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Ohmic contact behavior of Al metal epitaxy on GalnAs by MBE

K.H. Hsieh, M. Hollis, G. Wicks, C.E.C. Wood and L.F, Eastman
School of Electrical Engineering, Phillips Hall
Cornell University, Ithaca, NY 14853

Abstract Al metal films were grown epitaxially on Ga,47In, 53Rs/InP
{100) by MBE. These Al films were single crystals in (011) orientation
on GaInAs (00l). Contrary to the common belief that Al forms a
rectifying contact on this material with ~ 0.2 eV Schottky barrier
height, we show for the first time that Al epilayers form olmic
contacts at room temperature on GalnAs by MBE., Specific contact
resistivity of (1.0 + 0.2) x 10-6 ﬂ—gnz has been obtained with electron
carrier concetration of 1 x 1016 cm ™2 in GalnAs.

» 1. Introduction

Recently, there have been many reports on both GaInAs material and metal
epitaxy, primarily as a result of their practical application in device
engineering and metal-semiconductor interface science.

Ga_47In 5345, lattice-matched to InP, is a promising compound
semiconductor with ~ 50% higher low-field mobility at 300K than GaAs
(Oliver and Eastman, 1980). Its bandgap of 0.75 &V (1.65 mm) is of
interest in optical communication. This confirms its broad optoelectronic
application (Pearsall et al, 1981, Gammel and Ballantyne, 1980). InGa is
also a favorable choice for high speed devices, because intervalley-
scattering energy, I-L valley separation (which limits the applied
electric field and hence operating speed) 0.55 eV, c.f. 0.31 &V for GaAs.
(Cheng et al, 1982, Eastman, 1981)

Metal epitaxy on III-V compound has also attracted different research
interests. Single crystal Al epitaxially grown on GaAs (001) with Al
growth plans parallel to the Gahs (001) or (011) showed ideal Schottky-
barrier diode characteristics {Ludeke et al, 1973, Cho and Dernier, 1978,
Petroff et al, 1981). However (011} orientated Al epilayers grown in-situ
on InP (001) by MBE showed interesting I-V charateristics with reduced
Schottky barrier height, i.e. 0.1 eV at 77%K and ommic behavior at R.T.
(Sullivan et al, 1980). A similar phenomenon was first discovered in Ag
({0ll)=-single crystal orientation) and Au ((001-single crystal
orientation) epitaxial films grown onto Ar—ion bombarded and thermally
annealed InP (001) substrates (Farrow 1978). More of this metal contact
behavior was discugssed in cases of reactive {Al, Ni, Fe) and unreactive
metals (Au, Ag, Cu) deposited on cleaved InP (011) surfaces. Reactive
metals deposited on clean surfaces as well as metals on oxygen, chlorine
or air, exposed InP surfaces, all exhibited reduced Schottky-barrier
height of much less than 0.1 eV i.e. olmic contact (Williams et al, 1979).
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Such interesting contact behavior was discovered for the first time in
ternary compound GaInAg in this work, where (011) oriented single crystal
Al was grown onto Ga, 47In 53As/InP(001) by MBE. Metal Schottky barriers
on Ga,47In 53As have long been known to be about 0.2 eV (Kajivama et al
1973}, In contract the present work shows that single crystal Al forms
ommic contacts on Ga,47In_533s at room temperature and only slight
rectification at 779K. Ohmic contact resistivities of ~ 1 x 1076 g-cm?
have been obtained. This result demonstrates the practical practical non—
alloyed olmic contacts formed in-situ on GalnAs by metal beam epitaxy.

2. Experiments and Results

2.1 Sample Preparation and Growth

Standard sclvent cleaning and etching (in 8:1:1 H)804: :HpOp:H0) processes
were applied to InP (001) substrates before loading into the MBE chamber.
Ga_ _47In sphs films were grown on (001) InP at 5059C to 515°C under As-
stabllized growth conditions with beamequivalent-pressure ratio of group
V to group IIT (P¥p/PERI) ~ 40-45. Good lattice matched films were
usually obtained; {m/a) = 7 x 104 or composition variation > 1% and
shown by x-ray rocking curves,

In this study more than 45 in-situ Al single crystal films were grown on
GaInAs undér various growth conditions, (a) deposition under -background
Asy pressures from 4.0 x 1078 to 2,0x109Torr; (b) substrate temperature
(Tg) during deposition (TRYp): ranged from 459C to 2409C; (c) Al beam
flux, from 0.4 to 9 monolayers/sec; (d) Tg when As beam was shuttered
after GaInAs growth (T8§p): from 200°C to 4709C; (e} Al films were also
grown on both As-stabilized and metal-stabilized surfaces. Metal-
stabilized surfaces of GalnAs were obtained by heating until reflection
electron diffraction patterns changed fram 2x4 to c(8x2) then cooling to
Al deposition temperature.

2.2 Crystallinity of Al film

It has been demonstrated that Al can be grown spitaxially to GaAs with
lattice mismatch of 1.3%, so could Al be grown epitaxially on GaInAs with
lattice mismatch of 2.43%? Beside the streaked RHERD, patterns, x-ray
diffractometry also verified the crystallinity and orientation of Al epi-
layers on GalnAs. 1In Fig, 1 the Al (220) peak stands out from GaInAs/InP.
{200} Ky and K¢p signals. In this case of GalnAs lattice-matched to InP,
x-ray diffraction is not able to be distinguished one from the other.
Also Al Ky and Keg signal are not resolvable, due to either the non-
perfect crystalline structure or defocusing x-ray beam on the Al film.
Table 1 summarizes all the resolvable lines of x-ray angular spectrum.
From this table it can be concluded that Al(0ll} single crystal planes can
be grown epitaxially on GalnAs/InP {001).
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35 KV GalnAs/ InP
18 mA {400}
A| P‘-T
(220) Kaz “ai

Fig. 1. X-ray diffractometer
spectrum for Al/Ga 7In safis/
InP (001), {x-ray power'

34 kV, 18 mA).

intensity (arbitrary)

67° 66° 65° 64° 63°
28 Diffraction angles (degrees)

(hKt) Relative
26() SalnAs/InP Al intensity %
2798 | {200}, K8 45
30.8 (2001, Kq, 100
316 (200}, K,y 98
or! (400}, K8 40 Table I. ¥_ray diffraction
o (2200, K8 S 1ines and their identification
22‘?5 ::gg;' :“l 992 with Al and GalnAs crystal
65.65 %2 | (z20h,kq | 92 planes.
9195 [ (600), KB 5
104.2 (800), Ka 85
i04.6 | (600), Kala 43

2.3 Electrical Characteristics

I-V curves of Al{011)/GaInAs(001) Schottky diodes on conductive InP
substrates are shown in Fig. 2(a,b). These typical samples show that

contacts are ohmic at room temperature and glightly rectifing at 77K. In
contrast Al,Ag and An Schottky contacts on GaIhAs evaporated outside the

MBE system show ideal rectifying diode behavior in Figs. 2{c) and (d).
(au and Ag have similar I-V's and are therefore not shown) .

Schottky barrier heights can be obtained by assuming thermionic emission
of carriers over the barrier. Barrier height is then given by

kT a**p?
o =75 fa | |
q 1
|Io| is the vertical intercept of n|I] vs V, applied voltage, at vV = 0

or can be estimated from reverse saturation current.
Hence we obtain

¢80 (Ag) = 0.27 eV, dpp (Au) = 0.25 eV and dpn(Au) = 0.22 eV,

These values are close to what would be expected (Kajiyama et al 1973). No

correlation between ¢gg and work function of metals could be found in this
work.
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(a) #2201: Typically good ohmic
o T-Y 3009K for single crystal Al
on GalnAs {001). Current on
vertical scale is 20mA/div;
valtage on horizontal scale
50mY/div,

le& (b} #2329: Ommic I-V at room

- temperature and non-chmic IV at
[ 770K, The trace in the middle is
b 1-V for 770K<T<RT..

3'(c) #2190: Ag on GalnAs
{evaporated outside MBE chamber).

(d) #2190: AT on GalrAs (evaporat-
ed outside MBE chamber) which 1is
fthe same substrate as the ane

used for Ag as weil as Au
evaporation.

AlgGalnAs
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2.4. TIM (Transmission Line Method) Contact Measurement

TIM contact patterns (Berger 1972) were formed on single crystal Al ohmic
contact on GalnhAs on 5.I. InP substrates by standard optical lithography
techniques followed by mesa etching down to the GalnAs layers to reduce
possible fringing effects. Contact resistivity can be obtained by the
formula

fc = Rg L , if Ly < <L{length of pad)

Both Rg {sheet resistance) and Ly (transfer length) can be obtained from
the R-L plot, as clearly shown in Fig. 3. The contact resgistance in Fig.
3 is actually corrected for the probe resistance by

Rp = 2Rp + 2Rg + Rg ,’—Lq, » Rp is the probe resistance

Probe resistance is measured to be 0.5 2 per probe in this case. Contact
resistivity of these Al/GalnAs contacts varies from mid 10-% p-cm? to low
10-6g-cm? even to high 10~7 g-cm2, With contact resitivity as a measure,
optimum growth parameters are obtained as in Table 2.

R {(ohms) */
_ 15k =1 4 W=2975 um &
rd (contact resistivity} a i .
=Rg- byl A ya~ 3ooo§-
Rg= AR . w g Caints 5000
> TaL S1 InP <I100>
gLy =2.5 pm 6 2| TLM contact measurement
2= (1.0£02xI0°0-cm
10
a
&
ST A

2Ur /

| ! ! A L 1 1
0 20 30 40 50 60 L{pm)

Fig. 3. TLM contact measurement (see insert). L(um) is the contact
separation and R is the measured resistance between contact pads. :ZLT
is the horizontal intercept as R + 0.

For optimm low contact resistivity, Al beam epitaxy should be carried out
under the following conditions: (a) low background As pressure; (b} As-
stabilized GaInAs surface before Al deposition; (¢} high Al beam flux at
least greater than monolayer/sec; (d) Tﬁb is critical; high temperature
tends to enhance island growth and ends up with large grain sizes, even a
rectifying contact at ’I‘égb ~ 2409C; (e) There is a trend that at high

y te will increase,
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Background pressure 8

during depasition < 107 torr

Fing! surface structure

of GoinAs, betore ro (As-Stab) < fg {Metaf -Stab.)

deposition

A¢ beom flux Poc > 2.5 107 torry F2 1.5 10" atoms.
i te) BE* ~ cm'-sec

(deposition rale { 2 1 monolayer /sec)

Substrate femperoture Al o

during deposition Taub < 130

Subsirote temperature As .

when As - beom Tsub < 430°C

shuttered

r

Table 2. Optimum conditions for good Al non-alloyed ohmic
contact by MBE are listed. -

2.5. Doping and Annealing Effect

Increased doping level in GaInAs film causes contact resistivity to
decrease. Generally a Nal relationship, is followed (see Fig. 4).
Annealing of Al on GalnAs lowers contact resistivity. ro decreases by
about an order of magnitude, from 8.9 x 10-5 g-an? to 9.5 x 1075 g-am?, for
samples annealed at 240°C for 1-1/4 minutes. It was also observed that
resistivity decrease as annealing time was increased. Both annealing
temperature and time effects are shown in Fig. 5.

3. Discussion and Conclusion

It has been demonstrated that single crystal Al forms ohmic contact on
Ga_471n_53As/InP 001) by MBE, with low obmic contact resistivity in the
range of low 10°6 @-em?. This interesting phencmenon can be tentatively
explained by the reactive nature of Al metal on GaInAs. (Mg <0). In
similar cases of reactive metals (Al,Fe or Ni) on InP (Williams, 1979),
the contacts also exhibited reduced barrier phenomena (¢g * 0.1 V). Due
to the lack of chemical information at this point, no conclusion can be
drawn concerning the possibility of depletion of As on the surface layers
of GaInhs or diffusion of species across the interface. It is equally
possible that Al forms Schottky olmic contact on GalnAs, because electron
affinity of Ga_g7In, 57As is about 4.5 ~ 4.6 eV and work function of Al,
4.2 &V,
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