CHIN.PHYS.LETT. Vol. 34, No.4(2017) 047303

Interfacial and Electrical Properties of GaAs Metal-Oxide-Semiconductor
Capacitor with ZrAION as the Interfacial Passivation Layer *
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The ZrTiON gate-dielectric GaAs metal-oxide-semiconductor (MOS) capacitors with or without ZrAION as the
interfacial passivation layer (IPL) are fabricated and their properties are investigated. The experimental results
show that the GaAs MOS capacitor with the ZrAION IPL exhibits better interfacial and electrical properties,
including lower interface-state density (1.14 x 10'? em™2eV '), smaller gate leakage current (6.82 x 107° A /cm?
at Vib+1 V), smaller capacitance equivalent thickness (1.5 nm), and larger k value (26). The involved mechanisms
lie in the fact that the ZrAION IPL can effectively block the diffusion of Ti and O towards the GaAs surface, thus
suppressing the formation of interfacial Ga-/As-oxides and As-As dimers, which leads to improved interfacial and

electrical properties for the devices.

PACS: 73.40.Qv, 73.40.Kp, 73.61.Ey DOI

In recent years, as the Si-based complementary
metal-oxide-semiconductor (CMOS) technology is ap-
proaching its fundamental scaling limit, GaAs-based
MOS devices have received more and more attention
in sub-10nm logic metal-oxide semiconductor field-
effect transistor (MOSFET) because of its high elec-
tron mobility, relatively large band gap and high in-
jection velocity.[' %! In addition, integrating the high-
k gate dielectric into the GaAs-based MOS devices
has been widely investigated due to the increasing
gate leakage current with the device scaling.!'! How-
ever, the high-k/GaAs interface usually has many de-
fects, e.g., Ga-/As-oxides and As-As dimers, which
will result in the Fermi level pinning on the GaAs
surface.l":7:% Thus it is extremely important to passi-
vate the interface by using an interfacial passivation
layer (IPL) before depositing the high-k gate dielec-
tric. Usually, aluminum-oxide (Al;O3) is regarded as
a desirable gate dielectric because of its large bandgap
(~9€V), high breakdown field (~5-10 MV /cm), high
thermal stability and remaining amorphous under typ-
ical processing conditions.”) Also, good interfacial
and electrical properties have been obtained by us-
ing AlyO3 as IPL or the gate dielectric for GaAs-
based MOS capacitors.[* %/ However, the k value of
Al;03 is not large enough (~8), which limits further
device scaling.) On the other hand, zirconium-oxide
(ZrOs) has a large k value (~24) and sufficient band
offsets versus GaAs (~1.4eV for conduction band,
~3.0eV for valence band),!'’] but easily crystallizes
during the thermal processing due to its lower crys-
tallization temperature (~400-500°C),["*] which will
result in large gate leakage current.!'* 'l Thus it is
expected that Al-doped ZrO, could possess the advan-
tages of both Al,O3 and ZrQOs, i.e., high k value, large
bandgap, high crystallization temperature and good
interfacial properties with GaAs substrate. Moreover,
it has been demonstrated that incorporating nitro-
gen into the oxide can increase the k value, passivate
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the oxygen vacancies and form strong N-related bonds
at/near the dielectric/semiconductor interface to fur-
ther enhance the thermal stability and reliability of
the devices.'7 191 Therefore, in this work, Al-doped
ZrON (ZrAlON) will be used as the IPL to fabricate
the GaAs MOS capacitors with Zr'TiON as high-k gate
dielectric, and its interfacial and electrical properties
are investigated. The experimental results show that
the GaAs MOS capacitor with the ZrTiON/ZrAION
gate stack exhibits good interface quality and excellent
electrical properties as compared with its counterpart
without the IPL.

The Si-doped GaAs wafers (0.5 x 10'%-1.0 x
10*® cm™3) were in sequence dipped in the organic
solvent, diluted HCl and (NHy4)2S solution for sur-
face cleaning and sulfur passivation. Then the wafers
were divided into two groups: (1) a ~2-nm ZrAIN was
firstly deposited as the IPL by co-sputtering Zr (RF)
and Al (DC) targets, followed by depositing a ~8-nm
ZrTiN as the high-k layer by co-sputtering Zr (RF)
and Ti (DC) targets, denoted as ZrAION sample; (2)
a control sample with only ~10-nm ZrTiN as high-k
gate dielectric. All the sputtering was carried out in
an Ar/Ns (24sccm/12scem) ambient atmosphere at
room temperature. Post-deposition annealing (PDA)
was performed at 600°C for 60s in N (500 sccm)+04
(50 sccm) to convert the nitride into the oxynitride.
Finally, Al gate electrode was formed with an area of
7.85%10~° cm?, followed by forming-gas (5% Ha+95%
Ns) annealing at 300°C for 20 min.

The capacitance—voltage (C-V) and gate leak-
age current versus gate voltage (Jz—V;) measurements
were performed by an HP 4284 A precision LCR meter
and an HP 4156 A semiconductor parameter analyzer,
respectively. Physical thickness of the gate dielectric
was measured by multi-wavelength ellipsometry. All
electrical measurements were carried out under light-
tight and electrically shielded conditions at room tem-
perature.
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Fig.1. XPS spectra of (a) Zr 3d and (b) Ti 2p for the
samples. The inset in (a) is N 1s spectrum.

(a) —e— ZrAION sample
—e— Control sample

O 1s

(b) Al 2p

Al-O

Intensity (arb. units)

[ R R RS B .
525 528 531 534 537 70 72 74 76 78 80

Binding energy (eV) Binding energy (eV)

Fig. 2. XPS spectra of (a) O 1s for the two samples and
(b) Al 2p for the ZrAION sample.

To investigate the composition of the Zr-
TiON/ZrAlON gate stack and the interfacial chemi-
cal states at the high-k/GaAs interface, XPS analyses
were carried out for the two samples. For this purpose,
the thickness of the gate dielectric layer was thinned
to ~3nm from the GaAs surface by using an in situ
Ar™ ion beam. In Fig. 1, the Zr 3d spectrum exhibits
two peaks of 3d3/2 and 3d5/2 at 184.6 eV and 181.3eV
(Fig. 1(a)), respectively, and the Ti 2p spectrum also
has two peaks at 461.9eV and 456.4¢eV (Fig. 1(b)), re-
spectively, assigned to Ti 2p1/2 and Ti 2p3/2, showing
the existence of Zr and Ti in the gate dielectric. Also,
the presence of N can be demonstrated by the N 1s
peak in the inset of Fig.1(a). Combining with the O
1s peaks presented in Fig.2(a), the formation of Zr-
TiON gate dielectric can be confirmed. Further, the
Al 2p spectrum (Fig. 2(b)) can be well fitted with two
peaks at 75.1eV and 73.5eV, which are attributed to
Al-O and Al-N bonds, respectively. This indicates the
composition of aluminum-oxynitride on the GaAs sur-
face and thus confirms the formation of the ZrAION
IPL between the high-k dielectric and the GaAs sub-
strate, combined with the Zr 3d spectrum in Fig. 1(a).
Also, from the XPS results, the atom ratio of Zr/Ti
(or Zr/Al) can be obtained to be Zrg 55Tip.42ON for
the high-k layer and Zrg ggAly.300N for the IPL. In
Fig.2(a), it can be seen that the intensity of the O 1s
peak is obviously weaker for the ZrAION sample than
the control sample,[*"! and further, from the XPS mea-
surement, the ratio of the O atom number to the total
number of atoms near the GaAs surface can be found
to be 26.57% for the ZrAION sample and 32.05% for
the control sample, suggesting that the O content near

the GaAs surface is lower for the former than the lat-
ter. In addition, in Fig.3 for the As 3d spectrum, a
Ti-O peak can be found at 37.0eV, which belongs to
the Ti 3p3/2, further confirming the presence of Ti in
the gate dielectric.l’l The peak-area ratio of Ti 3p3/2
to As 3d can be calculated to be 18.67% and 60.28%
for the ZrAION and control samples,l*'] respectively,
and obviously, the Ti content near the GaAs surface
is much lower for the former than the latter. These
results indicate that the ZrAION IPL can effectively
block the Ti/O in-diffusion towards the GaAs sub-
strate, thus reducing the defects near/at the GaAs
surface and leading to good interfacial and electrical
properties as presented in the following.
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Fig. 3. XPS spectra of As 3d for the two samples.
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Fig. 4. XPS spectra of Ga 3d for the two samples.

The As 3d and Ga 3d spectra are shown in Figs. 3
and 4, respectively, and As-S, Ga-S and Ga-N peaks
can be observed from the two figures, showing the
sulfur passivation by (NHy)2S dipping and the ni-
tridation during the sputtering in ambient Ar/Nj.
These are beneficial to suppress the formation of the
Ga/As-oxides to some extent.[*”! For the control sam-
ple in Fig.3(b), an evident As-O peak can be found
at 44.8 eV, showing the existence of the As-oxide at
the GaAs surface, which, however, disappears for the
ZrAION sample, as shown in Fig. 3(a), implying that
the ZrAION IPL can effectively suppress the forma-
tion of As-oxide at the GaAs surface. Moreover, an
As-As peak can be found in the As 3d spectra for
the two samples, and the peak-area ratio of As-As/As
3d*'" can be calculated to be 4.22% for the ZrAION
sample and 6.48% for the control sample, showing
that the content of the As-As bond is also less for
the former than the latter. Furthermore, as shown in
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Fig.4(b) for the control sample, a much stronger Ga-
O peak than As-O peak can be observed at 21.1eV,
indicating that Ga-oxide concentration is higher than
As-oxide at the GaAs surface. This comes from the
surface oxidation of the GaAs substrate or the de-
composition of As oxide into Ga oxide and elemental
As (AspO3+GaAs—GagO3+As) during the PDA at
600°C.[*" However, the intensity of the Ga-O peak for
the ZrAION sample is significantly reduced, as shown
in Fig.4(a), implying that the formation of the Ga-
oxide is suppressed to a large extent. It has been re-
ported that the Ga/As oxides and excess As atoms
are closely related to the defective bonding states
at/near the interface, which will degrade the inter-
facial and electrical properties of the devices.['®22:2%]
Thus it can be suggested from the XPS results that
the ZrAION IPL can effectively suppress the forma-
tion of the Ga/As-oxides and As-As dimer at the GaAs
surface, due to its strong blocking role against Ti/O
in-diffusion, as discussed above, which will decrease
the density of the defective interface bonds and will
greatly improve the interfacial qualities of the devices,
thus leading to excellent electrical properties, as pre-
sented in the following.
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Fig. 5. HF (1-MHz) C-V curves of GaAs MOS capacitors
for the two samples.

Figure 5 shows the typical HF (1 MHz) C-V curves
of the samples, swept in two directions (from inver-
sion to accumulation and back). As can be seen in
Fig.5, the C—V curve of the control sample shows a
large ‘stretch-out’, small slope in the transition re-
gion and the unsaturated accumulation region, which
should be attributed to a greater interface-state den-
sity caused by a larger amount of the weak Ga-O, As-
O and As-As bonds at the GaAs surface, as shown by
the above XPS results, thus leading to the Fermi-level
pinning.l'®29:24:25] However, for the ZrAION sample,
an excellent C—V behavior is obtained with negligi-
ble ‘stretch-out’, steep slope in the transition region
and the saturated accumulation capacitance, indicat-
ing good interfacial properties and unpinning Fermi-
level. The less Ga/As-oxides at the GaAs surface for
the ZrAlON sample than the control sample also leads
to its larger accumulation capacitance than the lat-
ter, due to the reduced low-k interlayer.[?) In addition,
the smaller hysteresis voltage for the ZrAION sample

(80mV) than the control sample (110 mV) implies a
lower density of slow states at/near the interface due
to the reduced out-diffusion of Ga and As.[*?! There-
fore, based on the C—V curves for the two samples, it
can be obtained that using the ZrAION IPL can effec-
tively improve the interfacial and electrical properties
for the ZrTiON high-k gate dielectric GaAs MOS ca-
pacitors.

The flatband voltage (V4,), gate-oxide capacitance
per unit area (Cox), equivalent k value of the gate
dielectric (k = Cox - Tox/c0, where T,y is the total
physical thickness of the gate dielectric, and ¢ is the
vacuum permittivity), capacitance equivalent thick-
ness (CET = eoksio,/Cox, where kgio, is the rela-
tive permittivity of SiOs) can be extracted from the
HF C-V curves and the interface-state density (Dj)
can be determined by Terman’s method.[*”] The value
of Vg, for the ZrAION sample is 0.65V, smaller than
that of the control sample (1.45V), which can be ex-
plained by its reduced negative oxide charges associ-
ated with the acceptor-like interface and near interface
traps, ascribed to the blocking role of the ZrAION IPL
against the out-diffusion of the Ga and As atoms,!”]
as mentioned above. The larger k& value for the
ZrAION sample (26) than the control sample (24)
profits from the suppressed growth of low-k interfa-
cial layer (Ga/As-oxides) on the GaAs surface, which
correspondingly gives smaller CET for the former
(1.5nm) than the latter (1.63nm). Importantly, the
extracted Dy, near the midgap for the ZrAION sample
is 1.14 x 10'2 cm~2eV~! which is much lower than that
of the control sample (1.49 x 10 cm=2eV~1), closely
associated with its greatly reduced Ga/As-oxides and
excess As atoms at the GaAs surface, as confirmed by
the XPS results above.['®:22:2]

®
=}

LN f (a) ZrAlON sample [ (b) Control sample
E s -
P e L e R B
2 20F —— 200k |, F—e— 200k
99 5: [ —— 100k
g 1
@ E
+ 1.0
5} s
g E
g 0.5:
O [

0.0~

Gate voltage (V)

Gate voltage (V)

Fig. 6. Frequency dispersions of C—V curves at room tem-
perature for the two samples.

Further, the multi-frequency C-V curves for the
two samples are shown in Fig.6. It can be seen that
the control sample exhibits a large frequency disper-
sion in the depletion and accumulation regions, which,
fortunately, is greatly reduced for the ZrAION sam-
ple, especially in the accumulation region. This is at-
tributed to the suppression of an inhomogeneous layer
(low-k interlayer) near the gate dielectric/GaAs in-
terface and small interface-state density,*>>®! due to
the good passivation effect of the ZrAION IPL on the
GaAs surface.

The gate leakage properties (J; versus V;) of the

047303-3


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 34, No.4(2017) 047303

two samples are shown in Fig. 7(a). It can clearly be
seen that the ZrAION sample exhibits a lower gate
leakage current than the control sample, e.g., 6.82 x
1075 A/cm? and 1.53 x 1073 A/em? at V, = Vg, + 1V
for the ZrAION and control samples, respectively.
The larger J, may come from the interfacial trap-
assisted tunneling and Ga-/As-oxide induced reduc-
tion of the high-k/GaAs conduction-band offset.[”"]
Thus the small leakage current for the ZrAION sam-
ple is closely related to its less Ga/As-oxide and As-As
dimer at the GaAs surface, as shown by the XPS re-
sults. Furthermore, a high-field stress at 7MV/cm
(=(Vg — Vi) /Tox) for 3600s is used to examine the
reliability of the devices and the results are shown
in Fig.7(b). After stressing, J, increases for the two
samples, which is probably from the newly-generated
interface and near-interface trap-assisted tunneling of
electrons from the substrate to the gate.[”) Obviously,
the ZrAION sample exhibits a smaller increase of J,
than the control sample after stressing, indicating its
improved interface quality and better device reliability
compared with the control sample.
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Fig. 7. (a) The Jg—V; characteristics for the two samples.
(b) Comparison of Jg before and after a high-field stress.

In summary, GaAs MOS capacitors with/without
ZrAlON IPL have been fabricated by using ZrTiON
as high-k gate dielectric and their interfacial and elec-
trical properties are compared. The experimental
data and XPS results show that using ZrAlON as
IPL can effectively block Ti/O in-diffusion towards
the substrate surface and can suppress the formation
of Ga/As-oxides and As-As dimers at the interface,
thus leading to improved interface quality and ex-
cellent electrical properties, including lower interface-
state density (1.14 x 102 cm~2eV 1), smaller capac-
itance equivalent thickness (1.5nm), higher k value
(26) and lower gate leakage current density (6.82 x
107° A/em? at Vg, + 1V), compared with the sam-
ple without the IPL. Therefore, it can be suggested
that ZrAlON should be a promising IPL for fabricat-
ing high-performance GaAs MOS devices with high-k
gate dielectric.
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