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Abstract

The Schottky barrier height of Ti and Pt contacts to Gag4;7Ing s3As was measured using Franz Keldysh oscillations
detected by electro absorption modulation, and compared to values obtained from the Schottky diode current voltage
characteristics. Both methods reveal that the Schottky barrier height for holes in Pt contacts is 50-70 meV lower than in
Ti contacts. The obtained barrier heights were used to calculate the specific contact resistance of Pt and Ti to p-type
Gay 47Ing 53As. The results agree well with experimental data. A de-correlation method for improving the resolution of
electro absorption data analysis is presented. An experimentally obtained correction factor for the measured electric
field is introduced in order to account for a discrepancy between electro absorption theory and experiment. © 2001

Elsevier Science Ltd. All rights reserved.

1. Introduction

In GalnAs based transistors, platinum and titanium
are widely used as ohmic contacts to optimize their
high frequency performance. The work function of Pt
is 1.3 eV higher than that of Ti [1], and accordingly Pt
has a lower specific contact resistance to p-type mate-
rial, and Ti has a lower specific contact resistance to
n-type material. However, the difference between the
specific contact resistance of the two metals to both n-
type and p-type material is much smaller than expected
in view of the large difference between their work
functions. It is thus evident that the difference in the
Schottky barrier height (Fig. 1) between the two metals
is much smaller than the difference between their work
functions, as found in many other material systems [2].
In this study, the built in potential (Fig. 1) of Ti and
Pt GalnAs Schottky diodes was measured using the
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electro absorption modulation (EAM) technique [3]. A
small but well resolved difference of about 50-70 meV
between the built in potentials was detected. The mea-
sured values of the built in potential were consistent
with the current voltage characteristics of the Scho-
ttky diodes studied in this work and in previous reports
[4]. The specific contact resistance of Ti and Pt to
heavily doped p-type GalnAs was measured as well,
and found consistent with the measured Schottky
barrier height.

2. Crystal growth and device fabrication

The GalnAs layers were grown by a compact metal
organic MBE system [5] on 100 oriented InP substrates.
The n and p dopant atoms were Sn and Be respectively.
The Schottky diode layer structure, described in Fig. 2,
consisted of a 140 nm undoped GalnAs layer grown on
top of a heavily doped p-type contact layer.

The metals were deposited by electron beam evap-
oration at pressures lower than 10~7 mbar. Before
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Fig. 1. Energy band diagram of a metal-semiconductor contact.

evaporation, the samples were treated by a 30% HCl
solution for two seconds in order to remove the native
oxides, rinsed by distilled water for 1 min, and spin-
dried. The metal sequences were Ti/Au (100 A/2000 A)
and PUTi/Pt/Au (50 A/200 A/200 A/2000 A). In the Pt
based contact, the Ti layer is believed to draw the oxides
out of the metal semiconductor interface [6]. No contact
alloying was carried out.

3. Experimental results
3.1. Electro absorption modulation

The EAM experimental setup is illustrated in Fig. 3.
Light from a 100 W quartz tungsten halogen (QTH)

lamp was transmitted through a monochromator, col-
limated by the first lens and focused on the device by
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Fig. 2. Schematic description of the Schottky diode structure. In the electro-absorption experiment the light is transmitted through the

substrate and reflected by the metal contact.
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Fig. 3. EAM experimental setup. The incident light was collimated by the first lens and focused on the device by the second lens. A
50% beam splitter diverted the light reflected from the device to a third lens, which focused it on a sensitive Ge detector. Lock-in
amplifier, synchronized with the electrical modulation, measured the EAM signal.

the second lens. A 50% beam splitter diverted the light
reflected from the device to a third lens, which focused
it on a sensitive Ge detector. Photo current measure-
ments were used for precise focal adjustments of the
sample mounting. The Schottky diodes were backside
illuminated through the InP substrate and the trans-
mitted light was reflected by the metal contacts. This
configuration improved the signal to noise ratio be-
cause light absorption was doubled compared to a
transmission spectroscopy setup. Small signal AC volt-
age superimposed on DC bias was applied to the device.
A lock-in amplifier, synchronized with the electrical
modulation, was used for measuring the EAM signal.
In this setup we were able to measure light modulation
magnitudes of about 5 x 1073 of the reflected light in-
tensity.

The EAM spectra of the Pt and Ti Schottky diodes
were measured for various DC bias levels. The applied
bias significantly influenced the observed Franz Keldysh
oscillations (FKOs), as demonstrated in Fig. 4. The
measured FKOs were independent of the probing light
intensity, ruling out photovoltaic effects.

A comparison of the EAM spectra of two diodes at
equal bias level is presented in Fig. 5. The clear differ-
ence between the FKOs can only be attributed to the
difference between the Schottky barrier heights of the Pt
and Ti metal-semiconductor contacts. To accurately
measure the difference between the built in potentials of
the two diodes the DC bias of the Pt diode was varied
until the FKO peaks coincided with the FKO peaks of
the Ti diode, as demonstrated in Fig. 6. The obtained
difference is 50 meV with an error margin of about 20
meV

To evaluate magnitudes of the built in potential and
the internal field in the two diodes we use the expression
given in [7,8]:
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Fig. 4. EAM spectrum measured at different applied DC bias
levels. Large spectral shifts are observed with the internal field
increase.
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Fig. 5. EAM spectrum of Ti and Pt diodes with an equal re-
verse bias of 0.8 V. The spectral shift is due to the different
contact potential of the two metals.
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Fig. 6. EAM spectrum of the Ti diode operated at a reverse bias of 0.8 V and the Pt diode operated at varying reverse bias levels. The
spectrum of the Pt diode biased at 0.85 V is very similar to that of the Ti diode, indicating that the potential barrier difference is 50

meV.

AR(E) ~2I(E-Ey)'"” 4 (E-E)"

R(E) o exp (0) ]cos 3 07" 7
x [EX(E—E,)]" (1)

where E is the photon energy, I' the band broadening
factor, y an arbitrary phase factor and AR/R the relative
absorption modulation. The electro optic energy is given
by:

5 q2h2F2

(h0) ™

2
where F is the electric field and p the reduced mass of
electrons and holes. When EAM signals are dominated
by heavy hole transitions, the internal field is extracted
using Eq. (1) from the slope of (4/3n)(E, — Eg)3/2 versus
n curves where E, is the energy and » is the index of the
extremum points in the EAM spectrum [3]. However,
distinct interference beats, observed in Figs. 4 and 5,
indicate that light hole transitions also contribute to the
signal. We therefore used Fourier analysis [9] to distin-
guish between both transitions.

The Fourier transforms of the EAM signals mea-
sured at various bias levels are presented in Fig. 7. At
high voltages, the heavy and light hole contributions can
be clearly identified. However, at low bias levels, the
curves are too broad to distinguish between both tran-
sitions.

In Eq. (1) we observe the multiplication of the cosine
function by two additional terms. Each of these terms
broadens the peaks in the Fourier domain (Fig. 7). We
have therefore multiplied the measured EAM spectrum
by E2(E — E,) prior to the Fourier analysis. The result is

demonstrated in Fig. 8, where significant reduction of
the peak width is observed and the energy resolution is
thus improved.

It is instructive to compare the ratio of electron—light
hole and electron-heavy hole reduced masses obtained
from our experiments to published data. The field de-
pendence of the Fourier domain peak is [9]:

2 22
fpeak = 3 \/_—N (3)

n(h0)  3nghF

and the ratio of the heavy hole and light hole peak po-
sitions is thus,
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Fig. 7. Fourier transforms of EAM spectra measured at vari-
ous bias levels. In each curve, the high-energy peak corresponds
to heavy hole transition and the low energy peak to light hole
transition.
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Fig. 8. Comparison of the Fourier transforms calculated with
and without de-correlation. Enhanced resolution is obtained by
the de-correlation method.
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The reduced mass ratio of 1.34 4 0.04, calculated from
the experimental data using Eq. (4), agrees well with
published data [10].

The average electric field values calculated from the
heavy hole peak locations using Eq. (3) are plotted in
Fig. 9 versus the applied DC bias. The validity of our
results can be verified by comparing the obtained electric
field to the expected result [11]:

KT
Vext+Vbi:Fd+7 (5)

where V4; is the built in voltage and d the width of the
depletion region. The thickness of the depletion region
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was obtained from the small signal capacitance of the
reverse biased Schottky diodes. It was constant at all DC
bias levels and equaled the nominal thickness of the
undoped layer (140 nm). A plot of the measured electric
field versus applied DC bias, must thus have a slope of
1/d. However, the slope of the curves in Fig. 9, is about
22% smaller than predicted by Eq. (5). In a similar ex-
periment carried out in GaAs diodes, the obtained field
magnitudes were 25% smaller than the predicted ones
[12]. We therefore conclude that a refinement of the
theory underlying the field extraction technique is re-
quired, and here simply use the slope of the curves given
in Fig. 9 as a “calibration factor” of 0.78.

The built in voltages for the Pt and Ti Schottky di-
odes were obtained from the data in Fig. 9 by extrapo-
lating the linear curves to zero field. Using this technique
the linear field calibration and exact knowledge of the
depletion layer width are not required. The results were
Voipe = 0.54 V and Wyt = 0.59 V, indicating again a
difference of about 50 meV in the Schottky barrier
height at the metal semiconductor interface.

3.2. Current voltage characteristics of the Schottky diodes

The IV characteristics of the Pt and Ti Schottky di-
odes used in the EAM experiments are plotted in Fig.
10. Note that the turn on voltage of the Pt diode is lower
than that of the Ti diode because of the smaller Schottky
barrier height of the Pt contact. The barrier height can
be extracted assuming thermionic emission (TE) using
[13]:

1
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Fig. 9. Curves of the internal electric field versus the applied external voltage. Field magnitudes were calculated from the heavy hole
peak locations in Fourier transforms of the de-correlated EAM spectra.
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Fig. 10. Current-voltage characteristics of the Pt and Ti
Schottky diodes.

where A™ is Richardson’s constant, ¢y is the Schottky
energy barrier height, A¢y the image force lowering of
the barrier, 7 the temperature, S the area of the device
and n the ideality factor due to the barrier lowering ef-
fect.

In Fig. 11, (I/1 — exp(—¢V/KT)) is plotted as a
function of applied voltage. Using a value of 61.9 AK?/
cm? for Richardson’s constant [14] and taking into ac-
count the image force lowering at zero bias A¢yg, ~ 10
meV [13], the obtained Schottky barrier heights of Pt
and Ti contacts were 0.48 and 0.55 eV respectively.
These results are close to the results presented in Ref. [4].

In the IV experiments one measures the Schottky
barrier heights. The energy difference between the va-
lance band and the Fermi level in the heavily doped
semiconductor (AE = Er — Ey = 35 meV [15]) must be
added to the results to obtain the built-in voltage. The
agreement with the built-in voltage values obtained from
the EAM measurements is within the estimated experi-
mental error (20 meV).

3.3. Specific contact resistance

The specific contact resistance of Pt to heavily doped
GalnAs was measured using transmission line mea-
surements (TLM) [16]. The thickness of the heavily
doped layers was 50 nm. Since the contacts were not
annealed, we assumed that the layer underneath the
contacts was not modified by the deposition of the
metals. The doping levels of the layers were measured by

Table 1
Specific contact resistance measured for Pt based contacts
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Fig. 11. Normalized Schottky diode forward current charac-
teristics.

the Hall effect experiment. The obtained results are
summarized in Table 1. The specific contact resistance of
Ti based contacts was not measured since it is available
in Ref. [17].

4. Discussion

Both the EAM and electrical measurements have
revealed that the difference between the Schottky barrier
height formed by the two metals is about 50-70 meV, a
value much smaller than the work function difference of
the two metals (A¢,, ~ 1.3 eV). Using Bardeen’s model
[18] this difference can be accounted for by a 10 A thick
interfacial oxide layer with 2 x 10" cm™2 eV~ surface
states between the metal and semiconductor.

The small difference in the Schottky barrier height
formed by the two metals agrees well with measurements
performed by Kajiyama et al. [2] who detected Fermi
level pinning at approximately two thirds of the en-
ergy gap in Au contacts to different compositions of
Ga,_,In,As and disagrees with measurements performed
by Brillson et al. [19] who found large differences be-
tween barrier heights of Au, Ge, Al and In contacts to
Gag47Ing s3As

Although the measured difference in the Schottky
barrier heights of the two contacts is small, it explains a
substantial difference in the specific contact resistance
of these metals. Roughly, Pt contacts have a four times
lower contact resistance than Ti contacts to p-type
GalnAs. Since the effective mass of holes (m* = 0.43) is
relatively large, the characteristic energy Eyp at room

Be doping (cm™)

Sn doping (cm™)

10" 2.7 x 10"

5% 10" 10" 8 x 10"

pe (Qem?) 1.8 x 1075 8x 1077

7x107% 4 x 1077 107
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Fig. 12. Measured and calculated specific contact resistance. The metal-semiconductor energy barrier heights measured by the EAM

technique were used in the calculation.

temperature is of the order of KT and thermionic field
emission (TFE) transport dominates even for high
doping levels. We have used the expression, derived by
Yu [20], to calculate the specific contact resistance for Ti
and Pt contacts. The measured Schottky barrier heights
of 0.55 and 0.48 eV corrected by the image force low-
ering effect [13] were used in calculations. In Fig. 12,
the calculated results are compared with the TLM re-
sults reported here for Pt based contacts and with re-
sults reported by Ressel et al. [17] for Ti based contacts.
Good agreement between measurements and calcula-
tions is evident. However, for doping levels exceeding
3 x 10" cm™3 the measured specific contact resistance
values are higher than theoretically predicted. This result
may be explained by the presence of oxide states that
were not taken into account in the calculation.

Because of the small effective mass of electrons
(m* = 0.041) very low specific contact resistance values
can be obtained to n-type GalnAs as presented in Table
1. The dominant transport mechanism in this case is
field emission.

5. Conclusions

A thorough investigation of Ti and Pt based contacts
to p-type GalnAs was performed using optical and
electrical characterization techniques. EAM spectra
were analyzed by an improved Fourier technique and
the Schottky barrier height values were extracted. The
results were compared to the Schottky barrier heights
measured by IV characterization and good agreement
was obtained.

The Schottky barrier height of the Ti contact was
found to be 50-70 meV higher than that of the Pt con-
tact. This result is significantly smaller than the work
function difference (1.3 eV) but is consistent with the
specific resistance ratio of Ti and Pt contacts to p-type
GalnAs. The specific resistance of Pt contacts to p-type
GalnAs is about four times lower than that of Ti con-
tacts.
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