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I High temperature characteristics of amorphous TiWSi, nonalloyed ohmic
contacts to GaAs

' N. A. Papanicolaou, S. H. Jones,* J. R. Jones,” W. T. Anderson,
! and R. S. Sillmon
Noval Research Laboratory, Washington DC 20375

(Received 27 December 1991; accepted for publication 22 May 1992)

This article reports on amorphous (a) nonalloyed TiWSi, ohmic contacts on n-GaAs using an
intervening graded-band-gap layer of In,Ga,_,As grown by the low pressure organometallic
chemical vapor deposition method. The metal silicide contacts consisted of extremely thin
alternating layers of TiW and Si sequentially deposited by rf magnetron sputtering to a total
thickness of 500 A. The as-deposited contacts exhibited ohmic behavior without requiring
post-deposition heat treatment, and yielded specific contact resistivity values as low as 9107

0 cm? These contacts were shown to be stable and retained excellent surface morphology after
600°C thermal annealing. Rutherford backscattering and Auger electron spectroscopy
investigations revealed no apparent interdiffusion at the metal/semiconductor interface under

the above annealing conditions.

§. INTRODUCTION

Gallium arsenide based field-effect transistors (FETs),
high electron mobility transistors (HEMTs), heterojunc-
tion bipolar transistors (HBTs), and monolithic micro-

" wave integrated circuits (MMICs) require chmic contacts

with two important features: (a) low parasitic resistance
for improved gain and noise performance and (b) stable
metal contact technology for high reliability and high tem-
perature applications. Conventional Au and Ag based
ohmic contact systems on GaAs' i.c., AuGe, AuGe/Ni
for n-type and AuGe, AuZn, AgZn for p type, suffer from
a number of drawbacks. First, they are unstable above
300 °C, thus limiting their use for long term high temper-
ature applications. Second, they require alloying between
350 and 450 °C which leads to nonuniformity, poor repro-
ducibility, and loss of dimensional control. In addition,
the alloying process involves liquid phase reactions at the
metal/semiconductor interface which result in a rough
surface morphology and metal (Ni or Au) diffusion into
the adjacent layers.? In order to alleviate these problems, a
number of nonalloyed contact systems to GaAs have
been proposed. Woodall ez al.* utilized the fact that the
Fermi level pinning for InAs occurs in the conduction
band, thus producing a nonalloyed ohmic structure with a
nearly zero Schottky barrier height. Using molecular beam
epitaxy (MBE)-grown In,Ga,_,As graded-band-gap lay-
ers on GaAs and Ag metallization, they achieved nonal-
loyed ohmic contact resistivities in the range 5X10™'-5
% 10~° Q cm®. Ohmic contacts to MBE-grown graded-gap
InGaAs/GaAs using W metallization have also been dem-
onstrated* yielding specific contact resistivity values of 1
% 10~% © cm?. Similarly, thermally stable ohmic contacts
to n-GaAs were produced*® by introducing a thin interfa-
cial layer of In,Ga,_,As between the GaAs and the met-

*)Department of Electrical Engineering, University of Virginia, Charlotts-
ville, VA 22903.
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allization by In-Ga interdiffusion from a refractory-metal/
In metallization deposited on GaAs.

This work is focused on the investigation of refractory
ohmic contact metallizations for GaAs, AlGaAs, and
InGaAs structures for high temperature, high reliability
applications using a combination of amorphous metal sili-
cide films of TiWSi, and low-pressure organometallic
chemical vapor deposition (LPOMCVD)-grown graded-
band-gap In,Ga, _,As layers. The amorphous TiWSi, mul-
tilayered system was selected because it was previously™
shown, along with WSi_, to be a stable gate metallization
on GaAs and InP. In addition, WSi, and TiWSi, are ef-
fective diffusion barriers which prevent chemical interfacial
reactions and greatly reduce interdifusion at the metal-
semiconductor interface.

ll. EXPERIMENTAL RESULTS
A. Contact fabrication

The epitaxial layers were grown on (100) undoped
GaAs substrates misoriented 2° toward the (110). The
schematic cross section of the contact structure studied is
shown in Fig. 1 and consisted of a 0.5 um undoped GaAs
buffer layer, a 2000 A n-GaAs layer doped at 2x 10"
cm~3, 2 500 A n*~-GaAs layer doped at 3X 10" cm~3, a
In,Ga,_,As n-doped (3X10" ecm~3) layer which was
graded in composition from x=0.1 to x=0.6, and finally a
100 A n*~-In,Ga,_,As capping layer doped at 3% 10'
em™3. Contact structures containing either Ing sGaAsq s or
InAs capping layers were investigated. The source materi-
als for the epitaxy included trimethylindium (TMI), trim-
ethylgallium (TMG), and arsine. Typical LPOMCVD
process parameters included: reactor temperatures between
550 and 675 °C, reactor pressure of 0.1 atm, TMG mole
fractions between 0 and 1X10™¢, TMI mole fractions be-
tween 0 and 7 1073, and total gas flow of 8 #/min. Silane
(SiH,) was used to dope both the GaAs and the
In,Ga, _,As. The composition of the graded-In,Ga,_,As
was estimated from photoluminescence spectra of uniform
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FIG. 1. Schematic cross section of the LPMOCVD-grown graded-
InGaAs ohmic contact structure and the multilayered TiW/Si metalliza-
tion system. ’

composition In Ga,_,As/GaAs heterostructures and Au-
ger analysis of the actual graded structures. Silicon doping
concentrations were determined using the capacitance-
voltage (C-V) profiling technique. Following the epitaxial
growth, ohmic contact test patterns were fabricated using a
standard photolithographic and lift-off process. A second
photolithographic step was used to isolate around the test
patterns to a depth of 5000 A. The TiWSi, amorphous
refractory metallization consisted of alternating layers of
TiW (10 A) and Si (1.5 A) deposited to a total thickness
of 500 A by a rf magnetron sputtering technique. The TiW
target was fabricated from pressed powder which had a 20
at. % Ti and 80 at % W composition. The sputtering sys-
tem has a power splitting capability and substrate stage
rotation. By adjusting the power dalivered to the individual
target and the speed of sample rotation, precise control of
the composition of the amorphous metallization was
achieved.’ With a sputtering pressure of 8 10~ Torr of
Ar gas, a total rf power of 500 W and 5 rpm stage rotation,
deposition rates of 50 A/min and 7.5 A/min were obtained
for TiW and Si, respectively. This method has the advan-
tage that the substrate, as it rotates, spends only a small
fraction of time under the sputter target, and the surface of
the sample remains at relatively low temperatures thus fa-
cilitating the photoresist lift-off process. As shown previ-
ously,'? alternating layers with sputter deposited Si and
TiW result in an amorphous layer. Subsequent to the
TiWSi, sputter deposition, a 2000-A-thick Au overlay was
deposited by an e-beam evaporation method; finally the
metal was lifted-off in acetone. For the purpose of compar-
ison, e-beam deposited conventional AuGe (800 A)/
Ni(200 A)/Au(1500 A) ohmic contact metallizations
were also investigated.

4955 J. Appl. Phys,, Vol. 72, No. 10, 15 November 1992
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FIG. 2. Contact resistivity of TiWSi, (500 A)/Au (2000 A) and AuGe
(800)A/Ni (200)A/Au (2000)A metallization on Ing sGag sAs/graded-
In,Ga,_,As/GaAs structure as a function of anneal temperature with 2
min anneal cycle in forming gaa.

B. Electrical characterization

Specific contact resistivity measurements were made
using a test pattern conforming to the transmission line
model (TLM) as described by Reeves er al'' with 200
pm 200 um contact windows and spacings ranging from
5 to 50 um. The specific contact resistivity (p.) values were
obtained from the so-called “transfer length” (Ly) mea-
surements under the assumption that the sheet resistance
under the contact is equal to the sheet resistance between
the contacts. This assumption is justified in our case since,
due to the refractory nature of the TiWSi,, no alloying or
sintering occurs at the metal-semiconductor interface and
thus no modification of the sheet resistance takes place
under the contact as a result of thermal treatment. It is
therefore possible to obtain correct values of the specific
contact resistivity without the need of contact end resis-
tance measurements. Although both the AuGe/Ni and

T,

W EYIT

T
aaaud

-~
sl

Contact Resistivity (ohmc-cmz)
o

MELRAALL S an A LALY |
]

t
|
)
[}
1
]
[}
o\
\
s tuand

200 300 400 500 600 700

Annest Temperature (°C)
FIG. 3. Contact resistivity of TiWSi, (500)/Au (2000 A) contact met-

allization on InAs/graded-In,Ga, _,As/GaAs structure as 3 function of
anneal temperature with 2 min anneal cycle in forming gas.
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FIG. 4. Optical micrographs showing the surface morphology of TiW$i,
(500 A)/Au (2000 A) and AuGe (300 A)/Ni (200 A)/Au (2000 A)
ohmic metallizations before and after annealing at 400, 500, and 600 °C
for 2 min.

TiWS$i, metallizations exhibited excellent ohmic contact
characteristics without the need of heat treatment, the
metallizations were subjected to thermal annealing in order
to investigate their thermal stability. Annealing of the lay-
ered films was carried out in the 200-600 °C range on a
strip heater for 2 min in a forming gas ambient. Both
the as-deposited TiWSi, and AuGe/Ni contacts on the
Ing s(Pag sAs/graded-In,Ga,_,As/GaAs structure exhib-
ited ohmic type behavior. Figure 2 shows plots of the con-
tact resistivity of TiWSi,/Au and AuGe/Ni/Au metalliza-
tions on Iny sGay sAs/graded-InGaAs/GaAs as a function
of anneal temperature. The typical contact resistivity for
the as-deposited AuGe/Ni/Au metallization is about 2.5
X 1073 0 cm?. Upon annealing, the contact resistivity de-
creases with temperature and exhibits a minimum at about
350 °C indicating the onset of interfacial liquid phase reac-
tions which occur at the AuGe eutectic temperature of
356 °C. Further annealing causes a large increase, by two
orders of magnitude, in the contact resistivity from 400 to
550°C. The companion TiWSi,/Au contact typically has
as-deposited contact resistivity of 1X10~° Q cm? and re-
mains rather unchanged up to 450 °C. A similar plot of the
contact resistivity for the TiWSi,/Au metallization on an
InAs/graded InGaAs/GaAs structure as a function of an-
neal temperature is shown in Fig. 3. This plot reflects sim-
ilar contact behavior as with that of the corresponding plot

4956 J. Appl. Phys., Vol. 72, No. 10, 15 November 1992
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FIG. 5. 2 MeY Rutherford backscattering spectra for TiWSi, on
Ing sGag sAs/GaAs before and after 2 min annealing at 450 and 600 *C.

of Fig. 2, except that the as-deposited value of the contact
resistivity is about a factor of 10 lower indicating a reduc-
tion in the contact resistivity as the mole fraction of In
concentration in the capping layer increases. In this case,
the contact resistivity for the as-deposited TiWSi,/Au con-
tacts is measured at 910”7 Q@ cm? with only a slight
increase in the 300-500 °C temperature range and increas-
ing abruptly beyond 500 °C.

C. Surface morphology

Optical micrographs of both TiWSi,/Au and AuGe/
Ni/Au contact metallizations before and after annealing
are shown in Fig. 4. The.AuGe/Ni/Au contacts begin to
show surface texturing at temperatures as low as 400 °C as
a result of melting at the AuGe eutectic temperature.
Above 400 °C the degradation of the surface becomes even
more severe as the AuGe alloys with the semiconductor.
Formation of a liquid phase in the AuGe/Ni alloying pro-
cess leads to the roughening of the contact border and
results in poor edge definition. As indicated earlier, exten-
sive alloying also resulted in the degradation of the electri-
cal characteristics of the AuGe/Ni/Au contacts. By com-
parison, the amorphous TiWSi,/Au contacts showed very
little surface modification as a result of 400, S00, and
600 °C, 2 min thermal anneals. The surface morphology
remains smooth and excellent edge definition is maintained
up to 600 °C. In fact, the very minor changes observed in
the TiWSi,/Au surface structures were attributed to reac-
tions in the the Au overlayer rather than the Tiwsi,/
InGaAs contact interface itself. This was particularly evi-
denced when observing annealed TiWSi, films which did
not have the Au overlay. It is believed that a small amount

- of AuSi eutectic is formed above 600 °C at the Au/TiWSi,

interface.

Papanicolaou et ai 4956
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structure (a) as-deposited (b) after annealing at §00°C for 2 min in
forming gas ambient.

D. RBS and AES analyses

Metallurgical reactions at the TiWSi,/semiconductor
interface were investigated with 2 MeV “He* * Rutherford
backscattering spectroscopy (RBS). The RBS spectra for
samples before and after annealing are shown in Fig. 5.
These spectra reveal that no significant interdifusion of the
contact interface occurred as a result of 450 and 600 °C
anneals. The slight shift of the RBS spectrum that can be
observed for the as-deposited sample is attributed to small
variations in the TiWSi, thickness. The stability of the
TiWSi,/Ing ¢Gag sAs interface was also investigated by Au-
ger electron spectroscopy (AES). The AES spectra were
obtained using a scanning auger microprobe (SAM) with
10 keV, 200 uA primary electron beam and a spot size of
0.1 um. The depth profiles were acquired by monitoring

4957 J. Appl. Phys., Vol. 72, No. 10, 15 November 1992
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the depth distribution of all the related clements, ie, W,
Ti, Ga, and As. Figure 6 shows the AES profiles for the
TiWSi,/In Ga,_,As structure before [Fig. 6(a)] and after
[Fig. 6(b)] annealing at 600 °C for 2 min in forming gas. It
is seen that there is only a very slight reduction in the
sharpness of the interface as a result of the annealing treat-
ment. The profiles do not show significant broadening of
the TiWSi,/InGaAs interface which would have been in-
dicative of interdiffusion.

1il. CONCLUSION

In conclusion, ohmic contacts to n-GaAs using
graded-band-gap layers of LPMOCVD-grown
In,Ga,_,As and sputter-deposited amorphous TiWSi,
films were investigated. The as-deposited contacts exhib-
ited contact resistivity values of 1X10~* Q cm? and 9
%1077 @ cm? for IngsGagsAs and InAs caps, respec-
tively. In general, these contacts remained eclectrically
stable and maintained excellent surface morphology up to
500 °C. Initial RBS and AES analyses have not revealed
significant interdiffusion at the silicide/semiconductor in-
terface up to 600 °C. In contrast, conventional AuGe/Ni
metallizations exhibited morphology and contact resistiv-
ity degradation above 400 *C.
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All-Refractory GaAs FET Using Amorphous TiWSiy
Source/Drain Metallization and
Graded-In,Ga;_ As Layers

N. A, Papanicalaou, Membes, IEEE, S. H. Joues, Member, IEEE, 1. R. Joues, Srudewr Member IEEE,
and W, T. Anderson, Member IEEE

Abstroct— We repoit on the fabrication of an aB-refiactory
GaAs fleld -effect tmnistor having non-alloyed soutce and dradn
olunic contacts and a TIW/An refiactory gate wetallzation.
The oludc cantacts casit of aworphons TIVWSY, wetailization
and Intervaiing graded InGads hiyas giown by Jow pressre
arganawetallc vapar phme epitaxy (LPOMVPE). The auol-
Rham TIWSYe i1 forwed nsing altemathng layers of TITW(L0

) and SY1.8 L) depovited by an RF magnetion sputterhig
technique, The 1vulting all-refiraciony FET devices exhibited
excellent de trausistor dimactahtics with wemmed transcon-
ductance of 140 wS/nmy. The de pexfoaanxuice of these devices was
cowparable fo canventional devicer with AuGeN{/Ar cantact
fabricated nsing simdlar unterial shmctoyes,

" 1. INTRODUCTION

NHANCED tcliability and high reroperature operation of

discrere GaAs MESFET's (or FET 5} [1] as well as GaAs
monolithic microwave e grated circuirs {(MMIC's) [2] and
digital integrared cizcudrs [5] have already been achiewed by
uging a refracrory-meral gate ckeorrode. The superior thermal
stability of TiW, WS, TiWSi [4]-{6), or TiWN [2] gare mer-
allizarions prevent the inrerdiffusion of Au from the owverlavs
into the active regions of the devices thus mainraining the
inregriry of the recrifving Schomky gares. In addirion, the
tobustness of these refracrory gare maredals helps in redue-
ing elecromigrarion and enhances device reldability {7}, The
urilization of refractory mervals for the gaw marerial is narural
since thevy guaranree abrupr meral~semiconductor interfaces
and prevent alloving or inrerdiffusion ar elevared remperamures.
In conmrast to the recrifring gare merallizarions, the source and
drain conracrs roust be ohmic and, in the standazd rechnol-
ogy, require alloving of the meral-semiconducror inrerfaces.
Pre wently, AuGe based curectic ohmic conrers are widely em-
ploved for n-GaAs in the fabdcation of MESFET"s, HEMT's
and HBT s. The inherent thermal instability of thee conracrs
allows for reladvely low alloying rernperanures (350-450° C)
and produces low redistivity ohmic conmers. Howewer, the
alloving process, which involves liquid phase reacrons ar
the meral-semiconducror inrerface, leads ro rough surface
morphology, degraded edge profiles and deep inrerdiffudon

Manuxcript xceived hiy 21, 1993,

N. A. Papanicoliou and W. T. Axdenon are with the Naval Research
Latoramzy, Washingwon, DC. 20378,

S. H. Joms and J. R Jones 2 with the Blectrical Bngineering Departnent,
University of \irginia, Charlotiesville, VA 22903,

IBB6 Log Number 9214747,

which adversely affecr the zeliabilitv of the devices [8). Herce,
1 refractory drain and source merallization system is needed
which is thermally stable and reliable, v=r ohrzic 75 n-GaAs.

As demonsmated by Woodall er a/. (9], nonalloved ohmic
conracts 10 n-GaAs can be realized by using an intervening
laver of gzaded-InGaAs herween the meral and the GaAs. The
low resistiviry nonalloved ohrnic behavior of these conracts is
generally independenr of the tvpe of meral used hecause the
metal-Ing Gay -y As hartier heighr hecomne s negarive when the
Indium concenmaton {z) exceeds 70% [9), [10}. HEMT s with
non-alloved ohmic contacrs using n* InGaAs cap lavers and
Al source/drain and gare merallizatdons have heen reporred
[11]. Recently, low resistvire redfractory non-alloved chmic
conracts to n-GaAs have been achieved using W {12] and
TiWSix [1 3] merallizarions in comnbinarion with an appropriare
inrervening laver of graded-InGaAs. In this lemer we dexribe
the fabrication and characterizadon of 1-pm-gawr length GaAs
FET's which eroploy a refracrory TiW gare merallizardon and
amorphous TiWSix drain and source ohmic conracrs depo sired
on 31 graded-InGaA §'GaAs srucrure.

11. EXPERIMENTAL PROCEDURE

A whemaric of the FET lavered smucrure is shown in Fig,
1. The graded-InGaAs/GaAs epiraxial lavers were grown on
{100) undoped GaAs subsmares misornred 2° roward the
{110), using low pressure organometallic vapor phase epiraxy
(LPOMVPE). The smuxnue consists of 0.5-pm n~ buffer
layer, a 2000-A thick n @ x 17 an~3) active layver, a 300
A nt — Gaas laver, and 3 500 A graded n* — IngGay - ;A
laver (0 € z < 1), with the suface being rerminared in InAs
(2 = 1). The growth paramecrers include nimethygallium mole
fracrions bermeen0—1 x 104, mimerhy lindium mole fracrions
berween 0 - 0.7 x 10-%, V/IIT ratios of 50-100, roral gas
flow 1ates of 8.2 I/min, and a reactor pressure of 0.1 amm. The
graded-In, Ga;_ » As capping laver and the GaAs huffer lavers
are grown ar §00° C, while the acrive n'n* FET lavers were
grown ar 675° C,

Device fabricadon begins with a 2500-A deep mesa wer
crch, followed by phororedsr parreming of the source and drain
conracts. The amorphous TiWSix merallizaron is spumer-
deposired; a Au (1000 A) layver is then e-heam deposired and
the meral subsequently lifred-off. Derails of the ohmic conract
forrarion and characrerizarion were reporred previousty [12].

0741-3105:9430400 & 1994 IBEE
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Fig. . Schematc cross secdon of the all-refraciory BST layexd atruchue.

The amorphous TiWSix merallizarion consiss of alemaring
lavers of TIW (10 A) and (1.5 A) deposired 1o a toral
thickness of 500 A by an RF magnerron spurrering rechnique.
The mulrilavered merallizadon is obtained by torating the
sample under both TiW (10 w3 Ti-90 «1% W) and Si rargers
during the spurrering process. Afrer the gare phorolithography
it complered, the_graded-InGaAs and g* — GaAs lavers arc
H3 SO4: HyOg: HzO¢solurion exposing
the n active layer piior 1o the gare merallizadon. A TiW(500
A)Au(2000 A) gare merallizarion is formed by an c-beam
evaporadon [4] and lifr-off process. Fabrcaron is concluded
with Ti/Au overlay formarion using another phorolithography
and lifr-off step. Both srandard FET's and T-gare FET's with
gares 1-pm long and 250-pum wide were fabricared.

The conract resistiviry meanureroents were made using
the ransmission line model (TLM) method as dextibed by
Reeves and Hamison [14] under the assumprion thar the sheet
tesistivity under the conmcrs is the same as thar berween them.
This assumpdon is jusrified in this case, since alloying or
sinrering ar the meral serniconductor inrerface is not expecred
10 occur due to the refracrory narure of the memnllizarbon.
As reference devices, we also fahricared conventional FET s
with identical geornenies and lavered sructures as those used
in the all-refracrory devices; the graded IngGay.oAs conract
laver was omitred from these smucnures. The 2 conmrol devices
urilized srandard AuGe;Ni/Au merallizaton for source/drain
ohmic conracrs which were annealed ar 410° C for 1 min.

1. ResuLrs

The as deposired TiW SixAu conracrs exhibited ohmic trpe
behavior and withour the neced for alloving or any other
thernal weatment. The thermal sahility of the contacts was
investigared under high remperanre annealing conditions car-
tied our in the 200~500° C tremperanure range on a stip
hearer in forming gas ambient for 2-min cvcles. The resulrs
which are shown in Fig. 2 represenr the specific conract
regsdvity of the TiWSix graded-InGaAs/GaAs conracts as a
function of anncal remperarure, The as deposired contacrs were

~—> ohmic wih conract tcds'rivdn'z: of 1 % 10~% ohm<m? which

remains relatively constant up to 500° C, followed hy a small
increase, up 1o 1.2 x10~% ohm-cm?, in the remperanure range
berween 500° C and 500° C. However, hevond 500° C a more
wevere degradarion of the elecmical properries is ohwerved as
evidenced by a rapid increase in the conracr redstivity which

Pig. 2 Speciic contict resistance af the TIW Sig /gded-InGans/Gais
olgmic contac a3 1 function of anneal empersture for 2-zin anneals.

teaches a maxiroum value of 3.0 x 10-4 ohm- c? afwer a
600°C, 2-min anncal In additon, the sudface morphologr
of the TiWSix/graded-InGaAs coptacrs, as deremmined by
Nomarsky fnrerference TRite
modificarion occuming as a result of the 400° C, 500° C, and
600° C anncals. The surface remains smooth, and excellent
edge definition it mainrained up ro 600° C. The devices were
well-isolared with device-ro-device leakage cuments thar were
in the tange of a few nanoamperes for hias voltages of 5 V.,

The gare-source Schortky diodes exhibi a drain-source
breakdown volage of —9.5 V, defined ar Ip = 3 mA/mm
{10% of the Ip at peak mansconductance). The gare reverse
sarurarion curent was 15 nA ar 1-V reverse hias. The mansker
characretisties (Ip versus Vpg) for a 1 pm x 250 pm gare
allzefracrory FET are shown in Fig. 35, and indicare good
mansisror propemies. Figure 4 shows rhe exmrinsic tanscon-
ducrance (gm) and drain cument (Ip) as a function of the
gare-to-source volrge (Vog) for the same device ar a drain to
source volrage (Vbg) of 23 V. A sharp pinch-off is obrained
art ¥p = =22 V. For Vgg > ~2.2 V the ransconductance
increasxes almost line arly with the gax volrage and peaks ar 140
mS;mm due to the onser of significanr forward gare leakage
cutrent ar Vog = 04 V., Likewise, 3t expecred, the drain
current Ip increawes with Vgg and rcaches a value of 2352
mA/mm at Vgg = 0.8 ¥ as shown in Fig. 4. The drain
conducrance was measured to be 10 mS;mm at peak gm.
Similar dc characreristics and mansconductance values were
obrained for the conmol devices with idenrical geomenis
fahdcared in conwventional FET laver srucrures withour the
graded-InGaAs lavers and using standard AuGe/Ni/Au ohmic
contact merallization.

IV, SUMMARY

We hawe investigaed an all-refractrory GaAs FET which
uscs non-alloved ohmic conracts consisting of amorphous
TiWSix refracrory merallizadon and graded-InGaAs lavers.
Conract resistiviries as low as 1 x 107% Q - cm? hawe been
obrained and rernained srable up to 500° C, The I-V nansistor
chatacredsrics of the resulring FET s were comparable 1o those
of conventional devices with AuGe;/Ni‘Au conracrs. Madmumn
peak mansconductance values of 140 mS/mm were obrained.
These tesulrs suggest thar stare-of-the-arr all-refractory FET &
with nonalloved chmic conracrs can he realized for high
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Fig. 3. Tvanafor charactoriatics of atypical ! smx 250 um gate all-refraciory
VRT.

IMg. 4. Bauirdnsic tansconductance (pva ) and drain current (1) as & funcrion
of gme-source voltage (Vas) fora 1 pm x 250 ;em all-refractory VET.

temperature and high roliability discrete and integrated device
applications.
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High Selectivity Patterned Substrate Epitaxy of
In,Ga;.,As/GaAs(0 < x = 1) by Conventional LPOMVPE

M. F. Zybura and S. H. Jones
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University of Virginia, Charlottesville, Virginia 22903-2442

N. A. Papanicolaou and W. T. Anderson
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ABSTRACT

A study of in,Ga,.,As/C*. ¢ (0 = x < 1) selective epitaxy by conventional low-pressure organometallic vapor phase epitaxy
(LPOMVPE) was performed using a variety of masking materials. Very low or zero nucleation of polycrystalline (poly) GaAs,
IngGagsAs, and InAs was observed on the 300°C chemical vapor deposition (CVD) SiO,, sputtered SiQ,, and plasma enhanced CVD
(PECVD) SiyN, masking materials over a wide range of typical growth parameters. Dense polycrystalline nucleation was observed
on TiW masks. The degree of selectivity achieved vs. mask material and InGaAs composition at relatively low LPOMVPE reaction
temperatures was examined. It was repeatedly observed that during selective epitaxy, zero polycrystalline GaAs and inAs nucle-
ation occurred on the dielectric masks using conventional LPOMVPE. High selectivity in mask areas as large as 500 pm x
500 um was achieved without specifically using a chioride precurser, or extremely low pressure, or SiN, masks.

Selective epitaxy of InGaAs/GaAs refers to the growth of epi-
taxial material in the window openings of a mask that partiaily
covers a GaAs substrate and zero nucieation of material onto
the mask itself. The selective growth of semiconductor epitax-
ial layers has important applications to future electronic and
photonic devices and circuits. For example, this technology
can be used to fabricate field effect transistors (FETs) with low
resistivity, non-alloyed ohmic drain and source contacts. in
particular, selectivity deposited inGaAs ohmic contact struc-
tures provide reductions in the source resistance,' improved
short channel effects,? and refractory ohmic contacts to n-
GaAs.? The fabrication of monofithically integrated compound
semiconductor circuits afso greatly benefits from InGaAs/
GaAs patterned substrate epitaxy (PSE) technology. PSE
makes it possible to process different material or device struc-
tures adjacent to each other within a monolithic circuit. To
achieve high quality and high yield integrated circuits (ICs) via
PSE requires the further advancement ol selective epitaxy
technology. As Aboulhouda et al. state, “The mastery of
growth techniques for heteroepilayers with large lattice mis-
match, and the knowiedge of a selective epitaxy method to de-
posit what we want exactly where we want™* are the primary
obstacles to creating high performance ICs using PSE. It has
been shown that PSE can be used to improve the quality of
InGaAs/GaAs heteroepitaxial layers.>® In regard to the second
criteria, an analysis of the selectivity of GaAs PSE using atmos-
pheric pressure OMVPE was made by Yamaguchi and Okamo-
to.” The authors indicate that limited selectivity can be
achieved by an appropriate choice of the mask material, mask
geometry, and by raising the growth temperature. Also, itis in-
ferred that low pressure will improve deposition selectivity. in
fact, Kamon et al. have obtained excellent selectivity using
SiN, masks and a reaction pressure of 10 Torr.® They indicate a
necessity to use SiN, as a masking material.

Kuech et al.%'® and Azoulay et al."* have stated the need to
employ a chloride precurser with the OMVPE growth process

deposition on the masking material. By employing conven-
tional LPOMVPE, one can avoid the cost of altering the
LPOMVPE system, process, and technology already in-place.

Experimental Procedure

Selectlive epitaxy of GaAs and In,Ga, ,As was performed on
(100) Si doped (4 x 10" cm ) GaAs substrates with 2 mis-
orientation toward (110). The desired mask (see Table 1) was
deposited on the substrates and then patterned with a stand-
ard positive resist photolithography procedure. These masks
include 350°C CVD SiO,, sputtered SiQ,, PECVD Si:N,, and
magnetron sputtered TiW. The dielectric mask layers were
then selectively etched using BHF or plasma etching to define
areas for selective single-crystal epitaxy; a lift-off process was
used to define the TiW patterns. All of the mask materials used
were approximately 1000 A thick.

The selective epitaxy study employed two mask geometries.
The first mask geometry consisted of 200 x 200 mil square
blocks containing long rectangular mask openings or “lines”
with widths and separations ranging from 1 1o 100 um. Most of
the regions within each block are 100 x 4000 pm. in addition
1o the biocks containing lines, a large unpatterned area (100 by
200 mil) and small square and triangular windows (1-100 pm?)
are defined in the given mask. The total ratio of mask area to
GaAs substrate area on each chip is approximately one to one.
The second mask geometry was used to define the 250 x
250 um drain and source contacts to GaAs FETs. For this ge-
ometry, masking regions at least 500 x 500 um are included.
The mask to semiconductor area ratio is about ten.

After creating the pattern, the masked substrates were pre-
pared for crystal growth by LPOMVPE. This pretreatment pro-

Table |. Nucleation densities on unpatterned and potterned masks.

to avoid nucleation on the masking material. The chioride mol- GaAs InAs Ohmic
ecules competitively cover sites for surface adsorption and de- nucleation nucleation structure
stabilize adsorbate reactions which ultimately precludes the Sample events/10* um® eventy/10' pum?  cvents/10* pm?
surface reaction and attachment of polycrystalline GaAs. Al-

though these modified OMVPE techniques utilizing extremely Si0, 3325 + 0.25 24 v 2 52+ 8
low pressure or HCI incorporation certainly guarantee zero (350°C, CVD)

polycrystalline nucleation, they complicate the mature ; . . .
LPOMVPE process which is now routinely used for complex (Sslg\’mered) 925 % %0 2062 = 315 o2 =
heteroepitaxy. . . . .

We have repeatedly found, and report here, that very fittie or gggé PECVD) 8=4 W-2 15«9
zero In,Ga, ,As (0 < x < 1) nucleation will occur on the mask W ' D 1 D ! De 1
over a wide range of conventional LPOMVPE growth parame- T‘(Magnemn ense poly ense poly nse poly
ters; masked regions up to at least 500 x 500 wm using a vari- sputtered)
ety of different masking materials have been studied. This pro- Al patterned 0 0 0
cess has been used to selectively deposit InGaAs non-alloyed Aot
ahmic contact structures for FETs without any polycrystalline masks
L84 . J. Electrochem. Soc., Vol. 139, No. 9, September 1992 © The Electruchemical Society, Inc.
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cess included a 5's BHF etch to remove any native oxide from
the exposed GaAs and contaminates from the dietectric sur-
face, a 1 min 1 1:50 H,S0,:H,0,:H,0 etch to remove 600 A of
GaAs. and solven! cleaning using trichloroethylene, acetone,
and 2-proponol. Extensive DI rinsing occurred between each
etc: step. Prior to growth, the samples were cycle purged for
30 mun and then int situ baked at 675 °C for 10 min in a H,/AsH,
overpressure (Pay,, 4.25 « 10 ' Torr). Low-pressure vapor
phase epitaxy was performed in a horizontal Crystal Special-
ties LPOMVPE reactor. The reactor temperature was typically
between 600 and 675°'C. The reactant sources were trimethyl-
gallium (TMG), trimethylindium {TMI), and 10% AsH; in H,. The
TMG and TMI bubbler temperatures were 10 and 21°C, re-
spectively. Both bubblers were kepl at 760 Torr, while the reac-
tor pressure was maintained at 76 Torr. Palladium puritied R,
was used as the carrier gas for all growth steps. Typical total H,
tlow rates were about 8 Vmin. TMG partia! pressures between
7.5 » 10 * Torr and 2.2 x 10 ? Torr and an AsH, partial pres-
sure of 4.5 < 10 ' Torr were used. These parameters are typi-
cal for the GaAs FET, Gunn diode, and Schottky diode struc-
tures. as well as InGaAs non-alloyed ohmic contact structures
typically grown with this system. Growth rates were varied
trom 650 to 1200 A/min, and growth times between trom 15 to
58 min were used.

Three basic structures were grown on both patterned and
unpatterned samples to compare nucleation densities. For the
majority of experiments, we grew =2 um of either GaAs or
InAs, or a 1400 A graded InGaAs ohmic contact structure. The
ohmic contact structure consisted of an 800 A highly doped n'
GaAs layer foltowed by a 600 A graded In,Ga,.,As layer with in-
creasing indium concentration toward the surface. Other
Iny eG20s2AS/GaAs struclures were selectively deposited and
included in this nucleation study.® in each experiment the dep-
osition was compared between unpatterned GaAs, unpat-
terned 1 x 1 cm dielectrics or TiW, and various patterned sub-
strates (Table I). Analysis was completed using a scanning
electron microscope, an optical microscope, an ellipsometer,
and a probe station.

Results

The dielectric constants of the ceposited masks were ¢, =
2.15 for the 350°C CVD SiO,, ¢, = 2.13 for the sputtered SiO,,
and ¢ = 4.22 for 300°C PECVD Si;N, as determined by ellip-
.ometry. To ensure resultant nucleation was not an advent of
pinholes, etch tests, lift off, and current contir.uity checks were
p-formed. We concluded there to be negligible pinhole resul-
tani nucleation. Figure 1 shows a SEM micrograph of InAs nu-
cleation on an unpatterned 1 x 1 c¢m film of Si0, on a GaAs
sut strate. In Fig. 2, the companion InAs epitaxy on a patterned
Si0O,./GaAs substrate is shown. The line and masked regions
shov  in the photos are 100 pm in width and 4000 pm in
tengtu. Figure 3 is a photomicrograph of FET source/drain re-
gions with a selectively grown non-alioyed ohmic contact
structure used for FET fabrication. The drain to source spac-
ing of the top FET patterns is about 5 um. This figure demon-
strates approximately 500 x 500 um of nucleation free mask

Fig. 1. Top view of an unpatterned Si0,/GaAs substrate
after 50 min of InAs LPOMCVD. A companion unpatterned
GaAs substrate exhibited 2 um of epitaxy. Very little nucle-
ation is observed for In,Ga, ,As (0 = x == 1). (T = 600"C).

-198kx 18kv 403
Fig. 2. Top view of a patterned Si0,/GaAs substrate atter

2 um of InAs growth in the windows and zero nucleation on
the mask. (T = 600°C).
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Fig. 3. Top view of an InGaAs ohmic contact structure se-
lectively grown in FET drain/source windows. Zero In,Ga, AS
(0 = x =< 1) nucleation is observed on the Si;N, mask. (T =
600°C).

area. In all cases there is very littie In,Ga,.,As (0 < x < 1) nucle-
ation on the dielectric substrate, and for the patterned sub-
strates, zero nucleation on large masked regions was ob-
served. These resuits are typical for the many In,Ga,.,As (0 = x
= 1) growth performed using the dielectric masks, and the full
range of growth parameters metntioned.

Table | shows the corresponding nucleation densities for the
three material structures, and the four unpatterned masks em-
ployed. The densities were obtained by choosing several typi-
cal regions on the mask surface of equal area and counting the
nucleation occurrences (polygrains). The error associated
with each value is the greatest difference in nucieation count
between any two such areas. Thicker selective epitaxial layers
than shown in Table | have aiso demonstrated high selectivity.
In several instances =10 um of GaAs was grown on SiQ, pat-
terned GaAs samples with no observed nucleation on the
masked areas. Unlike the dielectric masks, the TiW masked
samples were dominaled by polycrystalline nucleation.

The differences in surface nucleation processes between
high quality CVD SiO, and CVD Si;N, masks appear to be tech-
nologically inconsequential when grown at low pressure. The
zero mask nucleation on the dielectrics is attributed to
smooth, dense, and pinhole free dielectric films, a thorough
cleaning procedure, a substrate pre-bake to reduce nucteation
centers, and a large Pu/Pinc ratio resulling in high, competi-
tive AsH; mask coverage and a limited coverage of Ga constit-
uents on the mask. When masking materiais with rougher sur-
faces were used, i.e., TiW and sputtered SiQ,, the nucleation
events increased significantly. This would agree with the re-
search done by Yamaguchi and Okamoto,” where they cite in-
creased nucleation on rough surfaces.

|
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Conclusion

Using a conventional LPOMVPE system with a variety of
masking materials, high selectivity patterned substrate epitaxy
was achieved when growing In,Ga,.,As/GaAs (0 < x < 1) struc-
tures. Zero mask nucleation events were repeatedly observed
in areas at feast as large as 500 x 500 um (see Fig. 3). Our high
selectivity resuits are obtained without a chloride precurser,
and by using low to moderate growth temperatures, at typical
low pressures. improved selectivity is primarily associated with
the high quality of the dielectrics, smooth mask surfaces, and
a Hy/AsH, prebake prior to growth.
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Effect of Electrochemical Treatments on the
Photoluminescence from Porous Silicon

H. Gomyou and H. Morisaki*
The University of Electro-Communications, Chofu-shi, Tokyo 182, Japan ~

ABSTRACT

In order to understand the mechanisms which limit the quantum efficiency of visible light emission from porous Si, the etfects
of electrochemical treatments on the luminescence intensity as well as the spectra have been studied in aqueous solutions. A
strong improvement of the luminescence intensity has been noted in each step of the following sequential treatments in acid solu-
tion (0.1N H,S0.): (/) immersion into the electrolyte; (ii) anodic polarization; and (iii) desiccation. The only degradation of intensity
has been observed in neutral solution (0.1M Na,S0O,) following similar electrochemical treatments, although some recovery of the
intensity has been noticed during anodic polarization. These photoelectronic behaviors, combined with our independent TEM ob-
servation of the porous Si, strongly suggest that the porous layer has a heterogeneous structure composed of a photo-absorptive,
amorphous Si-like medium and Si clusters, dispersed in the medium, which act as emission centers.

The recent discovery of visible light emission from porous
silicon’ has stimulated both experimental and theoretical in-
vestigations in the application of Si as an optoelectronic de-
vice material. in order to understand the emission mechanism,
we have been doing a systematic study to control the numer-
ous parameters which may affect the luminescence intensity,
as well as the peak photon energy. In the present study, we will
show that the PL intensity and the peak photon energy of the
spectra are strongly atfected by electrochemical treatments in
aqueous solutions. In relation to the present work, Halimaoui
et al.2 have reported the observation of electroluminescence in
the visible range during anodic oxidation of porous Si in
aqueous electrolytes.

Porous Si layers were prepared on Si pellets (10 x 10 mm)
cut from p-type wafers [(100), 1-2 {} - cm)] using various anodi-
zation procedures. In order to make an elfectrical contact on
each sample, platinum was sputter-deposited on the back sur-
face and then heat-treated at 600°C for 20 min. After a copper
‘wire was connected to the Pt surface using Ag paste, the entire
sample, except for the front surface, was coated with epoxy
resin. The samples used in the present study were prepared by
galvanostatic anodization at 1 mA/cm? for 60 min in 48% hy-
drofluoric acid at room temperature. The porous layer forma-
tion was performed under room-light (light intensity
~10 uW/cm?). The formation rate of the porous layer, deter-
mined from SEM photos, was 2.2 x 10"* ¢m®C under the
above anodization conditions. The emission color was

* Electrochemical Society Active Member.

checked using a 6 W handy mercury lamp {A» = 365 nm). The lu-
minescence spectra were measured using an argon-ion laser
excitation (488 nm, 20 mW) combined with a monochromator
and a Si (or a cooled Ge) photodiode. A computerized iock-in
detection system was established for the present experiment.
In order to make electrochemical measurements, the sampie
was placed in an electrochemical cell where the counterelec-
trode (Pt) and a saturated calomel reference electrode (SCE)
were immersed in the same electrolyte, either 0.1M Na,SO, or
0.1N H,S0,. We chose these electrolytes (neutral and acid so-
lutions) with the same anions (SO? "), because, in our indepen-
dent electrochemical study on porous titania,” we noticed that
the anodic current at a constant potential depends upon the
ionic radii of anions in the electrolytes.

A typical PL spectrum from porous Si measured in air is
shown in Fig. 1. We noticed that there are at least three inde-
pendent emission peaks in the spectrum: The first is a broad
peak in the energy range between 0.9 and 0.8 eV, while the
second is a shoulder that appeared in the energy range be-
tween 1.1 and 1.2 eV. The third is the visible light emission that
peaked in the energy range between 1.6 and 1.9 eV which de-
pended upon the preparation conditions. The intensities of the
peaks are several orders of magnitude stronger than that of
the bandgap emission from single-crystalline Si. Compared
with the PL spectra obtained from Si fine particles prepared by
gas-evaporation technique, the first peak at about 0.8 eV was
assigned to the emission associated with the Si dangling-
bonds within the porous layer. The energy range of the second
peak coincides with the bandgap energy of crystalline Si
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A Simplified Model Describing Enhanced Growth Rates
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Abstract

Nonuniform and enhanced growth rates are calculated for vapor
phase selective epitaxy. By solving Laplace’s equation above a par-
tially masked growth substrate the effects of gas phase diffusion on
vapor phase selective epitaxy are considered. Surface features hav-
ing a single dielectric masking stripe or 2 series of periodically spaced
masking stripes are analyzed. Closed form expressions are given for
reactant concentrations and enhanced growth rates away from the edge
of a large single masking stripe, and similar numerical calculations are
made for the case of repetitive masking stripes. These calculations
compare favorably with Low Pressure Organometallic Vapor Phase

Selective Epitaxy of GaAs and InAs on Si03 masked GaAs substrates.




1 Introduction

Selective epitaxy is an important circuit fabrication technology that al-
lows dissimilar hetero‘structure materials to be deposited adjacent to one
another within a monolithic circuit{l]. However, the presence of the di-
electric masking material on the substrate severely alters growth rates, and
makes it difficult to control growth rates across the sample. In particular,
the growth rate is nonuniform and enhanced away from the edges of large
regions of dielectric mask. Furthermore, these enhancements vary with the
mask geometry. In order to use selective epitaxy for integrated circuit fab-
rication, some estimation of enhanced growth rates as a function of mask
geometry is needed.

In this paper, a simplified mathematical model is presented that de-
scribes the effects of gas phase diffusion on enhanced growth rates dur-
ing selective epitaxy in a horizontal Low Pressure Organometallic Vapor
Phase Epitaxy (LPOMVPE) reactor. Calculations of the reactant concen-
tration, the concentration flux, and the growth flux at the surface dur-
ing selective epitaxy are completed by solving Laplace’s equation above a
masked substrate. Other models have been developed to describe nonuni-

form and faceted growth at the substrate/mask interface during selective




epitaxy[2], and at the edge of an etched trough during non-planar substrate
epitaxy[3, 4). However, the analytical model described here is specifically
meant to predict nonuniform and enhanced growth rates far from the sub-
strate/mask interface. Also, solutions to Laplace’s equation for a single
etch trough during patterned substrate epitaxy, which is substantially dif-
ferent than selective epitaxy, have been made numerically by C.H.J. van den
Brekel[5].

Using a relatively simple conformal mapping technique, we offer analyt-
ical expressions that can be used to estimate enhanced growth rates as a
function of the masking geometry. The primary result of this research is a
mathematical estimation of nonuniform and enhanced growth rates during
vapor phase epitaxy of semiconductors on dielectric patterned semiconduc-
tor substrates. The solution to the problem shown in Figure 1 characterizes
the effects of long range gas phase diffusion; and the solution to the problem
shown in Figure 3 describes the relationship between enhanced growth rates
and mask window geometries. Such estimations are needed to reliably use

selective epitaxy for compound semiconductor integrated circuit fabrication.




2 Model for a Single Masking Stripe

In Figure 1a, C is the reactant concentration, C, is the reactant concen-
tration at the top of an effective boundary layer of height é*, and %% is the
concentration gradient normal to the surface. The analytical results of Van
de Ven et al.[6] and numerical results of Jansen et al.[7), show the reactant
concentration above the substrate up to 6* is considered to be controlled
predominately by molecular diffusion. Therefore, for unmasked substrates,
the concentration varies nearly linearly between the surface and é*. This
idealization is justifiable for the case of GaAs and In;Ga;_As organometal-
lic vapor phase selective epitaxy since the observed non-uniform enhanced
growth rates are not a strong function of the gas flow direction, or the sur-
face morphology. Using equation 4 in reference 6, 6* can be estimated as a
function of reactor geometry and gas flow velocity.

In order to analytically solve the boundary value problem over a semi-
conductor substrate that has a single dielectric mask stripe, as shown in
Figure 1a, without using numerical methods, we must transform the do-
main, The aim of the transformation is to place the discontinuities in the
boundary conditions along the substrate to the corners in the new domain.

Figure 1a illustrates the initial cell geometry and the boundary conditions.




Since the mask region straddles the origin, we need to consider only half
the cell if the boundary condition %f— |y=0= 0 is used. We assume that no
growth occurs along the masked area so that the normal flux of the growth
constituents at the mask surface is zero (%% lz=8+/2= 0,y < £/2). Similarly,
the semiconductor surface reaction rates are considered to be infinitely fast,
and the reactant concentration is set to zero at the semiconductor growth
surface (Cly—s+/2= 0,y > £/2). At —5§%/2, the top of the effective boundary
layer, the concentration is constant (C|;=_g+/2=C,).

For the single mask stripe, the required Schwarz-Christoffel transfor-
mation reduces to the sine function. First, the dimensionless coordinates
zy = wzy/6*, y1 = wy/6* are introduced with 2y = z; + iy;. The sine
transformation followed by a scaling and an inverse sine transformation cre-

ate a domain where C can be identified by inspection (Figure 1le),
C= '—99-14 + —. (1)

The constant concentration profiles in the initial cell (Figure 1a ) can be

obtained from (1) by the chain of substitutions,

z4 = Rezy, (2)
24 = sin~! 23, (3)
5




_ 22341~ cosha

B = T 1t+cosha (4)
22 = 8in ;11, (5)
and
2 = nzp/6*. (6)
After completing all the above substitutions into (1),
o Gnfur (Hzteme) 0

where @ = £/2 and 2; = £(z +1y). Equation 7 can be used to calculate
the reactant concentration during selective epitaxy above a single dielectric
masking stripe on a semiconductor surface. The normal and tangential

fluxes are written in terms of the partial derivatives

aC(z,y) _ _C, €Os 27
——-—az = - Re (([COSh( %) —~ sin Z]][Sin(zl) + 1])1/2> (8)
aC(z,y) _ G 1 CO8 2
N R Re ( ([cosh( %%_ ) — sin zj)[sin(27) 4+ 1])1/2) . 9

The components of the reactant flux normal or parallel to the surface are cal-
culated using equations 8 and 9, respectively. Since the growth rate is equal
to the normal component of the reactant flux at the surface, the nonuniform
growth rate along the surface and away from the mask is obtained when
equation 8 is evaluated at z = 0. This is shown in Figure 2 with the mask

length, ¢ = 2500pm and 6* = 1.5cm.




3 Model for a Periodic Masking Structure

Many selective epitaxy applications involve periodic mask structures where
there are sequences of growth regions spaced by dielectric masking regions.
The geometry used to calculate the enhanced growth rate for such a struc-
ture is shown in Figure 4a, where the boundary conditions are the same as
those described for the single dielectric problem of Figure 1.

An overview of the transformations is given in Figure 3. The first step
in the solution is to find the appropriate transformation from the 2, plane
of Figure 3c to the z; plane in Figure 3b. The Schwarz-Christoffel transfor-

mation that accomplishes this is

O (SETY (. a— (10)

o V(C-1)(C-1/F)

The location } of point D has been determined by iteration using Mathematica(8}.
After k is determined, The point A can be calculated using the Jacobian el-
liptic function, sn(u). As illustrated in Figure 3c, the final cell is constructed
with discontinuous boundary conditions only at the corners. This is accom-
plished by scaling, and another Schwarz-Christoffel transformation of the
form of equation 10.

The solution to the boundary value problem in this final cell (Figure 3e)
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is

C =Cou. (11)
To calculate the resultant concentration in the initial cell, a given coordinate,
(24, vs), of the final cell is mapped back to (z7,ys) in the initial cell. The
concentration value is assigned to that point with equation 11. Mapping
successive points from the final cell to the initial cell requires the use of
both the Jacobian elliptic function and the elliptic integral, respectively.
Since the solution to these functions is involved, the program Mathematica
is used to perform the transformations and determine the concentration in
the initial cell. The flux terms %—2— and %% are computed numerically, and
the value for the flux is normalized such that the difference in concentration
between two points a distance §* apart is Co (the normal component of the
reactant flux at the surface is equal to one). Figure 4 shows the reactant
concentration along and above the periodically masked surface. The bow
in concentration near the substrate-to-mask interface shows the influence
of the masking stripe on the gas phase diffusion. Only one period of the
masked surface is shown. For this figure §* = 1.5cm, and both the growth
and mask‘ surfaces are 1500um wide. The concentration has been calculated

using Mathematica, and the mapping described above and in Figure 3.




4 Results and Discussion

LPOMVPE selective epitaxy experiments were conducted to compare the
theoretical results to experiment. Selective epitaxy of GaAs and InAs was
performed on SiC; patterned (100) n* GaAs substrates with 2° misorien-
tation toward < 110 >. Details of the wafer processing and growth can
be found elsewhere [9]. The enhanced growth study used two masking ge-
ometries. The first mask geometry corresponds to the single dielectric mask
problem. The iterative mask structure (similar to Figure 3a) is mimicked
in a different region on the same mask. This mask geometry consists of
dielectric regions 4000um in length, 100pm in width, and 100xm in spacing.
Based on the results of Van de Ven et al.[6], we have estimated §* = 1.5cm
for our reactor. Two basic structures were grown on both patterned and
unpatterned samples to compare subsequent growth rates. For the major-
ity of experiments, we grew = 2um of either GaAs or InAs. Analysis of
the enhancement was completed using a Tencor surface profiler, which has
an associated error of less than 1004, and optical and scanning electron
microscopy.

The single dielectric mask experimental data, and the associated the-

oretical calculation using equation 8 with x=0, are shown in Figure 5.




For a 2500um masked stripe in a large unmasked region, the model pre-
dicts that non-uniform, and enhanced growth rates will occur up to ap-
proximately 1500um from the mask edge, and that this phenomena is pre-
dominately related to gas phase diffusion. Enhanced growth rates near the
mask/semiconductor interface are primarily controlled by surface diffusion
and crystallographic effects[2, 3, 4] and therefore are not described by this
model. For a given mask width (¢) relative to the effective boundary layer
thickness (6*) in equation 8, one can estimate the distance from the mask
over which the growth is nonuniform. Hence, for large growth windows and
long masking stripes, equation 8 can be used to predict the extent of growth
rate nonuniformity expected when using selective epitaxy.

Also shown in Figure 5 is the calculated growth enhancement for a peri-
odically masked surface. In this case, the growth region is 10,000um wide,
while the masked region is 2500um wide. Since the growth region is very
large relative to the mask region, very little enhancement is observed be-
yond 1500um from the mask edge. This figure shows that as the growth
region becomes very large, the solutions of both cases converge as expected.
When the masking regions are sufficiently close, significant growth rate en-
hancement in the substrate regions will be observed. As described above,

Mathematica is used to solve the general periodic mask problem outlined in
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Figure 3. From these calculations one can predict the extent of growth rate
enhancement as a function of mask geometry by again varying the mask
length, and the mask spacing relative to the effective boundary layer thick-
ness. Figure 6 shows the enhanced growth rate for small periodic masking
structures. The mask width is kept constant at 100um and the growth
region is 10um or 100um with 6* = 1.5cm. Included in this figure are ex-
perimental data from both GaAs and InAs LPOMVPE experiments with
the mask length and spacing equal to 100um. For the case of §* = 1.5c¢m,
and £ = 100pm, there is essentially no enhancement in the center of the
growth region for mask spacings greater than 1000pxm (not shown). As the
spacing is reduced, the enhancement increases. When the semiconductor
growth surface and dielectric mask widths are both 100um, the growth rate
is enhanced by a factor of two around the mask interface, and by approxi-
mately a factor of 1.6 near the center of the growth region. As the growth
region is further reduced to 10um, the overall nonuniformity is not as large,
but the enhancement is dramatically increased to a factor of seven.

The theoretical solution only considers molecular diffusion within é* and
therefore the solution will not vary with the direction of the gas flow or with
the morphology of the growth material. Therefore, experiments were per-

formed using two patterned substrates, one with the mask stripe along the
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gas flow direction and the other perpendicular to it, and the variation in

enhanced growth between the samples was undetectable. In another exper-
iment GaAs with very poor surface morphology was deposited, and again
the enhanced growth rate results were typical. Therefore, the initial premise
that forced flow and surface effects be excluded, and that V2C= 0, is an ap-
propriate approximation provided the boundary conditions at the surface
represent the experimental situation. If the surface reaction rate on the
semiconductor is not fast relative to the gas phase diffusion rates, or if sig-
nificant polycrystalline material is deposited on the mask, the boundary

conditions are violated, and the accuracy of the model is compromised.

5 Conclusion

In summary, we offer a method for predicting enhanced growth rates dur-
ing vapor phase selective epitaxy. A closed form solution for the concentra-
tion and associated fluxes is derived for the single dielectric mask bounded
by infinite growth regions, and to a periodic mask structure through the
use of Mathematica. Although the model is based on simple constraints,
the results concur with experimental data for GaAs and InAs Low Pres-

sure Organometallic Vapor Phase Selective Epitaxy. The derived equations,

12




mathematical formulations, and experimental results are guidelines for de-
signing selective epitaxy processes and mask geometries for integrated circuit

fabrication.
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Figure Captions

Figure 1: Sequence of transformations and scalings for the single masking
stripe and infinite growth region problem.

Figure 2: Normalized vertical flux profiles for the single masking stripe and
infinite growth regions with §* = 1.5¢cm, and £ = 2500pum. The mask/growth

region interface is at 550um.

Figure 3: Sequence of transformations and scalings for the periodically
masked surface problem.

Figure 4: Reactant concentration profiles calculated using the periodic
masking structure solution with both the width of the mask, £, and growth
surface equal to 1500um. (6* = 1.5cm, C|p»=C,).

Figure 5: The theoretical solution for the normalized enhanced growth rates
using equation 8, with x=0, is given by the solid line. The corresponding
solution for a periodically masked surface is given by the dotted line with
a growth region of 10,000um. The associated GaAs experimental data for
normalized enhanced growth due to a single mask stripe is also shown. In
all cases the mask width, £ = 2500um, and the effective boundary layer,
6* = 1.5cm. '

Figure 6: The calculated normalized growth for a constant mask length
of 100pm with 100um or 10um growth regions is shown. Experimental
data for a 100pgm mask/100um growth region is shown for InAs and GaAs
LPOMVPE. (§* = 1.5¢cm)
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All-refractory GaAs FET for High Temperature Applications

N. A. Papanicolaout, S. H. Jones*, J. R. Jones*, and W. T. Anderson*.,

Abstract

This work reports on the investigation of an all-refractory 1 um-gate GaAs field-effect
transistor for high temperature applications. This device employs non-alloyed source and
drain ohmic contacts consisting of amorphous (o) TiWSix metallization and intervening
graded-InGaAs layers grown by Low Pressure Organometallic Vapor Phase Epitaxy
(LPOMVPE). The TiWSiy is formed by alternating layers of TiW(10A) and Si( 1.54)
sequentially deposited to a total thickness of 500 A by RF magnetron sputtering. The
Schottky gate consists of e-beam deposited TiW/Au (500A72000A) refractory metallization
system. The epitaxial layered structure consists of a 0.5myt undoped GaAs buffer layer, a
2000A n+ GaAs active layer doped at 2x1017 cm-3 and 500A of n* GaAs followed by
500A of graded n* InGaAs (O<x<1), with the surface being terminated in InAs (x=1). The
as deposited source/drain contacts showed ohmic behavior without requiring post-
deposition heat treatment and yielded specific contact resistivity values as low as 1x10-6 Q-
cm2. In addition these contacts were shown to be thermally stable and retained excellent
surface morphclogy up to 600° C. The resulting all-refractory FET devices exhibited
excellent dc transistor characteristics with measured peak transconductance of 140 mS/mm
and a pinch-off voltage of -2.2V. Results on the high temperature reliability of these
devices will also be reported. Furthermore, the performance and reliability of these devices
will be compared with conventional FETs fabricated on similar material structures but

which use the standard AuGe/Ni/Au ohmic metallization system.
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