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ABSTRACT

Polycrystalline-Si/GaAs interfaces have been prepared by depositing hydrogenated amorphous Si (a-Si:H) onto
GaAs in a silane plasma at 450°C and annealing at temperatures between 600° and 1050°C. Rutherford backscattering,

secondary ion mass spectroscopy, and transmission electro

n microscopy analyses show that the resulting polycrys-

talline-Si/GaAs interface is metallurgically stable when the Si is undoped, while significant interdiffusion occurs when
P or As are added to the Si. The Si diffusion into the GaAs is rapid (D = 10~ cm?/s at 1000°C) depends on concentration
and increases with increasing P content in the Si. Ohmic contacts prepared using Si(P-4 atom percent (a/0))GaAs (semi-
insulating) annealed at 800° and 1050°C, gave contact resistance of 1.7 x 10—+ and 1.2 x 10— £ cm?, respectively.

A plausible equilibrium band diagram for n*-Si/n-GaAs
is shown in Fig. 1. Incorporated in the diagram is a val-
ence band offset of 0.05 eV, as measured with photoemis-
sion spectroscopy (1) for amorphous Si (a-Si) deposited
onto (110) GaAs in ultrahigh vacuum conditions. We have
also assumed that interface states pin the Fermi level to a
near midgap energy level [as is the case for other lattice
mismatched GaAs hetergjunctions and most metal/GaAs
interfaces (2)]. Since evaporated S¥GaAs interfaces are
known to be metallurgically stable to temperatures as
high as 1050°C (3), degenerately doped Si may therefore
provide a high temperature stable Schottky contact to
GaAs.

To investigate this interface, we deposited a-Si onto
GaAs by plasma enhanced chemical vapor deposition,
adding P or As by mixing the appropriate gas to the
silane plasma. We report here on the contact properties of
these interfaces after anneals to 1050°C. Instead of a stable
degenerate Si/GaAs interface, high concentrations of Si
diffused into the GaAs in conjunction with Ga and As
out-diffusion into the Si. Schottky contacts were not ob-
tained but, in the case of the P-Si alloys, ohmic contacts
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formed with contact resistances on the order of 10—
cm?.

Experiment
Polycrystalline-Si/GaAs interfaces were prepared by de-
positing hydrogenated amorphous Si (a-Si:H) in a silane
plasma at 450°C and annealing at temperatures between
600° and 1050°C. Arsenic or phosphorus were added to the
silicon in the range 4 to 30 a/o (atom percent) by mixing

Si GaAs

n=5x10%cm3 n=1x10"em™3

Ey

Fig. 1. Equilibrium band diagram for the n'-Si/n-GaAs hetero-
junction with interfacial states. The valence band offset AE, = 0.05
eV was obtained from Ref. (2).
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the appropriate gas, arsine (AsH,), or phosphine (PH,). All
depositions and experiments were run in parallel with
samples from two substrate types: polished GaAs (semi-
insulating, liquid encapsulated Czochralski (LEC), (100))
and thermally oxidized Si. Film thicknesses were typi-
cally 100 nm. The substrates were used as-received from
the manufacturer but were cleaned in an Ar* plasma in
situ prior to the Si depositions.

Rapid thermal annealing to temperatures between 900°
and 1050°C for 10s was carried out by a flash lamp system
in flowing Ar/H, The temperature was monitored with a
thermocouple attached to the Si wafer sample platform.
Annealing at lower temperatures, 600°-800°C for 15 min,
was carried out in a vacuum furnace (base pressure 1 x
107 torr). 'Foils for cross-sectional TEM were prepared by
ion-milling 50 pwm thick sections (4 keV, 40 pA). To study
out-diffusion and composition, samples were analyzed
using Rutherford backscattering (RBS) with 3 MeV He**
and Auger sputter profiling. Hydrogen content was mea-
sured with He™ recoil analysis (75° tilt angle). The total
concentration of Si diffused into the GaAs was measured
by secondary ion mass spectroscopy (SIMS) after plasma
etching the deposited Si in SF,. The profiles were cali-
brated using a Si implant standard. The sheet resistance
and carrier concentration were measured with van der
Pauw patterns or with a four-point probe. Contact resist-
ances of polycrystalline-Si/GaAs, henceforth Si/GaAs,
were measured using the transmission line technique.
The transmission line pattern (50 um width) was fabri-
cated after annealing, with the diffused Si providing the
doped channel in the semi-insulating GaAs substrate. Ti-
tanium metallization was used as an ohmic contact to the
Si. Sputter cleaning of the Si prior to Ti deposition was
found critical to the formation of Ti/Si contacts of resist-
ance lower than the underlying Si/GaAs interface. The
quality of TUSi contacts were checked with films depos-
ited on the thermally oxidized Si wafers.

Results and Discussion
The films deposited on thermal SiO, were visibly
smooth before and after annealing. With GaAs substrates,
the majority of the surface area of the films was smooth,
but randomly spaced bubbles, indicative of compressive
stresses in the film, developed in the Si-As alloy films
after annealing. However, the density of these bubbles
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Fig. 3. SIMS profiles of Si diffusion into semi-insulating GaAs mea-
sured relative to the Si/GaAs interface, as a function of Si afloy com-
position. The annealing temperature was 1000°C for 10s. The solid
lines are calculated profiles from the Greiner/Gibbons theory (Ref.

(3).

did not interfere with the interface analysis undertaken in
this work. Cross-sectional TEM confirmed that the Si
crystallized and that the interface remained planar. Ex-
amination of electron diffraction patterns of the Si did not
reveal any phases other than Si. In particular, neither SiP
(orthorhombic), SiAs, (cubic, a, = 6.0252A) nor SiAs
(monoclinic) were detected. GaP may have been present,
but its lattice constant differs from Si by only 0.4% and
consequently, its diffraction pattern could not be distin-
guished from Si. In the case of the Si-P samples, crystal-
line defects appeared in the top 2004 of the GaAs. Hydro-
gen content before annealing was about 5 a/o but none
was detected with recoil analysis after annealing (<1 a/o).

Figure 2 shows RBS data of Ga and As out-diffusion
from GaAs into the Si as a function of P content for a

2.3 2.4 2.5 2.6
8 T T I 1 B
| ++
| / 3 Mev He
. ° -
!\ 1 OOOOC GaAs pOly—Sl 75% tilt
6 \ 10 sec. . Fig. 2. RBS of Si/GaAs inter-
A i taces after rapid thermal anneal-
] - ing to 1000°C for 10s. The figure
->_ L1 shows the arsenic and gallium
i \ Ga profiles in the Si overlayer, as a
o % _,,\/‘ 0 _J function of Si phosphorus content.
8 4 LAY \-/""N'w The element indicator arrows
N r’ 9 ot% \ show the position of arsenic or
o “ gallium at the surface. The out-
E Ga and As N diffusion of arsenic and gallium
= \ As Uf'\dOpEd into the Si were calculated by
ZO , \ 4 atZ P integrating the profiles.
\ A ' -
2 s NN L 20 at% P
\ .
4 at% S
Ga and As A
\\
Y 1 1 I |
460 480 500 520 540

Channel



1178 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY June 1986

Table 1. Polycrystalline-Si/GaAs contact properties

Poly—Si Anneal Si Pair Sheet Carrier Contact
Composition | Temperature |Diff. Coeff. | Resistance | Conc.(GaAs)|Resistance
°C cm?®sec™ Q/0 atoms/cc | fcm®
P (4at%) 800 15min | 2.5x107%° 180 1.7x107*
1050 10sec | 9.6x107* 45 4.8x10' | 1.2x107*
P (20at%) |750 15min 330 8x107*
800 15min | 7.6x107° 100 5x107*
1050 10sec | 1.4x107'° 96 2.0x10"®
As (12at%) | 1000 10sec | 2.6x107'* 52 not ohmic
As (30at%) | 1000 10sec | 2.2x107! 95 not ohmic
S

rapid thermal anneal at 1000°C. Integration of the Ga and
As surface steps indicated 4 and 9 a/o Ga plus As out-
diffused into the Si in the annealed P-4 and P-20 a/o sam-
ples, respectively. Auger data indicated that the As/Ga ra-
tios were about 4.5. Similar levels of Ga out-diffusion
were observed with Auger depth profiling of the Si-As al-
loys (4). Figure 3 shows the corresponding diffusion of Si
into the GaAs as a function of alloy composition as mea-
sured by SIMS. As with Ga and As out-diffusion into Si,
Si diffusion into the GaAs increased with increasing
phosphorus content in Si. Diffusion also occurred with
the As alloys, though the effect of composition (over the
range 12-30 a/0) was not as great as for P (4-20 a/o).

The Greiner/Gibbons theory that high concentration Si
diffusion occurs via the diffusion of Si-Si pairs (3) models
this data. well. Theoretical profiles were calculated as de-
scribed elsewhere (4), and have been overlayed with the
data (solid lines in Fig. 3 and 4). Except for the near sur-
face region of the P-Si alloys, where the Si concentration
is higher, the agreement was excellent. From the fitted
profiles, the diffusion coefficient of Si-Si pairs, as a func-
tion of temperature and composition, were determined.
Diffusion coefficients for some alloy compositions are
tabulated in Table I. Arrhenius plots of pair diffusion
coefficient vs. reciprocal temperature has shown that the
activation energy was independent of alloy composition
and equal to 2.65 = 0.25 eV. The pre-exponential factor
ranged from 0.09 to 9 cm? s—! with variations in the alloy
composition. )

To understand the difference in out-diffusion observed
between intrinsic and As or P doped plasma deposited Si,
a closer look at the structure of the Si grain boundaries is
required. However, we believe that the Si diffusion
occurred via a flux of Ga and As vacancies formed as the
GaAs out-diffused through grain boundaries in the Si.

Figure 4 shows the SIMS data for P diffusion into GaAs
overlayed with the Si diffusion for the 20 a/o P-Si alloy
annealed at 1000°C for 10s. The higher Si concentration in
the near surface region overlays (solid line) with the diffu-
sion of P into the GaAs. The strain introduced by the P
and Si diffusion was likely responsible for the crystalline
defects observed at the Si-P/GaAs interfaces. Enhanced
surface concentirations of Si and interfacial defects were
not seen with the As-Si/GaAs alloys.

The sheet resistance of the Si/GaAs was a function of
temperature, as is shown in Fig. 5 for the P4 a/o and
As-12 a/o samples. The crystallization and dopant activa-
tion began at lower temperatures in the P samples. This
conforms with the behavior reported for heavily As or P
implanted polycrystalline-Si (5). Both elements segregate
to grain boundaries but, at high concentrations, the pro-

cess is slower for As than for P, presumably the result of
As clustering. Hall measurements show that the Si in the
GaAs was activating n-type. To calculate average carrier
concentrations, the depth of the doped layer was assumed
equal to the depth of the SIMS data. The results from two
anneals are found in Table I. Contact resistances as a
function of alloy composition are found in Table 1. The
P-5i alloys gave ohmic contacts in the range 1.2-8 x 10-4Q
cm?, depending on the anneal. The As-Si alloy contacts
have, so far,! not been ohmic even though the Si concen-
tration and conductivity were comparable to the ohmic P
alloy contacts after the 1000°C anneal.

When GaAs is heavily implanted with Si, the free elec-
tron concentration typically obtained, after a capped fur-
nace anneal, is no more than 2-4 x 10 em—* (6, 7). The re-
sults obtained here by diffusion indicate the same bulk
behavior. More than 98% of the Si has self-compensated,
sitting on equal numbers of As and Ga substitutional

' Recent experiments with a Si(As-9 a/o)/GaAs interface have
produced ohmic contacts (2.4 X 10-%Q c¢m?*) after anneals at
lgOOf’C for 10s. A 800°C anneal of the same interface was not
ohmic.
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Fig. 4. Secondary ion mass spectroscopy profiles of Si and P diffu-
sion into GaAs measured relative to-the Si(P-20 a/0)/GaAs interface
after rapid thermal annealing ot 1020°C for 10s. The solid line is a
calculated profile from the Greiner/Gibbons theory (see text).
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Fig. 5. Sheet resistance of 5i/GaAs vs. anneal temperature for the 4
a/o P and 12 a/o As samples.

sites. Metal contacts to GaAs with a 4 x 10" bulk carrier
concentration usually produce ohmic contacts of resist-
ance near 1072Q2 cm? or higher. Theoretical calculations of
contact resistance as a function of doping for a tunneling
mechanism support this result. For example, Chang et al.
(8) predict a contact resistance of 6.3 x 10-%1 cm?, while
the more recent calculations of Boudville and McGill (9)
predict a value 1.4 X 10-3Q ¢m?®. The contact resistance of
1.2 X 10—%Q cm? obtained for the Si(P) contacts indicates
that the surface may have had a net donor concentration
in the range 6-12 X 10'® ecm—*.

A similar situation has been reported for molecular
beam epitaxy (MBE) layers (10). In situ deposition of Ag
onto heavily Si doped GaAs grown by MBE has produced
contact resistances of 1.1 x 10~%Q cm? The bulk carrier
concentration of the same material, as measured by the
Hall effect, was 4 X 10 em~*. At least ini the surface re-
gion, the net donor concentration may have been as high
as 1 x 10% c¢m-3. The explanation for this result was that
the driving force for Si self-compensation is the Fermi
level or the electron concentration (9). In the depletion
layer at the surface, the Fermi level is pinned by surface
states to 0.8 eV. In this region of lower Fermi level, the ra-
tio of donor to acceptor sites of the Si would be closer to
values obtained at lower Si concentrations. The final re-
sult: higher Si activation at the surface. If this mechanism
is responsible for our results, then the effect observed
here is not as significant as the results reported for the
MBE layers. The higher temperatures used in our experi-
ments or the method of Si incorporation, diffusion vs.
layer by layer growth, may have determined the outcome.
In any event, though this surface effect may apply to our
data, it does not alone explain why the P samples were
ohmic while the As samples were not.

Phosphorus has been reported to passivate the surface
of GaAs lowering the interfacial barrier from 0.8 to 0.18
eV (11). This would clearly make it easier to form tun-
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neling ohmic contacts. Alternatively, since phosphorus
was seen to be diffusing into the GaAs, perhaps the
ohmic contact is related to the formation of GaAsP
phases. Heavy phosphorus implantation into GaAs plus
annealing has been shown to produce the phase
GaAsy P17 (12). The activation of Si in GaP or GaAsP
may be higher.

In conclusion, Si/GaAs interfaces have been formed by
plasma deposition of a-Si:H followed by anneals to tem-
peratures of 1050°C. Large quantities of P or As (4-30 a/o)

. were added to the Si by mixing arsine or phosphine gases

into the plasma. Undoped Si/GaAs interfaces were
metallurgically stable, but high concentrations of Si dif-
fused into the GaAs in the case of the P and As-Si alloys.
The magnitude of the diffusion depended on the P com-
position and may also depend on the As composition. The
Greiner/Gibbons theory that high concentration Si dif-
fuses via Si-Si substitutional pairs compared well with
our diffusion profiles. Ohmic contacts prepared using
Si(P-4a/0)/GaAs gave contact resistances as low as 1.4 x
10Q cm?. Si(As)/GaAs interfaces were not ohmic over
the range of compositions and annealing temperatures
studied. Phosphorus passivation at the interface or diffu-
sion into the GaAs resulting in the formation of
GaP,As, ., at the Si interface may explain the ohmic con-
tacts in the P-Si alloys.
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