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ABSTRACT

This paper reports the passivation effects of bromine-methanol (Br/M) and hydrogen chloride (HC]) treatments on the
n-InP surface to form Pt/Al/n-InP diodes. It was found that Br/M and HCI passivated the n-InP surface. The Br/M-dipped
and the HCl-dipped Pt/Al/n-InP diodes exhibited a barrier height of 0.83 and 0.86 eV, respectively, and a low reverse leak-
age current of 7.07 X 107" and 1.10 X 107" A/cm? at —3 V, respectively. The secondary ion mass spectroscopy and electron
spectroscopy for chemical analysis showed that the Br/M or HCl treatment made formation of bromides and chlorides on
the n-InP surface, respectively. They also revealed the existence of Al,Q,, which is believed to be formed with the native
In,0, during the Al evaporation. This, which made the diodes be of the metal-insulator-semiconductor structure, in con-
junction with the passivation effect of bromides and chlorides, improved the diode characteristics and produced the high

barrier heights.

Introduction

Indium phosphide is an attractive III-V compound semi-
conductor for high speed metal semiconductor field effect
transistors (MESFETSs)"' due to its high electron mobility
and high radiation hardness. For these InP devices, metal-
semiconductor (MS) contacts and/or metal-insulator-
semiconductor (MIS) tunnel junctions are imperative. The
surface Fermi level pinning, arising from the large surface
state density and other nonstoichiometric defects, makes
it very difficult to achieve a Schottky barrier height
greater than 0.5 eV for n-InP. ** Such a small barrier caus-
es a large reverse leakage current and degrades the perfor-
mance of the devices. Many techniques have been pro-
posed to increase the barrier height for the metal/n-InP
Schottky diode. For example, a thin interfacial oxide layer
between the contacting metal(s) and the n-InP substrate
was incorporated increasing the barrier height.*!!
Techniques such as depositing the metal at a low temper-
ature (77 K) to form the metal/n-InP contact to obtain a
high Schottky barrier height,"” and use of composite met-
als to form the Schottky contact have been reported. For
the latter, Dunn et al.” reported a barrier height up to
0.65 eV by using the Ag/Al contact to n-InP and Huang
et al.** reported a barrier height at 0.74 eV by using Pt/Al
to form a contact to n-InP.

In fabricating InP devices, bromine in methanol (Br/M)
is often used for InP to prepare a clean surface. This
bromine-based etchant yields a 2 to 20 A film which con-
tains oxidized phosphorus in the form of InPO,, In(PO,),,
or H;PO, "7 on the surface of InP. In addition, HCl is also
often used to treat the InP surface. HCI has been found to
leave a thinner film, which is composed of indium-rich
oxides such as In,0, and In(OH),, **'" on the InP surface.
Since the barrier height of a Schottky diode is very sensi-
tive to its surface condition, it is expected that different
surface treatments by different etching solutions will
result in different barrier heights. In this paper, we report
a detailed study of the Pt/Al/n-InP diode after its treat-
ment by Br/M on its InP surface before metallization.
Electron spectroscopy for chemical analysis (ESCA) and
secondary ion mass spectroscopy (SIMS) are used to inves-

tigate its surface and the results are used to correlate with
the electrical characteristics of the diode. It is shown that
the Br/M-pretreated diode can exhibit an effective barrier
height of 0.83 eV and a reverse leakage current of 7.07 X
107" A/em® at —3 V, and the HCl-pretreated diode can have
an effective barrier height up to 0.86 eV and a reverse
leakage current density as low as 1.11 X 107" A/cm? at
-3V

Diode Fabrication and Measurement

The diodes used in this study were made on a (100) InP
substrate with a carrier concentration of 5 to 9 X
10" em™. Low resistance ohmic contact on the back side
was formed by evaporating an AuGeNi eutectic source
(84% Au, 12% Ge, 4% Ni by weight), followed by anneal-
ing at 400°C for 3 min. During the annealing process, InP
proximity cap was placed on the front surface of the sub-
strate to prevent phosphorus out-diffusion. The wafers
were then degreased with acetone (ACE), methanol, and
deionized water in sequence then soaked in H,SO, (98%)
for 3 min and etched in NH,OH:H,0,:H,0 = 3:1:15 for 3
min to remove surface damage. A thickness on 2000 A Si0,
was then deposited on the front side of wafers, and the
contact pattern was defined photolithographically. The
Si0, in the contact windows was removed in buffered
oxide etching (BOE), and the wafers were then rinsed in
deionized water. Samples of Br/M-pretreated diodes and
HCl-pretreated diodes were prepared, and their character-
istics were compared with the control diodes. For control
diodes, Pt (500 A) and Al (85 A) were deposited sequen-
tially to form the multilayer electrode for the devices after
the contact window was removed. For the Br/M-pretreat-
ed diodes, samples were separated into two groups for two
cleaning processes: one group was dipped in 5% bromine-
methanol (Br/M) for 10 s and N, dried and then metallized
(called Br/M-dipped diodes); the other group was dipped
in 5% bromine-methanol for 10 s, rinsed in DI water and
N, dried and then metallized (called Br/M cleaned-diodes).
Similar processes were also performed on the HCl-pre-
treated diodes, i.e., the HCl-dipped diodes were dipped in
an HCI:H,O = 1:1 etchant for 10 s and N, dried and then
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metallized, the HCl-cleaned diodes were dipped in the
HCLI:H,O0 = 1:1 for 10 s, rinsed in DI water, N, dried, and
then metallized. For metallization, metals Pt (1000 A) and
Pt (500 A)/Al (85 A) were deposited on each pretreated
diode, respectively, at a vacuum of 7 X 1077 Torr, and metal
patterns were obtained by using a lift-off process. There
were four different areas for each type of diodes, i.e,
1.12 X 1073, 4.6 X 1074, 2.25 X 107% and 6.12 X 107° cm®.
ESCA (Al K, radiation with 1486.8 eV photon energy)
was used to estimate the composition of the pretreated InP
surfaces. For these analyses, the InP wafer and Al/InP
wafers were specially prepared with the same cleaning
processes applied to the control diode, the Br/M-dipped
diode, and the HCl-dipped diode. SIMS, of which the pri-
mary beam was a **Cs” beam at 10 keV with a current of
16 nA and a rastering area of 0.225 X 0.225 cm, was used
to analyze the distribution of all elements of the deposited
films. The current-voltage (I-V) characteristics was meas-
ured by an HP4145B. The capacitance-voltage (C-V) char-
acteristics were measured by a Keithley 590 C-V analyzer.

Results and Discussion

Electrical characteristics of Pt/Al/n-InP diodes.—The
effective barrier heights, J,, were derived for comparison
with other works. Figure 1 shows the I-V characteristics of
the Br/M-dipped, Br/M-cleaned, and control Pt/Al/n-InP
diodes, respectively. For the Br/M-dipped Pt/Al/n-InP
diode, it exhibits a forward characteristic with an ideality
factor of n = 1.14 over five decades. The effective barrier
height 3, derived is 0.83 eV. It also shows a low saturation
current density of 1.09 X 107® A/em?. The leakage current
is 7.07 X 1077 A/cm? at —3 V. For the Br/M-cleaned diode
and control diode, their effective barrier heights &, are
0.70 and 0.73 eV, and their ideality factors are 1.35 and
1.20, respectively. The reverse leakage current densities at
—3 Vare 4.06 X 107° and 1.34 X 107° A/cm?, respectively.
Although the control diode and the Br/M-cleaned diode
have good I-V characteristics as compared to convention-
al metal/n-InP diodes, the Br/M-dipped diode has the best
forward and reverse characteristics. The effective barrier
height of the diode is higher than that of control diode by
about 0.1 eV, and is higher than that of the conventional
metal/n-InP Schottky diode by about 0.3 to 0.4 eV. ** The
reverse leakage current is smaller than that of the control
diode by more than two orders of magnitude. For the
Br/M-cleaned diode, the electrical characteristics do not
have too much difference from that of the control diode.

Figure 2 shows the C*-V characteristics of the corre-
sponding diodes of Fig. 1. The three curves have slight dif-
ferences on their slopes which imply there are slight dif-
ferences on their effective surface carrier concentrations.
The effective surface concentrations are derived to be 3.13
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Fig. 1. The I-V chorocteristics of the control diode, Br/M-dipped,
ond Br/M-cleaned Pt/Al/n-InP diodes.
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Fig. 2. The C2-V characteristics of the conirol diode, Br/M-dipped,
and Br/M-cleaned Pt/Al/n-InP diodes.

X 10, 4.87 X 10%, and 4.11 x 10" em™ for the Br/M-
dipped diode, the Br/M-cleaned diode, and the control
diode, respectively. From the intercept on the voltage axis
V,, the barrier height can be determined’ to be &,, = V; +
V, + kT/q, where V, is the energy difference of the Fermi
level from the minimum of the conduction band. From
these plots, the barrier height J,,, was found to be 0.96 eV
for the Br/M-dipped diode, 0.68 eV for the Br/M-cleaned
diode, and 0.83 eV for the control sample diode, respec-
tively. The barrier height derived by the C-V measurement
generally is higher than that derived by the I-V measure-
ment due to the existence of an interfacial layer between
the metal and the semiconductor.’ For the Br/M-cleaned
diode, the value of the barrier height derived from the C-
V curve is less than that derived from the I-V curve. This
may imply that the interfacial layer between the metal and
the InP substrate produced by Br/M dipping have been
washed out during the DI water rinsing. And this changed
the surface states of InP and caused the barrier height
obtained for this diode to be less than that of the control
diode. :

The I-V characteristics of the HCl-pretreated diodes are
shown in Fig. 3. Similar to the electrical characteristics of
the Br/M-pretreated diode, the HCl-dipped diode gives
better electrical characteristics than that of the HCl-
cleaned diode and the control diode. A rather high effec-
tive barrier of 0.86 eV was obtained for the HCI dipped
diode, and it is higher by about 0.13 eV than that of the
control diode, which is 0.73 eV. The barrier height of the
HCl-cleaned diode, which is 0.70 eV, is a little lower than
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Fig. 3. The IV chorocteristics of the control diode, HCI-dipped,
and HCl-cleaned Pt/Al/n-InP diodes.
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Table 1. Summary of I-V characteristics of the Pt/Al/n-InP diodes
with different surface pretreatments.

Pt/Al/n-InP

Ideality J. (A/cm?)
Preparation factor J, (A/ecm?) &, (V) at-3V
Control diode 1.20 4.38E—"7 0.73 1.34E—-4
Br/M-cleaned 1.35 1.76E-6 0.70 4 06E—5
B%M—dipped 1.14 1.09E-8 0.83 T07TE-17
HCl-~cleaned 1.11 1.50E—6 0.70 411E—-4
HCl-dipped 1.30 3.61E-9 0.86 1.11E-7

that of the control diode. The ideality factor of the HCI-
dipped diode is 1.3, and the saturation current density is
3.6 X 107° A/cm’. The reverse leakage current is 1.11 X
1077 A/cm?® at —3 V, approximately three orders of magni-
tude lower than that of the control diode. The ideality fac-
tor and the reverse leakage are 1.1 and 4.11 X 107* A/cm?,
respectively, for the HCl-cleaned diode. The parameters of
all these Pt/Al/n-InP diodes are summarized on Table 1.
The C-V characteristics of the same HCl-pretreated diode
are shown in Fig. 4. The built-in potential of the HCIl-
dipped diode, the HCl-cleaned diode, and the control
diode are 0.84, 0.53, and 0.68 eV, respectively. The effective
surface carrier concentrations derived from these curves
are 3.25 X 10, 4.00 X 10", and 4.11 X 10% cm™®, respec-
tively, and the barrier heights, &, are 0.99, 0.68, and
0.83 eV, respectively. It is also noted that the &, values of
the HCl-dipped diode and the control diode are larger
than those derived from I-V characteristics, respectively,
but for the HCl-cleaned diode, the C-V value is less than
the I-V value. The same reason stated above for the Br/M-
cleaned diode may be used to explain this, i.e. the interfa-~
cial layer produced by HCl-dipping had been washed
away by the after DI water rinsing. This can also be sup-
ported by the fact that the barrier height obtained from
the I-V characteristics for this diode is the lowest among
the three diodes.

The SIMS analysis results.—Figure 5a, b, and ¢ show the
SIMS in-depth profiles of element distributions for the
Pt/Al/n-InP control diode, the Br/M-dipped diode, and the
HCl-dipped diode, respectively. In Fig. 5a, an oxygen peak
is observed at the interface of the metals and the InP sub-
strate. This is believed to be due to the aluminum oxide
which was formed during the Al evaporation.®™* Because
of this aluminum oxide, which gave the Pt/Al/n-InP
device a metal-insulator-semiconductor (MIS) structure,
resulting in a higher effective barrier height, 0.73 eV, than
that of the conventional metal/n-InP diodes. In Fig. 5b,
which is SIMS profiles of Br/M-dipped diode, bromine is
observed at the contact interface. Also, oxygen, which had
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Fig. 4. The C*V characteristics of the control diode, HCI-di
and HCl-cleaned Pt/Al/n-InP diodes. © o clode pped,

a broader distribution than that of the control diode of
Fig. 5a and nearly overlayed with bromine and aluminum,
is observed. This suggests that the higher barrier height of
the Br/M-dipped Pt/Al/n-InP was also caused by the exis-
tence of aluminum oxide at the contact interface and the
existence of bromine further increased the barrier height.
As it is to be shown later in the ESCA analysis, the
bromine reacted with aluminum and indium to form Al-Br
and In-Br bonds which passivated the InP surface. This
same phenomenon is also observed in the profiles of the
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Fig. 5. The SIMS in-depth profiles of element distributions of (a)
the conqul diode, (b) the Br}’M-dipped Pt/Al/n-InP diode, and (c)
the HCl-dipped Pt/Al/n-InP diode, respectively.
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HCl-dipped Pt/Al/n-InP diode of Fig. 5c. In those profiles,
oxygen and chlorine are also observed at the contact inter-
face of the Pt/Al/n-InP diode. It is also believed that this
is the reason which made the diode have the high barrier
height of 0.86 eV.

The ECSA analysis results.—The surface compositions
of the Al/InP wafers with the control diode, the Br/M-
dipped diode, and the HCl-dipped diode cleaning steps,
respectively, were analyzed by ESCA. For comparison, InP
wafers prepared with similar procedures with the control,
the Br/M-dipped, and HCl-dipped steps, respectively, but
without devices made on them were also analyzed by
ESCA. The results are shown in Fig. 6, 7, 8, 9, 10, and 11.
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Fig. 6. The ESCA specira of the standard clean InP surface: (a) the
P, spectrum, {b) the Iny, spectrum, and {c the O,, spectrum.
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The spectra for the C,, Py, O,, and Al,, peaks were
recorded at take-off angles of 54° to 90° to the sample sur-
face. Due to the charging effect of samples, the binding
energy of 285 eV of the peak of C,,, which was attributed
to the CH-type residue in the hydrocarbon environment,
was chosen for correction.?”

Figure 6a, b, and c, show the results of InP control wafer
which was only subjected to the standard cleaning proce-
dure without the Br/M or HC! dipping. In Fig. 6a, the peak
centered at the binding energy of 128.8 eV corresponds to
the P,, signal of the InP substrate. The binding energy of
133.5 eV of P,, signal,” which corresponds to the binding
energy of phosphorus in InPO,, is not observed at the spec-
trum. In Fig. 6b, the peak at 444.4 eV is close to the peak
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Fig. 7. The ESCA spectra of the standard clean Al/InP surface: (a)
the P, spectrum, (b] the In;, spectrum, and (¢} the Al,, spectrum.
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signal of Ing,» of the InP substrate (444.3 = 0.1 eV) or
In,0, (444.8 = 0.2 eV),”*'® 50 the Iny, sighal may come from
the InP substrate or the In,0O,, which was formed during
the processing steps. Also, in this spectrum, the peak of
445.7 eV, which corresponds to the peak of Ingy, of InPO,,
is not observed. Hence, it can be concluded that InPO, did
not exist at the interface. In Fig. 6¢, the O, spectrum has
a peak at 532.4 eV with a full width at half maximum
(FWHM) of 3 eV. The binding energy of O,, of In,0, is
530.5 eV. ** This, in conjunction with the above finding at
Fig. 6a and b, suggests that In,0,, not P-O related com-
pound, existed at the contact interface.

Figures 7a, b, and c are the results for the Al/InP control
wafer which only went through the standard cleaning pro-
cedure. In Fig. 7a, no obvious phosphorus peak in the P,,
spectrum is observed. In Fig. b of the In,y, spectrum, the
444.4 eV peak (as shown in Fig. 6b) disappears and a new
peak of 443.5 eV for Iny,,, appears. The 443.5 eV peak cor-
responds to Iny;, of metallic indium."® In Fig. 7c of the Al,,
spectrum, two peaks are observed. The peak of 71.7 eV
corresponds to metallic aluminum and the peak at 74.5 eV
comes from Al,0,. '** Hence, combining the above results
(Fig. 6 and 7) with the SIMS data of Fig. 5a, we can deduce
for this Al/InP contact for the following: initially, there
was native oxide, In,0,, existing at the InP surface after it
went through the cleaning process. During the aluminum
deposition, aluminum formed aluminum oxide with oxy-
gen from the dissolved In,0,, in addition to the residual
oxygen in the environment. At the same time, InP also
decomposed and In out-diffused to the surface of the Al
overlayer.

Figure 8a and b shows the ESCA In,, and P,, spectra for
the Br/M-dipped InP substrate, respectively. In Fig. 8a, the
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Fig. 8. The ESCA spectra of the Br/M-dipped InP surface: {a} the
In,, spectrum, (b) the P,, spectrum,

main Iny,; , peak centered at 445.0 eV corresponds to the In
peak of In,O;. A shoulder of the binding energy at 446.0 eV
on this main peak is also observed. This binding energy
might result from two possible phases, InPO, and InBr,.
For the P,, spectrum of Fig. 8b, the peak at 129.5 eV was
from the InP substrate since the P,, binding energy of
InPO, is 133.5 eV. Hence, it may be concluded that on this
Br/M-dipped InP surface there was In,O; and/or InBr,.
Figure 9a, b, and c shows the ESCA Iny,,, P, and Al
and Br,, spectra for the Br/M-dipped Al/InP wafer, re-
spectively. In Fig. 9a, there are two peaks, one centered at
445 eV and the other centered at 446.1 eV. The former peak
corresponds to the signal of In,0,, and the latter corre-
sponds to InBr,. * For the P,, spectrum in Fig. 9b, the
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Fig. 9. The ESCA spectra of the Br/M-dipped Al/InP surface: (a)

the Iny, spectrum, (b} the P,, spectrum, and (c) the Al,, and Br;,
spectrum.
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peaks of 129.2 and 134.3 eV correspond to the P of the InP
substrate and the InPO, on the InP surface, respectively. In
Fig. 9c, the peak signal of Al,, is centered at 75.8 eV which
is higher than that of Al,O;, which is 74 to 74.6 eV. Hence,
it possibly came from the Al-Br bond.” Compared to the
results of Fig. 7, which is for the Al/InP sample of the stan-
dard cleaning process, the Br/M-dipped Al/InP sample
shows more complete reaction between Al and InP sub-
strate, and does not show any metallic Al (binding energy
72.5 eV) left. Also, the indium spectrum, for which no
metallic indium was found, is different from that of the
standard cleaning Al/InP sample. Hence, it can be
deduced that the surface compositions of the Br/M-dipped
Al/InP sample are In,0,, InBr;, and Al-Br bond.

For the HCI-dipped InP surface, Fig. 10a shows the Ing,;,
signal which had a peak at 444.9 eV with a shoulder at
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446.0 eV. The former binding energy corresponds to In,O;
and the latter corresponds to InCl,, respectively.*! Figure
10b shows the binding energy of P,, centered at 129.2 eV,
which came from the InP substrate. No phosphorus-relat-
ed oxide, whose binding energy is around 133.5 €V, is
observed. In Fig. 10c, the Cl,, spectrum shows a combina-
tion of energy peaks of 199.4 and 200.9 eV. The former
binding energy corresponds to InCl; and the latter corre-
sponds to the compounds of chlorine, carbon, or hydrogen.*

For the HCl-dipped Al/InP surface, Fig. 11a shows the
In,g. spectrum with the peaks at 443.1 and 445.6 eV,
which correspond to metallic indium and InCl;, respec-
tively. In addition, there is a weak signal, which results
from In,O, (444.7 V), observed. For the Al,, spectrum as
shown in Fig. 11b, the peak at 72 eV is related to metallic
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Fig. 11. The ESCA spectrc of the HCl-dipped Al/InP surface: (a)
the In,y spectrum, {b) the Al,, spectrum, an {c) the P,, spectrum.
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aluminum,” and the peak at 74.8 eV is related to AL,O, or
AICI,. * Figure 11c shows the P,, spectrum and there is no
phosphorus-related compound observed. It is believed
that for this HCl-dipped Al/InP surface, aluminum react-
ed with In,0; and the InP substrate to form Al,O, and
AICl,; during the aluminum deposition and some metallic
indium floated to the surface.

The above results can be summarized as follows: InP,
after it went through the standard cleaning process, In,O,
was formed at the surface. This In,0; decomposed during
the following Al evaporation and Al reacted with the
decomposing oxygen, as well as the residual oxygen in the
environment, to form ALO; For the InP wafer applied
with Br/M or HC1 dippings, InBr, or InCl; formed, respec-
tively. When these Br/M or HCl-dipped InP wafers were
evaporated with Al for contacts, in addition to Al,O,, Al-
Br or Al-Cl compounds also formed during the evapora-
tion, respectively. Also, some of In,0, also existed. It is
believed that it was the formed Al,O,, as well as the resid-
ual In,O,, acted as the insulator for this Al/InP to become
a MIS structure to achieve a high barrier height. The Br/M
or the HCI dipping provided Br or Cl to form InBr, or InCl,
at the surface to passivate the interface. This further
enhanced the barrier height.

Conclusions

This paper reports the passivation effects of bromine-
methanol (Br/M) and hydrogen-chloride (HCl) treatments
on the Pt/Al/n-InP diode. It was found that Br/M or HCl
pretreatment of the n-InP surface gave the diodes formed
on the treated n-InP good electrical characteristics. The
Pt/Al/n-InP diode formed by Br/M dipping exhibited a
barrier height of 0.83 eV and a low reverse leakage current
0f 7.07 X 107" A/cm® at —3 V and the diode formed by HCl
dipping showed a barrier height of 0.86 eV, and a reverse
leakage current of 1.10 X 1077 A/cm® at —3 V. SIMS and
ESCA analyses showed that In,O; existed on the InP sur-
face after the InP wafer went through the standard clean-
ing process, this In,0, decomposed during the following Al
evaporation to form Al,O,, and the Br/M or HCI treat-
ments on the n-InP surface caused formation of interfacial
layers of bromides and chlorides, respectively. It is
believed that the aluminum-oxide thus formed, acts as a
tunneling insulator to make the diodes be metal~insulator-
semiconductor diodes and the bromides or chlorides
formed passivate the interface of the diodes. These made
the diodes have high barrier heights and good electrical
characteristics.
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