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Abstract

In this study, we demonstrate indium phosphide (InP) metal-oxide—semiconductor capacitors
(MOSCAPs) with single HfO, and stacked HfO,/Al,O3 dielectrics. Based on these capacitors,
the effect of an inserted Al,O3 passivation layer with various thicknesses on the properties of
InP MOSCAPs was further statistically investigated. By inserting a 2 nm thick Al,O3
passivation layer between high-x HfO, and the InP substrate, the characteristics including the
frequency dispersion, leakage current and interface trap density (D;,) were effectively improved,
which could be attributed to the large bandgap of Al,O3 that suppressed substrate element
diffusion and reduced oxidation of the InP substrate. A low Dj, of ~3.8 x 10! cm~2 eV~! that
was comparable to that of previously reported InP MOSCAPs was achieved. However, with the
thickness of Al,O3 decreasing from 2 to 1 nm, the frequency dispersion and Dj, were slightly
increased, because such an ultrathin Al,O3 layer could not effectively suppress the diffusion and
may induce substrate oxidation after annealing. The present results show that the incorporation

of an Al,O3 passivation layer with suitable thickness has great promise in future

high-performance InP device applications.
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1. Introduction

As silicon-based technology has reached its physical lim-
its, III-V semiconductors have been extensively investigated,
especially for low-power and high-frequency device applic-
ations, because of their high electron mobility and wide
bandgap [1, 2]. Indium phosphide (InP) is considered to be one
of the most promising candidates among III-V semiconduct-
ors due to its high electron mobility (~5000 cm? V! s~1),
large bandgap (~1.34 eV) and direct-gap property [3, 4]. Sim-
ultaneously, since the reduction of silicon oxide thickness may
make insulation for the continuous scaling of complementary
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metal-oxide—semiconductor (MOS) devices to deep nanotech-
nology invalid, the use of a high-permittivity (high-«) dielec-
tric as an alternative to silicon oxide for enhancing the per-
formance of MOS devices has attracted much attention [5-9].
HfO, has been found to be a suitable dielectric for use in elec-
tronic devices with high permittivity (~25), as it can maintain
insulation with a small equivalent oxide thickness [10]. How-
ever, compared with the ultra-high adaptability between sil-
icon and its natural oxide, the poor interface between the high-
r oxide and semiconductor, such as lattice mismatch, lattice
defects, interface impurities and many dangling bonds, leads
to an increase in interface trap density (D) which has a serious
influence on device performance; this has become one of the
main topics in fabrication of high-performance III-V devices.
Therefore, many researchers have looked at improving the
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interface quality between the III-V semiconductor substrate
and the high-x oxide and many approaches have been repor-
ted, including treating the semiconductor surface chemically,
using different annealing conditions, changing the dielectric
layer material and designing a stacked structure [9, 11-32].
Among the solutions proposed above, a stacked structure has
been widely studied as an effective method in both silicon and
compound semiconductors. Recently, Al,O3 has been proved
to suppress elemental diffusion from the substrate when used
as a passivation layer [24-31]. The dielectric constant of
Al,O3 is about twice that of SiO», so it can keep the equival-
ent oxide thickness small. O’Mahony reported a GaAs metal—
oxide—semiconductor capacitor (MOSCAP) with Al,O3 as the
interface control layer that exhibited an improved interface
quality with reduced leakage current density and frequency
dispersion [23]. Mahata also reported that Al,O5 passivation
could effectively prevent significant incorporation of In in
high-x film and reduce Dj; in an InGaAs MOSCAP [24].

In this work, based on a number of randomly selected InP
MOSCAPs, we investigated the effect of an inserted Al,O3
passivation layer with various thicknesses on the properties of
InP MOSCAPs. By inserting an Al,O3 layer with appropri-
ate thickness between HfO, and the InP substrate, good char-
acteristics, including low frequency dispersion, low leakage
current and low Dj with a magnitude of ~10"" cm™2 eV~!,
were achieved; this could be beneficial for future applications
of high-performance InP devices.

2. Experiments

The InP MOSCAPs were fabricated on sulfur-doped n-
type (100) InP wafers with a carrier concentration of
~1 x 10" ¢cm™3. First, the InP substrate was cleaned with
acetone, alcohol and deionized water in an ultrasonic bath
(5 min each), followed by cleaning with diluted HF solution
for 5 min to remove the native oxide. After surface cleaning,
the dielectric stacks with 1 or 2 nm thick Al,O3 and 4 nm
thick HfO, were formed by atomic layer deposition using
[(CH3)3Al]l, (TMA) and Hf[N(CH3)(C,Hs)]ls (TDMAH) as
precursors and water vapor as the oxidant at 200 °C, followed
by post-deposition annealing (PDA) at 400 °C for 10 min in
a N, ambient. For comparison, a control sample with a single
6 nm thick HfO, dielectric was also fabricated to investigate
the effect of an inserted Al,O3 passivation layer. Finally, a
20/100 nm thick Cr/Au metal layer was deposited by magnet-
ron sputtering and patterned by a shadow mask as the gate elec-
trode. For the measurement, the electrical performance includ-
ing the capacitance—voltage (C-V) and current—voltage (I-V)
properties were characterized using an Agilent E4980A pre-
cision LCR meter and 4156C semiconductor device analyzer,
respectively, at room temperature. The chemical bonding state
was analyzed by x-ray photoelectron spectroscopy (XPS).

3. Results and discussion

Figure 1(a) presents the schematic structure of the fabric-
ated InP MOSCAPs with an HfO,/Al,O3 dielectric stack
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Figure 1. (a) Schematic structure and (b) band diagram of the
HfO,/Al,O3/InP MOSCAP.

and Cr/Au gate electrodes. The gate electrodes have a radius
of 60 pum. Figure 1(b) reveals the band diagram of the
HfO,/Al,03/InP MOSCAP, which was obtained according
to the bandgaps and electron affinities of InP, Al,O3 and
HfO, materials. The bandgaps of InP, Al;0; and HfO, are
~1.34, ~7.0 and ~5.7 eV [4, 10, 22], respectively, while the
electron affinities of InP, Al,O3 and HfO, are ~4.4, ~2.0
and ~2.14 eV [33, 34], respectively. Although HfO, has the
advantage of high permittivity, it may cause a leakage current
due to the small conduction band offset with the InP substrate.
Therefore, to solve the dilemma between the bandgap and per-
mittivity of a single HfO, dielectric, a stacked dielectric that
consists of high-permittivity HfO, and Al,O3 which has a
large bandgap could be a good candidate. From figure 1(b),
it can be seen that Al,O3/InP offers a larger conduction band
offset than HfO,/InP, which could contribute to a lower gate
leakage current and further enhance the interface quality and
device performance. It has been reported that atomic layer
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deposited Al O3 could effectively suppress substrate oxidation
and atom diffusion, which could be ascribed to the good qual-
ity of the Al,Os/semiconductor interface [9, 24-26].

Figure 2(a) shows the normalized C-V curves of the
InP MOSCAPs with a single 6 nm HfO, dielectric, 4 nm
HfO,/1 nm Al,O3 and 4 nm HfO,/2 nm Al,O5 at various fre-
quencies and room temperature, respectively. The C—V char-
acteristics were measured at various frequencies from 1 kHz
to 1 MHz in a DC sweeping voltage range from —2.5to 1.5 V.
The C-V curves of all the InP MOSCAPs exhibited accumu-
lation in the direction of positive voltage and deep depletion in
the direction of negative voltage. A trap response time (7) of
12.5 pus was obtained from the Shockley—Read—Hall statistics
of capture and emission rates according to the equation [5, 35]

exp | e~ Ev
T

0VinDgos
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T=2X

where vy, = (3kg T/m )12 is the average thermal velocity of the
majority carriers, 7 is the temperature, kg is the Boltzmann
constant, m_ is majority carrier effective mass, o is the cap-
ture cross section of the trap with a typical magnitude from
1072 to 1071° cm?, Dyos = 2(37rm*k19,T/hz)3/2 is the equival-
ent density of states of the majority carrier band, / is the Planck
constant and E. and E, are the conduction and valence band
energies, respectively. On the other hand, the time to form an
inversion (7i, ) can be calculated by [36]

2NDT

i
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where n; and Np are the intrinsic carrier concentration and
doping concentration of the InP, respectively. A large Tiny
of 760 s was obtained, indicating that formation of an inver-
sion was impossible in this study. A similar phenomenon has
also been observed in previous reports [14, 18, 30]. It can be
clearly seen that frequency dispersion occurred in all the InP
MOSCAPs, as shown in figure 2(a), as was often found on a
compound substrate [20, 21]. The amount of frequency dis-
persion was defined as the percentage ratio of the change in
maximum capacitance (Cp,x) measured from 1 kHz to 1 MHz
[12]. Here, Cphax was measured at a gate voltage of 1.5 V. Com-
pared with the MOSCAP with a single 6 nm HfO, dielectirc,
the MOSCAP with stacked 4 nm HfO,/2 nm Al,O3 exhib-
ited better frequency dispersion in the accumulation region.
This indicates the better interface quality produced by insert-
ing an Al,O3; layer with large bandgap between HfO, and
the InP substrate, as shown in figure 1(b). With the scaling
down trend, the thickness of the inserted Al,O3; was reduced
to 1 nm, resulting in a higher oxide capacitance but degraded
frequency dispersion in the accumulation region. This degrad-
ation could be explained by the disorder-induced gap state
model [37, 38]. Such an ultrathin Al,O3 layer could not effect-
ively suppress diffusion from the substrate, which may res-
ult in substrate oxidation [8, 31]. The carriers resulting from
the oxidation tunneled into the disordered region, causing
frequency dispersion. In order to avoid the deviation caused
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Figure 2. (a) Normalized C-V curves of the InP MOSCAPs with a
single 6 nm HfO, dielectric, 4 nm HfO»/1 nm Al,O3 and 4 nm
HfO,/2 nm Al,O3 at various frequencies. (b) Frequency dispersion
of the randomly selected MOSCAPs with single and stacked
dielectrics.

by a single sample and observe the statistical laws reflected
in multiple test samples, 25 samples from each of the three
types of InP MOSCAP were selected at random and tested.
Figure 2(b) shows the frequency dispersion of the randomly
selected MOSCAPs with single and stacked dielectrics. Aver-
age frequency dispersions of 69.0%, 15.5% and 7.7% were
obtained for the InP MOSCAPs with a single 6 nm HfO,
dielectric, 4 nm HfO,/1 nm Al,O3 and 4 nm HfO,/2 nm Al,Os,
respectively. It was observed that the MOSCAP with a single
6 nm HfO, dielectric exhibited much higher frequency dis-
persion and worse uniformity, in agreement with the discus-
sion above. These results show that inserting a relatively thick
oxide layer with large bandgap between the high-~ mater-
ial and the InP substrate could improve the interface quality
by reducing the frequency dispersion. In addition, all the InP
MOSCAPs in this work exhibited a C-V hysteresis property
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with a hysteresis offset of ~0.5 V (not shown here), which
was also commonly reported in previous publications [13—15].
Further studies on improving the hysteresis characteristic are
needed.

To further investigate the effect of Al,O3 passivation quant-
itatively, the Castagné—Vapaille method, which has been com-
monly used in III-V MOSCAPs, was utilized to evaluate the
Dy, distribution according to the following equation [14, 22]:

D. :Cox( Cit/Cox  Cni/Cox )
T g \1-Ci/Co 1 Cu/Cox

3

where Coy is the oxide capacitance (maximum capacitance in
accumulation), Cys is the low-frequency capacitance at 1 kHz,
Cyy is the high-frequency capacitance at 1 MHz and g is the
electron charge. With equation (3), the relation between Dj
and gate voltage (V) could be obtained. However, in order
to evaluate the distribution of Dj; with the energy bandgap, it
is necessary to convert V, to surface potential (1);). The clas-
sic conversion method used the depletion of surface potential
approximation as follows [5, 22]:
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where eg is the semiconductor dielectric constant, € is the
permittivity of free space, Np is the doping concentration in
the substrate, Cs is the semiconductor capacitance, includ-
ing the capacitance of interface traps, Cp, is the measured
capacitance, E is the interface trap energy level, E; is the
midgap of the semiconductor band and ¢V’ is the bulk poten-
tial of the semiconductor. Taking the flatband voltage (V)
as the reference, the V,—); conversion in the depletion region
used equations (4) and (5), while the conversion in the accu-
mulation region used the accumulation of surface potential

approximation [39]:
s€0gN) 1
< In &sc04Vp T ) (7)
kT/q — Cs

Vg could be obtained by calculating the flatband capacitance
(Cpp) from the 1 MHz C-V plot as [14]
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where Lp is the Debye length. Based on equations (4)—(9), the
Dy distribution of the InP MOSCAPs with a single 6 nm HfO,
dielectric, 4 nm HfO,/1 nm Al, O3 and 4 nm HfO,/2 nm Al, O3
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Figure 3. (a) D distribution of the InP MOSCAPs with a single

6 nm HfO, dielectric, 4 nm HfO,/1 nm Al,O3 and 4 nm HfO,/2 nm
Al O3, (b) Dj of the randomly selected MOSCAPs with single and
stacked dielectrics.

was extracted and is shown in figure 3(a). The Dj distribution
exhibited a U-shaped trend with its minimum at the midgap
and maximum near E., which is commonly found in classic
n-type III-V semiconductor MOSCAPs [20, 25, 26]. It was
observed that the extracted D;, for the InP MOSCAPs with dif-
ferent dielectrics was in good agreement with the frequency
dispersion above. After inserting the Al,O3 layer between
HfO, and the InP substrate, D;, was improved due to Al;O3
passivation, which could prevent the out-diffusion of both In
and P atoms and suppress substrate oxidation [25, 28, 31].
Additionally, with increasing Al,O3 thickness, D;; was fur-
ther improved slightly, which may ascribed to the effective
prevention of elemental diffusion from the substrate and sub-
strate oxidation after PDA. Figure 3(b) depicts the Dy of the
randomly selected MOSCAPs with single and stacked dielec-
trics (25 devices each). The average Dj; at the midgap of the
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Figure 4. (a) In 3d XPS spectra of 6 nm HfO,/InP and 4 nm
HfO,/2 nm Al,O3/InP gate stacks. (b) Relative peak area ratios of
the various components.

InP MOSCAPs with a single 6 nm HfO, dielectric, 4 nm
HfO,/1 nm Al,O5 and 4 nm HfO,/2 nm Al,O5 was 4.4 x 101,
4.0 x 10'",3.8 x 10" cm~2 eV~!, respectively. These results
also indicated that an appropriate thickness of the Al,O3 pas-
sivation layer can effectively improve the interface quality.
To further investigate the mechanism of the inserted Al,O3
passivation layer, XPS analysis was performed to study the
interfacial chemical states of the gate stacks. Figure 4(a) shows
the In 3d XPS spectra of the 6 nm HfO,/InP and 4 nm
HfO,/2 nm Al,O3/InP gate stacks. The binding energy was
corrected by referencing the C 1s peak at 284.8 eV. The In
3d spectra were deconvoluted into four sub-peaks including
InP, In,03, In(PO3); and InPO,4 with the binding energies
fixed at 444.4, 444.7, 445.3 and 445.7 eV, respectively [26].
Figure 4(b) summarizes the relative peak area ratios of the
various components. It can be clearly observed that the InP
component was effectively enhanced and the oxide compon-
ents were effectively reduced after the insertion of Al,Os,
which could be attributed to the inserted Al,O3 suppressing
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Figure 5. (a) J-E characteristics and (b) current fitting of the InP
MOSCAPs with a single 6 nm HfO, dielectric, 4 nm HfO,/1 nm
Al,O3 and 4 nm HfO»/2 nm Al,Os.

substrate oxidation and preventing the diffusion of substrate
elements.

Figure 5(a) shows the gate leakage current density (J)
versus electric field (E) characteristics of the InP MOSCAPs
with a single 6 nm HfO, dielectric, 4 nm HfO,/1 nm Al,O3
and 4 nm HfO,/2 nm Al,O; gate stacks under positive gate
bias with electrons injected from the InP substrate at room
temperature. Since these InP MOSCAPs have different thick-
nesses and may therefore have different leakage currents, the
gate electric field instead of the gate bias was used for com-
parison. Compared with the InP MOSCAP with a single 6 nm
HfO, dielectric, the capacitor with a 4 nm HfO,/2 nm Al,O3
gate stack exhibited a much lower gate leakage current. This
could be attributed to the larger bandgap of Al, O3 than that of
HfO,, which resulted in an increased band offset at the InP sur-
face in figure 1(b). Besides, with decreasing thickness of the
Al,O3 passivation layer, the gate leakage current was slightly
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Table 1. The main parameters for the InP MOSCAPs in this work.

4 nm HfO,/ 4 nm HfO,/
Parameter 6 nm HfO, 1 nm Al,O3 2 nm Al,O3
Frequency 69.0 15.5 7.7
dispersion (%)
Dy 4.4 4.0 3.8
(x10" em™2evTh
Ve (V) 0.50 0.18 0.26
Je @ 1 MV cm™! 7.9 1.0 0.62
(mA cm™2)
Conduction F-P F-P to F-N F-P to F-N
mechanism

increased due to the reduced thickness but still lower than
that of the capacitor with a single HfO, dielectric. To further
investigate the mechanism of the reduced leakage current after
the insertion of the Al,O3 passivation layer, current fitting for
the InP MOSCAPs with a single 6 nm HfO, dielectric, 4 nm
HfO,/1 nm Al,O3 and 4 nm HfO,/2 nm Al,O3 was performed,
as shown in figure 4(b). From the fitting results, for the capa-
citor with a single HfO, dielectric, the leakage current was
dominated by the trap-assisted Frenkle—Poole (F-P) emission
mechanism. However, for the capacitors with stacked dielec-
trics incorporating Al, O3 passivation, the leakage current fol-
lowed the F-P conduction mechanism in the low-E region but
the Fowler—Nordheim (F-N) tunneling mechanism in the high-
E region, as shown in the inset of figure 5(b). With a positive
gate bias applied, the leakage current may mainly be influ-
enced by trap or defect related conduction at the InP interface,
where the traps or defects may be induced by the diffusion of
substrate elements [16, 28, 31]. After inserting the Al,O3 pas-
sivation layer between HfO, and the InP substrate, substrate
diffusion could be effectively suppressed, with the result that
the leakage mechanism changed from F-P conduction in the
low-E region to F-N conduction in the high-E region due to
the improved interface quality. These results were consistent
with the D;; distribution discussed above.

Table 1 summarizes the main parameters of the InP
MOSCAPs with a single 6 nm HfO, dielectric, 4 nm
HfO,/1 nm Al,O3 and 4 nm HfO,/2 nm Al,O3 found in this
work. It can be observed the Vpg was reduced after inserting
an Al O3 passivation layer, which could be ascribed to the
improved interface due to suppression of substrate oxidation
by the insertion of Al,O3. More importantly, it can also be seen
that the InP MOSCAP with a stacked 4 nm HfO,/2 nm Al,O3
dielectric achieved the lowest Dy of ~3.8 x 10! cm™2eV~!,
which was comparable to that of the previously reported InP
MOSCAPs (~2 x 10"-1 x 10" cm=2 eV~!) [14-16, 26].

4. Conclusion

This work investigated the effect of insertion of an Al,O3
passivation layer for atomic layer deposited HfO, on an InP
substrate. By inserting Al,O3 between HfO, and the InP sub-
strate, the frequency dispersion, leakage current and Dj; were
effectively improved, which could be ascribed to the Al,O3

passivation layer with a large bandgap that suppressed sub-
strate oxidation and elemental diffusion. On decreasing the
thickness of the Al,O3 layer from 2 to 1 nm, the characteristics
including frequency dispersion and Dj; were slightly degraded
due to the fact that diffusion from the substrate was not effect-
ively suppressed and substrate oxidation may be induced after
PDA. This approach of proper selection of the passivation
layer provides a solution for improving the interface quality for
InP semiconductors, and has great potential for future applic-
ations of InP devices with low power consumption and high
frequency.
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