High doping effects on in-situ Ohmic contacts to n-InAs
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ABSTRACT

We present the effect of active carrier concentration on the specific contact resistivity ( p, ) of in-situ
molybdenum (Mo) Ohmic contacts to n-type InAs. It is observed that, although the Fermi level pins in the
conduction band for InAs, the contact resistivity decreases with the increase in InAs active carrier

concentration. The lowest p_ obtained through

transmission line model measurements was

(0.6+0.4)x107® Q-cm’ for samples with 8.2x10" cm™ active carrier concentration. The contacts were

found to remain stable on annealing at 250 °C for 1 hour.

[. INTRODUCTION

Ultra-low resistance metal-semiconductor contacts are
fundamental to the continued scaling of transistors towards
THz bandwidths. Geometric scaling laws show that
doubling transistor bandwidths requires a four-fold
reduction in specific contact resistivity (p.) (1, 2). p, <
110 Q-cm? is necessary in III-V HBTs and FETs for
having simultaneous 1.5 THz f; and f. (1, 2). Moreover,
high temperature operation and high current densities in
modern electronic devices require the contact to be
thermally stable (3).

Fabrication of Ohmic contacts using ex-situ
techniques requires a significant attention to removal of
semiconductor oxides and contaminants (4). Obtaining
repeatable contacts through ex-situ techniques requires
good process control; p_ can be highly sensitive to surface
preparation and to the time interval between the surface
preparation and contact metal deposition. Contacts formed
through in-situ techniques are repeatable and result in
ultra-low contact resistivities (5). In-situ technique
involves contact metal deposition immediately after
semiconductor growth without exposing the semiconductor
surface to air preventing surface contamination and
oxidation.

Apart from surface preparation, the interface
conduction band barrier potential, determined either by
Fermi level pinning or by work functions, also plays a
crucial role in determining the contact resistance. For InAs,
the Fermi level is pinned in the conduction band (6, 7, 8)
which makes it a potential candidate to be used as the
contact layer for metal-semiconductor contacts. EX-situ,
annealed, contacts to InAs with 2x10" cm™ active carrier
concentration have shown to result in p = 2x10°% Q-cm?

(9). Ohmic contacts to GaAs and Ings53Gay4;As using an
InAs cap layer have been studied extensively (9, 10, 11).
The contact resistance to GaAs (using an InAs cap layer)
decreases on increasing the GaAs active carrier
concentration because of the increased tunneling across the
InAs/GaAs heterojunction (10). The active carrier
concentration in InAs was kept constant in these samples.
However, there have been no reports on the effect of InAs
active carrier concentration on p_ . Here we present the
dependence of p_ on InAs active carrier concentration.
We report a p_ of (0.6£0.4)x10"® Q-cm? for non-alloyed,
in-situ, refractory molybdenum (Mo) contacts to n-type
InAs with 8.2x10' cm™ active carrier concentration.

II. EXPERIMENTAL DETAILS

The semiconductor epilayers were grown by a Gen II
solid source MBE system. A 150 nm undoped
Ing 5,Alg43As layer was grown on a semi-insulating InP
(100) substrate, followed by 100 nm of silicon (Si) doped
InAs. The samples were grown at 400 °C substrate
temperature with the Si cell temperature varying from 1190
°C to 1390 °C. After the InAs growth, the wafer was cooled
and transferred under UHV to an electron beam
evaporation chamber, where 20 nm of molybdenum (Mo)
was deposited on half the wafer through a shadow mask
(5). The active carrier concentration, mobility and sheet
resistance were obtained from Hall measurements by
placing indium contacts on samples taken from the half of
the wafer not coated with Mo. The portion of the wafer
coated with Mo was processed into transmission line
model (TLM) structures for contact resistance
measurement.



To extract the specific contact resistivity, the samples
were processed into TLM structures (12). For the TLM
structures (Fig. 1), Ti (20 nm) /Au (500 nm) /Ni (50 nm)
contact pads were patterned using optical photolithography
and lifted-off after an e-beam deposition. The Au layer is
500 nm thick to reduce interconnect resistance. Mo was
then dry etched in an SF¢/Ar plasma using Ni as an etch
mask. The TLM structures were then isolated using mesas
formed by photolithography and a subsequent wet etch. A
schematic of the TLM pattern is shown in Fig. 2.
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Fig. 1: Cross-section schematic of the metal-
semiconductor contact layer structure used for TLM
measurements.

Fig. 2: Schematic of the TLM pattern used for the contact
resistivity measurement. Separate pads were used for
current biasing and voltage measurement

Resistances were measured using a four-point (Kelvin)
probe technique on an Agilent 4155C semiconductor
parameter analyzer (5). In the Kelvin probing structure
(Fig. 2), the observed resistance,

Rmeasured = 2100 /WLT + ps Lgap /W + Rmetal

contains a small contribution R, ., from the sheet
resistivity (p, /T, ) of the contact metal. Here p_ is the
metal-semiconductor  contact  resistivity,  p . the
semiconductor sheet resistivity, L. = [y /. the transfer
length, p _ the bulk metal resistivity and T_ the contact
metal thickness. The dimensions W and L, are defined
in Fig. 2.R,,, is determined from separate measurements
of P! T and from numerical finite-element analysis of
the contact geometry. For the narrow width (W =10 pm)

test structures, R ., changes the contact resistivity data

by less than 5 %. Note that the TLM geometry used here
(Fig. 2) differs from that used in (5), and the associated
R, term reduced by over 4:1 for W =10 pum.

The sheet resistance of the semiconductor between the
contacts does not change after being exposed to SF¢/Ar
plasma etch for removing Mo (5). This validates the
extraction of the contact resistivity ( p, ) from the observed
lateral access resistivity ( p,, ) and semiconductor sheet
resistivity ( p, ).

III. RESULTS AND DISCUSSION

Fig. 3 shows the variation of active carrier
concentration and mobility with Si atomic concentration.
For Si atomic concentration greater than 2x10*° cm™, the
active carrier concentration was found to saturate because
of the auto-compensation behavior of Si at greater atomic
concentrations  (13). The highest active carrier
concentration obtained was 1.2x10*" cm™ for a total Si
atom concentration of 3.5x10%° cm™. InAs layers grown
with Si atom concentration greater than 3.5 x10* cm™
resulted in rough and hazy surfaces, probably due to
excessive Si incorporation in the layers (13).
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Fig. 3: Variation of active carrier concentration and
mobility with Si atomic concentration.

Fig. 4 shows p as a function of active carrier
concentration. For active carrier concentration below
8.2x10" cm”, p, decreases with increase in the active
carrier concentration and saturates for an active carrier
concentration greater than 8.2x10" c¢m™. This indicates
that, although the Fermi level pins in the conduction band
for InAs, an active carrier concentration greater than ~
4x10" cm” is required to obtain p_less than 1x10™° Q-
cm’. The lowest p. extracted from the TLM
measurements was (0.6+0.4)x10"* Q-cm? for the sample
with an active carrier concentration of 8.2 x10' cm™. For
this sample, the variation of TLM test structure resistance
with contact separation is shown in Fig. 5. Note that after



correcting for the effect of TLM test structure interconnect
resistance on measurements (5), we had earlier obtained
P = (1.4£0.5)x10"® Q-cm’ for in-situ Mo contacts to a
composite layer of 5 nm of n-type InAs on 95 nm of
InGaAs (14). For this sample, the active carrier
concentration in the InAs layer was 3 x10'" cm™ (calibrated
on separate samples). As shown in Fig. 4, p reported for
InAs (5 nm) /InGaAs (95 nm) sample of ref. (14) is greater
than expected from the current data because the observed
resistivity includes Mo/InAs and InAs/InGaAs interfaces in
series. Also shown in Fig. 4 is the p_ obtained with ex-
situ, annealed, contacts to InAs (9), which is greater than
for in-situ contacts.
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Fig. 4: Variation of specific contact resistivity with active
carrier concentration.
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Fig. 5: Measured TLM resistance as a function of pad
spacing for the sample with p_ = (0.6£0.4)x10"* Q-cm”.
The inset plots measured TLM resistance vs. pad spacing
ranging from 0.8 um to 25 pm.

For the sample with p_ = (0.6£0.4)x10® Q-cm’, the
transfer length was 260 nm, 2.6:1 larger than the N+ layer
thickness; hence resistance analysis assuming one-
dimensional current flow is appropriate.  Hall
measurements on the same sample with lowest contact
resistivity indicate 568 cm?*/Vs mobility, and 10.5 Q sheet
resistivity. The sheet resistivity determined from TLM
measurements was 11 Q, correlating closely to the sheet
resistivity obtained with Hall measurements.

To study the thermal stability of the contacts, the
processed samples were annealed wunder nitrogen
atmosphere at 250 °C for 1 hour, a thermal cycle
representative of the curing cycle of the benzocyclobutene
(BCB) passivation and interconnect dielectric used in
many III-V IC processes (15). The contacts were found to
remain Ohmic and the observed variation in the contact
resistivity was less than the margin of error in the
measurement.

IV. CONCLUSIONS

We present the dependence of p, on active carrier
concentration for in-situ, thermally stable, Ohmic contacts
to InAs. We show that, although the Fermi level pins in the
conduction band for InAs, p_  decreases with increased
active  carrier concentration for active carrier
concentrations below 8.2x10" cm™. p. was found to
saturate for active carrier concentrations above 8.2x10"
cm” and the lowest p. obtained was (0.6£0.4)x10® Q-
cm’. Our results indicate that active carrier concentrations
in excess of ~ 4x10" cm™ are required to obtain P, less
than 1x10"® Q-cm’. These results indicate the effectiveness
of InAs in forming ultra-low resistance Ohmic contacts;
application in contacts to layers within III-V devices
requires further characterization of the heterojunction
interface resistance between InAs and the contacting layer.
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