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Abstract: Metal-Insulator-Semiconductor (MIS) capacitors were fabricated on In, Al ,As/In, ,Ga, ,As/In_
Al,_As heterostructure multilayer semiconductor materials. SiN,_ and SiN /Al,O, bilayer were applied as insulating
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layer to prepare MIS capacitors respectively. High-resolution transmission electron microscopy (HRTEM) and X-
ray photoelectron spectroscopy (XPS) measurements indicated that, compared with SiN_ deposited by inductively
coupled plasma chemical vapor deposition (ICPCVD), Al O, deposited by atomic layer deposition (ALD) can ef-
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(C-V) measurement result of MIS capacitors, the fast interface state density (D, ) of SiN /AL0,/In
one order of magnitude lower than that of SiN /In, Al

fectively suppresses In,O, at the interface between Al,O, and In As. According to the capacitance-voltage
All!. 26
As. Therefore, it can be concluded that Al,O, deposited
by ALD as a passivation film can effectively reduce the interface state density between Al,O, and In, , Al ,As,
Ga, ,,As/n-In Al,_As photodiodes.
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thereby reducing the dark current of p-In, Al , As/i-In,
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Introduction between In, ,,Ga, ,,As and InP substrate is inevitable. In
order to improve the performance of In, ,,Ga, ,,As photodi-
odes, it is necessary to optimize the epilayer and manu-
facturing processes of the InGaAs photodiodes. The dark

InGaAs photodiodes are very promising and have
been widely used in short wavelength infrared (SWIR)
detection ">, The defects caused by the lattice mismatch
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current of the mesa In,,Ga,,As photodiodes is com-
posed of body dark current and side dark current . Pas-
sivation is one of the key processes of the mesa PIN pho-
todiodes. Therefore, it is essential to optimize the passiv-
ation to reduce the dark current of the mesa In, Al , As
(p)/In, ,,Ga, ,,As(i)/In Al _As(n) photodiodes.

As an outstanding thin film deposition technology,
ALD has broad prospects in semiconductor device fabri-
cation “*. ALD involves two self-limiting surface reac-
tions in which the growth substrate is exposed to alternat-
ing pulses of co-reactant and precursor 7*. Therefore,
ALD can precisely control the thickness of thin film with
an accuracy of an atomic layer. Moreover, films deposit-
ed by ALD are dense and of high quality. In our previous
work,, ALO, deposited by ALD has been proved to be an
effective passivation film in In,,,Ga,,As photodiodes
“1% However, the reason why the ALD-ALQ, reduces
the dark current of In,,Ga,,As photodiodes has not
been explored. Therefore, it is necessary to study the in-
terface state density between ALD-ALO, and In, ,,Al, , As
layer.

In this paper, TEM and XPS measurements were
performed to investigate the interface between two differ-
ent dielectric films and In, ,,Al, ,,As layer. The two differ-
ent dielectric films were ALD-A1,0, and ICPCVD-SiN| re-
spectively. In addition, MIS capacitors have been pre-
pared by using above two dielectric films to further quan-
titatively study the interface state density between dielec-
tric film and In, ,,Al , As layer.

1 Experimental details

To investigate the interface state density of SiN/
In, ,,Al, ,As and SiN/AlL,O,/ In,,,Al, ,sAs, two series of
MIS capacitor were prepared. The SiN_ or ALO, were de-
posited on the In, ,,Al, ,,As/In, ,,Ga, ,,As/In Al, As hetero-
structures that were grown on an InP substrate by gas
source molecular beam epitaxy (MBE) . What’ s
more, the materials used to prepare the samples were
cleaved from the same wafer. To remove surface native
oxide layer, the wafer involved in this paper were treated
with hydrofluoric acid buffer solution before film deposi-
tion.

TEM and XPS measurements were employed to in-
vestigate the interface between films and In, ,,Al, ,,As lay-
er. The 20-nm-thick AlO, films were deposited on
In, ,,Al, ,,As by 220 cycles of trimethylaluminum (TMA)
and H,0 at 150°C for the TEM and XPS measurements.
For comparison purpose, about 20-nm-thick SiN_ films
were deposited on In, Al ,,As by ICPCVD of SiH, and
N, at 75°C for the TEM and XPS measurements. Further-
more, bare In, Al ,As wafer with native oxides was
used as a control for XPS measurement. The insulator of
sample A was deposited with 135-nm-thick SiN_ film by
ICPCVD. The insulator of sample B is ICPCVD-SiN/
ALD-ALQ, bilayer, where 20-nm-thick Al,0, was firstly
deposited by ALD and 130-nm-thick SiN_ was then depos-
ited by ICPCVD. Fig. 1(a) shows the sectional schemat-
ic of MIS capacitors. The dielectric film of sample A and
sample B were SiN_ film and SiN /AlO, bilayer respec-

tively. The photography of MIS capacitor was represent-
ed in Fig. 1(b). The C-V characteristics of MIS capaci-
tors at different frequencies were measured by Agilent
B1500A Semiconductor Device Analyzer.

Gate electrode
N contact
Film Gate electrode
Nln, Al ,As

0.747 0.2

Nn,,Ga ,As

0.74

N'In Al,_As buffer l

S.I. InP N contact

Fig. 1 (a) Sectional schematic diagram and (b) photography
of MIS capacitor
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2 Results and discussion

Pt was firstly deposited on the surface of In, Al
As wafer to protect the wafer from etching damage. Fo-
cused Ton Beam (FIB) was used to thin the sample, and
then the thinned sample was subjected to TEM testing.
The cross-section TEM images of [ICPCVD-SiN/
In, ,,Al, ,As and ALD-ALO/In, Al ,,As structure were
shown in Fig. 2 (top). In comparison with SiN/
In, ,,Al, ,As, a sharp transition from AlO, to In, Al
As can be observed. In addition, the cross-sectional
composition information of Fig. 2 (bottom) obtained by
Energy Dispersive X-ray Spectroscopy (EDS) can also il-
lustrate this. The transition from SiN, to In, ,,Al, ,,As lay-
er was ~5 nm, while the transition from AlO, to
In, ,,Al, ,As layer was ~3 nm.

In order to further study the interface state density
between film and In,,,Al, ,,As, XPS test combined with
Ar' sputtering (2 kV, 20 wA) was utilized. XPS spectra
were obtained with the Axis UltraDLD spectrometer (Kra-
tos Analytical-A Shimadzu Group Company) with a
monochromatic Al Ka source (hy =1486.6 eV) and a
charge neutralization system. The spectra were taken
when the vacuum of the analysis chamber was less than
5%10°° Torr. The electron energy analyzer works in the
hybrid magnification mode, and the take-off angle for the
analyzer relative to sample surface is 90° . The X-ray
source power was set to 105 W (15 kV, 7 mA) for high-
resolution spectra acquisition. The pass energy of 40 eV
were utilized for narrow scan spectra. The energy step
size of 0. 1 eV were chosen for narrow scan spectra. The
C 1s peak of environmental pollution carbon adsorbed on
the sample surface is used as the reference peak for spec-
tral energy correction to complete the peak position cali-
bration: set the C 1s peak position of the pollution car-
bon to 284. 8 eV. Calculate the relative percentage of el-
ements through the peak area of the element peak and the
sensitivity factor of the instrument.

In3d,, spectra obtained by XPS narrow scan was
shown in Fig. 3. As shown in Fig. 3(a), there was a
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Fig. 2 The cross-sectional images (top) obtained by TEM and cross-sectional composition information (bottom) obtained by EDS of
(a) ICPCVD-SiN, on In, ,,Al, ,,As and (b) ALD-ALO, on In, ,,Al, ,As
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Fig. 3 The 3d,, core level of In recorded from bare In, ,,Al, ,,As wafer, ICPCVD-SiN /In, ,,Al, ,,As and ALD-ALO//In, ,,Al, ,,As (a)
on the surface of bare In, ,,Al, ,,As, (b) in the bulk of In, ,,Al, ,As, (¢) on the surface of ICPCVD-SiN,, (d) in the bulk of ICPCVD-
SiN_, (e) at the interface between ICPCVD-SiN_ and In, ,,Al, ,,As, (f) on the surface of ALD-ALO,, (g) in the bulk of ALD-ALO;,
and (h) at the interface between ALD-AlLO;, and In, ,,Al, ,,As
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certain amount of In,0, on the surface of the bare bulk of In, ,,Al, ,,As [Fig. 3(b)]. The amount of In,0, at
In, ,,Al, ,,As wafer. Compared with the surface of bare the SiN /In, ,,Al, ,As interface [ Fig. 3(e) | was less than
In, ,,Al, ,,As wafer, almost no In,0, could be found in the that of the surface of bare In, ,,Al, ,,As wafer. However,



2 1 WAN Lu-Hong et al:Interfacial properties between Al,0,and Ing,,Alj,;As epitaxial layer on MIS capacitors

387

there was still a certain amount of In,0, at the SiN/
In, ,,Al, ,,As interface that couldn’t be ignored. Thus,
ICPCVD-SiN,_ film could reduce part of In,0, at the inter-
face between SiN_ and In,,Al, ,,As. The interface be-
tween ALO,/In, ,,Al, , As [Fig. 3(h) ] was equivalent to
the bulk of In, Al ,,As, and there was almost no In,0,
could be found at the interface between AL O, and
In, ,,Al, ,,As. Therefore, it can be concluded that ALD-
ALO, can effectively suppress the In,0, at the interface
between film and In, ,,Al, , As.
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Fig. 4 C-V curves of MIS capacitors measured at 210 K for dif-
ferent frequencies from 1 kHz to 1 MHz (a) SiN/In, ,,Al, ,As
MIS capacitor, (b) SiN /ALO,In, ,,Al, ,,As MIS capacitor
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Figure 4 shows the C-V curves of SiN/In, ,,Al, , As
and SiN /ALO,/In, ,,Al, ,,As MIS capacitors with bias volt-
age from 25 V to -25 V at 210 K. The C-V measurements
of these capacitors was performed with frequency varying
from 1 kHz to 1 MHz. Under the low frequency limit, the
capacitance of MIS capacitor (C,,) was equivalent to the
parallel connection of semiconductor capacitance (C,)
and interface trap capacitance (C,) and then the series
connection of insulating layer capacitance (C,). There-
fore, the C; can be expressed as:

1 1 1
—E et . A
C, C+C ¢ (L)

i

However, under the high frequency limit, the inter-
face trapped charge can not keep up with the change of
high frequency. Therefore, the capacitance of MIS ca-
pacitor (C,,) was equivalent to the series connection of

semiconductor capacitance (C.) and insulating layer ca-
pacitance (C,). Thus, the C,, can be expressed as:

1

s

According to Eqs (1-2), the fast interface state den-
sity (D,) can be expressed as (high-low frequency meth-

Od) [12»13‘:

D = ¢ ¢ Cir Cy

it M

"_qz_qA Ci_CLF_Ci_CHF

) . (3)

where A is the area of gate electrode.

In this paper, the C,, was the capacitance of MIS ca-
pacitor under 1 kHz, while the C,; was the capacitance of
MIS capacitor under 1 MHz. The D, values of sample A
and B were 2. 29x10"” em?eV™" and 1. 83x10" cm®eV™' re-
spectively, which were calculated by high-low frequency
method. Apparently, the calculated D, of sample B is an
order of magnitude smaller than that of sample A. Thus,
ALD-ALQ, effectively reduces the D, between Al,0, and
In, ,,Al, ,,As. This can be explained by the growth of
ALO, deposited by ALD. Firstly, an aluminum source is
introduced to effectively neutralize the dangling bonds on
the surface of In, .,,Al, ,,As, and then a water source is in-
troduced to form a bond with aluminum. Therefore, the
interface state density (such as In,0,) between the di-
electric film and In, ,,Al, ,As is effectively reduced.

Combining the XPS test and the C-V measurement
results of the MIS capacitors, it can be concluded that
ALD-ALQ, effectively reduces the fast interface state den-
sity between the film and the In, Al ,As. Therefore,
the lower 1/f noise and dark current density characteris-
tics of In, ,,Ga, ,,As photodiodes passivated by SiN /Al,0,
bilayer " are attributed to the lower fast interface state
density between the film and the In, ,,Al; ,As.

3 Conclusion

According to the study of the interface between di-
electric film and In,.,Al, ,As, it is found that the inter-
face between the ALD-ALO, and In, ,,Al, ,,As is sharper
than that of ICPCVD-SiN_ and In, ,,Al, ,As. In addition,
ALD-AlLQ, effectively reduces the In,0O, at the interface
between ALD-ALQO, and In, Al ,,As. Furthermore, the
C-V results of the MIS capacitors also indicate that the
ALD-ALQ, effectively reduces the fast interface state den-
sity of the dielectric film and In, ;,Al, ,,As. In summary,
using ALD-ALO, as the passivation film of the
In, ,,Ga, ,,As photodiodes can theoretically reduce the
dark current of the Ing,,Ga,,As photodiodes. Further-
more, the device verification results have confirmed this
statement.
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