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Effect of alumina thickness on Al,O3/InP interface with post
deposition annealing in oxygen ambient*
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In this paper, the effect of alumina thickness on Al;O3/InP interface with post deposition annealing (PDA) in the
oxygen ambient is studied. Atomic layer deposited (ALD) Al,O3 films with four different thickness values (5 nm, 7 nm,
9 nm, 11 nm) are deposited on InP substrates. The capacitance—voltage (C—V) measurement shows a negative correlation
between the alumina thickness and the frequency dispersion. The X-ray photoelectronspectroscopy (XPS) data present
significant growth of indium-phosphorus oxide near the Al,O3/InP interface, which indicates serious oxidation of InP
during the oxygen annealing. The hysteresis curve shows an optimum thickness of 7 nm after PDA in an oxygen ambient
at 500 °C for 10 min. It is demonstrated that both sides of the interface are impacted by oxygen during post deposition
annealing. It is suggested that the final state of the interface is of reduced positively charged defects on Al,O3 side and

oxidized InP, which degrades the interface.
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1. Introduction

As silicon technology is reaching its fundamental phys-
ical limit, various devices, which are based on high elec-
tron mobility III-V semiconductor materials, have been fab-
ricated in the past two decades, such as: high electron mo-
bility transistors (HEMT’s),!!l heterojunction bipolar tran-
sistors (HBT’s),[>?! heterostructure insulated gate FET’s
(HIGFET’s),[* and p-channel FET’s.’] Research on men-
taloxide semiconductor field-effect transistors (MOSFETSs)
has also been carried out in recent years. Among the III-V
materials, InP has received much attention for its high mobil-
ity and frequency property. A critical issue for III-V MOS-
FETs is the high defect density between the I1I-V material and
the high-k dielectric layer,!®! which leads to a shallow, buried
channel structure with an InGaAs channel and an InGaP/InP
barrier layer.!”) Although the InP barrier layer separates the
high-k dielectric layer from the InGaAs layer, there still exists
a high defect density, which will affect the subthreshold swing
and the threshold voltage.!3! Since rapid temperature anneal-
ing (RTA) is known as a common method to improve the inter-
face, research has been conducted on the effect of post deposi-
tion annealing (PDA) in N, 7! and H, ! ambient. In addition,
oxygen annealing has been proven to be an effective method to
reduce the defects in Al,03./19 However, little work has been
done to discuss how alumina thickness affects the InP/Al,O3
interface with post deposition annealing in oxygen ambient. In
this paper, we show the electrical performance of n-InP metal-
oxide-semiconductor (MOS) capacitors with different Al,O3
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thickness values (5 nm, 7 nm, 9 nm, 11 nm) after post depo-
sition annealing in oxygen ambient. Detailed analysis of the
X-ray photoelectronspectroscopy (XPS) results and a model
extracted from C—V measurements are presented.

2. Fabrication and measurement

MOS capacitor devices on n-InP substrates (S doped;
mobility~1700) with Al,O3 dielectric were fabricated through
the following process. First, a SiO, layer (2000 A) was grown
on the back of the InP substrates as a protection layer by
plasma enhanced chemical vapor deposition (PECVD). The
wafers were cleaned by a standard degreasing process, in-
cluding sequential immersion in acetone andethanol for 5 min
each. Then, the wafers were immersed in hydrochloric acid
(HC1:H,0=1:26) for 3 min and in ammonia water for 5 min
to remove the native oxide layer in InP surface. The different
Al,O3 layers of 5 nm, 7 nm, 9 nm, 11 nm in thickness were
then deposited on InP substratesat 300 °C by ALD technol-
ogy, respectively. Post-deposition annealing was employed in
oxygen ambient for 10 min at 500 °C. The MOS structure pat-
tern was determined by photoetchingusing SUSS MA6. Pho-
toetching was followed by gate metal sputtering. DP650 was
used to sputter 200-A Ni and 2000-A Au. The acetone and
ethanol were used again to deal with the unrequired photore-
sist. The last step was post-metal annealing (PMA) at 400 °C
for 30 s in N, ambient after the removal of the photoresist.

Cascade 12000 C-V measurement system with long inte-
gration time was used to accomplish C—V measurements for
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the four samples. Two additional samples, each with a 5-nm-
thick Al,Os3 layer, were fabricated: one with a 500 °C PDA
for 10 min annealing in oxygen ambient and another without
PDA. These two samples were characterized at Beijing Uni-
versity of Chemical Technology for XPS measurement.

3. Results and discussion

Figure 1 shows the room-temperature frequency-
dependent C-V curves of the four samples. Obvious frequency
dispersions are present in both the accumulation region and
the depletion region, which indicates a high density of inter-
face traps. Frequency dispersion in the accumulation region
is often attributed to series resistance, which comes from ca-
bling, substrates, and contacts. However, frequency dispersion
is due to series resistance has w2 dependence,!”! which is not
observed here. Therefore, series resistance is not responsible
for the dispersion.

A model has been introduced to explain the frequency
dispersion in the accumulation region.!'!! The disorder in-
duced gap state (DIG) model attributes this frequency dis-
persion to the tunneling of carriers into a disordered re-
gion. The tunneling of carriers is caused by oxidation of the
II-V substrate.['>13] Table 1 gives the calculated results of
frequency dispersion for different alumina thickness values,

showing a negative correlation between frequency dispersion
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and alumina thickness. As the alumina thickness grows, the
chance for oxygen ambient to oxidize InP substrate decreases.
The calculations in Table 1 coincide with the values from the
DIG model, which indicates that the oxidation on the InP side
is considered to be responsible for the dispersion in the accu-
mulation region.

Table 1. Frequency dispersions for different alumina thickness values.

Ves/V 5 nm/% 7 nm/% 9 nm/% 11 nm/%
0.8 13.56 7.43 6.97 6.20
2.5 19.25 9.12 9.15 8.81

Moreover, strong inversion is suppressed in nearly all the
samples, except in the sample with 7-nm-thick Al,O3 layer af-
ter annealing in oxygen ambient. This is different from what
happens to the curves of Al,O3/InP samples each with 10-
nm-thick Al,O3 layer annealing in N, ambient, ! which show
strong inversion at 1 kHz.

The chemical composition of the Al;O3/InP interface and
the effect of O, PDA are investigated by XPS for individual
samples, each with a 5-nm Al, O3 layer. Figures 2 and 3 show
the core level spectra of In 3d and O 1s for a 5-nm-thick Al,O3
layer on an InP substrate. All peaks are fitted by XPSPEAK
software and the data are processed by Origin 8. The In 3d
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Fig. 1. (color online) Room temperature multi-frequency C-V characteristics for samples with different thickness values of Al,O3 layer: (a) 5 nm, (b) 7 nm,

(¢) 9 nm, and (d) 11 nm.
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core level spectra in Fig. 2 show the peaks of In—O (probably
In;03), a combination of In(PO3); and InPOy4, and an InPO,.
The binding energies of the three peaks apart from the bulk InP
peak are 0.5 eV, 1.1 eV, and 1.7 eV, respectively. According
to the O 1s core level spectra in Fig. 3, a peak with a bind-
ing energy of 532 eV is assigned to Al,O3 overlapping with
bridging O ions in InP,O,. The peak with a binding energy of
533 eV is detected as non-bridging O ions in InP,O,, and the
peak with a binding energy of 533.8 eV is assigned to a P,Os
state overlapping with AI-OH bonding.!”!
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Fig. 2. (color online) XPS results of the In 3d spectra for Al,O3/InP
interfaces in the cases without PDA and with oxygen PDA.
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Fig. 3. (color online) XPS results of the O 1s spectra for Al,O3/InP
interfaces in the cases with and without oxygen PDA.

According to the changes of the peaks in Fig. 2, signif-
icant increases of In-O and InPO4/In(PO3)s after annealing
in oxygen ambient are presented. The peak of In—O replaces
the original bulk In—P peak as a new highest peak, which in-
dicates the serious oxidation of InP and the existence of a new
layer of indium oxide and phosphorus oxide. In Fig. 3, the
peak of non-bridging O ions in InP,O, shows a remarkable
increase after annealing, demonstrating the generation of InP
oxide layer once again.

Figure 4 shows the hysteresis curves of the four samples
with Al,Os3 layers of different thickness values. It is found that
the sample with a 7 nm-thick Al,O3 layer shows the best hys-
teresis property, suggesting a non-linear correlation between

the magnitude of hysteresis and the alumina thickness. Since
the magnitude of hysteresis is due to the trapped charges in-

[14]

jected from the substrate,' ! border traps in Al,O3 are consid-

ered to be responsible for the hysteresis.!!3] A formula is given
below to show the relationship between the density of border

traps and the magnitude of hysteresis at the flat band voltage

CoxAVmg

v (M

bt =
where Ny, is the density of border traps, Cox is the capacitance
of oxide, A is the area of the MOS capacitor, ¢ is the electrics
charge, and AV, is the difference between the forward curve
and backward curve with a frequency of 1 MHz at the flat band
voltage.[!3] According to this expression, a non-linear correla-
tion between the density of border traps and the alumina thick-
ness is presented, in which there exists an optimum alumina
thickness value for the lowest density of border trap.
According to the formula above and the observed mea-
surements, we divide the effect of Al,O3 thickness into two
cases. One is the case where the alumina deposited by ALD
with TMA and H,O is placed in an aluminum rich ambient
during deposition, leading to lots of defects such as Al; or Vo,
which is positively charged.!'®! These positively charged de-
fects near the InP/Al,O3 interface can easily capture the elec-
trons injected from the n-InP substrate, which contributes to
the magnitude of the hysteresis. During the annealing, how-
ever, plenty of oxygen ions in the ambient will fill the oxy-
gen vacancy, bond with Al; and neutralize the defects, hence
As the thickness of
Al,O3 increases, the permeation of oxygenions into the alu-

reducing the magnitude of hysteresis.

mina layer turns harder. By means of O isotope, Krug ez al.!!”!
have proved that the ambient gas is mainly incorporated in the
near-surface region, entering into the structure in the way of
decreasing with depth increasing. In addition, a model has
been developed for the diffusion of oxygen atoms in a Al,O3
film, "8 which could be used here to describe the oxygen ion
diffusion in this case.

A phenomenological definition of the diffusion coeffi-
cient Dy is given by

; @)
where |Ar|> = |r —1/|? is the variance of the spatial distribu-
tion of the diffusing quantity, W (x,7) is the possibility that the
atom moves from site x to site X’ at time ¢.

By defining D(x,t) = (dx*>/d1)W (x,t), the probability
distribution of finding a distributing atom at site x and time
t, defined as p(x,7), can be given below

oP 9 [( )QP]' 3)

o ox VWY ox

077305-3



Chin. Phys. B Vol. 23, No. 7 (2014) 077305

0.7 T T T T T T T T T
| (a) 7.7|7'
0.6+ /
: Y
g
7
m ;
=
~—
S
0.4} /
I —a— 5 nm
0.3 1 1 1 1 1 1 1
e, .| 0 1 2
Vi/V
0.55 — . . .
(c) e
L e i
0.50 e
T 0.45¢ // -
3 //
&9
2 0.40+ / e .
© e
ey
0.35) i .
ot wrtd =
—®—9 nm
0.30 1 1 1 1 1 1
-3 -2 -1 0 1 2
Vi/V

T T T T T T T T
06 (b)
. ///
TH 0.5F // i
S
2 ]
=
-~
/;.4-”//'/
0.3F e — = 7nam |
1 1 1 1 1 1
—3 -2 -1 0 1 2 3
ViV
T T T T T T
(d) /-;:;:;V.
0.40F ]
7 i ]
= 0.36
3
&3
=
-~
O 0.32F 1
et
I —=— 11 nm
1 1 1 1 1 1
-3 -2 -1 0 1 2 3
Vo/V

Fig. 4. Hysteresis measurements for samples with different thickness values of Al,O3 layer: (a) 5 nm, (b) 7 nm, (c) 9 nm, and (d) 11 nm.

In this case, however, time is constant and depth is the
only dimension, that is, D(x,#) = D(x), equation (3) can be
transformed into the following equation:

1
p(x)= T’ €]

where x’ is the next position to which the atom moved from x.

According to Eq. (4), the longer a distance the oxygen
atom moves, the more deeply it gets into the alumina layer,
leading to a lower spatial density po(x). Here, po(x) is the
spatial density of oxygen atoms in the x position. Equation (4)
gives the reciprocal relationship between alumina layer thick-
ness and the oxygen spatial density at the back surface of the
alumina layer.

Since less oxygen ions permeate near the surface with
alumina growing thicker, the improvement of oxygen ambient
in Al,O3 layer becomes weak, resulting in a positive correla-
tion between Al, O3 thickness and the magnitude of hysteresis.
According to Figs. 2 and 3, the InP side of InP/Al, O3 is seri-
ously oxidized during the oxygen annealing, forming a layer
of oxidizing indium and phosphorus oxide between the InP
layer and the Al,O3 layer. This can be explained from the
change of Gibbs free energy. The Gibbs free energy of forma-
tion per O atom —527 kJ/mol for Al,Os3 is higher than those
for indium and phosphorus oxides (InpO3: —958.1 kJ/mol;
P,0Os: —3078.1 kJ/mol). According to the research results

given by Dong er al.,['”1 Al,O3/InP interface, upon anneal-
ing may lead to Indium atoms diffusion into Al,O3 and en-
hance the phosphorus-oxide richness at the interface. The ex-
tra defects brought by the newly formed oxide layer provide
more chances for the electrons to be injected from the sub-
strate. Since it is more difficult for ambient oxygen atoms to
oxidize AlpO3/InP interface with Al,O3 thickness growing, a
negative correlation between the thickness of Al,O3 and the
magnitude of hysteresis is suggested. Above all, the effect of
alumina thickness on the InP/Al, O3 interface after oxygen an-
nealing is assumed to be a combination of both cases, thus the
existence of an optimum thickness for the Al,O3 layer.

4. Conclusion

Investigation for the effect of alumina thickness on
Al>O3/InP interface with PDA in an oxygen ambient is con-
ducted in this paper. A significant increase in indium-
phosphorus oxidation state after post deposition annealing is
observed from the XPS curve. The frequency dispersion given
by C-V measurement shows a negative correlation with the
thickness of the alumina layer, indicating that a relatively thick
oxide layer improves the property of the frequency disper-
sion. The DIG model is introduced to explain this correla-
tion. In addition, the suppression of inversion is observed in

the C-V curve. The hysteresis measurement shows an opti-
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mum alumina thickness of 7 nm where the magnitude of hys-
teresis is the lowest among the four samples. The effect of
alumina thickness on the magnitude of hysteresis is divided
into two parts, in which two opposite effects of oxygen an-
nealing on hysteresis are considered and the combination of
these two parts finally determines the observable hysteresis
property. Since only one annealing condition of oxygen an-
nealing is discussed here, the optimal thickness of Al,O3 is
expected to change with the condition, which remains to be
studied later.
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