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Schottky diodes were fabricated on the InP/InAlAs heterostructures where the thickness of the InP
ranges from 0 to 7 nm. A Ne-based atomic layer etching technique was utilized for precise control
of the thickness of the InP layer. After removing the part of the InP layer, Pt/Ti/Pt/Au multilayer
metallization was evaporated to form a Schottky contact. Thermal annealing was then carried out to
drive Pt into the device layer. The electrical characteristics of the Schottky diodes were analyzed to
determine the effect of a thin InP layer on the performance of the Schottky diodes. Transmission
electron microscopy 共TEM兲 was also utilized to investigate the diffusion of the metal into the
semiconductor heterostructures. The experimental results show that the 7-nm-thick Pt can pass
through the 4-nm-thick InP layer and reach the InAlAs layer. A Schottky junction was effectively
formed within InAlAs layer when the thickness of the InP layer was equal or less than 4 nm for the
7-nm-thick Pt bottom layer. © 2011 American Vacuum Society. 关DOI: 10.1116/1.3610171兴

I. INTRODUCTION
The fabrication of ultra-high-speed InP high electron mobility transistors 共HEMTs兲 requires gate recess etching to remove the highly doped cap layer and to allow direct access
for gate metallization onto the Schottky barrier layer. Wet
chemical etching methods based on various acids such as
succinic acid and citric acid were widely utilized to selectively remove the InGaAs cap layer on the top of the InP or
InAlAs layer.1–5 When the selective removal of InGaAs
against InAlAs is not readily available, a 2–4-nm-thick AlAs
etch stop layer is inserted between the InGaAs cap layer and
the InAlAs Schottky layer to achieve better etch selectivity.6
After InP etch stop layer was introduced to avoid the potential problem of a lattice mismatch between the AlAs layer
and other materials in the device heterostructures,7 it is now
commonly used in the HEMT heterostructures.1,2,8–12 The
thin InP layer serves as a surface passivation layer as well as
an etch stop layer. By covering the InAlAs surface with InP,
transconductance dispersion and kink phenomena could be
suppressed.8 A gate metallization material consisting of Ti/
Pt/Au was deposited on top of the InP1 or InAlAs after removing the thin InP etch stop layer using a dry etching
process.2 When the gate metallization material was evaporated directly onto the InP layer, the Schottky barrier height
of the metal/InP junction 共⌽B = ⬃ 0.3 eV兲 could not sufficiently achieve a low leakage gate diode. To overcome this
a兲

Electronic mail: jjang@gist.ac.kr

041209-1 J. Vac. Sci. Technol. B 29„4…, Jul/Aug 2011

drawback, Ar-based reactive-ion-etching 共RIE兲 was utilized
to remove the thin InP layer selectively, thus achieving excellent device performance.2 Ne-based atomic layer etching
was also investigated to improve the etch selectivity of InP
against InAlAs and to reduce any possible electrical and
physical damage during the dry recess etching process.9,13 If
the InAlAs layer is exposed to air after the removal of the
InP or AlAs etch stop layer through a wet chemistry or dry
etching technique, this raises the possibility of oxidation,
which may degrade the performance of the device.
In this article, we investigate a means of fabricating a
Schottky contact with an improved barrier height on top of
InP/InAlAs heterostructures without removing the thin InP
layer. Platinum is known for its ability to penetrate into InP
easily.10–12,14 By employing a post-annealing process, the Pt
deposited onto the InP layer can penetrate the InP and reach
the InAlAs layer to form a Schottky contact. Cross-sectional
transmission electron microscopy 共TEM兲 micrographs show
that the Schottky contact was formed within the InAlAs
layer. The measured electrical characteristics of the buried-Pt
Schottky contact show that the Schottky barrier height was
improved to the point that it was similar to that of the
buried-Pt on the InAlAs layer.
II. EXPERIMENT
The original Schottky diode heterostructures consisted of
a 7-nm-thick InP, 300-nm-thick In0.52Al0.48As barrier 共5
⫻ 1016 cm−3兲, and a 500-nm-thick InAlAs buffer 共2
⫻ 1018 cm−3兲 on top of an n+-InP substrate. Backside Ohmic
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TABLE I. RMS surface roughness measured after etching the InP layer down
to various thicknesses through selective HCl-based wet-etching, Ar-based
plasma-etching, and atomic layer etching 共ALET兲.

Etching methods
HCl-based wet-etching
Ar-based plasma-etching

Atomic layer etching

The thickness
of the removed
InP layer共nm兲

Surface

Surface
roughness
共Å兲

7
7
3
4
7

InAlAs
InAlAs
4-nm-thick InP
3-nm-thick InP
InAlAs

7.8
3.0
2.1
2.6
1.4

contact was formed by using e-beam evaporation of Ni/
Ge/Au 共10/45/250 nm兲, followed by a thermal annealing process at 275 ° C for 45 s under N2 ambient. To determine the
penetration dynamics of Pt through an InP layer, InP layers
with three different thicknesses, 3, 4, and 7 nm, were utilized
in this study. The different InP layer thicknesses were realized through the use of Ne-based atomic layer etching technology 共ALET兲. More detailed information about the particular process used here is available in the literature.9,13 By
employing ALET to remove the InP partially, a very smooth
surface morphology was obtained and the surface stoichiometry was preserved. Atomic force microscopy 共AFM兲 was
used to measure the rms 共root mean square兲 roughness of the
etched sample. The Schottky metallization material consisting of Pt/Ti/Pt/Au 共7/20/20/250 nm兲 was evaporated on top
of the InP layer with three different thicknesses. The thickness of the Pt bottom layer was intentionally set to be very
close to the original thickness of the InP layer. Thermal annealing processes at various temperatures ranging from 275
to 350 ° C were subsequently carried out to drive the Pt into
the remaining InP layer. The annealing time was set to be 30
s because the longer annealing at temperatures higher than
325 ° C degrades the electrical performance of the Ni/Ge/Au
ohmic contacts.
To investigate the movement of the bottom Pt layer onto
the semiconductor layer, scanning transmission electron microscopy 共STEM兲 was utilized. The electrical characteristics
of the Schottky diodes were measured with a semiconductor
parameter analyzer 共Agilent, 4155A兲.
III. RESULTS AND DISCUSSION
The ALET process used in this study had an etch rate of
1.47 Å/cycle for the InP layer and showed better selectivity
compared to that observed when using conventional Arbased plasma.9,13 With this ALET technology, which uses a
much lower level of plasma energy than conventional Arbased plasma, we could control the thickness of the remaining InP layer to be 3 and 4 nm.
Table I compares the rms roughness of the surface measured by AFM after etching the thin InP layer. The exposed
In0.52Al0.48As surface after the etching 7-nm-thin InP etch
stop layer using three different etching methods exhibited
different degree of surface roughness. The measured rms surface roughness values were 7.8, 3.0, and 1.4 Å for the hetJ. Vac. Sci. Technol. B, Vol. 29, No. 4, Jul/Aug 2011

FIG. 1. 共Color online兲 共a兲 Bright-field 共left兲 and high-angle annular darkfield 共right兲 STEM images of the Schottky contact fabricated on a 7-nmthick InP layer. 共b兲 Bright-field 共left兲 and high-angle annular dark-field
共right兲 STEM images of the Schottky contact fabricated by utilizing
buried-Pt technology on 7-nm-thick InP layer annealed at 325 ° C.

erostructures etched by using HCl-based wet-etching, Arbased plasma-etching, and the ALET process, respectively.
The highest rms surface roughness observed from the sample
etched with HCl-based wet chemistry is due to the presence
of interstitial layer at the interface of the InP and InAlAs
layer.9,15 The smallest rms surface roughness obtained from
the sample etched with ALET process is attributed to a combinational etching mechanism of a chlorine-based chemical
reaction with the InP layer and the desorption of InP chloride
by physical Ne sputtering at a low energy level.9,13 When the
InP layer was partially removed, the surface rms roughness
levels of the samples with the 3- and 4-nm-thick InP layer
were 2.6 and 2.1 Å, respectively. The surface roughness appeared to increase with an increase of the etching time when
the thin InP layer was partially removed, but it was reduced
to its minimum value when the InAlAs layer was exposed
due to the high etching selectivity of InP against InAlAs.
To investigate the movement of the Pt into the Schottky
diode heterostructures during the thermal annealing process,
a STEM study was carried out. Figures 1共a兲 and 1共b兲 depict
bright-field 共BF兲 and high-angle annular dark-field
共HAADF兲 STEM images of a Schottky contact on the 7-nmthick InP layer. The diffusion depth can be determined directly by measuring the distance between the metalsemiconductor interface and the InP layer of the STEM
contour plot. The STEM images of the nonannealed Schottky
contact on the 7-nm-thick InP layer in Fig. 1共a兲 show that the
Pt atoms penetrate into the InP layer by 1.8 nm during the
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FIG. 2. 共Color online兲 共a兲 Bright-field 共left兲 and high-angle annular darkfield 共right兲 STEM images of the Schottky contact fabricated on 3-nm-thick
InP layer. 共b兲 Bright-field 共left兲 and high-angle annular dark-field 共right兲
STEM images of the Schottky contact fabricated by utilizing buried-Pt technology on 3-nm-thick InP layer annealed at 325 ° C.

evaporation of the Schottky contact metallization material.
After postannealing at 325 ° C for 30 s, the Pt diffused 3.6
nm further into the InP layer, as shown in Fig. 1共b兲. The
resulting InP layer thickness was 1.6 nm.
Figures 2共a兲 and 2共b兲 show the cross-sectional STEM images of the Schottky contact on a 3-nm-thick InP layer before
and after annealing. The STEM image of the nonannealed
Schottky contact in Fig. 2共a兲 shows that the Pt atoms diffused into the InP layer by 1.7 nm during the evaporation of
the Schottky contact metallization material, which is essentially the same diffusion depth observed with the nonannealed Schottky contact on the 7-nm-thick InP layer shown
in Fig. 1共a兲. After thermal annealing at 325 ° C for 30 s, the
bottom of the Pt layer completely passed through the 3-nmthick InP layer and established contact with the InAlAs layer,
as shown in Fig. 2共b兲. The Pt atoms passed 2.8 nm further
through the 1.3-nm-thick InP layer and penetrated into the
InAlAs layer as a result of the thermal annealing process.
Considering that the diffusion depths of the Pt during the
postannealing process were 3.6 and 4.1 nm for the 7- and
3-nm-thick InP layer, respectively, the diffusion of Pt
through the InAlAs layer was much easier than that through
the InP layer.
Figure 3 shows the Schottky barrier heights and ideality
factors of Schottky diodes fabricated on heterostructures
with InP layers of four different thicknesses. These parameters were extracted using the standard current-voltage 共I-V兲
method.16 The Schottky barrier heights of the samples anJVST B - Microelectronics and Nanometer Structures

FIG. 3. 共Color online兲 共a兲 Schottky barrier heights and 共b兲 ideality factors
with respect to the annealing temperatures for various Schottky diodes fabricated on InP/InAlAs heterostructures having different InP layer thicknesses. The top and bottom of the error bars correspond to m ⫾ , where m
and  are the mean and standard deviation of the measured quantities,
respectively.

nealed at 325 ° C for 30 s were 0.69, 0.65, 0.66, and 0.55 eV
for the devices with 0, 3-, 4-, and 7-nm-thick InP layers. The
highest Schottky barrier height was obtained from the diodes
fabricated directly on top of the InAlAs layer that was prepared by removing InP layer completely by using ALET process. As clearly shown in Fig. 2, the bottom of the Pt layer
completely passed through the 3-nm-thick InP layer and
reached the InAlAs layer to form a Schottky contact. Pt atoms reacting with As in the InAlAs layer produce amorphous
layer of PtAs2 which increase the Schottky barrier height17,18
as in the Pt/GaAs system through thermal annealing
process.19 By forming the Schottky contact with the InAlAs
layer, the Schottky barrier heights of the samples with the 3and 4-nm-thick InP layer were much higher than that of the
sample with the 7-nm-thick InP layer. Although the Schottky
contact was formed within the InAlAs layer for the devices
with 3- and 4-nm-thick InP layer layers, the Schottky metallization material still made contact with the InP layer at the
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IV. CONCLUSION
Buried-Pt Schottky contacts were fabricated on top of
InP/InAlAs heterostructures with different InP thicknesses.
Although the Schottky metallization material was deposited
on top of 3- and 4-nm-thick InP layers, the performance of
the Schottky diodes was much better than those fabricated on
a thick InP layer because the 7-nm-thick Pt penetrated
through the thin InP layer and formed a Schottky contact
effectively on the InAlAs layer. When this technique is applied in the HEMT fabrication process, an InP etch stop layer
with a thickness of equal or less than 4 nm may not need to
be removed. By removing the need of dry gate recess etching
process, a more robust HEMT fabrication process can be
achieved.
FIG. 4. 共Color online兲 I-V characteristic of the Schottky diodes fabricated on
InP/InAlAs heterostructures having different InP layer thicknesses through a
thermal annealing process at 350 ° C.
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