
Investigation of stress induced interface states in Al2O3/InGaAs metal-oxide-
semiconductor capacitors
F. Palumbo, R. Winter, K. Tang, P. C. McIntyre, and M. Eizenberg

Citation: Journal of Applied Physics 121, 174105 (2017); doi: 10.1063/1.4982912
View online: http://dx.doi.org/10.1063/1.4982912
View Table of Contents: http://aip.scitation.org/toc/jap/121/17
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/949446391/x01/AIP-PT/JAP_ArticleDL_050317/PTBG_instrument_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Palumbo%2C+F
http://aip.scitation.org/author/Winter%2C+R
http://aip.scitation.org/author/Tang%2C+K
http://aip.scitation.org/author/McIntyre%2C+P+C
http://aip.scitation.org/author/Eizenberg%2C+M
/loi/jap
http://dx.doi.org/10.1063/1.4982912
http://aip.scitation.org/toc/jap/121/17
http://aip.scitation.org/publisher/


Investigation of stress induced interface states in Al2O3/InGaAs
metal-oxide-semiconductor capacitors

F. Palumbo,1,2,3 R. Winter,4 K. Tang,5 P. C. McIntyre,5 and M. Eizenberg4

1National Scientific and Technical Research Council (CONICET), Godoy Cruz 2290, Buenos Aires, Argentina
2Department of Electronic Engineering, National Technological University, Medrano 951, Buenos Aires,
Argentina
3GAIANN, Comisi�on Nacional de Energ�ıa At�omica, Gral.Paz 1499 (1650), Buenos Aires, Argentina
4Department of Materials Science and Engineering, Technion-Israel Institute of Technology, 32000 Haifa,
Israel
5Department of Materials Science and Engineering, Stanford University, Stanford, California 94305, USA

(Received 13 January 2017; accepted 20 April 2017; published online 5 May 2017)

Implementation of high-k dielectrics on InGaAs for CMOS technology requires capabilities to

predict long-time degradation and the impact of process changes on degradation processes. In this

work, the degradation under constant voltage stress of metal gate/Al2O3/InGaAs stacks is studied

for n-type and p-type As2 passivated InGaAs substrates. The results show that the degradation for

both positive bias and negative bias did not produce Al2O3 oxide traps, while the distribution

of interface states increased. In particular, the distribution of interface states, calculated by the

distributed impedance equivalent circuit model, increased significantly after positive bias stress

regardless of the doping type of the substrate. The injection of carriers from the semiconductor

conduction band into the gate dielectric enhanced the generation of interface states but not the

generation of oxide traps, suggesting that the interfacial degradation is related primarily to the

InGaAs surface and not to the oxide layer. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4982912]

I. INTRODUCTION

Scaling conventional MOSFET requires innovations to

circumvent barriers due to the fundamental physics that con-

strains the conventional MOSFET. One of the options consid-

ered is to replace the channel material. An InGaAs material is

considered as a potential candidate for replacement of Si in

the channel of NFETs due to its high electron mobility.1

Implementation of new materials in actual devices

requires capabilities to predict long-time degradation and

the impact of process changes on degradation processes.

Recently, some papers have reported on studies of the degra-

dation of high-k dielectric (HK)/InGaAs stacks,2–7 but much

more knowledge is needed to understand the degradation

mechanism and the influence of the fabrication process.

Although recent studies of the HK/InGaAs stacks indicate

that interface states within the InGaAs band-gap are donor

traps,8,9 the physical origin of the interface states after elec-

trical stress in HK/InGaAs stacks is not clear. Among the

recent results, Jiao et al.2 reported stress-induced traps in the

Al2O3/InGaAs interface including recoverable donor traps

and permanent acceptor traps in the range of energies above

the conduction band of InGaAs, meaning that such traps can

function as oxide traps located very close to the HK/InGaAs

interface (i.e., border traps) that interact with the conduction

band electrons.10 On the other hand, Tang et al.3 who used

an As2-capping layer to avoid surface oxidation of the

InGaAs surface reported strong differences regarding those

results, indicating that achieving a chemically abrupt Al2O3/

InGaAs interface using an initially As2-capped InGaAs (100)

surface produces a different population of near-interface

defects during electrical stressing. In this work, for the first

time, the physical origin of stress induced Al2O3/InGaAs

interface states is studied in detail using an abrupt Al2O3/

InGaAs interface produced by As2 de-capping for n-type and

p-type InGaAs-based MOS stacks. The use of n-type and

p-type substrates allows a complete view of the interface

traps across the entire band-gap of the semiconductor.

II. EXPERIMENTAL

In this work, we used for the semiconductor active

region n-type and p-type InGaAs epitaxially grown by metal-

organic molecular beam epitaxy (MOMBE) on InP wafers.

The epitaxial In0.53Ga0.47As(100) layers with Si doping

(�2� 1017 cm�3) for n-type or Be doping (�1� 1017 cm�3)

for the p-type were covered with an amorphous As2 capping

layer, 80–100 nm thick, to protect the InGaAs surface from

oxidation during air exposure.

The dielectric was deposited by atomic layer deposition

(ALD) on the semiconductor active region (n-type or p-type

InGaAs). The arsenic capping layer was completely removed

by thermal desorption (de-capping) at 370 �C in situ of the

high vacuum ALD chamber. Al2O3 was deposited using

TMA and H2O (TMA-first in the sequence) at a substrate

temperature of 270 �C. The dielectric thickness (8 nm) was

measured by Transmission Electron Microscopy (TEM) and

calibrated ellipsometry. The gate electrode (10�4 cm2),

Au(40 nm), was deposited by an electron beam (e-beam)

evaporator and patterned using a shadow mask. The study of

the physical origin of the stress induced Al2O3/InGaAs inter-

face states requires a controlled process on the interface. The
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latter can be obtained by the As2 capping technique men-

tioned above without post metallization annealing to prevent

In and/or Ga out-diffusion that can affect the generation rate

and nature of the stress induced HK/InGaAs interface

states.11–15

Capacitance–Voltage (C-V) measurements were carried

out at different frequencies (200 Hz–2 MHz) using an

Agilent 4285A LCR meter. Constant-voltage-stress (CVS)

measurements were performed using an Agilent 4155C

parameter analyzer. The Flat-Band Voltage (VFB) was calcu-

lated by the recently introduced inflection point technique.16

This technique obtains the VFB from the second derivative of

the C-V curve (i.e., d2C/dV2). In depletion, when VG is

between inversion and flat-band conditions, the MOS capaci-

tance is obtained from the serial connection of the oxide

capacitance and the capacitance of the depletion layer, where

the transition between these two regimes occurs at the flat-

band voltage. Winter et al.16 demonstrated that the flat-band

voltage corresponds to the point of transition in the C-V

curve from a convex curve (in depletion) to a concave curve.

Mathematically, VFB corresponds to the voltage where

the second derivative of the C-V curve is equal to zero (i.e.,

d2C/dV2¼ 0). Figure 1 shows an example of how VFB is

extracted from C-V curves at 1 MHz for both semiconductor

types. The overlap between the C-V curves and the second

derivatives of the capacitance as a function of gate voltage,

where the inflection point, d2C/dV2¼ 0, points out the VFB,

is observed. Further details can be found in Ref. 16.

It is worth mentioning that excellent correlation between

the flat-band voltages calculated by the inflection point tech-

nique and by the “flat-band capacitance method” has been

demonstrated. Moreover, this method does not require the

knowledge of material or experimental parameters and can be

used on high interface state density and high border trap den-

sity MOS structures at all frequencies.16 Therefore, although

the absence of post metallization annealing increases the HK/

InGaAs interface states density, the parameter extraction

from the C-V curves is not affected.

III. RESULTS AND DISCUSSION

A. Multi-frequency capacitance-voltage curves under
stress

Figure 2 shows multi-frequency C-V curves (200 Hz

–2 MHz) for Al2O3-based MOS stacks using n-type and

p-type InGaAs substrates before electrical stressing. The C-V

characteristic of the fresh MOS stacks shows a strong capaci-

tance frequency dispersion from the inversion region into the

accumulation region. In the case of n-type InGaAs-based

FIG. 1. C-V curves at 1 MHz and the second derivatives of the capacitance

as a function of gate voltage for Al2O3-based MOS stacks using n-type (a)

and p-type (b) InGaAs substrates.

FIG. 2. Multi-frequency C-V curves (200 Hz–2 MHz) for Al2O3-based MOS

stacks using n-type (a) and p-type (b) InGaAs substrates before constant-

voltage-stresses (CVS).
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stacks (Fig. 2(a)), the frequency dispersion of the capacitance

in the accumulation region (positive-bias-voltage region) can-

not be explained by the conventional interface states since

their time constant in the accumulation region is far too short

for the frequency in the range of 1 kHz–1 MHz in typical

measurements.17,18 Since trap states inside the gate insulator,

called border traps, do have long time constants as they inter-

act with the conduction band electrons,10 some authors have

proposed that these oxide traps are responsible for the fre-

quency dispersion.19–23 As the surface potential moves into

the lower half of the band-gap, the semiconductor minority

carriers start to interact with interface states.20,24 Therefore,

the effect of border traps weakens, and the frequency disper-

sion of the capacitance in the inversion region can be attrib-

uted to the interface traps inside the band-gap taking over the

dominant role.19,20,24,25 Note that the measured capacitance

in the accumulation region exceeds the theoretical value of

ideal samples (i.e., without traps) (0.0075 F/m2 according to

Refs. 8 and 9). Such higher experimental values can be attrib-

uted to the influence of near-interface traps aligned with the

InGaAs conduction band.26

In the case of p-type InGaAs-based fresh MOS stacks

(Fig. 2(b)), in the accumulation region (negative-bias-voltage

region), we observe a much larger capacitance frequency dis-

persion than for n-type InGaAs-based stacks. Brammertz

et al.19 demonstrated that such an enhanced frequency

dispersion in the accumulation region for p-type InGaAs is

due to an asymmetric interface trap distribution in the semi-

conductor band gap. By taking into account simultaneously

the effects of the border traps and the interface states, it was

demonstrated that in the accumulation region for p-type

InGaAs-based MOS stacks, the capacitance is completely

dominated by a very large interface state response, which

leads to a very strong frequency dependent flat-band voltage

(VFB) shift.19,22 In p-type InGaAs stacks, the measured accu-

mulation capacitance does not reach the theoretical value

(0.001 F/m2 according to Ref. 8), indicating Fermi level pin-

ning before the surface potential reaches the valence band

edge energy.19

A short comment regarding Fermi level pining in our

sets of samples is necessary. To establish that the Fermi level

is not pinned at midgap, affecting the calculation of the VFB,

the minimum capacitance is analyzed. On both sets of sam-

ples (n-type and p-type), it is observed in Fig. 2 that the high

frequency C-V curve reaches the ideal depletion capacitance

determined by the doping level, indicating that the Fermi

level movement is not pinned at mid-gap.24 The theoretical

minimum capacitances are Cmin¼ 1.6� 10�3 F/m2 for

n-type InGaAs (�2� 1017 cm�3) and Cmin¼ 1.8� 10�3 F/m2

for p-type InGaAs (�1� 1017cm�3).

The fresh MOS stacks were stressed by constant voltage

for 10 min at constant voltage (VG-VFB) for both polarities.

The effects of the stress pulses were monitored by multi-

frequency C-V curves (200 Hz–2 MHz) as can be observed

in Fig. 3. Recent results show that the HK/InGaAs MOS

stacks usually show a fast recovery of trapped charge after

stress pulses.6,7,27 In this work, the time between the stress

pulses and the multi-frequency C-V measurements is long

enough (minutes) to neglect any fast-recovered effects.27

Figures 3(a) and 3(c) show the multi-frequency C-V

curves for the n-type InGaAs-based stacks before (blue

continuous lines) and after (red symbols) applying a stress

voltage (VG-VFB) of þ4.3Vand �4.5 V, respectively. The

dispersion magnitude at weak inversion conditions is

FIG. 3. Multi-frequency C-V curves

(200 Hz–2 MHz) for Al2O3-based MOS

stacks using n-type and p-type InGaAs

substrates before (blue continuous

lines) and after (red symbols) constant-

voltage-stresses (CVS). (a) and (c)

n-type InGaAs substrates for positive

and negative stress polarities, respec-

tively. (b) and (d) p-type InGaAs sub-

strates for positive and negative stress

polarities, respectively.
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substantially increased, while the frequency dispersion in the

accumulation region is unchanged. Although the main fea-

tures are similar for both cases, we observe some differences

in the magnitude of the frequency dispersion between posi-

tive and negative stress biases. The observed differences

in the multi-frequency curves are an indication of the differ-

ences in the energy distribution of the interface states after

the stress pulses. Figures 3(b) and 3(d) (p-type InGaAs-

based stacks) show that the capacitance frequency dispersion

remains the same after the stress in the accumulation region

(negative bias), while it is substantially increased at weak

inversion conditions (positive bias).

Figure 4 shows the VFB for both set of samples, calcu-

lated by the inflection point technique,16 as a function of the

frequency of the C-V measurement before and after the elec-

trical stress at constant voltage (VG-VFB). At positive stress

polarity (Figs. 4(a) and 4(b)), a shift towards positive bias

for all frequencies is observed, indicating the accumulation

of negative charge. This result indicates the passivation of

positive charge due to electron trapping injected from the

semiconductor into the dielectric. This positive oxide charge

at the oxide-semiconductor interface can be generated from

the deposition process of the metal gate by e-beam.28 It is

worth noting that the VFB shift between stress and unstressed

is roughly the same for n- and p-types, with a significant

change in the frequency dependence between substrate types

as mentioned above. At negative stress polarity (Figs. 4(c)

and 4(d)), a different scenario is observed where the shift of

VFB due to stressing is almost negligible.

A comment regarding the repeatability of the results is

necessary. Several stress experiments were performed on

multiple devices on the same sets of samples. Fig. 4 shows

the variations of the VFB for each stress condition and sets of

samples. Although some variations are observed (�10%), it

is clear that the results are not affected.

The overall results so far show that the stress at constant

voltage (VG-VFB) affects the multi-frequency C-V curves of

Al2O3/InGaAs stacks by increasing the frequency dispersion

in the weak-inversion region, which is a clear indication of

generation of interface states. In particular, it is observed

that the polarity of the stress voltage affects the magnitude

of stress-induced frequency dispersion and the occurrence

of electron trapping in the MOS stack. These results will be

discussed in Secs. III B and III C.

B. Quantification of interface states at flat band
conditions

In this section, the integrated interface state density

across the energy gap (Nit in units [cm�2]) was quantified

based on the experimental VFB for n- and p-type InGaAs-

based MOS stacks; this technique was reported in Ref. 29.

The charge associated with interface states at the flat-band

conditions will depend on the type of charge traps (donor or

acceptors), density, and the position of the Fermi level at the

HK/InGaAs interface.

For n-type InGaAs-based MOS stacks, the Fermi energy

level (EF) at flat-band conditions is close to the conduction

band (EC), while for p-type InGaAs-based MOS stacks, the

EF is close to the valence band (EV). Consequently, the Fermi

level position at the Al2O3/InGaAs interface in the flat-band

conditions for n- and p-doped InGaAs MOS structures

spans across most of the semiconductor energy gap, where

the interface states are primarily unoccupied for a p-type

FIG. 4. Flat band voltage (VFB) for

n-type and p-type InGaAs substrates as

a function of the frequency of the C-V

curves before and after constant-

voltage-stresses (CVS). (a) and (c) n-

type InGaAs substrates for positive

and negative stress polarities, respec-

tively. (b) and (d) p-type InGaAs sub-

strates for positive and negative stress

polarities, respectively.
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substrate and primarily occupied for an n-type substrate. This

provides an approach to quantify the interface state density

contribution, considering the equations of VFB for the respec-

tive p- (VFBp) and n-type (VFBn) substrates

VFBp ¼ ð/m � /spÞ– q � Nfixed=Cox– q � Nit=Cox; (1)

VFBn ¼ ð/m � /snÞ–q � Nfixed=Cox; (2)

where /m, /sn, and /sp are the work functions of the metal

gate, the n-type InGaAs, and p-type InGaAs, respectively.

Nit is the magnitude of interface states integrated across the

energy gap, Nfixed is the density of fixed charge in the Al2O3/

InGaAs interface layer, and Cox is the oxide capacitance.

In these equations, the interface states (Nit) are assumed

to be of donor type. Therefore, in MOS stacks with an n-type

substrate, the Nit is predominantly occupied and hence neu-

tral.29 Moreover, it is reasonable to assume that the fixed

oxide charge density and distribution in the Al2O3 layer will

not depend on the dopant type of InGaAs, as the dopant con-

centration of �1� 1017 cm�3 represents one dopant atom for

approximately every 105 In, Ga, or As substrate atoms.

By subtracting VFBp from VFBn, the fixed oxide charge

term and the metal work function in contact with the oxide

are eliminated, resulting in the following equation: Nit¼Cox/

q�[(VFBn-VFBp)–(/sp-/sn)]. Therefore, the magnitude of the

difference between VFBn and VFBp yields Nit. It is worth not-

ing that the sign of [(VFBn-VFBp)–(/sp-/sn)] indicates if the

interface states are of net donor or net acceptor type.

Based on the technique described above, the experimen-

tal data in Figs. 3 and 4 are analyzed before and after the

electrical stress. Using VFBn¼ 1.85 V and VFBp¼ 0.72 V at

1 MHz for fresh devices (see Fig. 4) and /sn¼ 4.60 V and

/sp¼ 5.14 V according to Ref. 30, the integrated interface

state density across the InGaAs energy gap, Nit, is 4� 1012

cm�2, and the sign of [(VFBn-VFBp)–(/sp-/sn)] is positive,

which indicates that the interface states are of net donor

type, in agreement with previous papers.31,32

The same methodology can be used for the same sets of

samples after stress pulses with positive and negative polari-

ties. For the case of VG-VFB¼þ4.3 V, the corresponding

VFBn¼ 2.15 V and VFBp¼ 0.9 V at 1 MHz (see Fig. 4) indi-

cate Nit¼ 5� 1012 cm�2. On the other hand, for the case

of VG-VFB¼�4.5 V, the corresponding VFBn¼ 1.80 V and

VFBp¼ 0.65 V at 1 MHz (see Fig. 4) indicate Nit¼ 4.2

� 1012 cm�2. It is worth noting that the sign of [(VFBn

�VFBp)–(/sp-/sn)] is positive in both cases, indicating that

the generation of interface states is dominated by the donor

type independently of the polarity of the stress bias. Finally,

knowing the effective work function of the metal on the

oxide (Au/Al2O3)/m¼ 5.2 V,30 the fixed oxide charge den-

sity (Nfixed) can be determined to be 8.2� 1012 cm�2 for

fresh devices, 1.07� 1013 cm�2 after positive stress, and

8.6� 1012 cm�2 after negative stress pulses.

The generation of donor interface states during the stress

pulses is consistent with the observed shift of the VFB. After

stress at positive polarity (Figs. 4(a) and 4(b)), we observe a

shift towards positive bias for all frequencies, which is an

indication of passivation of the e-beam induced positive

charge (as mentioned above in Sec. III A). For n-type

InGaAs-based stacks, the Fermi level (EF) at flat-band condi-

tions is close to the conduction band edges. Consequently,

the donor interface states are primarily occupied and without

net charge contribution. Under such a bias condition, VFB

shifts toward positive bias due to electron trapping (as

observed in Fig. 4(a)) without charge contribution of inter-

face states. On the other hand, for p-type InGaAs-based

stacks, the donor interface states are primarily unoccupied

since the Fermi level (EF) is close to the valence band, con-

tributing with positive charge. However, the observed VFB

shift is toward positive bias (Fig. 3(b)), indicating that elec-

tron trapping takes over the dominant part of the VFB shifts

even in p-type InGaAs-based stacks.

After stress at negative polarity, we observe a negligible

shift of VFB (Figs. 4(c) and 4(d)). The main reason of such

observation in comparison to the previous results is the

polarity dependent of the generation of interface states and

electron trapping. For n-type and p-type InGaAs-based

stacks, the small negative variation of VFB is a result of a

moderate generation of donor interface states, which are pri-

marily occupied without net charge contribution. On both

cases (n-type and p-type InGaAs), there is no negative

charge contribution after stress due to electron trapping since

it only occurs at positive stress polarity.

Although the obtained values of Nit and Nfixed agree

with some previous reports on fresh MOS stacks,8,31,32 we

were surprised to find out that the values have not increased

significantly after the stress pulses. For a deeper understand-

ing of the magnitude of interface states after electrical stress,

an independent technique is used.

C. Energy distribution of interface states

The C-V curves in Fig. 3 illustrate the effects of the

interface state density (Dit) and border trap density (NBT).

The frequency dispersion observed in inversion and accumu-

lation regions arises from the charging of these traps and can

be related quantitatively to Dit and NBT, respectively.

The quantitative analysis of the capacitance and

conductance-voltage behavior of these Al2O3/InGaAs stacks,

done by using the distributed impedance equivalent circuit

model,20 gives an estimate of the energy distribution of Dit in

the semiconductor band-gap and of NBT as a function of

energy relative to the InGaAs band edge. In this model, the

effects of bulk-oxide traps and interface states at a specific

depth and energy on the small signal MOS admittance can be

modeled by a serial combination of capacitance and conduc-

tance. By choosing Dit and NBT as fitting parameters, good

agreement is achieved between the model and the multiple-

frequency capacitance-voltage (C-V) and conductance-

voltage (G-V) experimental data. Further details about this

technique can be found in Ref. 20.

Figure 5 shows the energy distribution of Dit in the

semiconductor band-gap using this technique for the fresh

and stressed devices. This technique considers different

regions of the semiconductor band-gap for n-type and p-type

InGaAs; hence, Figs. 5(a) and 5(b) include the Dit distribu-

tion calculated in n- and p-type InGaAs based MOS stacks

174105-5 Palumbo et al. J. Appl. Phys. 121, 174105 (2017)



for positive and negative polarities. Fig. 5(a) shows the

Dit distributions for the fresh devices and after CVS at

VG-VFB¼þ4.3 V for 10 min, where it is observed that the

initial Dit distribution increases significantly after the stress

regardless of the type of substrate. The Dit distribution for

the fresh device shows higher Dit values around the mid-gap

region, and this result is consistent with previous stud-

ies.33–35 Fig. 5(b) shows the Dit distributions for the fresh

devices and after CVS at VG-VFB¼�4.5 V for 10 min. In

this case, the Dit distributions show a moderate increase,

indicating that the polarity of the CVS has a strong impact

on the interface state generation, as mentioned in Sec. III B.

Regarding border traps, no indication of their generation

was detected in analyzing the C-V data of Fig. 3 using the

distributed impedance equivalent circuit model.20 A value of

NBT� 1020 cm�3 eV�1 at �0.3 eV above the conductance

band was obtained for all cases of fresh and stressed devices.

Border traps in the ALD-Al2O3 dielectric layer are not

formed under CVS at positive or negatives bias although

some generation of interface states is observed. Tang et al.,3

suggested that this situation may arise from the chemical

abrupt HK/InGaAs interface created while using an initially

As2 capped InGaAs surface.

The physical origin of the polarity dependence on the

generation of Dit may be related to the injection of

semiconductor carriers from the conduction band into the

gate dielectric as a result of a positive bias on the gate elec-

trode. Moreover, the lack of generation of oxide traps sug-

gests that the interfacial defects are related primarily to the

InGaAs surface and not to the oxide layer. This indicates

that defects such as dangling bonds or dimers of As, Ga, or

In and anti-site defects play a major role in the generation

mechanism of interface traps. In particular, the donor inter-

face states are consistent with As dangling bond defects

based on hybrid density functional calculations of point

defects in III–V compounds.36

In addition to this physical interpretation, it is relevant

to note that the presence of Dit (either generated by the fabri-

cation process or by degradation due to electrical stress)

could pin the Fermi level at levels close to the band edges,

and this effect cannot be analyzed by reaching the depletion

capacitance as mentioned above. In our experimental condi-

tions, the initial Dit in the sets of samples is not low due to

the use of e-beam metal deposition without post metalliza-

tion annealing to avoid In and/or Ga out-diffusion.

Therefore, taking into account this observation together with

the generation of Dit due to electrical stress, it could be that

the stress at negative bias is not efficient as the stress at posi-

tive bias due to Fermi level pinning close to the band edges.

A comment regarding the usage of room temperature

(RT) C-V data is necessary since in the quantification tech-

nique of Dit, using the VFB for both types of substrates,

reported in Ref. 24, the C-V measurements were performed

at low temperature in order to minimize the interface defect

capacitance contributions to the measured capacitance.

The rationale behind the use of C-V curves measured at

RT is based on the fact that the experimental data must be

simultaneously appropriate for the requirements of each

technique used to evaluate the HK/InGaAs interface. As

mentioned, the frequency dispersion observed in inversion

and accumulation regions arises from the charging of bulk

oxide traps (NBT) and interface states (Dit), and this feature

can be related quantitatively to the Dit and NBT, respectively.

If the measurements were performed at low temperature, the

frequency dispersion of C-V and G-V curves will be sup-

pressed, and thus, the distributed impedance equivalent cir-

cuit model could not be implemented. Moreover, the

quantification of interface states at flat-band conditions is not

severely affected if the C-V measurements were performed

at RT. The main contribution of this methodology29 to the

present work is the determination of the physical origin

of the defects generated by electrical stress. The sign of

[(VFBn�VFBp)–(/sp-/sn)], which indicates if the interface

states are of net donor or net acceptor type, is not affected by

the use of C-V measurements at RT.

It is worth noting that the magnitude of Dit is much higher

than that calculated using the VFB for n- and p-type substrates.

In addition to the use of C-V measurements at RT mentioned

above, another reason for the discrepancy of the two models

may be due to the different range of frequencies for the inter-

face traps extracted by the two models. The Dit calculated

using the VFB for n- and p-type substrates extracts the static

charge trapping of Dit, which gives an underestimation of Dit,

FIG. 5. The energy distribution of Al2O3/InGaAs interface states in the

semiconductor band-gap, calculated by the impedance equivalent circuit

model (using the following main parameters: eox(Al2O3)¼ 10, Cacc

� 0.96 lF/cm2, and Cacc� 0.75 lF/cm2 for n-InGaAs and p-InGaAs, respec-

tively), for the fresh and stressed devices. (a) and (b) Positive and negative

stress polarities, respectively.
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while the distributed model extracts the AC response of charge

trapping and releasing of Dit.

The discrepancies in the Dit values extracted from the

same device but using different methods are also reported by

others.24 The determination of the precise energy distribution

of Dit, for HK/InGaAs stacks, is an area where further

research is needed, and there is no consent about it.

IV. SUMMARY

In this work, the degradation of Al2O3/InGaAs stacks by

electrical stress pulses was studied in detail considering an

Al2O3/InGaAs interface generated by As2 de-capped

InGaAs. Both negative and positive bias stress experiments

resulted in the generation of interface states, with no increase

in oxide traps (i.e., border traps). However, stress at positive

bias was more efficient for the generation of interface states

and passivation of positive charge, indicating that the injec-

tion of semiconductor carriers from the conduction band into

the dielectric-semiconductor interface plays a major role in

the enhanced generation of interface states.

Regarding the physical origin of interface states, the

lack of generation of oxide traps suggests that the interfacial

degradation is related primarily to the InGaAs surface and

not to the oxide layer. Interface states with donor-type prop-

erties were observed from the shift of the VFB for the respec-

tive p- and n-type substrates in both stress polarities.

Among all the defects such as dangling bonds or dimers of

As, Ga, or In and anti-site defects, the As dangling bond

defects are consistent with the occurrence of donor interface

states.
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