that ihe oxicde layer
does not act as a {unnel borrier, bat mther as o highly
resisiive olimic Fulh [EVR T gale wligle, The high eonductivily
ol the gxide Layer may be cawsad by unrgacted As lorming
a semi-melallic path in the ozids,

The 1-% characteristics of a second MISFET, baving a
lower interface state density than the device used 1o ]'.-rnr]u:::-r.
the resulls of FIGS. % and 10, are peesented in FIG. 11 This
Figurs sheows drain current. T, in milliamperes. ploted
against the voltage across the sourcs aml driin, Y, in Valls,
for a number of values of gate-seurce voltags, ¥ . ranging
from 3% to =4 %, I is seen thal the MISFET successiully
pinches off at zere bias, unlike the device whose characier-
isticas are shown in FIG. 9. However, @ compression, &
feduction in dl /¥ .. i3 observed near zeee gate bias in FIG.
1L indicating the presence of interface states at the corme-
speonaling Fermi-level positicn.,

FIG. 12 dllustrates the 1=V characteristie for the same
device whose =Y characteristic is shown in FIG. 11, but
where I-V characteristic was measured alver the oxide layver
had been subjecied 1o room temperaturs hydrogenation, The
room temperaiure hydrogenation step was carried ool by
caposing the oxide layer for & duration of 30 minutes to
hydrogen dons accelerated to an ensrgy of 300 V. The
inventors have previously shown that this type of lydroge-
nation reatment 15 clfective af removing As from a Gass
surface in the form of volatile AsH, The vales of g,
(OLSOY ) for this device is higher than for the device whoss
characteristie is shown In FIGL 11, In addition, the gate dicds
characteristic shows a weak lemperature dependence, which
is indivative of twnneling transport and nod of thermionie
emission.

These results of these experimesnts illustrate that, with
conrtrolled oxidatien and subseguent treatment to reduce
exvess residual As, an Al layer suitable for use a3 a gale
insulator for a FET can be oblatied,
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The peomsetry and design of the a FET ae extremely
impoctant in deteomining e noise perforimasee of the
device, The device is le’:.rnhl:,‘ rlt'::-.ij__'.uqu] sopthal the electrie
field in the channel layer is reduced fo be low, This is
accomplished by maximizing the length of the chamieel,
rather than reducing it as is done for low noise figure. The
deviee is preferably operated ns close to its upper regquency
limit ns possible. Also. the chonnel is preferably wice,
.al_l-:_:n.l.-'ing the device (o opErale it realuced current densily,
which minimizes the clfect of traps. Mosl significent,
however. is the channel doping profle, The doping prodils is
preferably selected 1o minimize the device trapsler charie-
reristie nonlinearity. specifically the input capacitance.
Modulation of this parameter by the baseband noise pesulis
in the wpconversion of D baseband oise o e RE oscil-
lation, ‘The ellect of doping profile @5 shown i FIG. 19,
which illustrates the caloulated phase nodse as a function
off el frequency for three Gass MESFET cscillators having
channels with uniformly doped. jon-implanted. and buried
channel doping profiles. The phase noise was calculated for
cach of the three device models using a devieefcirouil
stimulater.

The buried channel peofile is shown to have the lowest LA
notse. This is atwibuted 1o the lpcanzation of the reactive
(imaginary) part of the dnput impedanee wiich, therefore,
reduces the coupling mechanism for upconverling pliase
moige I the aperating frequency. The buned channsl deviee
is meedelled to have a low doped layer between the gate
mectal and the highly conducting channel. In operation, the
gate depletion laver extends twoughour the low doped
region and i3 pegged al dee high doped layer The capaci-
tance of the device is therefore oearly constant, Since e
nonlincarily of the inpul capacitanes s redoced, upoenyer-
siom of phase noise 19 the operating Tresprency i reduced,
and the device wilh the bured channel thus demonsicates
.11|i:-r.r|'|1r nose charnclenstics over odher channel qu_:sigu':.

Cre FIET strechures where the Qe channel s sancwichead
Between AlLOh layers may be fabeicated. The Al,Ch, layers
may b further treated W reduce the exeess As ancd, therelore,
pecluce surface date density, The el that the channsl s
barisl reduces the noalineacity of the inpul capacitance.
Thus, a device may abvanlageously be fabricated which
includes important features for reducing phose nedse. Since
the channel layer of Gie lies above an insulating oxide layer,
the deviee i termed a Ge-on-insulator (GOT) metal-
insulator-semicenductar FIET {MISFIET),

FIGi. 13 illustrates various fabrication stages of a deple-
tion mecele (GO MISFET basced on an n— Ge channel. & p—
Cre GO0 MISFET may be fabricated using similar steps,
excepl for tee substitution of petype imparitics for the n-type
impurities, FIGS, 14-15 illustrate e various fabyication
sleps associibed with f'n'l,xin:_;ﬂliul_r' the alevice shown in FIG.
13, Withouwt limiting the invention. the fabrication {(doping)
of the varicus regicns in the following GOI device is
deseribed for a fabrication process using ion diffusion. It is
understood that the fabrication of variows regions of the GO
MISFET, for examgle sourcs and drain, nuay also be camied
oul using odher known [abrication processes such as fon
implantation. In addition. the growih of layers in the fol-
lowing description, such as the AlAs and Ge layers, may
take place through the we of one of a pumber of known
growth methods. including MBE, MOCWVIY, amd ligoid
phase epilaxy (LFE) The channel mask and metallization
mask referred to below are typically formied using 8 con-
ventional lithographic process.

In FIG. 13A 05 shown a semiconductor structure M)
which inchides a subseate 301, En’-;fl.:l:ll,:-]:.' al p— Ly e, aii
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which has been grown, a first layer of AlAs 302, preferably
having a thickness ranging from 300 A 1o 1000 A as shown
in FIG. 13A. A channel laver of n— Ge 304 is grown on the
first layer of AlAs 302, the channel layer 36 preferably
having a thickness ranging from 500 A to 2000 A. A second
layer of AlAs 306 is grown on the channel layer 304, also
having a thickness ranging from 300 A w 10 A w
peoduce the structure shown in FIG, 1306,

A layer of photoresist is then laid on top of the sceond
AlAs layer 306, and then exposed and developed to produce
the channel mask 308 shown in FIG. 13C. The channel mask
308 cxposes those areas of the structure 300 which are not
to be Tormed into channels. The AlAs and Ge layers, 302,
30d and 306, are then ciched. preferably using a reactive ion
eteh methad (RIE). leaving only those portions of the layers
302, 31 and 306 which were protected by the channel mask
308, 1o produce the structure shown on FIC 130,

The first and second layers of AlAs 302 and 306 are then
exposed to the wel oxidation process. to convert the AlAs to
Al The first AlAs layer 302 is converted to a passivation
layer 314 underlying the n— chanpel 304, aml the second
AlAs layer 306 is converted to a gate oxide layer 316. to
produce the structure shown in FIG. 13E. An ot source
region 310 and an o+ drain region 312 are then grown. in
place of the portions of the layers 302, 304 and 306 which
wire previously elched off, sesulting in the FLITT-rype stouc-
ture shown in FIG. 13F. Mote that, unlike conventional FET
gtructures, the channel region 304 in this case is sandwiched
between the passivation layer and the gate oxide layer.

The channel mask 308 is then removed, and the GOI
MISFET device 300 is completed by following a conven-
tional metallization step o form a gate electrode 318 on the
gate oxide layer 316, a source electrods 320 on the o+ source
310 and a drain electrode on the o+ drain 312, as shown in
AG. 136G,

Referring once more to FIGS. 14 and 15, step 400
describes growing the first layer of AlAsz 302 oo the substrate
M1, Step 402 describes growing the n— Ge channel layer
M on the first AlAs layer 302, Step 404 describes growing
the second layer of AlAs 306 on the channel layer 34, Step
408 describes depositing a layer of photoresist on the second
Layer of AlAs 306, Step 410 describes exposing and devel-
oping the photoresist layer to form the channel mask 308.
Step 412 describes etching the first and second AlAs layers
02 and 306 and the channel layer 304, Step 414 describes
wet oxidizing the first and second AlAs layers 2 and 306
to become the passivaticn layer 314 and the gate oxide layer
316 respectively, Step 416 describes growing the source
region 30 and the drain region 312 Step 418 describes
remaving the channel mask 38, preferably with acetone,
Step 420 describes metallizing to form metal contacts for the
gate electrode 318, source electrode 320 and drain electrode
322

{her steps may be included in the fabrication process for
the GOL MISFET device 300 in order to control excess As
according to the methods discussed hercinabove with
respect to FIGS, 6A-6D. For cxample. the Al passiva-
tion layer 314 and gate oxide layer 316 may be hydrogenated
prior o metallization, step 422, by exposing the layers 314
and 316 to a hydrogen plasma as discussed hereinabove, The
inventors have shown that an Al,O, layer which is not the
surface layer in a stack of semiconductor layers may be
successlully hydrogenated with the hydrogen plasma pro-
cess, The dashed lines in FIGS, 14-15 indicate alternate
paths In the method steps to include control of the excess As
created in the Al,0, layers as a result of the oxidizalicn
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Alternatively, fellowing the second embodiment shown in
FIC, 6%, a first low temperature growth (K1) Gads layer
330 may be grown below the first AlAs layes 02, step 430,
pricr 1o the growth of the frst AlAs layer J0L. and a second
LTG Gass laver 332 may be grown o lop of the second
AlAs layer 306, step 32, prior to ferming the channel mask
308 on the uppermost layer. The TG Gas layers cach have
a thickness ranging from 10 nm 1o 100 nm. Afler the
oxidization and metallization steps, the resulting structur:
would be s shown in FICR 16, This strectuce is similar 10
that shown in FIG. 13G. but includes LTG GaAs layers 330
and 332 below the passivation layer 304 and above the gat
oxide layer 332 respectively, The LTG GaAs layers 33 and
332 attract excess As out of the passivation layer 314 and
gate oxide laver 316 respectively. removing As from the
vivinity of the channel region 3.

In accordance with the third embodiment as shown in
FIG. 6C, a first layer of a large gap (LC;) material 334, such
a5 AlGaAs or InCiaP may be grown on the structure 300, step
440, after growing the first AlAs layer 302, and a second L
layer 336 may be grown on the n— channel layer 304, step
442, prior to growing the second AlAs layer 306, The
subsequent etching step. step 444, would remove umaanted
portions of both the LG layers 334 and 336. The process
would then continue as discussed above, 1o produce the
structure shown in FIG, 17, which is similar to that of FIG.
13G. tal includes thin layers of LG material 334 and 336
berween the passivation layer 314 and the channel region
304, and the channel region 304 and the gate oxide lnyer 316
respectively. for blocking the migration of excess As into the
channel region 304,

In accordance with the first embodiment as shown in FIG,
64, o structure 300 is grown, preferably from o pe subssirate,
which uses a p— channel region 34, Since the structure 3P
employs a p—channel, n+ layers may be grown [or attracting
excess As out of the ALO, lavers, The process of fabricating
the structure MM shown in FIG. 18 is substantially the same
as provess a5 i5 used to fabricate structwre 300 shown in FIG,
13(;. excepl that p— material is used in the place of n—
material, and p+ material is used instead of the n+ material,
The method of fabricating the structure shown in FIGL 18 is
largely similar to the method described above in regard fo
FIGS. 14 and 15, for the following. A first layes of nd Ge 340
is grown, siep 450, below the fiest layer of AlAs ML A
second layer of n+ Ge 342 is grown, step 452, on the second
layer of AlAs 306, In step 414 where the source and drain
regions 310 and 312" are grown. the growth process is
terminated before the source 310 and drain 31T reach the
level of the second n+ Ge layer 342, This prevents the
second nd Ge laver from contacting the source 3107 and 3127
A transistor would be formed il contact were made belwesn
the n+ G layer 342 and the source 310" and drain 312
which would adversely affect the operation of the (0T
MISFET using the p— channel region 304

In summary, a method of forming an insulating layer on
a Ge layer has been described which enables the fabrication
of Ge-based Reld effect devices. Methods of forming the
laver have been described, along with device configurations
which are useful to remove excess arsenic [rom an oxide
layer and thus better control the electrical propertics of the
semiconducior deviee by reducing surface state densily.
Because of these methods, a Ge-based fizld effect transistor
can be [abricated, which includes a channel layer sand-
wiched between a passivation layer and a gate oxide layer
(GGOT MISFET). The reduction in the surface state density in
this deviee is advantageous for reducing the phase poisc.
Consequently, the GOI MISFET is well adapted for use as
a local oscillator in heterodyne receivers.
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The foregolng description of the prefemed embodiment of
the invention hns been presented for (e purposes of illus-
tration and description. It is not intended 1o be exhaustive or
to limit the invention bo the precise form disclosed. Many
modifications and variations are possible in light of the
above teaching. For example. the discussion has boen in
terms of a feld eect wansistor. but the invention 1= alio

wplicable to other semiconductor devices, such as diodes
and the like. The invention is also applicable to semicon-
ductor devices bnsed on other materials, including 1=V
compounds and Group IV semibconductors. 11 is intended that
the scope of the Invention be limited not by this detailed
description, bat rather by the cdaims appended hereto.

What is claimed is:

1. A germanium field effect semiconductor device, com-
Fising:

an aluminum oxide passivalion layer,

a germanium channel region deposited over the passiva-

teom layer,
a gate oxide lnyer, the gate oxide Inyer being a layer of
alumdnum oxlde, formed over the channel region; and

acontrolling layer in contact with the passivation layer for
controlling excess arsenic atoms in the passivation
layes.

2. The device of claim 1. wherein the controlling layer
comgEises an n-ype layer deposited below the passivation
layer.

A The device of claim 2. wherein the n-type layer is
formed from (he group comsisting of germanium. gallivm
arsenide. aluminum gallivm arsenide. Indium galliom
arsenide. and indinm phosphide,

d. The device of claim L. wherein the coptrolling layer
compeises a vacancy semiconductor layer deposited under
the firsl Layer of aluminem srsepide, the vacancy semicon-
ductor lsver having vacancies so as (0 attract the excest
arsenic from the passivation layer,

E. The device of claim 4, wherein the vacancy semdcon-
ductor layer comprises a low temperature growth layer of
gallium arsenide deposited below the passivation layer.

6. The device of claim 1. wherein the controlling layer
comprises a semiconductor barmer laver deposited between
the passivation layer and the channel region 30 as to prevent
the excess arsenic atoms from migrating into the channel
region.

7. The device of claim &, wherein the semicoaductor
barrier layer is formed from the group consisting of alumi-
num gallium arscnide, indium gallium phosphide. gallium
nitride, indium phosphide. and aluminum gallium indium

ide.

8. The device of claim 1, further comprising a controlling
layer in contact with the gale oxide layer for controlling
encess arsenic aloms in the gate oxide layer.

9. The device of cluim 8, wherein the controlling layer
comprises an n-lype layer deposited over the gate oxide

'«'}; The device of claim 9. wherein the n-type layer is
formed from the group consisting of germanium. gallium
arsepide, aluminum gallium arsenide. gallium nitride. and

11. The device of claim 8. wherein the controlling kayer
compises a vacancy semiconductor layer deposited over the
second layer of aluminum arsenide, the vacancy semicon-
ductor layer having vacancics $o A5 1o altract the exoess
arsenic from the gate oxide layer.

12 The device of claim 11. whereln (he vacancy semi-
conductor layer comprises a low temperature growth layer
of gallium arsenide deposited over the gate oxide layer
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13, The device of claim 8, wherein the controlling laver
comprises a semiconductor bamrier layer depositesd between
ihe channel reglon and the gate oxide layer so s (o prevent
the excest arsenic atoms from migraling into the charnel
region.

I4. The device of claim I3 wherein the semicenductor
barrier layer is formed from the group consisting of alumd-
num gallivm arsenide and indivm gallium phosphide.

15, The device of claim B, whereln the conlrolling layes
comprises an n-1ype layer deposited below the passivation
layer.

:rllﬁ. The device of claim 15, wherein the n-type layer is
formed from the group consisting of germanium. gallivm
arsenide. aluminum gallium artenide. indium gallivm
arsenide. and indium phesphide.

17. The device of claim 8. wherein the controlling layer
comprises a vacancy semiconductor layer deposited under
ihe first layer of aluminum arsenide, the vacancy Semboon-
ductor layer having vocnncies 30 a8 10 piract the excess
arsenie from the passivation layer.

I18. The device of claim 17, wherein the vocancy semd-
conductor layer compriscs a low temperature growth layer
of galliom arsenide deposited below the passivation layer

19. The device of claim 8. wherein the controlling layer
comprises a semiconductor barrier layer deposited between
the passivation laver and the chanmel region o a3 (o prevent
the excess arsenic atoms [rom migrating into the channel
Tegion,

20. The device of claim 19, wherein the semiconductor
barrier layer is formed from the group consisting of alumi-
num gallium arsenide. indium gallium phosphide. gallivm
nitride. indivm phosphide. and aluminum gallivm indivm
phosphide.

21. A germaniun field efect device. comprising:

a passivation laver of hydrogenated aluminum oxide;

n germanium channel region deposited over the passiva-

tion layer; and

source and drain reglons.,

11, The device of claim 21, further conyprising a gate
oxide layer of hydrogenated aluminum oxide formed over
the germanium chanpel region from a second alumdnenm
arsenide layer

23, A gormaniurmn fehd effect transision, comprising:

2 substrate;

o passivation layer of hydrogenated aluminum oxide

formed over the substrate;

a germanium chiannel region overlying the passivation

layer:

a gate omide laver of hydrogemated alumioum oxids

overlving the channel region:

source and drain regions in electrical contact with the

channel region; and

individual metallized electrical comtacts for each of the

gate oxide layer, Lhe source region and the drain region.

24, The transistor of claim 23, further comprising a first
n-type semiconductor Layer underlying the passivation layer
and a second n-type semiconductor layer overlying the gate
oxide layer.

25. The wansistor of claim 23, wherein the transistor
further comprises a first semiconductor vacancy liyer under-
lying the passivation layer and a second semiconductor
vacancy layer overlying the gate oxide layer.

26, The wansistor of claim 23, wherein the transistor
further comprises a first semiconducton barrier layer depos-
Ited between the passivation layer and the channel region
and a second semiconductor barmicr deposited between the
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chamnzl region and the gate oxile Inyer so as o preveit
excess arsenic atoms feom migrating into the channel region.
2T A permianium field elect ironsisior havieg & source
aend a ddrain. manulaciared by a nsethid comprising tee steps
ol
Forming o st lver of alwmisiom acse nide;
depositing & channel Iaver of crydalline geomanium over
the frst layer of alunsinun arseide: and
omidizimg the st layer of aluntinum arsendde to create a
passivation layer of alunsinum oxide,
28, A germanium field ellect transistor. manufactused by
a metho<d comprising the steps of:
deposiling a first Laver of crvstalline aluminum arsenide:
depositing a channel layer of coystalling geomanivim over
the first laver of aluminum arae e
depositing & secomd layer of crystalline alwminam ars-
enide over the channel layer of germaniom; and
oxidlizing the first and secoml layers of crystallioe alumi-
ey acsenide ke erente o passivation layer of nluminam
oxide and 0 gate oxide Inyer of aluminem oxide respec-
fively,
2 A geemanium feld eleel semicanducton deviee, ron.
prislng:
an aluminum oxide passivation laver;
a germuanium channel region deposited over the passiva-
tion layer,
A gate oxide layer. the gate oxide layer being a lnyer of
aluminum oxide, formed over the channel eepion; and

1
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acontrelling layer in contact with the gate exide layer for

commedling excess arsenic alonss in the gate axide Inver,

My The device of claim 29, wherein e contealling Layer
vangsises an n-lype lver depusited over (he gite axide
layer,

I The device of clabm My, wherein ihe n=type layer s
foamed feom the group consisting of germanium, gallium
arsendde. alumanimm gallivm arsenide. gallinm nitride. and
Lialduain ]ﬂlllhr‘]lit'ﬂ.

AL The device of claim 2%, wherein (he controlling layer
commprises a vacancy scmiconductor layer deposited over the
secomd Layer of aluminum acsenide. the vacaney semicon-
ductor layer having vacancies 50 as 1o altract the excess
arsende from the gale oxide layer.

33 The device of claim 32, whercin the vacancy seni-
comluglar layer comprises a low lemperpiure grovwth layer
of gallium arsenide deposiied over the pale axlde Loyer,

M, The deviee of cladm 29, wherein the controlling layer
cemnprises & semlconducion amier layer deposited between
tee clnnnel reglon and the gate oxide layer so as o preven
the excess nrsenie atoms from migeating inlo the channel
fe g,

5 The deviee of claim M. wheeein e semicondutor
barrier Inyer ds formed Trom the group consisting of alumi-
num gallivm arsenicde and indium gallivm phosphide.
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