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ENHANCEMENT-DEPLETTION LOGIC
BASED ON GE MOSFETS

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

This invention was made with Government support under
Cirant Mo, FA9G20-95- 10394, awarded by the 1TLE. Air
Force. The Government has cerfain rights in Uus invention.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is related o ULS, patent application Ser
Mo ORTSE240, filed Mov, 27, 1995, entitled "Ulua Low
Phase Moise Gass MOSFET:" by Umesh K. Mishra cf al.;
LS. patent application Ser. Mo, 08757875, filed Now. 27.
1996, entitled “Enhancement-Depletion Logic Based on
Gaas MOSFETE" by Umesh K. Mislhea et al., and L5
patent application Ser, No. 08/757.28 L. filed Nov, 27, 1996,
entitled "Ulira-Low Phase Noise Ge MOSFET:." by Umesh
B Mishra ef al,, all of which applications are incorporaled
by reference hercin.

BACKGROUND OF THE INVENTION

L. Field of the Invention

This invention relates in geperal to semiconduclor
devices, and in particular to germanium field efect transis-
tors and related devices.

2, Desaription of the Related Art

Silivon logic chips and logic families. for example
transistor-transistor logic (TTL) and complementary metal-
oxide-semiconductor (CHMO5), have dominated the digital
logic field of electronics for many years. Silicon is widely
favored as a base material for semiconductor logic devices
because of the ability to produce both semiconducting
material (zilicon) and insulating material (silicon oxide) wilh
good electrical and mechanical properties. This combination
of high guality semiconducting and insulating silicon-based
materials has allowed the widespread implementation of
planar growth and fabrication technologies which have
allovwed the production of large scale imegrated circuits.
Therefore, silicon-based logic familics include devices
which are easily [nbricated and are inexpensive 1o produce,
and have gained wide field acceptance in the clectronics
ficld. However, silicon-based devices are limited in specd
and frequency bandwidth due to a relatively low carmier
maobility. Materials having higher carrier mobilitics are
preferable (o silicon for many applications. and the imple-
mentation of such materials would resull in the production
of semiconductor devices which are faster and have a larger
bandwidih than those currently fabricated wsing silicon,

Several alterpative materials have been used Lo cocate rew
devices previously unavailable in silicon, One of these new
materials, gallivm 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 to silicon. for example because of a higher
carrier mobility and higher breakdown field. (Gads has
captured only a small fraction of the semiconductor device
market share. The use of Gads has been limited, in pan.
because it has not been possible to grow an insulating layer.
such as an oxide layer. on GaAs, where the insulating layer
has good electrical and mechanical properties, This has,
therefore. restricted the large scale integration of (GaAs using
planar fabrication technologies.
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Crermanium {Cre) having a lattice parameter close (o that
of GaAs, has largely fallen oot of use in semiconductos for
i similar reason. Le.. that no oxide layer can be grown on G
having pood electrical and mechanical properies, This is
particularly unfortunate since Ge has the best camier maolil-
ity characteristics of any semiconductor for implementing
complementary logic circuits, Complementary devices. for
example. pairs of field effect transistors (FETs) having
complementary channel types are common in silicon, and
silicon-based complementary  metal-oxide-semiconductor
(CMO5) devices have found widespread use. However. the
operation of complementary devices rely on the ransport of
hoth electrons and holes. The hole mobilily in & semicon-
ductor is typically substantially less than the electron mabil-
ity. In silicon (i), the electron mobility is 1350 emV sl
while the hole mobility 15 only 480 cm®V-'s™. Even in
Cjads. the electron mebility is 8800 em™ "< while the
hole mrobility is only 400 cm®V '™, Thes Gaas does not
provide an advantage over 50 for complementary devices,
since complermnentary devices are limited in spead by the
slower of the two carrier types, typically the holes, Ge, on
the other hard. has an clectron mebility of 3900 em™V '™,
while the hole mobility is 1900 cm®V~"'s™, thus allowing a
Ge-based complementary logic device to switch faster than
an cquivalent device basesd en either 5 or Gads, One of the
advantages in wsing a Ge-based logic circuit is that, since
complementary logic devices only dissipate power when
switching, a Cre-based logic circuil uses less power to
conduct a series of logic operations than other
semiconducior-based devices. For example. a Ge-based poi-
tatle computer would mun for around ten times longer on one
battery than does an equivalent Si-based portable computer.
However, feliable, high quality Ge metal-oxide-
semiconductor (WMOS) field effect transistors (FETs) have
not been widely available. forcing designers of digital cir-
cuits and devices 0 maintain the wse of silicon Tor logic
applicalions.

Fecently, a new technique has been developed (U5, Pat.
Mo, 5.262.360) for forming an oxide layer in a GaAs-based
heterostructure and superlattice devices. Since Gads and Ge
have approximately the same lattice parameter. the sime
technigue is also applicable to Ge devices, The technique
includes the deposition of a layer of AlAs where an oxide
layer is desired. heating the substrate to a lemperalure in
excess of 375° O, and expesing the AlAs layer 1o a mizturg
of M. gas and water vapor. At least partial oxidation of the
Alas layer takes place. producing one of more of the
following: AlOH),. AIOOH) or AL O, The motivation lor
fabricating the oxide layer in the GaAs-hased device was
primarily to obiain an insulating layer with a low refractive
index. which is advantageous for producing waveguide
layers in optical devices. such as laser diodes. The electrical
propertics of the oxide layers thus formed have nol been
examinad nor oplimized, and their suitability for wse as gale
oxide layers in logic devices untested. It is likely that the
oxide layers formed by the method disclosed in LS. Pat. No.
5.262 360 are not directly suitable for use in, for example, a
Ge-based FET, since the disclosed oxidation process docs
ned adidress the ability to control the electrical propertics of
the oxide layer. More particularly. the process docs not
control excess arsenic, wWhich may reside in the oxide layer
after the oxidation process. or which may migrate into the
underlying (iasAs layer

There is therefore a need to develop techniques of fabri-
cating insulating layers, such as oxide layers, on Cre-based
semiconductor devices, in order that high speed. wide band-
width semiconductor logic families beoome manufacturable.
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In addition, the insulating layers should have electrical and
mechanical properties commensurale with use in planar
fabrication technologies, such properties including high
retistivity and nominal interface effects with other acmicon-
ductor layers, The oxide layer should not affect the electrical
performance of any adjacest semiconducting layer. The
successiul implementation of an insulafing layer compatible
with Ge-based semiconductor devices will lead o the pro-
duction of [aster logic circuits which consume less power
than are currently avallable. In addition, it would be sdvan-
tageous for felecommunications devices, such as digital
cellalar telephones, 1o be able to provide both detection and
logic circuils which are based on the same semsconducton
material. Further, the low power dissipation of Ge-based
devices is particularly advastageous for compact handsets
which do not carry large power supplics.

SUMMARY OF THE INVENTION

To minimize (he limitstions in the prior an described
abowe, and to minimize other limdtations that will become
apparent upon reading and understanding the present
specification, the present invention discloses a method of
forming an oxide layer oo a laver of germanium, including
the steps of depositing a layer of aluminum arsenids on a
layer of germanium, of exposing the layer of alaminum
arsenide to an oxldizing gas mixture 5o that the aluminum
arsenide is oxidized to alumdpum oxide, ad of controlling
excess arsenic released in the aluminum oxide in the expos.
ing step. 80 a8 10 cnsure ephanced elecirlenl properties of the
alumdnum oxide and to prevent deleierious efects on adja-
cenl semiconducling layers.

An object of the invention is (o provide an insulating gate
laver for & gesmanium field effect transistor by forming an
oxide layer on germanium and controlling excess arsenic so
a5 o maintain high resistivity inthe oxide lyver and to avodd
the formation «f interface swface stotes which degrade
transistor peeformance,

Ancther object of the invention is 1o provide a comple-
mentary metal-insulator-semiconductor Iogic device based
on germanium feld effect devices.

BRIEF DESCRIFTION OF THE DRAWINGS

Refeming now 1o the drawings in which like reference
pumbers represenl comesponding pards throughout:

FIGES, DAa=10 llustrate the oxidsion of an AdAs bayer
accopding 1o the present invention;

FIGS. 28-21 illustrate various fabrication stages of a Ge
FET:

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

FIGS. 6A-6D illustrate four embodiments of a Ge-based
device adapled to control excess As;

FIG. 7 illustrates the structure of o MISFET [abnicated in
pcoordance with the present invenslion;

FIG. 8 illustrates the structure of a conventionsl MES-
FET:

FI35. 9 and 10 illustrate I-V characteristics for a MISFET
having a high density of interface stales;

FI5. 11 illustrates I-V characienstics for a MISFET
having a low density of interface states prior to hydrogena-
tion of the oxide layer;

FI: 12 Musiestes IV characteristics for a MISFET
having a low density of interface gates after hydrogenation
of the oxide layer;

FIGS. 13A-13 illustrate various fabrication stages of a
(e OIS device;
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FIGS. 14 and 15 illustrate vagious method steps for
labeicating a Ge CMIS device:

FIG. 16 illustrates a Ce CMIS device according to the
second embdiment for controlling excess As and

FIG. 1T illustrates a Ge CMIS device according to the
third embodiment for controlling eXcets A

DETAILED DESCRIFTION OF Tk
FREFERRED EMBODIMENTS

In the following description of the preferred embodiment.
reference is made (o the accompanying drawings which
form a part hereof, and in which is shown by way o
lusiration a specific embodiment in which the invention
may be practiced. It i% to be undarstood that other ersbodi-
ments may be utilized and structural changes may be made
withowt departing from the scope of the present invention,

Formation of Oxide Layer

The process of the formation of an oxide layer on top of
a layer of germanium (Cre) is ilustrated jn FIGS. 1A and 1B,
A substrate 20 is used as a base. The substrate 20 is typacally
of Ge. but may also be of other materials. A layer of Ge 21
is formed on a suface of the subsrate 20, A laver of
alumimum arsenide (AlLAs) 24 is then formed on The Cee layer
22, FIGi. LA, peeferably using an epitaxial miethod growih
process such as molecular beam cpitaxy (MBE) or metal-
organic chemical vapor deposition (MOCYD) AlAs s
selected as the materlal for the second laver 24 because AlAs
is laftice-maiched 1o Ge amnd alo because AlAs may be
converied into an insulating layer in a subseguent step. Sinoc
the AlAcs material is 1o be oxidized at a later stage, it may be
referred to &5 an oxidizable layer. Other aluminum-bassd
M-V semicoaductor materizls having a dilfferent amicn
(Group ¥ alom) may be wsed in the oxidizable layer instead
of AlAs, for example aluminum phosphide (A7) or abumi-
num antimonide (AlSh), These other malerials are alio
oxldizable to form Ads(),.

The lavered struclure including the AlAs layer 24 s
heated to a temperature in excess of 375° C, and eapossd to
a mimtwre of nitrogen (M.} gas and water vapor (H.O) as
disclosed in U5 Pat. No. 5262 360, The gasfvapor mixture
is formed by bubbling N, gas through waler al a lemperature
close to boiling. for example 95% C. The AlAs layer is
oxldized sccording (o ihe reaction:

TALASS 1H 00—+ A1, 0 4 2AaH,

The oxygen in the water molecules of the vapor displaces the
arsenic im the AlAs, converting the AlAs layer to an alumi-
num oxide layer (AlyDy) 26, as is shown in FIG, 1B. As i
released from Al in the oxidizable layer and combines with
hydrogen 1o form arsine (Aslly) as a byproduct of the
oxidation prooess, The arsine is transported away from the
surface by unreacted water vapor and the N, carrier gas, This
oxidation process s termed “wet onidation.”

Two distinct processes are important in oxidation of an
Al-bearing [I-V layer. First. oxygen replaces the anion
(group ¥V element), to oxidize the cation (group I metal ).
For example. in the case of oxidizing a layer of aluminum
arsenide {ALAs), Al is oxidized to become AlyO,, Therefore,
the exidizing gas should contain oxygen which is available
for oxidizing the metal. Second. the group ¥V cation. As, s
removed from the oxlde layer. In wet oxidization, the As ks
reduced by the addition of hydrogen to form AsH, gas,
which escapes [rom the oxide layer. The amount of hydro-
gen available for binding with As is limited 1o that amount
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of hydrogen released by oxygen from the water vapor, In
addition. some of the hydrogen may be bound up in the
production of ANOH ), or AIO(OH). It has been found ifint
the amount of hydrogen released from the waler vapor s
insufficient 1o bind with all the As released in oxidation,
resulting in significant excess As within the oxide layer after
onidization. The excess As. (he interstitial As left withan the
layer at a result of oxidation, including exposure 1o water
vapor. has a deleterious effect on the underlying Cee layer 22
due to the formation of surface states at the imterface
between the onide and the Ge layer 22, The surface As siates
produce a mid-level (EL-2) impurity in the Ge layer 22,

The process of oxidation peed not be restricted Lo expos-
ing the oxidizable layer 1o a mixture of Ny and 1,0, but may
also be carried out by using olher gas mixtures. For example,
oxygen may be provided for the oxidation step by oxygen-
bearing molecules {oxidants) other than water. such as
oxygen. ozone, carbon dioxide, carbon mononide. nitrous
oxide. Likewise, hydrogen may be provided for reducing the
interstitial As to arsine by hydrogen-bearing molecules
ireducing agents) other than water, such as hydrogen.
deuterium, arsine, phosphine, ammonia, antimony hydride.
and diethylarsine hydride. These alternative reducing agents
may be cracked 1o produce free hydrogen which migrates
through the oxide layer and combines with the As Lo
neutralize the As. The aliernative oxidants and reducing
agents may be provided 1o the AlAs layer cither in addition
to water of in place of waler.

Caseous AsH, is included in the list of reduction agents.
When the temperature of the semiconductor is sulficiently
low (for example. 500° C.) the hydrogen from the cracked
AsH, is able to migrate into the 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 into
the oxide layer below 5007 C. along with the hydrogen. Thus
AsH, may be uied as & source of hydrogen for removing
excess As from the oxide layer

An advantage in providing an alternative gas mixiure
which includes additional hydrogen is that the relative
concentrations of oxygen and hydrogen may be altered in
order 1o optimize the processes of arsenic replaccment atil
of arsenic removal independently of each other.

The AlAs laver 24 is well lattice-matched to the amder-
lying Gie layer 22. However, after oxidation. the AlO, layer
26 has a volume which is around one half of the volume of
the original AlAs layer 24, and so the ALO, is not well
lattice-matched 10 the Ge layer 22, which leads lo siress
within the semiconducior structure. However, known méth-
ods are available for overcoming the probdems of induced
crystal stress, including the use of ductile materials for
relieving the stress, and reduction of the thickness of the
Aly0, layer 24, which produces less stress oa the underlying
Cre layer 21

It has been found that the oxidizing process is most
favorably camried out by oxidizing through an edge of the
AlAs layer. rather than through a planar surface. advania-
geously allowing efficient oxidation of a stack of AlAs layers
1o be carried out. The inventors have shown that the oxida-
tion process is more effective for AlAs layers which are thin.
preferably having a thickness. dimension t as shown in FIG.
1A. of less than 10,000 A and more preferably of less than
1000 A. The inventors have also shown that the oxidation
process is more effective for layers having a widih. shown
as w in FIG. 1A, which preferably is less than 100 pm and
which is more preferably less than 1 pm. The width w
comesponds to the separation between the source and drain
regions in an FET. otherwisc known as the gate width.
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FIGS. 2A-2) illustrate sequential fabrication stages for a
Ge-based metal-insulstor-semiconductor FET (MISFET).
based on the production of an oxlde layer according o the
process illustrated in FIG. 1. The Ge MISFET displays logic
characieristics similar 1o logic characteristics of a silicon-
based metal-oxide-silicon ficld effect transistor (MOSFET).
Related FIGS. 3-8 illustrate the sequence of procedure siepe
required to produce the device illustrated in FIG. 2. Without
limiting the isvention. the fabrication of the various regions
in the following MISFET device is described for 2 doping
process using ion implantation, It s understood that doping
varigus regions of the MISFET device. for example the
wells and the channels, may also be carried out using other
known fabeication processes such ns jon diffusion. In
addition. layers which are grown. such as the AlAs layer in
the following deseriplion. may be grown using onc of a
number of growih methods, including molecular beam cpi-
taxy (MBE), metal-organic chemical vapor deposition
{MOCYD). and liquid phase epitaxy (LI"E).

During the course of fabrication. masks are formed o the
top surface of the structure to shield certain portions of the
semiconductor from e.g. the diffusion process or the growth
process. The masks are fabricated using photolithography.
The process of photolithography cntails the deposition of 2
layer of photosensitive material on the top surisce of the
semiconductor structure, Certain portions of the pholosen-
sitive layer are covered by a pholonsk and the photomask
is exposed to light. forming a latent image of the photomask
in the photosensitive layer, The photosensitive layer s
chemically developed. After developing. those portions of
the photosensitive material which were exposed to the light
are removed. typically by washing with water. Those por-
tions of the photosensitive malerial which were shiclded
from exposurs by the photomask remain on top of the
cemiconductor structure, and act a8 3 mask for the subss-
quent processing step. The mask is typically removed after
use by washing with acctone. A funther deseription of the
photelithography process may be found in most standard
semiconductor textbooks, for instance “Device Elecuonics
for Integrated Circuits™ by R. 5. Muller and T. L Kamins,
John Wiley. Mew York, 1977,

An o+ buffer layer 42 is grown on a substrate 40,
preferably an m+ Ge substrate. 1o produce the struciure
shown in FIG. 2A. The buffer layer 42 is preferably a layer
of Ge having a thickmess of approximately 2000 A a
channel layer of n= Ge 44 is grown on the buffer laver 42.
The channel layer 44 is preferably doped to a concentralion
of appeoxinmately 107 emi™, and preferably has a thickness
of approximately 1000 A, A layer of AlAs 46, preferably
having & thickness of approximately 500 A. is grown on the
channel layer 44. A silicon nitride (Si;N,) layer is then
grown on top of the AlAs layer db. A dummy galc 48 of
Si,N, is formed on the AlAs layer 46 using a conventional
photolithographic process 1o have a width typically ranging
from 1 pm to 0.5 pm. The dummy gate 48 is then preferably
reduced in width to approximately 0.2 pm by an cich
process, such as plasma elch, reactive fon etch. (RIE) or the
like, resulting in a gate width that is parrower than the
resolution of the photolithographic process.

The AlAs layer 46 is ciched to remove the ALAs material
lying outside the gate region, leaving only a gale pottion 50
of AlAs, which is covered by the dummy gate 48, as shown
in FIG. 2B. The gate portion S0 s then wet onidized by
exposing the AlAs of the gate portion 50 to water vapor, thus
converting the AlAs gate portion 50 10 an Al D, gate oxide
layer 52. as shown in FIG. 20

Next. two 5i,N, sidewalls 54 and 56 are formed on the
gale oxide layer 52 and dummy gate 48. as shown in FIG.
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20, The sidewalls defins the self-aligned spacing Bebwesn
the gate and the sourcefdrain of the resulting FET. A source
region 88 and a drain region &0 are formed, as shown in PIG.
i, The source and drain regions 58 and 60 are Tocmed by
an fom dmplantation procedore, but may also be Tommed by
piii eliffuslon, The ilckness of the sidewalls 54 aml 56
determine the spacing of the seurce and drain regions 58 and
60 from the gate oxlde layer 52, The dummy gale 48 aml
gate oxide Inyer 52 shicld a portion of the channel layer 44
from ien implantation, e shiclded portion of the channel
layer 44 forming a channel region 62.

After the ien implantation step, the sidewalls 54 and 56
are removed wsing BIE or other etching process, as shown
in FIG, 2I The etching process is controlled so a5 o avedd
remaoving the demniy gate 48, Next, a planarization process,
using PMOGL 15 camried out, to produce the structure shown
im FIG, 205, where a source plane dd and a drain plane 6 are
deposited above the source and deadn regions 58 and 60
respectively, Once the source and denin planes &3 and 66 are
in place, the duommy gate 44 is renvoved vsing ydrofleoric
acld (HF), as shown in FIG. 211

A omielal contact 68 B formied on the gate oxide layer 52,
Withaus Hmiting (the dnvention, it is preferabde o redoee e
fput impedance, that is the input resistance and capacitance,
i the MISETET §s 10 be employed as a high lrequency pawer
amplifier, A low finpul impedance may be achicved using a
T-shaped metal contacl Tlhus, a T-shaped comact is Tomed
using the source and drain planes 58 and 60 For forming the
hend portion of the T-shape. The source and drain planes 64
aml 66 are then etched off, resulting in the structure shown
in FIG. 21. Lastly, a metal source contact 70 and o metal
drain contact T2 are deposited on the source and drain
regions 58 and 80 respectively. Alternatively, a conventional
planar medal contact may be deposited on the gate oxide
layer 5.2

Referring once more (o FIGS, 3-5, the seps for manu-
factucing the Ge MISFET are now described, with reference
fir the device fabeication stages shown in FFIG, 2, Step 100
deseribes depositing & buffer laver 42 and a subsequent
channel baver 44 on o subsicate, Siep IRE describes growing
ne ALAS Layer 46 on the chamnel Inyer 44, Step 104 deserib s
depositing o 51,8, laver on the AlAs Tayer 46, and Torming
i dummy gate 48 from the SiN, layer using photolitha-
graphic techniques, Step 106 describes reducing the width of
the dununy gate 106 using an eiching procedure 1o 8 width
below the reselution of Use photolithageaphic process. Step
108 describes etching the AlAs layer 46, to leave a gale
portion S0 ol AlAs Iying Below te dummy gate 48, Step 110
describes wel oxilizing the gate poriion 50 of AlAs to
produce an Al.Oy gale oxide layer 52, Step 112 describes
forming Si,M, sidewalls 54 and 56 on the sides of the
dumimy pate 48 and the gote oxide layer 52 Step 114
deseribes forming self-aligned source and drain regions 58
amd &0 1y jon implantation and activation by rapid thermal
annealing or Torpace anncaling. The source and deain for-
mation deseribed in step 104 also resulis In the formation of
the chanpel region 62 Iving belween the source and drain
regions 58 and 60, Step 116 describes removing e side-
wills 54 and 56, Step 18 describes planarizing o form
wource and drain planes &4 and 66 Step 120 describes
removing the dummy gate 48 using o hydrofluoric acid eteh,
Stepr 121 descrites hydrogenizing the oxide lnver 52 and the
inferface betwesn the gate oxide layer 52 and the channel
region 62 do remove excess As, Stepy 122 deseribes Torming
a T-shaped metal contact 68 on the gate oxide layer 52, using
the souree and drain planes &4 amd 66 to form the head of the
“T™. Step 124 describes removing e source and drain
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planes 64 and 66, Step 126 desoribes depositing metal
contaets 70 and 72 on the source S8 and drain 60 respec-
lively o complate e device,

Control of Exoess Arsenic

The oxidation process deseribed hesinalssve oy sl
pesiill in the removal of all Bie arsenie Trons the AlAs Daver,
Arsenic may be substantially replaced by osygen 1o larn
AUl However, some arsenic alems may wol forne Ask,
and thenee be removed as a goseous byproduct, at may
renin in the oxide layer The preseoce of exvess As in the
oxide laver consequently resulls in a cedection in the resis
tivity of tee oxide lover by providing a conduction path for
careiers through the oxide layer In addition, the migration of
cxeess As from the oxide Iaver fo e Do layer resulis in the
preduction of a high density of surlace states, and may
pro<luce impurities in the underlying Ge layer, The surface
states produce mid-gap (EL-Z) type impurity levels which
allect the electrical peeformance of the device, such as ihe
IV charaeteristios,

Tddeally in a FET device, there is no voltage deop across the
pale onide laver, and the full applicd voltage is availalsle for
prosbuciog the elecirie Beld in dhe channel, The oeenrremee of
a voltage drop neross the exide layer. a8 may oceur due 1o
a reduced oxide layer resistivity or an increased inlerfave
state densily, increases the voltage which must be applisd to
the gate b order b achieve a ceriain chiannel feld and resules
in increased heating and g reduced deviee efliciency.
Sabditionally, anm dncreascd density of surface states, amld
conconttant EL-2 levels, has a deloterions ellect on e FET
chaniel 1:1_'.-'1:!'.

It is. therefore, advanlaggous 1o reduce the interface slale
density. and also 1o avoid reducing the resistivity of the gate
oxide layer, by removing excess As from the oxide layver.
Lixeess As removal may be achicved as discussed herein-
ahove by using allermative oxidalion gas mixiures having
variable hydrogen propetions, o nay be achieved wsing
speciiic semiconduetor deviee Sinectares.

FIGS, =01 illustrate Towr embodiments of the nven-
thon for comtrelling e cacess arsenie i the oxide Tayer, by
cither physdeally removing the exeess arsenic from i
active layer or by rendering the excess arsenie neatral.

FIG, 6 illustrates a fist cmbodinent of o device stie-
ture for removing cxcess As from the oxide layer, prios 1o
onidation, The first eribodiment makes use of the fact that
excess As may elfectively be movesd under the influcnce of
an electrie Neld, as has been demonsteated by Che mventons,
The first embodiment includes a 200 A thick n+ Ge layer
200 deposited over an original 500 A AlAs layer 202 which
is later oxidized to become an Al,Ch layer 202 (not shown).
The AlAs laver 202, in turn is deposited on top of 8 p-Ge
layer 204, preferably doped 1o a level of approximately
00" e, The p— Ge layer 204 nuay, Cor exanple, bea
channel in & FEL The p-Ge channel layer 204 and the o+ Cie
layer 200 form & pen junction, The p-Gie channel layer 204
is deposited on o peb bueler layer 198, which in tern is
deposited on o pt substrate 190, Since As is an clectron
algno, the As aloms in e oxide layer 202" have pel posilive
charge and migeate wwords the ot Ge layer 20b in the
dbipeetion shown by the amows, under the influence of the
intrinsie elecirie Teld of e degletion region of e pen
junction. It is understood that the n+ layer in this cmbodi-
ment is nod festricted to being formed from Ge, bul may also
e formed from other semicomdsctor materials including,
bist ot Being limited 1o, gallium arsenide, alupnm gallivm
arsenide (AdGass) inskivm gallivm phesphids (InCial'), gal-
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lum nitride., sluminum gallium pitride, and indivm phos-
phide, Note thal this embodinent is uselul where the Cie
layer 204 underlying Uve AlAs Loyer 202 is alaped o be
petype. This embodiment s not uselul where fhe Cie layer
204 is p-type, sinee the electric Beld of a pon junction having
an netype G layer 204 would result in delving Llie exress Al
it the Ge layer 204, raiher i awny Trom tee Cie layer
204,

A secend embodiment of the invention Tor reducing
excess As be illustrated [n FIG, 613, including a low tem-
perature grown (LTC) gallium arsenide {Gafs) layer 206 on
top of the AlAs layer 202, The AlAs layer 202 is deposited
on a layer of n-CGie 208 which. in turn, is deposiled an an nd
buffer layer 194, The o+ bulfer layer bas been deposited on
an n4 substrate 192, LT GaAs is known o have a lage
number of Ga vacancies. 18 is energetically more favorable
for As to ocoupy a Ga vacancy than 1o remain free as an
interstitial. Therefore, after the AlAs Iayer 202 has been
onidized, the excess As migrates (nto the LTG GaAs layer
204, in the direction shown by the arrows, Lo oceipy the Ga
voenncies, This second embodiment i2 nod restricted o using
an LTG Cans Layer, Other materials may be used 1o form a
Inyer having vacancies into which the excess As is altracted.

A third embodiment of the inventien for reducing excess
At is lnsested in F1G. 6C, which has a Ge layer 2407
deposiied above the AlAs lnyer 202, and a LU0 A layer of a
wide gap material 209, such as AlCinAs or InGal®, positioncd
hetween the n-Cie layer 210, and the AlAs layer 202 1t has
been found by the inventors that wide gap materials such as
AlGaAs and InGaP serve as effective barriers againsl As
migration and. therefore, prevent the migration of exCess As
o the upper interface of the n-e layer 210.

A fourth embodiment of the invention for reducing excess
Adg 15 shown in TIG. 6D, A layer of AlAs 202 is deposited on
directly on top of an n-Ge layer 210 After the AlAs layer
202 has besn wel oxidized to produce the oxide layer 202
the oxide layer 202" is then hydrogenated, Hydrogenation is
preferably camied out by exposing the oxide layer or.
contining excess As, 10 o plasmn containing hydrogen fons
212, The hydrogenation process also hydiogenales e inter-
face 214 between the oxide layer 202 and the Ge lnyer 210,
‘The plosma 212 renweves the excess araeide foms feone e
edde layer 202 and the imerface 214 by providing excess
hydrogen in the oxide layer 2027 which combiites with the
excess As o form arsine gas, Astl,. The arsine gas then
migrates ol of the oxide layer 200" and is removed, The
hydrogen jons in the plasma 212 ase prel epally acceleralzd
to an encrgy of 200 electron volts (eV) priog b impacting the
axide layer 202, and the exide layer is preferably eapased
1o the plasma for a duration of approximately L5 mins. I
addition to vertical hydrogenation. as shown in FIG. 60
where the hydrogen plasma is sormally incident on e
surface of the ALO, exide layer. the plasma hydrogenation
may also take place through the edge of the oxide layer, in
a direction perpendicular 1o the surface of the AlO, layer.
The interface state density is related (o the concentration of
excess nrsenic, By removing excess arsenic in the hydroge-
nation process, the interfoce stale density is reduced,

Successiully lowering the concentration of excess As In
he oxide layer 202' results In improved device prapsertios,
such as 1V characteristies, a high electric fleld in the
channel and efficient operation of a FET construsted using
an AL, layer formed on a Ge layer.

Experimental Resulls

Experimental studics have been carried cut on a
depletion-mode Gaas MISFET 248, whose structure is
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chown in FIG, 7. The MISFET 248 includes n substrate 250,
o top of which és deposited a Bsiiffer Inver 252, On the bulfer
layer 2582 is a channel region 254 focmed from o Ciifs. O
the channel region 254 is a layer of AlO, 256, formed on
the n-GiAs layer 284 using the wel oxidition process
deseriied hereinatsove, The oxidation process took place al
n temperalure of 507 O i an atinospliere of My and 110
vager. The MISFIET 24K includes i+ Gads souree anil elrain
regions 288 and 260, and has searce and drain Cass caps
262 and 264 over the oxide layer 256 proximate the source
and drain regions respectively. The gate electrode 2t il
coree and drain clectrodes 268 and 270 ape formicd from
deposited wngsten (WL The oxide lover 256 was hydroge:
nated to produce an interface state density of less than 10"
cm? at the interface between the oxide layer 256 and the
n-GinAs layer 254, Pinch-off of the MISFET 248 requires
that the Termi level move froely through the gap,

In FIG, 8 §s shown a known metal-semiconductor FET
(MESFET) device 280 [or comparison with the MISEET
248 of FIG, 7. The MESFETD 280 has a substrale 242, upon
which are successively deposited a buller layer 284 and an
n-CinAs channel layer 286, A gate electrode 288 is deposited
directly on the n-CGaAs channel lnyer 286, and v Ciafs
sotrce and drain regions 290 and 292 are disposed on
opposing sides of the gale 288, The device s congEleted with
source and deain Gans caps 294 and 2%6 deposiled on the
n-CiaAs channel layer 286, In the MESFET ZH. the density
of interface states at the inlerface belween the n-Ciats
channel layer 286 and e gate elecieode 28R is greater than
10" eon?, more than a foctor of ten higher Dan for the
hydrogenated MISTTIT 248,

In FIG. ® is shown the I-V characteristic for a MISFET
248 for a range of femperatures, 1207 Co 1o 3607 . and
under biasing conditions of =10 ¥ 1o +4 V. In FIG. 10 &
shown an expanded view of (he I-V characleristic shown in
FIG, @ for the portion of the bins voltage ranging from 0V
1o 1.5 W, for a gero gate bins voltage. The MISFET used to
prodduce the results 1-Y characteristic lustrated in FICis. 9
and 10 had an oxide layer which lad pot been treated [or
controlling excoss arsenic, aml so the MISFET had a high
intesfnee stale density. The high interface siate density is
reflecied in the incomplete pinch-ofl of the device (lhe
faflure to demonsteote zero curreni snder zero bias
conditions) amd the large lystercsis in the gale-diode break
down under reverse bas conditions. Both the pinch-off and
hysteresis characteristics are lusirated in FIG. 9. An binali-
cation of the nature of the interface states Is oltained via the
forward charactesistics shown in FIG. 10, where the carnier
transpoet is probably duse to termicnic cmission. The barrier
height is calculated to be (.72 eV from the resulls shown in
FICT. 10, which barrier height is nearly identical to the barrier
height of W direetly deposited on Gads, This suggests Hhal
the Fermi level is pinned at the oxide/GaAs interfacs by the
came defect as at e free GaAs surface. in odher words by
(e Asg, ani-site. Furthermore, the high resistance in the
forwird diode characteristic suggesis that the oxide layer
does nol act as a tunned barder, bol pather s n highly
resistive ohmie path o the gate diode. The high comductivity
of the oxide layer may be caused by snreacted As Tesrmming
i sernl-metallic path in the oxide,

The 1-% characteristies of & second MISIET, having o
lower interface stale density than the device used Lo produce
the resulis of FIGS. % and 10, are prescoted in PIG. 11 This
Figure shows drain curret, L in milliamperes. jrlesdted
against the vollage across the source and drain, ¥, in Volls,
for a number of values of gate-source veltage. V.. ranging
from 3 ¥ to =9 ¥ showing I versus ¥V, at zero gate bias. Il



5.798.555

11

is seen that the MISFET successfully pinches off at zero
bias, unlike the device whose characteristics are shown in
FIG, 9, However, ¢, compression. a reduction in d1 6V,
is observed near zero gate bias in FIG. 1L indicaling the
presence of interface states at the comresponding Fermi-level
poasition.

FIG. 12 illustrates the -V characteristic for the same
device whose -V characteristic s shown in FIG. 11, bt
where I-V characteristic was measured afler the oxids layer
had been subjected to room temperatuse hydrogenation. The
room temperature hydrogenation step was camied out by
exposing the oxide layer for a duration of 30 minutes to
hydrogen ions accelerated to an encegy of 500 V. The
inventors have previously shown that this type of hydroge-
nation treatment is effective at removing As from a Gads
surface in the focm of volatile AsH,. The value of g,
(LAY 0 for this deviee is higher than for the device whose
characteristic is shown in FIG, 11, In addition, the gate diode
charncteristic shows a weak temperature dependence. which
is indicative of tunneling transport and not of thermionic
CTLLSS1E,

These results of these experiments illustrate that, with
controlled oxidation and subsequent treatmeent to reduce
exncess residual Az, an ALLO, layer suitable for use as a gals
insulator for a FET ¢an be obtaingd

CMOE Logic Devices

The formation of an Al.0, gate oxide layver on Ge FET
structures may also be implemented in complenentary
mectal-insulator-semiconductor (CMIS) circuits, which are
analogous de silicon-based complementary  metal-oxide-
semiconductor (CMOS) circuils, As with CMOS circuits,
CMIS circuits having negligible standby power consump-
tign can be built for logic operations using paired n-channel
and p-channel MISFETS (hereinafier referred do oas
n-MISFED: and p-MISFETS respectively),

FIGS, 13A-131 illustrates various fabrication stages of a
Ge CMIS device. such as an inverlor, having a single
n-channel MISFET and a single p-channel MISFET [alii-
cated on a commoen substrate. FIGS, 14=15 illustrate the
various [abrication steps associated with fabricating the
device shown in FIG, 13, Withouwt lmiting the invention. the
fabrication of the various regions in the following CMIS
device is described for a fabrication process using ion
diffision, It is understood that the fabrication of various
regions of the CMIS device, for example the wells and the
chapnels. may alse be carmied out using other known fabri-
calion processes such as fon implantation. In additien. the
growdh of layers. such as the AlAs layer, may take place
through the wse of one of a pumber of known growih
mcthods, including MBE. MOCVIX, and liquid phase epit-
axy. The various masks wsed for cach fabrication stage are
typically formed using a conventional photolithographic
process,

In FIG. 13A s shown a semiconductor structure 298
which includes a substrate 30, preferably an intrinsic Ge
substrate. on which is formed a pemask 302, The p-mask M2
is advantageously Tormed from a photosensitive layver in
which a p= mask pattern has been exposed and developed (o
leave an exposed area of substrate 3000 A p- region M is
formed through diffusion of an acceplor specics into the
substrate. The p— mask 302 is then removed, and the process
repeated o prodiece an n- region. An n— mask 306 is forme:d
on the substrate, 10 expose a region in the substrate, adjacent
the p— region 30, inte which an n- region M8 is diffused
using a donor species, The resulting structure 298 is shown
in FIG, 138, The n— mask 304 is then remaoved,
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An n-channel mask 310 is formed over the substrate 300,
o expose a region in the device into which a shallow n—
channel 312 5 diffused The n— channel 312 substantially
overlaps the p— region 304 as shown in FIG. 130 The n-
channel mask is then removed. and a p— channel mask 314
formed, The p— channel nask 3d exposes an area of the
device imto which a shallow p- channel 316 is diffused. The
p— channel 316 substantially overlaps the n— region 308 as
shown in FIG. 13D, The p— channel mask 314 is then
removad.

An n-MISFED source and drain (5D) mask 318, is pho-
tolithographically formed on top of the semiceniduciorn siruc-
ture 208, The o-MISFET 51 mask 318 exposes those arcas
where the source 320 and drain 322 for the n-channel
MISFET are to be formed. Two ok regions are formed by
diffusion to produce the source 320 and drain 322, as shown
in F1G, 136 Afier the n-MISFET S0 mazk 318 has been
removed, a p-MISFET 50 mask 324 is Tormed photolitho-
graphically. The p-MISFET 3D mask 324 exposes thosc
areas where the source 326 and drain 328 of the p-MISFET
are 1o be formeed. Two pd regions are formed by difTusion 1o
produce the source 326 and drain 328 for the p-MISFET as
shown in FIG. 13F The p-MISFET 5D mask 326 is then
fefoved.

A layer of AlAs 330 is then grown on top of the strueture
298, and a gate oxide mask 332 is formed on top of the AlAs
Layer 330, The gate oxide mask 332 exposcs those portions
of the AlAs layer where it is desired 1o form a gate oxide
layer, preferably above the channel regions 312 and 316 as
shovorn in FIC 1305, The AlAs layer is ctehed. and the gate
oxide mask 332 remmoved. The remaining portions of AL
are subjected o a wet oxidation, and are converted to Al,O,
pate cocide layers 33 and 336, FIG. 1311 Following Tor-
mition of the gate oxide layers 33 and 336, the CMIS
device is completed by following a conventional metalliza-
tiom step o form gate electrodes 336 and 340 on gates 334
and 336 respectively, source clectrodes 32 and 34 on
sorces 320 and 326 respectively, and deain clectrodes 346
and 348 on drains 322 and 328 respectively. as shown i
FI(:. 131

Relerring once more to FIGR. 14 and 15, step 400
describes forming a p- mask 302 on a substrate 300,
preferably an intrinsic Gre substrate. The pomask 302 is
advantageously formed from a photosensitive layer in which
a p— mask pattern has been exposed and developed o leave
an exposed area of substrate 3 for forming a p- region
304, Step 402 describes forming a p- region 304 by diffu-
sion of an acceplor species into the substrate M0, Siep 404
deseribes the removal of the p= mask MZI Step 400
deseribes forming an n— mask 306 for producing an n- well.
Step 408 describes forming an o= region M8 by diffusion of
a donor species into the substrate 300, Step 410 describes
removing the o— mask 3046,

Step 412 deseribes forming an a-channcl mask 31 over
the substrate 300, to expose aregion in the deviee intowhich
a shallow n— channel 312 05 o be diffused. Sep 414
describes forming the n— channel 312 in the p= region 34
by diffusion. The n— channel 312 thus formed substantially
overlaps the p— well 304, Step 416 describes remaoving the
n— channel mask 310, Step 418 describes [orming & p-
channel mask 314, which exposes an aren of the deviee 298
into which a shallow p— channel 316 p— channel s to be
diffused. Step 420 describes forming the p-channel by
diffusion. The p— channel 316 substantially overlaps the n—
region 308, Step 422 describes removing the p- channcl
sk 314

Step 424 describes photolithographically forming a
n-MISFET 5D mask 318 on top of the semiconductor
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structure 298, The n-MISFET 5D mask 318 exposes those
ares where the source 320 aml deaiin 322 for the n-chaniel
WMISFET are to be formed. Step 426 deseribes forming meo
0+ rejgiens by diffusion 1o produce te source 320 and dadn
A22, Siep 428 deseribes removing the p-MISIET 51 mask
MEB. Siep 430 deseribes photolithographically forming a
pMISFET S0 mask 324, The p-MISFET S0 mask 324
expioses hode areas where the source 326 and drain 328 o
the p-MISFIET are to be formed. Step 432 deseribes forming
two b reglons by diffusion (o produce the source 326 and
drain 328 for the p-MISPFET. Step 48 describes removing
the p-MISFET 5D minsk 326,

Step 438 describes growing the loyer of AlAs 330 on the
dructure 208, Step 442 describes forming a gate oxide mask
332 on top of the AlAs layer 330, The gate oxide mask 332
exposes those portions of the AlAs layer 330 where it is
desired to form o gote oxide layer. preferably above ihe
channal regions 312 and 316, Step 444 describes ciching the
Al laver 330 is etched, Slep 446 describes remaving he
gite oxide mask 332 Siep 48 describes wel onfdizing the
portions of AlAs remanining alter etching in step 444, thus
creating AlLD, gate oxide layers 33 and 336, Step 452
deseribes metallizing the upper surface of the struciure 298
1o form gote electrodes A3 and 340 on gates 334 and 336
respectively, source electrodes M2 and 3dd on sources 324
anid A26 reapectively. and drain elecirodes 346 and M8 on
drnins 322 and 328 respectively.

Orher steps mny be fncluded in the fabrication process [or
the CMIS device in opder (o conteol excess As acconding e
the methods discussed hereinabove wilh respect o FIGS.
6A-600. For examgple. the Al,Ch gale oxide layers 334 and
336 may be hvdropenated, step 450, before metallization.
step 452, by exposing the layers to a lydrogen plasma. The
dashed lings in FIG. 15 indicate aliernate paths in the
methl steps.

Alternatively, Tollowing the second embodiment for con-
trolling excess As s shown in FIG, 6B, an LT CGass layer
350 may be grown on Lop of the AlAs laver 330, step i,
pelor 1o deposition of e gate oxide mask 332 at siep 442
The subsequent etching step, step 444, then renisves
unwanted portions of both the LTG GaAs lnyer 380 andd the
ALAs Laver 3M). The rest of the device fabricalion process is
followed as described above in regard to FIGS. 14 and 15,
and the resulting device stmeture 298 is shown in FIG. 16,
The device 298 s similar w it dhown in FIG, 131
ielusdes thin UG Gads layers 350 and 352 above the gate
oxide layers 33 and 33 respectively, The L1G Gads layer
350 and 352 attract excess As oul of the gate oxide layers
A3 and 3% eespectively. to remove the As frem the
interfaces between the gate oxide layers AM amd 336, and
the channgl regions 312 and 316 respectively.

In accordance with the thind embodiment for reducing
cxcess As in the oxide Jayer as shown in FIG. 60, a thin layer
of & large gap (LO material, such as AlGaAs or InCial may
be grown on the strsctare 298, step A3, prior (o growing the
AlAs layer 330 at step 438, The subsequent etching step.,
step ddd, would remove unwanted poctions of both the L
layer and the ALAs layer 33, The fabrication process is then
continued as deseribed above in regard to PIGS, 14 and 15,
to produce e stucture 298 shown in FIG, 17, This structure
298 1s simdlar 1o that glown in FIG, 1L but inclisdes layers
of L material 354 and 356 below the gate oxlie layers 3
andl 436 respectively which bloek the migration of excess As
into the channel regions 30X and 306 respectively.

This concludes the description of the preferred enilbsodi.
meit of the invention, The Tollewing paragraphs descobe
wame alternative methods of accomplishing the same
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The channel regions in o CMIS device could be prodisced
by growing a layer of Ge, rather than by doping or on
implanting the substrate, The difference between the char-
peteristios of devices wsing channels which were grown aml
doped or implanted is small. A grown lnyer, particularly ene
grown using MBE or MOCY L, bs relatively Tree of disle
catlons and can have a specifically designed doping profile
O the edher hand, a doped or ien Dplanted Layer can be
formed fasier, and is therefore less expensive ko fabricate, It
is understomd that the imvention is applicable 1o devices
using materials other than e in the channel layer. In
addition, altheugh the invention has been deseribed in terms
of a transistor. it is wnderstood that the invention is also
suitable for use with other semiconductor devices,

I suwmmary, & meelhed of forming an insulating layer on
a Cie layer has been described which enables the Tabrication
of Ge-haseal field effect devices, Methods of feaning the
layer have been described, along with device configurations
wiiieh are vseful 1o remeve excess arsenic from an oxide
layer and thus better control the electrical properties of the
seneonductor device, DBeeanse of Uhese methasls, a
Cie-based field elfect wansistor can be fabeicated, which
includes a stolde gate oxide Inyer with silvantageous elec-
trical properties for FET operation. In addition, a CMIS
device, capable of performing logle operations similar to
thaose of o silicon-baged CMOS logic device, and which s
comglemeniany o= amd p= MISFLITS has Been describeil,

The foregoing descrijpdion of the preferred embodiment of
the invention has been presented for the purposes ol illus-
tratien and deseription. It is not intended 1o be exhapstive o
1o limit the invention ta the precise form disclosad, BMany
modifications and vasiations are possible in Light of the
ahove teaching. 16 s intended that the scope of the inventicn
e Limited nod by this defailed description, but rather by the
claig ﬁ;‘l[‘rtl'l-llﬂi hereda.

Wohiat is claimed sz

I, A permanium field efect device, having a souree anl a
drain. comprising:

i permanium chinnnel lyer

a pale lnver, the gate layer belng an aleminum oxide layer,

formed over (e geomanivm channel layer drone &
deposiled aluminum arsenide layer:

an arsenic controlling layer in contact witl the gate fnyer

for controlling excess arsenic atoms in the gate layer;
andd

electrodes respectively formed over the source. the drain

amd e gate layer.

2, The device of elaim 1. wherein the arsenic controlling
layer comprises an n-type layer deposited on the aluminun
arsenide layer.

3. The device of claim 2. wherzin the n-type layer is
formed from gallivm arsenide, alumdinum gallivm arsemids
or indium gallinm phosphice,

4. The device of claim 1, wherein the arsendc controlling
layer comgrises a semicondiuctor vacaney layer.

5, The device of clalm &, wherein e senideondictor
vacancy layer Is a low lemperature proawih layer of pallinm
arsemdde deposited over thee nlurinum arsenide Inyer.,

6, The device of clalm 1, whereln the arsenic controlling
Inver comprises a semiconductor Barrier laye dleposited
between the germanium channel layer and the alumdnuny
arsenbde laver for preventing the excess arsenic aloms lrom
migrating into the germanium channel layer.

7. The device of cludm 6, wherein the semicondicebon
barrier laver is formed from the group consisting of alumi-
num gallium arsenide and indinm gallium phosphide,
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8. A germanium feld eifect device having a source and a
deainm, compeising:

i gl.':m.aniu:u. layer:

a gate layer. the pale layer boeing formed from hydroge-
nated aluminum oxide, Tormed over the germanium
bayer from a deposiled aluminum arsenide layer; and

electrodes respectively formed over the source, the drain
amd e hydregenated gate aluminem ozidle Bayee

9, A germanivm complementary  metal-insulator-
seppiconducior device, campiising!

a substrafe;

a first transistor on the subsizate. the first iransistos
comprising o first souree, a fest ddeain, an w-Lyps ger-
manium channel layer. the n-ype germaniem channcl
layer being in an inlermediate conducting relationship
wilh the first angd secoml scurce, a fiest gate layer. the
ficst gate layer Being an aluminum oxide Iayer, the ficst
gate laver being formed over the n-{ype germaniuin
channzl laver, and a fbsl arsenic contralling laver in
comtacl with e fiest gate layer for controlling sxcess
Arsenic atoms in the licst gate Layver) aiidl

a second transistor on the substrate, the second ransistor
comprising a secoml source, a seoond drain, & perype
germanium channel yer. the p-2ype germaninm chan-
mezl Iaver being in an paler nsediate conduct ng relalion-
ship with the second seurce and the zecond gate, a
sceond gate layer. the second gate layer being an
aluminum cxide layer. the second gale layver being
formed over the p-type germanivm channel layer, and
a second arsenic controlling layer in conlact with the
secomd gate laver o conolling excess arsenic afoms
in the second gate layer.

1l The devies of claim 9, wherein a1 least one of the firs
arsenic controlling Jayer and the second arsenie contrelling
layer comgeizes a vacancy semiconductor layer deposited
over at Beast one of the first gate layer and the second Layer
respectively,
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11. The device of claim 0. wherein te vacancy semi-
eomluctor layer comprises a layer of low temperalurs
prowih gallivm arsenids,

12, The devics of claim %, wherein al least one of the hirst
arsenic contralling layer and the seeond arsenic contralling
layer compiises a semiconductar harricr layer deposited
Between at least sither the n-dype germaaniung claannsl layer
and 1he frst gate layer or the pAype gecmaniom channel
layer and the seeond gate layer, respectively.

13 The device of claim 12, whersin the semiceaductor
barrier layer is formed from the group consisting of alumi-
num gallinm arsenide and indium galliovm phosphiide,

14, A germanivm complementary  metal-insulator-
semiconductor device. comprising:

o substrale:

a Ffrst irangistor on the substrate, the first ransistor
comprising a fiest source, o first drain, an n-Qype ger
manium chanpel layer, the n-lype gpermaniun channe
layer being in an intermediate comliscting eelationzhip
wiith the firgt source and the first drain, o first gate Layper,
the firdl gate layver being a hydrogenated alunvinam
aide layer locimed over the n-typs germanium channel
layers and

a secand wansistor on the substrate, the second tinsegor
comprising a second sowrce, a second drain i pype
permwanium chanpel layer. the p-type germaniom chan-
nel layer Bing tn an dintermiediate conducting relaticn-
ship wilh the second source and the secomd drain, a
secomd gate Laver. tee secomd gate lnyer being a hydro-
premated aluntinuim oxide layer formiesd over the p-lype
gemmaninm channesl layer,
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