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Chapter I: Introduction 
 
 
For the last 30 years, Moore’s law has been a guiding principle for the semiconductor industry. 

To sustain the Moore’s law a continuous scaling of Si metal oxide semiconductor field effect 
transistors (MOSFETs) has been required. Nowadays, this era of Si-based MOSFETs scaling is 
approaching severe physical and technological limitations. As happened with the introduction of 
high-k/metal gate structures for logic in late 2007, the time for innovation has come also for 
MOSFET semiconductor material and/or structure. 

Extensive research efforts are today devoted to the investigation of alternative materials or 
devices able to overcome Si limits, thus enabling the scaling of complementary metal oxide 
semiconductor (CMOS) technology under the 16-nm technology node. A very important role, 
among the solutions proposed, is played by III-V FET, and in particular by InGaAs MOSFETs. The 
latter are being the favorite candidates for n-channel Si-MOSFET. This dissertation describes the 
research on these devices I have been involved in during my Ph.D. at the Ph.D. School in 
Information and Communication Technology, University of Modena and Reggio Emilia, Italy. 

The dissertation is organized as follows. 
Chapter II will give a brief overview of Si-CMOS in the last decade, and will introduce future 

directions for beyond-CMOS technologies. After some considerations on current status and future 
downscaling of CMOS, the main challenges of the scaling will be discussed. Then, the importance 
of introducing high-mobility III-V semiconductors to further enhance device performance will be 
explained. Eventually III-V current technology will be presented with particular relevance to Ge- 
and InGaAs-based MOSFETs. 

Chapter III will address the effects of interface traps in inversion-type InGaAs MOSFETs with 
ZrO2 gate dielectric. By means of two-dimensional device simulations reproducing experimental 
data, I will analyze the interface trap impact on both standard MOSFETs and capped MOSFETs. In 
the latter a thin In0.2Ga0.8As cap layer is interposed between the gate dielectric and the In0.53Ga0.47As 
channel to attenuate the interface-related mobility degradation. A detailed analysis of the effects of 
both acceptor and donor nature of traps will be provided together with the description of the non-
trivial behaviour associated with donor-like interface traps in capped MOSFETs. 
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In Chapter IV we will present some guidelines for the future optimization and scaling of 
InGaAs MOSFETs. The study is carried out using an InGaAs quantum-well MOSFET with Al2O3 
gate dielectric as a baseline structure. In this device the In0.53Ga0.47As channel is buried in between 
an InP cap layer and an InAlAs buffer layer creating a quantum well channel structure. The study 
will be focused on two main aspects: (i) interface-trap influence on device characteristics and, 
consequently, criteria for optimal barrier materials, (ii) analysis of optimal buffer doping type for 
device scaling. Points (i) and (ii) will be addressed by means of device simulations considering as 
benchmarking parameters the threshold voltage, the subthreshold slope, and on/off-state current. 
These parameters are of critical significance in InGaAs MOSFETs for digital circuits. 

The interest in developing InGaAs MOSFETs is due to the intrinsic InGaAs high electron 
mobility. Thus, an accurate mobility estimation is of paramount  importance to compare III-V 
devices and technologies. In Chapter V we will present the limitations and error sources of one of 
the most commonly-adopted technique for electron mobility estimation: the split-CV technique. I 
will analyze the impact of the different errors that limit the accuracy of split-CV mobility extraction 
in a In0.53Ga0.47As quantum-well MOSFET having Al2O3 gate dielectric and InP barrier. By means 
of two-dimensional device simulations, current and capacitance curves of the device under 
investigation will be reproduced. Then I will identify and quantify the errors affecting the split-CV 
technique. Eventually, error sources will be identified as: spurious charge contributions in non-
channel semiconducting layers, access resistances, drift-diffusion channel transport and drain 
leakage current. All of these effects can potentially impact split-CV channel mobility extraction 
accuracy in any heterostructure-based field-effect transistor. 

Chapter VI will be focused on interface-trap characterization and extraction at III-V/high-k 
interface and Si/SiO2/high-k interface. For III-V MOSFETs, the poor quality of high-
k/semiconductor interface is one of the main limitations for development of a commercial device. 
High density of interface traps strongly impacts the device performance in terms of threshold 
voltage, subthreshold slope, and on/off-state currents effectively nullifying the benefits derived 
from a high mobility semiconductor. I will present a new generalized technique for interface-trap 
extraction in III-V devices. The technique is based on combining together theory of two well known 
methods: the Terman method and the high-low frequency method. I will apply the method for 
interface-trap characterization in In0.53Ga0.47As MOSCAPs with Al2O3 gate dielectric. On the other 
hand, to characterize Si/SiO2/high-k interface, I will use charge pumping technique and trap 
spectroscopy by charge injection and sensing on a particular wafer obtained with slant-etch 
technique. This technique allows a continued scaled profile of SiO2 along the wafer to be obtained, 
thus permitting to investigate the role of different SiO2 thicknesses on trap density. Eventually trap 
parameters extracted with the two method listed above will be compared with trap parameters 
derived from gate current leakage simulation matching experimental data. 

Overall results will be summarized in Chapter VII. 
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Figure I.1 shows the schematic cross section of an InGaAs MOSFET and the critical points of 
its structure that have been addressed in my Ph.D. research and will be debited in the following 
chapters. 

 

 
 

Fig. I.1: Critical points of an InGaAs MOSFET. Each point will be discussed in detail in the correspondent 
chapter. 
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Chapter II: III-V MOSFETs 
 
 

Moore’s law has provided guidelines and principles to advance semiconductor 
industry during the last 30 years. To sustain the Moore’s law, a continuous scaling of Si-
based MOSFETs is required. The current technological node is the 22-nm one, and next 
steps foreseen by International Technology Roadmap for Semiconductor (ITRS) will be 
16-nm and 12-nm. However, this roadmap does not guarantee that Si-based CMOS 
scaling will extend that far. This is to be expected, since the gate length for 11-nm 
technological node may be smaller than 6 nm and the supply voltage should be scaled 
down 0.5 V. 

Within this scenario, identifying a new semiconductor logic device technology that 
can sustain Moore’s law for a few additional generations is becoming increasingly 
pressing. Often mentioned candidates are III-V materials or nanotubes/nanowires, 
molecular electronics, spin-based computing, and single-electron devices. 

However, at this time, many of these device concepts are hardly beyond the 
prototyping stage. In contrast, III-V FETs and, in particular, InAlAs/InGaAs HEMTs 
constitute real device technology making InGaAs MOSFETs, that are derived from this 
technology, the favorite candidate for n-channel Si-MOSFET replacement. In this chapter 
we present limits of Si-CMOS and promising directions of III-V FETs. 

 

I.1 - CMOS: Past, Present and Future Perspective 
Traditionally, the ITRS [1] has focused on the continued scaling of CMOS technology. 

However, since 2001, has been reached the point where the horizon of the roadmap challenges the 
most optimistic projections for continued scaling of CMOS (for example, MOSFET channel lengths 
below 6 nm). Thus, the ITRS must address post-CMOS devices. The roadmap is necessarily diverse 
for these devices, ranging from more familiar non-planar CMOS devices and III-V- based devices 
to exotic new devices such as spintronics or nanotubes. Whether extensions of CMOS or radical 
new approaches, post-CMOS technologies must further reduce the cost-per-function and increase 
the performance of integrated circuits. In addition, product performance increasingly does not scale 
only with the number of devices, but also with a complex set of parameters given by design choices 
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and technology. While microelectronics community during the past decades has continued to invent 
new solutions to keep Moore's law alive, there is increasing need for the development of "More 
than Moore" technologies which are based on merging Si technologies with new devices concepts, 
but also new materials and manufacturing processes, further than simply scaling with Moore's law 
(see Fig. II.1). 

 

 
Fig. II.1: More Moore vs. more than Moore. Note that for technological node beyond 16 nm - 12 nm 
Si-CMOS scaling will not be further possible and beyond-CMOS solutions have to be developed [1]. 

 
Following Moore's law would allow the integration of an increasing number of transistors in a 

single chip, by downscaling dimension of elementary CMOS devices. Dimension downscaling 
would result in performance advantages in terms of data storage and digital signal processing in 
microprocessors, memories and logic devices. Devices listed above belong to the system-on-chip 
(SoC) family. 

On the other hand non-CMOS solutions are employed in an entire field of applications such as 
passive component, sensors and actuators, biological functions, and even embedded software 
functions. Historically the dimension of non-CMOS devices do not scale with Moore’s law.  

Moreover, nowadays is becoming attractive the integration of CMOS and non-CMOS based 
technologies within a single package called system-in-package, (SiP).Functions initially fulfilled by 
non-CMOS dedicated technologies may eventually be integrated onto a CMOS SoC, using mixed 
technologies derived from CMOS know-how. 
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To further reach the goal of better performance it is becoming incredibly important to develop 
the so called beyond-CMOS technologies. Beyond-CMOS involves emerging research devices and 
materials to provide functional scaling substantially beyond that attainable by ultimately scaled Si-
CMOS. Among the new devices and materials under investigation have to be mentioned III-V high-
mobility devices (MOSFET, HEMT, MOS-HEMT), carbon-based nano-electronics, spin-based 
devices, single-electron devices, atomic switches, and nano-electro-mechanical-system switches. 

 

 
Fig. II.2: Gate stack critical role in roadmap. 

 
Figure II.2 illustrates the downscaling of the technology node along with the gate stack solution 

adopted to both overcome limits introduced by reducing dimensions and increase device 
performance. One of the main limitation for the Si-based MOSFET scaling has been represented by 
the oxide thickness reduction. To maintain charge control in the channel of the device, the gate 
capacitance has to be as high as possible, this could be obtained by shrinking the thickness of the 
SiO2gate oxide. This solution worked until gate leakage current became non negligible and affected 
the device reliability (i.e. data retention in non volatile memory cells). At the 45-nm node, 
semiconductor factories introduced the 1stgeneration of transistors with high-k dielectric as a gate 
oxide. High-k materials such as HfO2, ZrO2 or Al2O3 thanks to their high dielectric constant 
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allowed to obtain the same equivalent oxide thickness (EOT) (thus the same channel charge control) 
with a thicker dielectric layer. EOT was further decreased with the 2nd generation (32 nm - 22 nm) 
of high-k oxide-based devices by substantially eliminating the SiO2 interlayer. Anyway, removing 
interlayer was not drawback-free. High-k/semiconductor interface can not be grown by means of a 
natural oxide, and the process of oxide deposition results in an interface with high density of defects 
impacting the figure of merits of transistors. For future technologies, (16 nm and 12 nm), higher 
mobility materials such as Ge and InGaAs will be needed for channel transport enhancement. 
Theoretical studies suggest that approaching the ballistic regime of conduction, the FET saturation 
current is strongly correlated to the semiconductor mobility. High mobility would result in higher 
saturation current, thus, III-V semiconductor is nowadays seen as a solution to enhance the 
performance of beyond-CMOS technologies. Of course III-V semiconductor integration will 
introduce additional challenges for future high-κ dielectric stacks scaling due to the complex nature 
of their interfaces with channel materials. 

 

I.2 - Scaling Challenges 
Planar bulk CMOS scaling is facing difficulties in effectively controlling short-channel effects. 

A high channel doping is required to reduce short-channel effects and to set the threshold voltage 
properly. On the other hand, high doping results in undesirable effects such as band-to-band 
tunneling across the junction, gate-induced drain leakage (GIDL), and degradation of carrier 
mobility in surface channel. Moreover, with short channel length the effect of threshold voltage 
variability induced by random doping in the channel is becoming more and more important. 

One of the most critical challenges for realizing high-performance MOSFETs with short 
channel lengths is the reduction of source/drain resistance. Higher current density and smaller 
dimension needed to follow the roadmap, pose a severe trade-off in scaling MOSFETs. Trade-off 
that becomes even more difficult for III-V semiconductor devices because of the low doping 
solubility and thermal doping activation limited by the presence of the high-k. A possible solution is 
represented by implant-free III-V MOSFETs, in such devices epitaxial growth technique (i.e. metal 
organic chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE)) are applied to 
produce high active doping densities without high temperature anneals. 

Another trade-off limiting the MOSFET scaling is given by the necessity of scaling the EOT 
while keeping gate leakage currents within tolerable limits. Metal gate/high-k/SiO2 interlayer gate 
stacks have been an effective solution to reduce EOT and limit gate leakage currents. However, the 
reduction or elimination of the SiO2 needed to further scale EOT has been shown to cause high 
density of interface trap (i.e. 5×1012 cm-2eV-1 - 1×1013 cm-2eV-1) resulting in threshold voltage shift, 
Fermi level pinning, degradation of mobility and reliability issues. Growing quality high-k oxides 
on III-V materials has long been an industry goal and successes have started to appear only very 
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recently. Nevertheless, there is still much work to be done in the areas of high-k dielectrics, 
interface quality, variability, and reliability. Currently many research are investigating gate stack 
optimization with particular interest in buried-channel MOS-HEMT-like structures. In these 
structures a cap layer with wider bandgap than the channel is interposed between the high-k and the 
channel, this could help to: (i) tune the threshold voltage by choosing an adequate cap layer, (ii) 
reduce channel mobility degradation by outdistancing the inversion layer from the high-defective 
interface. 

For planar devices, threshold voltage tuning and control by setting the gate stack effective 
work-function has proven to be challenging, and with a foreseen VDD = 0.5 V for the 16 nm node it 
could be difficult to build enhancement-type MOSFETs. This issue will be even more critical for 
III-V MOSFETs because of the lack of channel doping as a variable. Effectively tuning the work-
function over the bandgap would be very useful. 

Approaching the ballistic regime, enhanced channel-carrier low-field mobility and high-field 
velocity are major contributors to satisfy the MOSFET current performance requirements. Among 
the solution proposed we find Si-strained devices and III-V semiconductors. The former have been 
successfully integrated in the industrial fabrication but showed to be less effective with scaling and, 
moreover, transport enhancement saturates with strain at some point. Thus, thanks to their high 
intrinsic mobility, III-V materials have shown to be the most effective solution for transport 
enhance. Anyway, most III-V materials lack good mobility for p-type carriers. A single channel 
material for both types of channels would be preferable, and materials other than InGaAs are being 
researched. Ge CMOS is promising for much higher intrinsic mobility for both n- and p-type 
carriers compared to Si, but n-channel suffers severe resistance issues due to source-drain doping 
and contact problems. N-channel InGaAs is instead a relatively mature technology and together 
with Ge p-channel could be a good choice for a CMOS solution even if it adds complexity to the 
whole process. 

Eventually, as Si is the most common platform in the integrated circuit industry, it is largely 
desiderated to integrate InGaAs n-channel and Ge p-channel CMOS devices with Si technology. It 
is well known that an issue for the integration is that III-V MOSFETs suffer from low thermal 
tolerance and degradation of the high-k/semiconductor interface after high temperature processes. 
Furthermore, realization of high-quality III-V layers on a Si substrate is not straightforward and 
many techniques such as direct wafer bonding (DWB) and III-V semiconductor over insulator (III-
V-OI) are currently evaluated to reach the integration goal. 

 

I.3 - Why High Electron Mobility Semiconductors? 
The effective mobility of inversion layer carrier is an important parameter controlling the 

current in traditional theories of MOSFETs [2],[3], but its role in nanoscale MOSFETs, where off-
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equilibrium, velocity overshoot and quasi-ballistic transport dominate [4],[5], is less clear [6]. 
Under high drain bias where off-equilibrium transport dominates, mobility is not a well defined 
quantity. Anyway in [7], it was demonstrated that the drain current of a nanoscale MOSFET is 
directly related to the near-equilibrium mean-free-path for backscattering [6]. Moreover, recently it 
has been shown in strained devices [8],[9] that the saturation drain current (IDsat) is more strongly 
correlated to the low field mobility, which is measured in the same short-channel devices, than was 
previously believed [10]. 

Transport in MOSFETs can be explained as it follows [7]. Electrons are injected from the 
source side into the channel. At the source-channel junction electrons move across a potential 
barrier whose height is modulated by the gate voltage. Carriers drift along the channel and are 
extracted at the drain side. The role of the source-channel potential barrier is well known and 
usually considered in weak inversion regime or treating drain-induced barrier lowering (DIBL). The 
source-channel potential barrier exists also in above threshold regime. Its effect is well known, but 
since the channel charge screens the gate voltage, is frequently ignored in treating contemporary 
MOSFETs. This practice has been justified because transport across the channel has been the 
limiting factor, but transport across the source-channel barrier will increase in importance and will 
ultimately limit IDsat as gate length approaches zero [7]. 

 

 
Fig. II.3: Two section model of the MOSFET under saturation conditions [7]. 

 
Scattering theory [7] allows to relate the current to transmission and reflection coefficients. In 

saturation conditions a MOSFET can be treated with the model displayed in Fig II.3. The source is 
modeled as a reservoir of carriers injecting a flux aS to the source-channel barrier. A fraction tc of 
the carriers injected move across the channel and reach the drain, and a fraction rc = 1-tc is 
backscattered at the source-channel barrier and reenters the source [7]. 

The saturation current can be written as [7]: 
 

஽௦௔௧ܫ = ை௑ܹீܥ ்ݒ ൬
1 − ௖ݎ
1 + ௖ݎ

൰ (ܸீ ௌ − ்ܸ .ܫܫ)																																																																																																		.	( 1) 

 
If there is no electric field in the channel, the backscattering coefficient can be defined as [7]: 
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஼଴ݎ =
ܮ

ܮ + .ܫܫ)																																																																																																																																																		,	ߣ 2) 

 
where λ is the mean-free path. 

On the other hand, when the electric field in the channel is present we can assume that carriers 
which travel only a short distance down a potential drop are unlikely to reemerge even if they 
backscatter. We assume the critical distance to be the distance over which the potential drops of 
kBT/q and we write [7]: 

 

஼ఌݎ =
݈

݈ + .ܫܫ)																																																																																																																																																			,	ߣ 3) 

 
where l = (kBT/q)ε(0+). Note that rC is determined by the electric field profile near the source where 
the electrons have been heated no more than kBT/q, so λ can be estimated from the low field 
mobility μn

0 to write [7]: 
 

஼ఌݎ =
1

1 + (0ା)ߝ௡଴ߤ2 ⁄்ݒ .ܫܫ)																																																																																																																								.	 4) 

 
Equation above, approaches 1 if the electric field reduces to zero. In short-channel devices, 

some electrons can transmit across the field free channel, rC< 1 and its value is given by rC0 (II.2). 
After this consideration we can write a more general expression [7]: 

 

஼ݎ =
஼଴ݎ

1 + (0ା)ߝ௡଴ߤ2 ⁄்ݒ .ܫܫ)																																																																																																																										.	 5) 

 
To eventually find a connection between the scattering approach and conventional models, 

consider a device with a channel length long enough that rC0 ≈ 1, then combining (II.1) and (II.4) 
we find [7]: 

 

஽௦௔௧ܫ = ቎
ை௑ܹீܥ

ଵ
௩೅

+ ଵ
ఓ೙బఌ(଴శ)

቏ (ܸீ ௌ − ்ܸ .ܫܫ)																																																																																																									.	( 6) 

 
Equation above shows that IDsat is maximized by both a higher value of low-field mobility and 

an increased electrical field near the source. The effect of the two contributions is to reduce the 
source backscattering [7]. 

Therefore even approaching the ballistic regime in nanoscale MOSFETs, the low-field mobility 
continues to have physical meaning as a measure of the mean-free path into the critical region. 
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From this point of view, it can be understood why so many efforts are made to enhance carrier 
mobility by means of strained-Si or integrating III-V materials. Eventually scaling of MOSFETs for 
next technology nodes is likely to require alternate channel materials than Si in order to continue to 
improve speed (IDsat/CinvVDD) but with low supply voltage (VDD= 0.5 V) at the same time. To attain 
higher drive currents, materials with light effective masses are greatly beneficial in quasi-ballistic 
transport with enhanced thermal velocity and injection at the source end. In current view the 
materials of choice seem to be InGaAs for n-channel and Ge for p-channel. 

 

I.4 - InGaAs MOSFET Overview 
As explained in the previous section, higher mobility results in higher current not only in long 

channel devices but also approaching the ballistic regime [7]. Thus, use of III-V compound 
semiconductors as n-type channel replacement materials has attracted great attention because of 
their excellent bulk electron mobilities.  

 

 
Table II.1: Comparison among electrical properties of Si, Ge, InGaAs and its components. 

 
In particular (see Table II.1), InGaAs is the main candidate because if compared with Si it 

shows a very good compromise between GaAs and InAs properties. InAs shows an electron 
mobility (μn) of more than 40000 cm2/Vs, but low effective mass (m*/m0) equal to 0.024 resulting 
in low density of states (DOS) and consequently low inversion capacitance. Moreover, InAs shows 
a 12% mismatch of reticular crystal with respect to Si, and this will require more effort to reach III-
V over Si integration. On the other hand GaAs has a μn ≈ 4600 cm2/Vs, m*/m0 = 0.067 and a lattice 
mismatch of 4%. As previously described the main goal is to enhance μn. A ternary compound 
InGaAs, with As molar fraction equal to 0.47, exhibits μn theoretically higher than 8000 cm2/Vs 
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against a reduction in m*/m0 (= 0.041) that results in a not so critical DOS bottleneck. Moreover, 
InGaAs shows a good compromise in terms of bandgap (Eg) equal to 0.75eV. 

Nevertheless, InGaAs suffers of low holes mobility (μp) that prevents the realization of an 
efficient p-channel MOSFET. To overcome this limitation, future CMOS device will probably 
integrate InGaAs n-channel and Ge p-channel devices. Indeed, Ge has μp = 1900 cm2/Vs, six times 
larger than InGaAs where μp = 350 cm2/Vs. 

As a confirmation of the importance of III-V materials, Fig. II.4 shows the roadmap for DRAM 
production [1]. The roadmap identifies enhanced transport in the channel, by means of alternate 
channel like InGaAs and Ge, as the next feasible solutions to further match scaling requirements. 
Indeed nowadays, III-V and Ge CMOS is enough mature to move from initial research applications 
(black area) to development and optimization of this technology (light blue area). This phase is 
foreseen to continue until 2015 when qualification/pre-production will start (white area). Around 
two years should be needed in order to understand and deal with new different reliability, yield, and 
process integration issues associated with these innovative materials. Eventually it is projected that 
the first product will be introduced in 2018 (shaded area). 

 

 
Fig. II.4: Roadmap for DRAM scaling. (Black) research required, (light blue) development underway, 

(white) qualification/pre-production, (shaded) continuous improvement [1]. 
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Fig. II.5: Foreseen timeline for CMOS scaling [1]. 

 
Further, Fig. II.5 shows the foreseen timeline for CMOS scaling in terms of gate-stack material, 

channel material and device structure [1]. Next generation of CMOS circuits should include 
metal/high-k gate dielectric, InGaAs and Ge semiconductor in a multi-gate or FINFETs structure. 
Technology and process to achieve metal/high-k gate stack are already known and used in Si-based 
CMOS. Each further generation of gate- stack has the purpose of improve the quality of the 
interface between high-k and semiconductor. To substitute Si in MOSFET channel, many efforts 
have been made in the previous decade to investigate III-V materials and Ge, and nowadays the 
technology is sufficiently mature that ITRS proposed to anticipate its qualification/pre-production 
from 2018 to 2015 [1]. Eventually, to obtain a better electrostatic control of the gate charge, multi-
gate MOSFETs and FINFETs architecture are the proposed solution. 

As an evidence of the improvement obtained in the last five years, here it follows a brief 
literature overview regarding InGaAs n-MOSFET research and development. 

In 2007 Hudait [11] described for the first time the heterogeneous integration on Si (by means 
of a 1.3 µm buffer layer) of quantum-well n-MOS-HEMTs with In0.7Ga0.3As channel. MOS-
HEMTs with gate length (LG) = 80 nm showed VT = 0.11 V, µe = 10000 cm2/Vs, IDsat 320 mA/mm 
and ION/IOFF = 2150 at VDS = 0.5 V with a voltage swing of VGS 0.5 V. Enhancement-mode 
In0.53Ga0.47As channel n-MOSFETs with Al2O3 gate dielectric were showed by Xuan [12]. 
MOSFETs with LG = 0.5 µm were characterized by VT = 0 V, µe = 2500 cm2/Vs, IDsat = 490 
mA/mm at VDS = 2 V, transconductance peak (gm) = 175 mS/mm, subthreshold slope (SS) of 240 
mV/dec, DIBL = 350 mV/V and on state resistance (Ron) of 2300 Ωμm. The Al2O3/InGaAs 
interface, that nowadays is one of the main candidate for the gate stack, showed an interface trap 
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density (Dit) of 1.4×1012 cm-2eV-1. Another In0.53Ga0.47As channel n-MOSFET with Al2O3 gate 
dielectric was demonstrated by Xuan [13]. For the 0.5 µm LG device the following figures of merit 
were found: VT = 0.25 V, µe = 2200 cm2/Vs, IDsat = 425 mA/mm at VDS = 2 V, gm = 145 mS/mm, 
SS = 260 mV/dec, DIBL = 150 mV/V, Ron = 2000 Ωμm and again Dit = 1.4×1012 cm-2eV-1. Passlack 
[14] demonstrated In0.7Ga0.3As channel n-MOSFETs with GdGaO gate oxide. For LG = 1 µm 
device, it was found VT = 0.26 V, µe = 5500 cm2/Vs, IDsat = 407 mA/mm at VDS = 2 V, gm = 477 
mS/mm, Ron = 1900 Ωμm, fmax = 37 GHz and ft = 17 GHz. A similar In0.7Ga0.3As channel n-
MOSFET was demonstrated by Hill [15]. MOSFETs with Ga2O3/GaGdO gate dielectric and LG = 
1 µm showed VT = 0.26 V, µe = 5230 cm2/Vs, IDsat = 407 mA/mm at VDS = 2 V, gm = 477 mS/mm, 
SS = 102 mV/dec and Ron = 1920 Ωμm. This latter device represented the state of the art for 
MOSFETs, with the highest effective mobility and transconductance measured in 2007. 

In 2008, Ok [16] presented an n-MOSFET with In0.53Ga0.47As channel and HfO2 gate dielectric, 
LG = 20 µm, VT = -0.3 V, µe = 1034 cm2/Vs and IDsat = 44 mA/mm at VGS -VT = 2 V. In0.53Ga0.47As 
n-MOSFET with HfAlO gate dielectric and LG = 4 µm was showed by Lin (8). Device 
characteristics were: VT = -0.3 V, µe = 1560 cm2/Vs, IDsat = 54 mA/mm at VGS = 3 V, gm = 34 
mS/mm, SS = 196 mV/dec, DIBL = 68 mV/V and Dit = 3×1012 cm-2eV-1.  

Many works were presented in 2009. Sun [17] presented an In0.7Ga0.3As channel quantum-well 
n-MOS-HEMT with Al2O3 gate dielectric. Devices with InAlAs barrier layer and LG = 160nm 
showed: VT = -0.6 V, µe = 3810 cm2/Vs, IDsat = 825 mA/mm at VGS = 1 V, gm = 715 mS/mm and 
Ron = 3500 Ωμm. Yokoyama [18] showed for the first time the integration of III-V OI MOSFETs 
on a Si-substrate. In0.53Ga0.47As channel n-MOSFET, fabricated using DWB Si-integration, showed 
the following figures of merit for the LG = 500 µm device: µe = 1000 cm2/Vs, and a Dit ≈ 1012 cm-

2eV-1. Zhao [19] investigated the effect of an InP barrier layer on the performances of In0.7Ga0.3As 
channel n-MOSFETs with Al2O3 gate dielectric. InP barrier layer substantially results in higher 
mobility. For a buried device with LG = 20 µm, it was found: VT = -0.25 V, µe = 4402 cm2/Vs, IDsat 
= 98 mA/mm at VDS = 2.5 V, gm = 6.5 mS/mm and SS = 106 mV/dec. Lin [20] showed a common 
gate stack solution to integrate InGaAs and Ge in a CMOS with Al2O3 gate dielectric. For a LG = 
1.5µm, µe = 1300 cm2/Vs and µp = 400 cm2/Vs. IDsat = 600 mA/mm at VGS –VT = 2 V (IDsat = 200 
mA/mm at VGS –VT = -1 V ) and gm = 340 mS/ mm (gm = 95 mS/mm) for n-channel (p-channel) 
device. Extracted Dit in the order of 1012 cm-2eV-1. Lin [21] also presented an n-channel MOSFET 
with Al2O3 gate dielectric and LG = 10 µm, characterized by VT ≈0.3 V, µe = 3000 cm2/Vs, IDsat = 
220 mA/mm at VGS –VT= 2 V, gm = 140 mS/mm. Moreover Dit = 1×1012 cm-2eV-1 near the 
conduction band and Dit = 2×1013 cm-2eV-1 near the valence band. 

In 2010 Hill [22] showed for the first time an In0.53Ga0.47As channel quantum-well n-MOS-
HEMT heterointegrated on a large diameter Si substrate fabricated with very large scale of 
integration (VLSI) compatible process. MOSFETs with LG = 500 nm showed VT = -0.25 V, µe = 
2000 cm2/Vs, IDsat = 471 mA/mm at VDS = 1 V and gm = 1005 mS/mm. Zhao [23] compared the 
performance of an In0.7Ga0.3As channel quantum-well MOSFET with LG = 20 µm and with single 
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InP barrier and composite InP/InAlAs barrier. Single barrier leads to µe ≈ 3000 cm2/Vs and IDsat ≈ 
100 mA/mm at VDS = 2.5 V. Composite barrier helps to enhance µe = 4729 cm2/Vs and IDsat = 132 
mA/mm at VDS = 2.5 V. An In0.53Ga0.47As channel n-MOSFET with HfAlO gate dielectric and LG = 
2 µm were reported by Chin [24]. Investigated devices showed VT ≈ 0.2 V, µe = 1700 cm2/Vs, IDsat 
= 400 mA/mm at VGS –VT = 3 V, SS = 155 mV/dec, DIBL = 15 mV/V and a Dit = 6.5×1011 cm-2eV-

1. 
In 2011 Yokoyama [25] demonstrated In0.53Ga0.47As channel n-MOSFETs with Al2O3 gate 

dielectric on a Si substrate using DWB integration. For a device with LG = 50 µm, µe = 912 cm2/Vs, 
IDsat = 1 mA/mm and ION/IOFF = 105 at VDS = 1 V with VGS voltage swing of 6 V. Xue [26] studied 
the effect of different barrier layer composition for an In0.7Ga0.3As quantum well n-MOSFET with 
Al2O3 gate dielectric and LG = 20 µm. It was found that among the studied solutions, composite 
barrier InP/InAlAs results in best performances such as µe = 5700 cm2/Vs, IDsat = 123 mA/mm at 
VGS –VT = 2 V and gm ≈ 6 mS/mm. Yonai [27] reported In0.53Ga0.47As channel n-MOSFET with 
Al2O3 gate dielectric. For a device with LG = 50 nm it was found: VT ≈ -1 V, μe = 4500 cm2/Vs, IDsat 
= 2400 mA/mm at VGS = 3 V, gm = 1170 mS/mm, SS ≈ 300-900 mV/dec and Ron = 93 Ωμm. 

In 2012 Xue [28] demonstrated In0.7Ga0.3As channel n-MOSFETs with composite InP/InAlAs 
barrier and Al2O3 gate dielectric. For LG = 40 nm, µe = 5800 cm2/Vs, IDsat = 600 mA/mm at VGS –
VT = 1.4 V, gm = 90 mS/mm, SS = 130 mV/dec, DIBL = 175 mV/V and Dit = 1×1012 cm-2eV-1. 
Suleiman [29] investigated In0.53Ga0.47As channel n-MOSFETs with HfO2 gate dielectric. Devices 
with LG = 5 µm showed µe = 1100 cm2/Vs, IDsat = 120 mA/mm at VGS - VT = 2 V, gm = 60 mS/mm 
and Dit = 5×1011 cm-2eV-1. Egard [30] showed an high-frequency performance In0.53Ga0.47As 
channel n-MOSFET with Al2O3 gate dielectric and LG = 55 nm. Figures of merit can be 
summarized as it follows: VT = 0.06 V, IDsat = 2000 mA/mm at VGS = 1.8 V, gm = 1900 mS/mm, SS 
= 187 mV/dec, Ron = 199 Ωμm, Dit = 8×1012 cm-2eV-1, fmax = 292 GHz and ft = 244 GHz. Li [31] 
reported In0.53Ga0.47As channel quantum-well MOSFETs with Al2O3 gate dielectric and InAlAs 
barrier. Electrical characteristics for the device with LG = 120 nm included: VT = -1.6 V, μe = 5260 
cm2/Vs, IDsat = 1884 mA/mm at VGS = 1 V, gm = 1126 mS/mm, SS = 135 mV/dec, DIBL = 333 
mV/V and Ron = 156 Ωμm. Zhou [32] presented an on-Si-substrate n-MOS-HEMT with 
In0.53Ga0.47As channel, Al2O3 gate dielectric and InAlAs barrier. LG = 30 nm devices were 
characterized by VT = -1.32 V, μe = 4805 cm2/Vs, IDsat = 1698 mA/mm at VG = 1.5 V, gm = 1074 
mS/mm and Ron = 133 Ωμm. 
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Chapter III: Interface Trap Effect in III-V 
Inversion Type MOSFETs 

 
 

In this chapter interface-trap effects are analyzed in inversion-type, enhancement-
mode In0.53Ga0.47As/ZrO2 and In0.53Ga0.47As/ In0.2Ga0.8As/ZrO2 n-channel MOSFETs, by 
comparing measurements and numerical device simulations of DC transfer 
characteristics. Device simulations can reproduce  measured threshold voltages under 
the hypothesis that interface traps are donor-like throughout the InGaAs bandgap, 
allowing for strong inversion operation regardless of the relatively high interface-trap 
density. Effects induced by donor-like interface traps in MOSFETs having a thin 
In0.2Ga0.8As cap layer interposed between gate dielectric and channel are qualitatively 
different from those observed in standard MOSFETs (without the cap). Increasing the 
donor-like trap density decreases the threshold voltage in capped devices, while it leaves 
it unchanged in uncapped ones. As a result, donor-like interface traps can explain the 
threshold-voltage difference observed in MOSFETs with and without the cap. 

 
 
Device concepts that are being evaluated to replace typical Si MOSFETs include HEMT-like 

structures [33],[34], MOS-HEMTs [35],[15],[36],[37],[38],[39],[23], as well as inversion-type 
MOSFETs [40],[41],[42],[43],[44],[45],[46],[20],[47],[48]. Aspects still requiring research efforts 
and appropriate solutions encompass fundamental physics concerns, such as the limitations to the 
channel carrier density and drive current imposed by the small DOS [49],[50],[51], technological 
compatibility problems, like the integration of the III-V material system on the Si wafer [11], as 
well as process/device optimization issues, like gate-stack optimization [43],[46],[48],[52],[53],[16] 
and the reduction of source/drain contact and sheet resistances [38],[45],[54]. 

The poor quality of the dielectric interface has historically been the major obstacle on the path 
towards the development of III-V MOSFETs [55]. Recently, specific combinations of high-k 
dielectric materials, suitable deposition techniques, III-V channel materials and crystal orientations 
have been shown to allow for the fabrication of n-channel MOSFETs that are immune from Fermi-
level-pinning problems [35],[15],[36],[37],[38],[39],[23],[40],[41],[42],[43],[44],[45],[46],[20], 
[47],[48],[52],[53],[16],[56]. Rather than to having achieved a low interface-trap density, these 
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results must be ascribed to the interface property of having a charge-neutrality level located at or, 
even, above the conduction-band edge (EC). When this is the case, interface traps are donor-like 
throughout the semiconductor bandgap [20],[57],[58],[59]. This in turn leaves the Fermi level 
unpinned in the upper half of the bandgap, thus enabling actual inversion-type operation of the n-
channel MOSFET.  

Despite recent progresses, gate-stack optimization and, particularly, Dit minimization still 
represent major issues for the development of InGaAs MOSFETs (as well as for other III-V FETs). 
Even though channel inversion is not inhibited, interface traps can play a detrimental role in the 
device performance, by influencing key parameters, such as threshold voltage (VT), channel 
mobility, and sub-threshold slope (SS), and thus impacting both on-state (ION) and off-state (IOFF) 
currents. The same effects can be induced in MOS-HEMT structures as well. 

Interface-trap generation is also expected to be one of the most severe reliability-limiting factors 
[60]. Developing an in-depth understanding of interface-trap effects in these devices is therefore 
crucial for both process/device optimization and reliability assessment purposes.  

In this chapter, we address the effects of interface traps in inversion-type InGaAs MOSFETs 
with ZrO2 gate dielectric[61]. Devices used in this study were provided by SEMATECH (Albany, 
NY, USA). Two-dimensional device simulations are adopted to gain insight into the interface-trap 
effects on DC transfer characteristics and to analyze the impact of different interface-trap 
distributions. Specific contributions improving the comprehension of mechanisms underlying 
interface-trap effects in the devices under study are as follows. 

1) A quantitative comparison between experimental and simulated IV curves using Dit 
distributions in agreement with previous literature on InGaAs/Al2O3 MOSFETs [57] and supporting 
the conclusion that strong inversion is feasible also in the InGaAs/ZrO2 devices considered here, 
thanks to the donor-like nature of interface traps within the InGaAs bandgap and regardless of the 
relatively high Dit.  

2) The description of the non-trivial effects associated with donor-like interface traps in 
MOSFETs having a thin In0.2Ga0.8As cap layer interposed between the gate dielectric and the 
In0.53Ga0.47As channel. Including a cap with wider bandgap than the channel into the device epilayer 
structure is a means that has been adopted in both InGaAs MOSFETs and MOS-HEMTs to 
attenuate the interface-related mobility degradation [39],[23]. Understanding that interface-trap 
effects in these devices can be qualitatively different from those observed in standard MOSFETs 
(without cap layer) is important for their optimization.  

3) A systematic analysis of the effects of increasing densities of donor-like and acceptor-like 
interface traps in MOSFETs with and without the cap layer that can be useful in the interpretation 
of reliability testing experiments. 
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III.1 - Device Fabrication 
Devices under consideration are self-aligned, inversion-type, InGaAs/ZrO2 MOSFETs having 

two different epilayer structures, one with the gate dielectric directly deposited onto the 
In0.53Ga0.47As channel (uncapped devices), the other with a 2-nm In0.2Ga0.8As cap layer interposed 
(capped devices). The latter is intended for mobility improvement by outdistancing the inversion 
channel forming at the In0.53Ga0.47As/In0.2Ga0.8As interface from the dielectric surface. Devices 
were fabricated by SEMATECH (Albany, NY, USA). 

 
In0.53Ga0.47As growing in MBE 
In0.20Ga0.80As growing in MBE 
ZrO2 deposition by ALD  
TiN/TaN deposition: 20nm/200nm 
Gate patterning (RIE) 
S/D implantation: Si (25KeV, 1E15) 
S/D activation: RTA: 0°C-800°C 
Metal deposition 

 

Table III.1: Process flow of the tested devices. 

 
 

Fig. III.1: Schematic cross sections of devices under study. Left:In0.53Ga0.47As/ZrO2 MOSFET 
(uncapped device). Right: In0.53Ga0.47As/ In0.2Ga0.8As/ZrO2 MOSFET (capped device). 

 
Figure III.1 shows schematic cross sections of the two device types. Gate length (LG) is 10 m 

for both structures. Gate width (WG) is 600 m. 
The process flow for MOSFETs with TaN/ZrO2 stacks is summarized in Table III.1. 

Epistructures were grown on InP by MBE. The high-k stack was processed using atomic layer 
deposition (ALD) without any surface pre-treatment (except for cleaning). The ZrO2 thickness is 
4.2 nm. Interfacial native oxide thickness is 0.5 nm. The ZrO2 relative dielectric constant is 21. The 
resulting EOT is 0.8 nm. The TiN/TaN electrode was formed using ALD and reactive dc sputtering, 
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followed by reactive ion etch (RIE). After source/drain (S/D) activation with rapid thermal 
annealing (RTA) and laser anneal, low-resistance ohmic contacts were formed by using an 
AuGe/Ni/Au alloy. 

 

 
Fig. III.2: Experimental drain-current vs. gate-source-voltage characteristics at a drain-source voltage of 
0.05 V for MOSFETs with and without the In0.2Ga0.8 As cap on both linear-linear (right y-axis) and log-

linear (left y-axis) scales. 

 

III.2 - Experimental Results 
Figure III.2 shows experimental drain-current (ID) vs. gate-source-voltage (VGS) characteristics 

at a drain-source voltage (VDS) of 0.05 V for representative devices with and without the 
In0.2Ga0.8As cap.  

As can be noted, capped devices show a smaller VT than devices without the cap (0.03 V 
against 0.13 V). The sign of this VT is opposite to the expected one. The introduction of the cap 
reduces the effective gate capacitance (for same gate metal and dielectric material and thickness). 
This should result in a positive VT change. In section III.4, we will show that the negative VT shift 
induced by the cap can result from the qualitatively different impact on VT of interface traps in the 
two device types. 

The subthreshold slope (SS) is slightly larger in the capped device than in the uncapped one 
(139 mV/dec against 107 mV/dec), suggesting a correspondingly higher Dit.   

At small currents, the drain reverse leakage current dominates. The reverse leakage current floor 
is around the 10-6 A/mm and 10-8 A/mm level in the uncapped and capped device, respectively. This 
difference can be explained by the different electron lifetime characterizing wafers onto which 
devices with and without cap have been fabricated. 
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Devices with the cap, finally, exhibit a larger ION than those without. This is a combined effect 
of smaller VT and larger transconductance. The latter is due to the higher channel mobility of 
capped devices, as confirmed by split-CV measurements, yielding peak mobilities of 1960 cm2/Vs 
and 1500 cm2/Vs for the capped and uncapped MOSFETs, respectively. 

 

III-3. Device Simulations 
Two-dimensional device simulations have been carried out using the code Dessis-8.0 (Synopsys 

Inc.) [62]. The adopted transport model is the drift-diffusion one. Nominal values have been 
adopted for the substrate p-type doping (5×1017 cm-3) and for all geometrical parameters, including 
gate length (LG=10 m) and width (WG=600 m). TaN work function and ZrO2 relative dielectric 
constant have been set in agreement with literature (M= 4.6 eV, kZrO2= 21). 

The parameters of the Arora’s model [63] have been adjusted to reproduce literature data from 
n-doped InGaAs [64], allowing doping-dependent mobility degradation in the source and drain 
regions to be accounted for. Source/drain doping has been modeled by Gaussian profiles. The latter 
have been adjusted to reproduce source/drain sheet resistances obtained from transmission line 
model (TLM) measurements (500 /�), yielding a peak density of 1.85×1018 cm-3 (assumed at the 
InGaAs surface) with a junction depth of 50 nm. Source and drain contact resistances have been set 
in agreement with TLM measurements (1.5 /mm).  

The Lombardi’s model [63] for mobility degradation at semiconductor-insulator interfaces has 
been adopted to reproduce the inversion mobility drop at high VGS measured with the split-CV 
method in the two device types. Model parameters have in particular been adjusted to force the 
following, simplified power-law  dependence of the surface mobility on the transverse electric field 
Et: n

-1 = peak
-1 + (aEt

-b)-1, where peak=1500 cm2/(Vs), a=4.51012 cm2/(Vs), b=1.7 for the 
uncapped MOSFET, while peak=1960 cm2/(Vs), a=91012 cm2/(Vs), b=1.67 for the capped one. 

Carrier lifetimes have been adjusted, to fit the drain current leakage floor in the two device 
types. A value of 10-9 s was used for the capped device. A much shorter value (10-11 s) had to be 
adopted for the uncapped device, indicating a starting material of worse quality. 

Simulator’s default values have been adopted for bandgap and electronic affinity values of the 
InxGa1-xAs and InxAl1-xAs compounds, resulting in the band alignment shown in Fig. III.3. 
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Fig. III.3: Band alignment along the device depth assumed in the simulations. The In0.2Ga0.8 As layer 

is present in the capped devices only. Depths are not to scale. 

 

III.4 - Fitting of Experimental Characteristics 
All simulation input parameters considered above have been set to either nominal or literature 

values, or they have been derived from measurements. Figure III.4 shows the outcomes of device 
simulations incorporating this geometrical and physical description for the two device types, as 
compared with the corresponding experimental curves (same as shown in Fig. III.2). Interface traps 
are for the moment neglected in the simulations. As can be noted, ION currents are well reproduced 
by simulations for both the uncapped and the capped device. VT is matched for the uncapped 
device, only. Contrarily to what experimentally observed, the capped device is characterized, 
according to simulations, by a more positive VT than the uncapped one. As already pointed out, this 
is actually what one should expect, considering that the In0.2Ga0.8As cap layer reduces the gate 
capacitance. SS is underestimated by simulations in both device types. 

-4

-3

-2

-1

0

1

2

3

En
er

gy
 [e

V]

Depth

Ec
Ev

In0.53Ga0.47As

EF

In0.2Ga0.8As

ZrO2

InAlAs

εr=21

E G
 =

 5
.8

0e
V

1.
12

eV

1.
50

eV0.7eV

∆EC = 1.78eV

∆EC = 0.26eV

TaN

-4.2 0 2 302
Depth (nm)

En
er

gy
 (e

V)



CHAPTER III                                                   Interface Trap Effect in III-V Inversion Type MOSFETs 

 Pagina 23 
 

 
Fig. III.4: Experimental (symbols) drain-current vs. gate-source-voltage characteristics at a drain-

source voltage of 0.05 V for MOSFETs with and without the In0.2Ga0.8As cap, compared with the 
outcomes of device simulations neglecting interface traps (lines). 

 

 
Fig. III.5: Experimental (symbols) and simulated (lines) drain-current vs. gate-source-voltage 

characteristics at a drain-source voltage of 0.05 V for MOSFETs with and without the In0.2Ga0.8As 
cap on both linear-linear (right y-axis) and log-linear (left y-axis) scales. Simulations incorporate the 

Dit profiles shown in Fig. III.6. 

 
By assuming simulations shown in Fig. III.4 as a reasonably physical description of the device 

behavior under the assumption of an ideal ZrO2/InGaAs interface, we have then introduced 
interface traps in the simulations with the goal of reducing discrepancies from experiments. 
Noteworthy, this can only be accomplished if interface traps are assumed to be donor-like traps 
throughout the InGaAs bandgap. More particularly, the negative VT shift induced by the 
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In0.2Ga0.8As cap can be explained, provided that interface traps are donor-like. If interface traps are 
instead assumed to be acceptor-like, VT shifts in capped devices towards more positive values, i.e. 
oppositely to what experimentally observed. This will clearly be shown in section III.4.2. On the 
other hand, experimental SS can be fitted by assuming either donor- or acceptor-like interface traps. 

The fitting of the ID-VGS curves has been pursued, by adopting Dit distributions in qualitative 
agreement with interface-trap characterization results reported in [57] and [59], namely donor-like 
interface traps have been assumed to peak at the valence-band edge (EV) and to decrease 
monotonically throughout the InGaAs bandgap. Gaussian profiles have specifically been adopted to 
shape the Dit. The best fitting achieved is shown in Fig. III.5, while the corresponding Dit profiles 
are plotted in Fig. III.6. In the latter, filled symbols corresponds to the portions of the Dit 
distributions that are actually scanned by the Fermi level as VGS is swept from 1 V down to the 
value at which the drain leakage current floor masks any further gate-controlled ID change (-0.1 V 
and -0.7 V for the uncapped and capped device, respectively). Open symbols are instead used for 
the remaining part of the Dit distributions. Simulations results shown in Fig. III.5 are sensitive to the 
filled-symbol part of Dit only. Dit distributions peaking at around midgap [65], but showing the 
same tail in the upper part of the gap as shown in Fig. III.6, would produce the same simulation 
outcomes shown in Fig. III.5. 

 

 
Fig. III.6: Density of donor-like interface traps assumed at the In0.2Ga0.8As /ZrO2 and at the 

In0.53Ga0.47As/ZrO2 interface in the simulations shown in Fig. III.5 for the MOSFET with and without 
the In0.2Ga0.8As cap, respectively. 

 
As can be noted in Fig. III.5, an accurate description of both above- and sub-threshold ID-VGS 

behavior have been achieved for both device types.  
Two simplifying assumptions implicit in the adopted Dit distributions are worth being pointed 

out. 
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1) We assumed interface traps to be donor-like throughout the bandgap also for In0.2Ga0.8As, 
whereas, in this material, the charge neutrality level is expected to be farther from EC than for 
In0.53Ga0.47As [58]. Ga2O3(Gd2O3)/In0.2Ga0.8As MOS capacitors with free-moving Fermi level near 
EC have actually been reported in [66], suggesting that acceptor-like traps in the upper part of the 
In0.2Ga0.8As bandgap have a relatively-low density. Moreover, In0.2Ga0.8As is used as the cap layer 
material (not as the channel material) in our devices. As will be shown in Fig. III.13, the Fermi level 
at the ZrO2/In0.2Ga0.8As interface of capped devices is still 0.2 eV below EC at VGS=VT. Acceptor-
like traps located closer to EC (from EC-0.2 eV to EC) remain neutral for VGS values up to VT. These 
traps can not significantly affect SS and VT, while they can only impact the high-current regime for 
VGS>VT. 

2) Interface traps outside the bandgap are neglected for both uncapped and capped devices. 
Traps located above EC are in particular expected to be acceptor-like. These traps can affect the 
device characteristics at gate voltages well above VT, while having a negligible effect on SS and VT 
(they are neutral until the Fermi level at the ZrO2/InGaAs interface is raised above EC).  

On the other hand, at high VGS, the drain current is strongly impacted by other parameters, such 
as interface mobility and source and drain series resistances. The errors introduced by the 
approximated modeling of these parameters can compensate that associated with the simplifying 
assumptions 1) and 2),  allowing a good agreement between measurements and simulations to be 
achieved even in the high-current regime. 

The main conclusions that we were able to draw from the ID-VGS fitting procedure (and that are 
not impacted by the approximations pointed out above) are as follows: 

(i) Dit in the order of 1013 cm-2 eV-1 are required to match the SS in the devices under study; 
(ii) adopting these Dit values automatically accounts for the negative VT shift of uncapped 

MOSFETs with respect to capped ones, provided that dominant interface traps are assumed to be 
donor-like; 

(iii) strong-inversion operation is allowed with VT<0.5 V, owing to the assumed donor-like 
behavior of dominant interface traps. 

In order to analyze the effect of interface traps more systematically, simplified, uniform 
interface-trap distributions have been adopted. This simplification does not limit generality of 
conclusions drawn, as far as the different effects of donor- and acceptor-like traps are concerned. 
Results are described in sections III.4.1 and III.4.2 for uncapped and capped MOSFET, 
respectively. 
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III.4.1 - Effects of Interface Traps in the MOSFETs Without 
Cap 

Figure III.7 shows the simulated ID-VGS characteristics at VDS= 0.05 V for a MOSFET without 
the In0.2Ga0.8As cap for different densities of donor- (ND) and acceptor-like (NA) interface traps. 

 

 
Fig. III.7: Simulated drain-current vs. gate-source-voltage characteristics at a drain-source voltage 

of 0.05 V for a MOSFETs without the In0.2Ga0.8As cap for different, uniform donor-like (ND) and 
acceptor-like (NA) interface-trap distributions. The dashed curve refers the case of no interface traps. 

 
As can be noted, donor-like traps impact the subthreshold characteristics by increasing SS. They 

instead leave VT virtually unchanged. This can be understood with the aid of Figs. III.8 and III.9, 
showing the charged donor density along the ZrO2/In0.53Ga0.47As interface (Fig. III.8) and the 
electron density along a vertical cut in the middle of the gate (Fig. III.9) in the uncapped MOSFET 
for different VGS values.Under strong-inversion conditions (VGS0.15 V), the electron density is 
large (see Fig. III.9) and donor-like traps are almost all neutral (i.e., completely occupied) (see Fig. 
III.8), so that they can not impact ID. For this reason VT does not change with increasing ND, see 
Fig. III.7. The charged donor density is instead large for low VGS (see Fig. 8), since the electron 
density in the channel is small (see Fig. III.9). Under these conditions, the larger ND the larger the 
positive trapped charge and the higher ID, this explaining the SS increase at increasing ND shown in 
Fig. III.7. 
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Fig. III.8: Charged donor density along the ZrO2-In0.53Ga0.47As interface in the MOSFET without the 

cap at a drain-source voltage of 0.05 V for different gate-source voltages. 

 

 
Fig. III.9: Electron density as a function of distance from the dielectric along a vertical cut in the 

middle of the gate in the MOSFET without the cap at a drain-source voltage of 0.05 V for different 
gate-source voltages. 

 
On the other hand, increasing NA increases SS and, at the same time, shifts VT positively (see 

Fig. III.7). Acceptor-like traps are in fact neutral (unoccupied) under accumulation, this making ID 
independent on their density. This regime is actually masked by the reverse leakage current in Fig. 
III.7, in the absence of which ID curves for different NA values would all tend to converge towards 
the same point at small VGS. As VGS is increased and the MOSFET is pushed towards inversion, 
acceptor-like traps charge up negatively. Under these conditions, the larger NA, the larger the 
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negative trapped charge and the smaller ID, thus explaining the positive VT shift with increasing NA. 
NA values in the order of 1013 cm-2 eV-1 are required to reproduce measured SS values. As shown in 
Fig. III.7, these relatively-large NA values would result in VT values >0.5 V, that are much larger  
than the measured ones (see Fig. III.2). 

 

III.4.2 - Effects of Interface Traps in the MOSFETs With Cap 
Figure III.10 shows the simulated ID-VGS characteristics at VDS= 0.05 V for a MOSFET with the 

In0.2Ga0.8As cap for different densities of donor- (ND) and acceptor-like (NA) interface traps. 
 

 
Fig. III.10: Simulated drain-current vs. gate-source-voltage characteristics at a drain-source voltage 

of 0.05 V for a MOSFETs with the In0.2Ga0.8As cap for different, uniform donor-like (ND) and 
acceptor-like (NA) interface-trap distributions. The dashed curve refers to the case of no interface 

traps. 

 
Differently from the case of uncapped MOSFETs, increasing ND shifts VT to smaller values 

(besides increasing SS like in uncapped devices). This effect can be explained with the aid of Figs. 
III.11 and III.12, showing the charged donor density along the ZrO2/In0.2Ga0.8As interface and the 
electron density along a vertical cut in the middle of the gate in the capped MOSFET for different 
VGS values. As can be noted, traps that are located at the ZrO2/In0.2Ga0.8As interface continue, in 
this case, to be modulated by the VGS change (see Fig.III.11) even when the channel at the 
In0.53Ga0.47As/In0.2Ga0.8As interface has attained strong inversion (see Fig. III.12). This condition is 
illustrated by Fig. III.13, showing the simulated band diagram along the device depth under the gate 
for the two MOSFET types at the respective threshold voltages. As can be noted, the Fermi level 
(EF) is close to EC in the In0.53Ga0.47As channel of the uncapped device, resulting in all neutralized 
donor-like interface traps. On the other hand, EF is still 0.2 eV below EC in the In0.2Ga0.8As cap of 
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the capped MOSFET, this leading to residual positive trapped charge at the ZrO2 interface. This 
mechanism explains the negative VT shift observed experimentally in capped MOSFETs with 
respect to uncapped ones (see Fig. III.5).  

From Fig. III.12, it can also be noted that the electron density at the ZrO2/In0.2Ga0.8As remains 
significantly smaller than that at the  In0.53Ga0.47As/In0.2Ga0.8As for VGS<0.6 V. For higher VGS, the 
electron-density values at the two interfaces become comparable. Owing to higher mobility, the 
electron current density continues to be higher at the In0.53Ga0.47As/In0.2Ga0.8As interface, the latter 
thus functioning as the actual, buried channel of the device over the entire VGS range considered. 

 

 
Fig. III.11: Charged donor density along the ZrO2-In0.2Ga0.8As interface in the MOSFET with the cap 

at a drain-source voltage of 0.05 V for different gate-source voltages. 
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Fig. III.12: Electron density as a function of distance from the dielectric along a vertical cut in the 

middle of the gate in the MOSFET with the cap at a drain-source voltage of 0.05 V for different gate-
source voltages. 

 

 
Fig. III.13: Simulated band diagram along device depth under the gate for the two MOSFET types 

(left: uncapped device, right: capped device) at the respective threshold voltages and sketch of 
corresponding charge state of the donor-like interface traps. 

 
As far as acceptor-like traps are concerned, their behavior is similar to that exhibited in 

uncapped MOSFETs,  i.e. both VT and SS increase with increasing NA. For the same NA, the 
positive VT shift is however larger than in the uncapped device (compare Figs. III.10 and III.7). 
This happens because traps located at the In0.2Ga0.8As/ZrO2 interface continue to be modulated by 
the VGS change, even when the channel at the In0.53Ga0.47As/In0.2Ga0.8As interface has reached 
strong inversion (not shown for brevity). If (dominant) interface traps were acceptor-like traps in 
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the devices under consideration, inclusion of the In0.2Ga0.8As cap would therefore shift VT 
positively, which contrasts with what observed experimentally. On the contrary, as previously 
shown, donor-like interface traps can explain the experiments. 

 

III.5 - Summary 
We have analyzed the effects of interface traps in inversion-type n-channel InGaAs MOSFETs 

with ZrO2 gate dielectric, by comparing measurements and numerical device simulations of the ID-
VGS characteristics. Devices under consideration have two different epilayer structures, one with the 
ZrO2 dielectric directly deposited onto the In0.53Ga0.47As channel, the other with a 2-nm In0.2Ga0.8As 
cap layer interposed.  

Quantitative agreement between measurements and simulations has been achieved under the 
hypothesis that traps at the ZrO2/InGaAs interface are donor-like. Dit values in the order of 1013 cm-

2 eV-1 are in particular required to explain the measured subthreshold slopes. For these Dit values,  
donor-like interface traps can explain VT values in the 0-0.15 V range as those measured in these 
devices, whereas acceptor-like traps would result in much larger VT values (> 0.5 V).  

The influence of donor-like and acceptor-like interface traps have systematically been analyzed 
for both uncapped and capped devices. Interface-trap effects in MOSFETs with the thin In0.2Ga0.8As 
cap layer have been shown to be qualitatively different from those observed in standard MOSFETs 
(without cap layer). More specifically, increasing the donor-like trap density shifts VT negatively in 
capped devices, while it leaves VT unchanged in uncapped ones. As a result of this, donor-like 
interface traps can explain the VT difference observed in MOSFETs with and without the cap.  
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Chapter IV: Semiconductor Stack Optimization 
for InGaAs Quantum Well MOSFETs Scaling 

 
 

Properties of InGaAs buried channel quantum well MOSFETs affected by the  
barrier and buffer layers are analyzed in this chapter by numerical simulations to assist 
device engineering and optimization. The interplay between the charge neutrality level 
position at the barrier/dielectric interface and  conduction band discontinuity at the 
barrier/channel interface is shown to critically impact the achievement of an 
enhancement mode device  with full turn-on. A p-doped buffer is found to be  a more 
suitable option than the standard unintentionally doped buffers to  control  short-channel 
effects. 

 
 
Besides standard inversion-type MOSFET structures with a surface channel, implanted source 

and drain regions, and p-doped body [20],[67],[22],[68], buried channel quantum well MOSFETs 
have been proposed [15],[69],[28] to mitigate the degradation in channel mobility induced by the 
proximity to the gate dielectric [70]. 

The epilayer structure of these devices resembles that of typical InP HEMTs for which an 
InGaAs channel with a high In concentration is sandwiched between the higher bandgap barrier and 
buffer layers that confine  channel electrons and physically separate them  from the gate dielectric 
and substrate, respectively. Similar to Si MOSFETs, the gate stack structure exhibits a high-k gate 
dielectric grown, for instance, using ALD. However, the following two characteristics make 
InGaAs quantum well MOSFETs different from Si MOSFETs and InP HEMTs, respectively: (i) the 
presence of a barrier layer interposed between the high-k dielectric and the InGaAs channel, making 
the effects of interface traps on device behavior different from those characteristic of surface-
channel MOSFETs; (ii) the stringent requirements of enhancement-mode operation and short-
channel-effect control, making the unintentionally-doped InAlAs buffer typically adopted in InP 
HEMTs inadequate for the intended, digital applications of InGaAs MOSFETs. In this study, we 
use numerical device simulations to investigate aspects (i) and (ii), with the aim of providing 
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indications for device engineering and optimization. Devices used in this study were fabricated by 
University of Texas (Austin, TX, USA). 

(i) In surface channel MOSFETs, the conducting channel is adjacent to the interface with the 
gate dielectric. When the interface trap densities are relatively high, which is typical of III.V 
MOSFETs, the interface charge neutrality level (ECNL) should be as close to the semiconductor 
conduction band edge (EC) as possible or even above it. In this case, a negative charge starts to 
build up at the interface only when the Fermi level rises above ECNL, which occurs at a high gate 
bias when the conducting channel is already formed.  In other words, the Fermi level is not pinned 
in the upper part of the channel bandgap and full turn-on is feasible. This is actually the case in 
inversion-type, surface channel MOSFETs with a high In mole fraction InGaAs channel [71]. In 
quantum well MOSFETs, however, the semiconductor materials of the barrier and channel are 
different, with the barrier material having a larger bandgap and, specifically, a higher conduction 
band edge than the channel material, so that the electrons are confined within the channel by the 
resulting conduction band discontinuity (EC). As shown below, the barrier layer, interposed 
between the gate dielectric and the channel, modifies the way interface traps influence the device 
characteristics, modifying the criteria for optimal barrier materials. 

(ii) Unintentionally doped (UID) InAlAs buffers are typically adopted in InP HEMTs. Most 
reported InGaAs MOSFETs exhibit UID buffers similar to those of the InP HEMTs. The buffer 
impacts device parameters such us threshold voltage (VT), subthreshold slope (SS), and off-state 
current (IOFF). These parameters are of critical significance in InGaAs MOSFETs, which are 
intended for digital circuits. While the UID buffer is adequate for long channel MOSFETs, it is 
unclear whether it can still be an option for scaled devices. Our analysis suggests that a p-doped 
buffer (either uniformly or delta doped) can provide a better control over the short-channel effects, 
thus helping to achieve enhancement mode operation. 

 

IV.1 - Device Structures 
The baseline device structure adopted for this study is an InGaAs buried channel quantum well 

MOSFET with the following vertical structure: (i) ALD Al2O3 gate dielectric (4 nm), (ii) InP  
barrier (5 nm), (iii) In0.7Ga0.3As channel (10 nm), (iv) In0.52Al0.48As buffer (300 nm), and (v) semi-
insulating InP substrate. Heavily doped (Si, 3x1019cm-3) In0.53Ga0.47As cap layers (20 nm), 
selectively removed from the gate region before Al2O3 deposition, act as carrier supply and 
source/drain contact layers. Channel, barrier, and buffer layers were not intentionally doped. The 
gate length (LG) and width (WG) are 20 m and 600 m, respectively. Fig. IV.1 is a sketch of the 
device cross section (UID buffer). More details about device fabrication are in reference [23]. 
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Fig. IV.1: Schematic cross section of InGaAs buried channel quantum well MOSFETs under study 
(not to scale). 

 
Two-dimensional drift-diffusion numerical simulations were performed using the Sentaurus 

Device (Synopsys Inc.) [63] simulator. The adopted calibration procedure can be summarized as 
follows. 1) The drain leakage current is found to be a sensitive function of the buffer conductivity 
only. The unintentional buffer doping density has thus been adjusted, in order to match the 
measured leakage current level at two different drain-source voltages. 2) VT and SS depend on (i) 
gate-stack material parameters, (ii) band-structure parameters of the different semiconductor layers, 
(iii) unintentional doping in the buffer, (iv) interface traps. Once (i) and (ii) have been fixed to 
literature values [72] and (iii) is set according to point 1),VT and SS remain sensitive functions of 
the interface-trap distribution, only. The parameters defining a simplified, box-like interface-trap 
distribution have therefore been tuned so as to reproduce the experimental VT and SS. 3) Having 
fixed VT, ID under above-threshold conditions is mainly a function of channel mobility. Parameters 
in the interface mobility model have therefore been used as fitting parameters to reproduce ID under 
above-threshold conditions. A more detailed description of the simulation calibration procedure and 
the resultant fitting parameters can be found in Chapter V along with a comparison of the 
experimental and simulated data using the baseline device. 

Two types of simulations were carried out in this work.  
1) The baseline device structure was simulated for different ECNL positions. ECNL is defined so 

that, when the Fermi level EF equals ECNL, the dielectric interface has no net charge, whereas when 
EF>ECNL or EF<ECNL, it becomes negatively or positively charged, respectively. For simplicity, we 
defined all traps energetically located below and above ECNL to be donor-like and acceptor-like, 
respectively. ECNL is a material property, with reported EC-ECNL values for InP in the 0.3-0.4 eV 
range [58],[73]. Here, we varied EC-ECNL over a wider range (0.1-0.5 eV), to let the different effects 
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associated with small and large EC-ECNL values emerge more clearly and to make conclusions of 
this analysis more general and applicable even to different barrier materials. 

2) Modified device structures were simulated with different LG values (and correspondingly 
scaled source and drain access regions) and/or different buffer options. The latter, illustrated in Fig. 
IV.1, include the following: a) unintentionally doped buffer (UID); b) p-type, uniformly doped 
buffer (p-UNI); c) n-type, delta-doped buffer (n-DD); and  d) p-type, delta-doped buffer (p-DD). 
For the UID buffer, a 2×1016 cm-3 n-type doping density has been assumed, which  allowed the 
experimental IOFF to be reproduced by simulating the baseline devices [72]. In the p-UNI buffer, the 
assumed uniform p-type doping density is 5×1017 cm-3. In the n-DD buffer, delta-doping dose and 
depth are 3×1012 cm-2 and 4 nm, respectively. For the p-DD buffer option, the delta-doping dose is 
3×1012 cm-2, while different depths of the delta-doping layer (dDD) are considered.  

 

IV.2 - Barrier 
For the baseline device, Fig. IV.2 shows the simulated DC drain-current (ID) vs. gate-source-

voltage (VGS) curves at the drain-source voltages (VDS) of 0.05 V and 1 V for different ECNL 
positions. The latter are defined as the energetic distances from the InP conduction band edge 
(EC,bar). The conduction band profiles through the device depth (perpendicular to the substrate 
plane) are shown in Fig. IV.3 for ID=10-3 A and VDS=0.05 V, along with the corresponding trap 
charge densities at the Al2O3-InP interface. As seen in Figs. IV.3(a)-(c), regardless of the EC,bar-
ECNL value, the Fermi level (EF) is approximately aligned to the conduction band edge in the 
InGaAs channel at the bias that corresponds to a near-threshold condition.  

Consider the case of EC,bar-ECNL=0.3 eV. Since EC=0.3 eV, then EFECNL at the interface. 
Because of the small band bending of the barrier and channel layers, EF actually lies slightly below 
ECNL(see Fig. IV.3(b)). As shown in Fig. IV.3(e), this leads to a small positive charge associated 
with the charged donor traps and a much smaller negative charge due to charged acceptor traps.  

For EC,bar-ECNL=0.5 eV, EF tops ECNL by 0.2 eV at the surface (see Fig. IV.3(c)). In this case, 
the acceptor charge density exceeds the donor one (see Fig. IV.3(f)). As shown in Fig. IV.2, this 
results in a more positive VT compared to the previous case. Larger EC,bar-ECNL values can 
eventually prevent full turn-on by inducing Fermi-level pinning.  

Finally, for EC,bar-ECNL =0.1 eV, EF is 0.25 eV below ECNL at the surface (see Fig. IV.3(a)), 
resulting in a high density of charged donor traps and a negligible density of charged acceptor traps 
(see Fig. IV.3(d)). As shown in Fig. IV.2, this shifts VT towards negative values. If the EC,bar-ECNL 
values are too low, obtaining an enhancement mode device becomes difficult. 

The EC-ECNL values reported for InP are in the 0.3-0.4 eV range [58],[73], which represents 
optimal trade-off values allowing for both complete device turn-on and positive VT. This makes InP 
particularly suitable as a barrier material for InGaAs quantum well MOSFETs. Channel 
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confinement can be further improved by using a composite InP/In0.52Al0.48As barrier, with 
beneficial effects on device mobility and drive current [23]. 

 

 
Fig. IV.2: Simulated DC drain current (ID) vs. gate source voltage (VGS) curves at a drain source 

voltage (VDS) of 0.05 V (solid lines) and 1 V (dashed lines) for different charge neutrality level 
positions (EC,bar-ECN). The simulated device is the baseline MOSFET structure (UID buffer, LG=20 

μm). 
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Fig. IV.3: Simulated conduction band edge (EC) profile along device depth (left figures) in the middle 

of the gate and corresponding charge trap densities at the Al2O3-InP interface (right figures) for 
different charge neutrality level positions (EC,bar-ECNL) at ID=1 mA and VDS=0.05 V. The simulated 

device is the baseline MOSFET structure (UID buffer, LG=20 μm). 
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IV.3 - Buffer 
The ID-VGS characteristics of the baseline MOSFETs (Fig. IV.1) with different gate lengths 

were simulated first, Fig. IV.4. The minimum LG is limited to 100 nm and the device structure is 
kept planar, so that adopted simulation models retain their validity for all presented data. For shorter 
LG, ballistic transport starts playing a role. Moreover, in quantum-well FinFETs, the barrier layer is 
present beneath the top gate only, while the lateral channels are directly formed at the high-
k/InGaAs interface [69]. Both InP/Al2O3 and InGaAs/Al2O3 interfaces would therefore influence 
channel transport. For these reasons, extending our analysis to planar devices with shorter LG (100-
10 nm) or to FinFET devices would require a dedicated calibration procedure using a sub-100-nm 
or FinFET device as the experimental reference device. In these and subsequent simulations, EC,bar-
ECNL is set to 0.3 eV. As expected, when LG decreases, the increase in ION is accompanied by 
detrimental side effects, such as negative VT shift, higher SS, and DIBL. In fact VT has a strong 
dependence on VDS (54 mV/V) even for LG=20 m. Obviously, this cannot be ascribed to the 
short-channel effects. On the contrary, it is related to the combined effect of the interface trapped 
charge modulation and UID buffer depletion [74]. As LG becomes shorter,  the “classical” DIBL 
effect comes into play, enlarging the VGS/VDS ratio in the subthreshold regime (see Fig. IV.4). 
The most critical aspect to consider, however, is the effect of LG scaling on VT. As seen in Fig. 
IV.4, scaling LG down to 100 nm turns the MOSFET into a depletion mode device with a negative 
VT of about -0.45 V. 

Enhancement-mode behavior can be recovered by using a p-type doped buffer, which leads to 
an upward band shift in the buffer. This is shown in Fig. IV.5 comparing the ID-VGS characteristics 
of 100-nm MOSFETs with UID, n-DD, and p-UNI buffers (see Fig. IV.1).  Note that the device 
with the p-UNI buffer has a positive VT (0.2 V). Moreover, it shows the SS (from 120 to 90 
mV/dec) and VGS/VDS ratio (from 140 to  45 mV/V) are less than with UID buffer. The trade-off  
is a decrease in ION by a factor of 2. With the goal of maximizing ION, one might consider using an 
intentionally doped n-type buffer, such as the n-DD buffer shown in Fig. IV.1. However, as the 
results in Fig. IV.5 suggest, the negative VT shift and  degrading subthreshold behavior make this 
option impractical. 
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Fig. IV.4: Simulated DC drain current (ID) vs. gate source voltage (VGS) curves at a drain source 

voltage (VDS) of 0.05 V (solid lines) and 1 V (dashed lines) for different gate lengths (LG) in the UID-
buffer device. 

 

 
Fig. IV.5: Simulated DC drain current (ID) vs. gate source voltage (VGS) curves at a drain source 

voltage (VDS) of 0.05 V (solid lines) and 1 V (dashed lines) for 100 nm MOSFETs having UID, p-UNI, 
and n-DD buffer. 
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Fig. IV.6: Simulated DC drain current (ID) vs. gate source voltage (VGS) curves at a drain source 
voltage (VDS) of 0.05 V (solid lines) and 1 V (dashed lines) for 100 nm MOSFETs having a p-DD 

buffer with different delta-doping depths (dDD). 

 
To minimize the expected degradation in channel mobility related to impurity scattering, a p-

type delta doping can be adopted instead of a uniform p-type doping, which imparts the same 
beneficial effects on the VT and sub-VT characteristics  by properly optimizing the delta-doping 
dose and distance from the channel (dDD). This is illustrated in Fig. IV.6, which compares  the ID-
VGS characteristics of  100-nm MOSFETs with a p-DD buffer characterized by different dDD values 
(and the same delta-doping dose of 3×1012 cm-2).c Note that VT increases with decreasing dDD; this 
dependency can be tuned within the range of 0-0.25 V by changing dDD in the 50-10 nm range while 
maintaining a similar SS (92-94 mV/dec), VGS/VDS (65-90 mV/V), and ION. 

 

IV.4 - Summary 
Our numerical simulations point to specific features of barrier and buffer layers in InGaAs 

quantum well MOSFETs that distinguish these devices from surface channel MOSFETs and InP 
HEMTs. Unlike surface channel MOSFETs, quantum well MOSFETs can tolerate a 
dielectric/semiconductor interface with a relatively deep charge neutrality level ECNL without 
jeopardizing full turn-on. On the other hand, a barrier material characterized by an extremely small 
EC,bar-ECNL difference can be detrimental to enhancement mode device operation. In short-channel 
devices, a p-doped buffer is found to provide better threshold voltage and short-channel effect 
control than a conventional unintentionally doped buffer derived from InP HEMTs.  
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Chapter V: Limitation in Split-CV Technique for 
Electron Mobility Extraction 

 
 

The accuracy of the split-CV mobility extraction method is analyzed in buried-
channel InGaAs MOSFETs with Al2O3 gate dielectric and InP barrier, through a 
“simulated experiment” procedure using two-dimensional numerical device simulations 
preliminarily calibrated against experimental IV and CV curves. The different error 
sources limiting the method accuracy are pointed out. It is suggested that, as a result of 
these errors, the split-CV method can appreciably underestimate the actual channel 
mobility in these devices, with an error >20% and >50% on peak and high-VGS mobility, 
respectively. The method should therefore not be adopted for accurate mobility 
measurement in this operating regime, but only as a fast response technique providing a 
conservative estimation of channel mobility. Moreover, the method provides mobility 
values that rapidly drop below the peak value for decreasing VGS. It is shown that this 
behavior can be an artifact of the extraction method, that may mask physical mechanisms 
causing real mobility drop with decreasing channel carrier density like Coulomb 
scattering mechanisms.  This poses limitations to the adoption of split-CV mobility as a 
reference for mobility model assessment in this operating regime. The proposed 
methodology can be applied to other III-V field-effect transistors, including both 
heterostructure-based and inversion-mode devices. 

 
 
The great interest in developing InGaAs MOSFETs is due to intrinsic InGaAs potential, if 

compared with Si, for larger drive current at same off-state current and power-supply voltage, 
enabled by the higher electron mobility and source injection velocity [6]. The enhanced surface-
phonon and interface-charge scattering associated with the high-k/III-V interface [70] can however 
degrade mobility in actual InGaAs MOSFET structures, possibly jeopardizing the potential for logic 
performance improvement over Si-channel devices. Accurate mobility measurement is thus of great 
importance in InGaAs MOSFETs, to comparatively evaluate the different device concepts and/or 
processing options and to guide device design and optimization. 
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In this regard, buried-channel quantum-well MOSFETs [15],[69],[23],[75], where a thin 
semiconductor barrier layer is interposed between the high-k gate dielectric and the undoped 
InGaAs channel, are the device structures that can more effectively minimize mobility degradation 
with respect to values typically achievable in InP HEMTs developed for RF applications.  The 
buried-channel concept has been applied to inversion-type MOSFETs as well, leading, also in this 
case, to mobility improvement over surface-channel devices [76].  

The split-CV method is a fast and simple technique that has extensively been adopted to 
measure the effective mobility in Si MOSFETs [77]. Several error sources have however been 
shown to limit the method accuracy when applied to Si MOSFETs with ultrathin high-k dielectrics 
[78]. These include interface-trap charge, weak-inversion channel resistance, gate leakage current, 
and source and drain series resistances. On the other hand, state-of-the-art InGaAs MOSFETs are 
still characterized by significantly larger interface-trap densities and source/drain resistances 
compared to their Si counterparts. It is therefore expected that at least these two factors can affect 
the accuracy of the split-CV mobility extraction when applied to InGaAs MOSFETs. The impact of 
interface-trap charge and source/drain parasitic resistances have indeed been pointed out in InGaAs 
[79],[80] and Ge [81] inversion-type surface-channel MOSFETs. It is important to extend these 
studies on split-CV mobility extraction accuracy to buried-channel devices, where the presence of 
the thin barrier layer can in principle change the impact of errors already pointed out, as well as 
originate extra errors, by contributing an additional capacitance between gate and short-circuited 
source/drain terminals that is not taken into account by the mobility extraction method.   

In this chapter, we analyze the impact of the different errors that limit the accuracy of split-CV 
mobility extraction in buried-channel InGaAs MOSFETs having Al2O3 gate dielectric and InP 
barrier. Devices used in this study were fabricated by University of Texas (Austin, TX, USA). 

Two-dimensional (2D), drift-diffusion  simulations preliminarily calibrated against 
experimental IV and CV curves are to this purpose adopted, providing a “consistency” test for the 
method. More specifically, the mobility obtained by applying the split-CV method to simulation 
outcomes “as they were measured data” is compared to that used as an input to simulations. 
Corrections to the method that are able to reduce the discrepancy between the above two quantities 
are searched for and applied. This allows the different error sources having a role for these devices 
to be pointed out and separated from each other. Only once suitable corrections are applied for all of 
the relevant error sources, consistency between extracted and input mobility is fully recovered. 

The above methodology is general and can be applied to other III-V field-effect transistors, 
comprising both heterostructure-based devices with more complex layer structures and inversion-
type MOSFETs. Errors identified by our analysis are related to (i) charge in non-channel 
semiconducting layers, (ii) access resistances, (iii) drift-diffusion channel transport and (iv) drain 
leakage current. All of these effects can potentially impact split-CV channel mobility extraction 
accuracy in any heterostructure-based field-effect transistor, whereas effects (ii)-(iv) can be present 
in surface-channel, inversion-type MOSFETs as well. 
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It will be shown that, as a result of these errors, the split-CV method can appreciably 
underestimate channel mobility under above-threshold conditions. The method can nevertheless be 
adopted within the device optimization loop as a fast response technique providing a conservative 
estimation for channel mobility. Second, the split-CV method provides mobility values that rapidly 
drop below the peak value for decreasing VGS. This behavior can be an artifact of the extraction 
method, that may mask physical mechanisms causing real mobility drop with decreasing channel 
carrier density like Coulomb scattering mechanisms.  This poses limitations to the adoption of split-
CV mobility as a reference for mobility model assessment in this operating regime.  

 

V.1 - Devices and Model Calibration 
The proposed methodology for assessing split-CV mobility accuracy is mainly based on 

numerical device simulations and might in principle be applied to a MOSFET that is only 
simulated. Our analysis will however focus on a specific, real device structure. This will be 
described in this section along with the procedure adopted to fit experimental IV and CV curves. 
The purpose of reproducing the characteristics of actual devices as accurately as possible by means 
of simulations is to show that error sources that will subsequently be put into evidence and 
corresponding mobility inaccuracies are similar to those characterizing real devices.  

Test devices adopted for this study are buried-channel InGaAs MOSFETs fabricated by 
University of Texas (Austin, TX, USA), having the following top-to-bottom structure under the 
TaN gate metal: (i) ALD-deposited, Al2O3 gate dielectric (4 nm), (ii) InP  barrier (5 nm), (iii) 
In0.7Ga0.3As channel (10 nm), (iv) In0.52Al0.48As buffer (300 nm), (v) semi-insulating InP substrate. 
Heavily doped (Si, 3x1019 cm-3) In0.53Ga0.47As cap layers (20 nm), selectively removed from the 
gate region prior to Al2O3 deposition, act as carrier supply and source/drain contact layers. Channel, 
barrier, and buffer layers are undoped. Gate length (LG) and width (WG) are 20 m and 600 m, 
respectively. A sketch of the device cross section is shown in Fig. V.1. More details on device 
fabrication can be found in [23].  

Figure V.2 shows, for a representative device, experimental static drain-current (ID) vs. gate-
source-voltage (VGS) characteristics at a drain-source voltage (VDS) of 0.05 V and 0.5 V. Figure V.3 
shows the experimental high-frequency AC gate capacitance per unit area (CG-SD) as a function of 
VGS, as obtained by the split-CV method, i.e. with the source and drain contacts short-circuited to 
each other and the body contact left floating. Simulated curves reported in Figs. V.2 and V.3 (solid 
lines) will be commented below. 

 



CHAPTER V                                   Limitation in Split-CV Technique for Electron Mobility Extraction 

 Pagina 44 
  

 
 

Fig. V.1: Schematic cross section of buried-channel InGaAs MOSFETs under study (not to scale). 

 

 
Fig. V.2: Experimental (symbols) and simulated (solid lines) DC drain-current (ID) vs. gate-source-

voltage (VGS) curves for two drain-source voltages (VDS). 
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Fig. V.3: AC experimental (symbols) and simulated (solid line) gate-capacitance (CG-SD) vs. gate-

source-voltage (VGS) curves at 1 MHz. Source and drain contacts are short-circuited to each other, 
while the body contact is left floating (see inset). 

 

 
 

Fig. V.4: (a) Band alignment along the device depth. (b) Simplified energy distribution adopted for 
the interface-trap density (Dit) at the Al2O3/InP interface. 
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permittivity (ox) is 7.8, deriving from the experimental EOT value of 2 nm [23] and corresponding 
to an oxide capacitance (Cox) of 1.73 F/cm2 for an oxide thickness of 4 nm. It is worth pointing out 
that experimental and simulated CV curves in Fig. V.3 do not tend to Cox at high VGS, but to a lower 
value, corresponding to series connection of Cox and barrier capacitance. Source and drain contact 
resistances (RC) have been set in agreement with TLM measurements (RC=0.85 mm). A 
simplified, box-like energy distribution has been adopted for interface traps at the Al2O3/InP 
interface, see Fig. V.4(b). Traps are defined to be acceptor-like from the conduction-band edge (EC) 
to the charge-neutrality level (ECNL) and donor-like from ECNL to the valence-band edge (EV). The 
simulator’s model for interface mobility degradation has been adopted to force a simplified, power-
law dependence of channel mobility (n) on transverse electric field (Et), i.e.  

 

௡ିଵߤ = ௣௘௔௞ିଵߤ + ൫ܽ · ௧ି௕൯ܧ
ିଵ
	,																																																																																																																						(ܸ. 1) 

 
where peak, a, and b have been used as fitting parameters. The simple mobility model (V.1) was 
used to facilitate parameter extraction and analysis across the operating range. Drain leakage current 
is governed, in the device under study, by parallel conduction between source and drain through the 
InAlAs buffer; it has been modeled by assuming a weak n-type unintentional doping in the buffer 
(NDB).  

Simulation models have been calibrated against experimental IV curves shown in Fig. V.2. 
After a preliminary analysis of the IV curve sensitivity to model parameters, quantitative fitting has 
been achieved as follows.  

1) The drain leakage current (VGS<-0.5 V) is a sensitive function of the buffer conductivity 
only. NDB has thus been adjusted, in order to approximately match the measured leakage current 
level at the two VDS values. 

2) Threshold voltage (VT) and subthreshold slope (SS) depend on (i) gate-stack material 
parameters (M and OX), (ii) band-structure parameters of the different semiconductor layers, (iii) 
unintentional doping in the buffer, (iv) interface traps. Once (i) and (ii) are fixed to literature values 
as stated above [23],[82],[83] and (iii) is set according to point 1), VT and SS remain sensitive 
functions of the interface-trap distribution, only. The parameters defining the box-like interface-trap 
distribution shown in Fig. V.4(b) have therefore been tuned so as to reproduce experimental VT and 
SS.  

3) Having fixed VT, ID under on-state conditions is mainly a function of  channel mobility. Peak 
channel mobility (peak) and parameters a and b, controlling mobility degradation at increasing VGS, 
have therefore been used as fitting parameters to reproduce ID for VGS>VT. 

As shown in Figs. V.2 and V.3, applying procedure 1)-3) above has allowed IV and CV 
characteristics of these devices to be reproduced with satisfactory accuracy. Values adopted for 
fitting parameters are listed in Table V.1. 
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Model Parameters 

Band alignment See Fig. V.4(a) 
Interface traps See Fig. V.4(b) 

Channel electron mobility 
peak=4900 cm2/(Vs) 
a=5x1050 cm2/(Vs) 

b=9.3 
Buffer unintentional doping NDB=2x1016 cm-3 

 

Table V.1: Values for Fitting Parameters. 

The above fitting procedure contains several approximations and does not lead to univocal 
determination of model parameters, especially in the subthreshold regime, where the roughness of 
the assumed interface-trap distribution has a major impact.  However, it is important to point out 
that fitting the experimental characteristics is not strictly necessary to our goal and it has been 
pursued in order to make conclusions of our “simulated-experiment” approach as representative of 
actual devices as possible. As explained in the next section, mobility extraction accuracy will be 
tested by comparing mobility curves extracted from simulated data with that adopted as an input to 
simulations. Despite not strictly necessary to our goal, the fitting of the experimental characteristics 
has however been pursued in order to make conclusions of our “simulated-experiment” approach as 
representative of actual devices as possible.  

 

V.2 - Test of Mobility Extraction Accuracy 
Mobility values (EXT,exp) obtained by applying the split-CV method to experimental data are 

shown in Fig. V.5 as a function of VGT=VGS-VT (where VT=0.09 V). Following [78], EXT,exp is 
obtained as 

 

ா௑்ߤ ,௘௫௣ =
ீܮ
ܹீ ·

஽,௘௫௣ܫ

஽ܸௌܳ஼௏ ,௘௫௣
	,																																																																																																																					(ܸ. 2) 

 
where: VDS=0.05 V, ID,exp is the measured drain current (Fig. V.2, experimental curve for VDS=0.05 
V), and QCV,exp is the channel electron charge per unit area estimated by integrating the 
experimental CV curve (Fig. V.3, experimental curve). As can be noted, EXT,exp exhibits a peak of 
4200 cm2/Vs at VGT=0.15 V and maintains itself >1000 cm2/Vs up to strong on-state conditions 
(VGT1 V).  

In Fig. V.5, other two mobility curves are plotted as a function of VGT. One is the mobility 
(EXT,sim) obtained by applying the split-CV method to the simulated IV and CV data in place of the 
measured ones. EXT,sim is specifically calculated as  
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ா௑்ߤ ,௦௜௠ =
ீܮ
ܹீ ·

஽,௦௜௠ܫ

஽ܸௌܳ஼௏ ,௦௜௠
	,																																																																																																																					(ܸ. 3) 

 
where: VDS=0.05 V, ID,sim is the simulated drain current (Fig. V.2, simulated curve for VDS=0.05 V), 
and QCV,sim is the channel electron charge per unit area estimated by integrating the simulated CV 
curve (Fig. V.3, simulated curve). Not surprisingly, owing to the good agreement between 
simulated and experimental IV and CV curves shown in Figs. V.2 and V.3, EXT,sim and EXT,exp are 
in good agreement with each other. A maximum deviation of about 30% is present in 
correspondence of the mobility peak, mainly due to the discrepancy between simulated and 
experimental ID in the same VGT range. 

The last mobility curve IN,sim shown in Fig. V.5 is obtained from the mobility n adopted as 
input to simulations shown in Figs. V.2 and V.3. n depends on the local transverse electric field 
according to (V.1); thus, in principle, it varies both along channel length and thickness. Position 
dependence along the channel length is negligible, owing to the small VDS value adopted and long 
gate length (LG=20 m). Position dependence along the channel thickness has however to be 
accounted for, the usual sheet charge approximation not being applicable to the 10-nm-thick 
channel region. Plotted IN,sim values have therefore been obtained, for each VGS, by averaging n 
with respect to channel thickness along a vertical cut in the middle of the channel. Electron density 
(n) has been used as a weight function, in order to  weigh n values in terms of their contribution to 
current density. IN,sim has thus been calculated as  

 

ூே,௦௜௠ߤ =
ݕ௡݊݀ߤ∫
∫ ݕ݀݊

	,																																																																																																																																					(ܸ. 4) 

 
where both integrals are extended over the channel thickness. 
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Fig. V.5: Mobility extracted by applying the split-CV method to experimental IV and CV curves 

(μEXT,exp), compared to mobility extracted by applying the split-CV method to simulated IV and CV 
curves (μEXT,sim) and mobility imposed as input to simulations (μIN,sim). 

 
As can be noted in Fig. V.5, IN,sim deviates substantially from the mobility obtained with the 

split-CV method either applied to measured (EXT,exp) or simulated (EXT,sim) data. To our purposes, 
it is particularly noteworthy the fact that IN,sim and EXT,sim differ from each other. Regardless of 
whether simulations incorporating IN,sim as an input are able to fit real device characteristics or not, 
a perfectly accurate extraction method, when applied to simulated IV and CV data, should provide 
mobility values that agree with those used as input of simulations themselves. The discrepancy 
between IN,sim and EXT,sim is, in other words, an indication of the different errors limiting the 
accuracy of the split-CV mobility. More specifically, the latter is found to underestimate the 
channel mobility IN,sim by >20% and >50% at peak (VGT0.15 V) and high-VGT (VGT=1 V) 
conditions, respectively. It is also worth noting that, for VGT<0 V, the split-CV method provides 
mobility values that rapidly decrease for decreasing VGT. However, this behavior is not correlated 
with IN,sim at all, the latter being constant in this VGT range. 

 

V.3 - Error Sources 
In this section, the different errors affecting split-CV mobility are analyzed by means of 

simulations and corresponding corrections are looked for and applied to extracted mobility EXT,sim 
until consistency with input mobility IN,sim is fully recovered. 
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V.3.1 - Barrier, Buffer, and Interface Charge 
A first quantity in (V.3) to look at, as it can contribute to mobility inaccuracy, is QCV,sim. It is 

intended to provide the electron charge in the channel per unit area (Qch) and it is obtained by 
integrating the simulated CG-SD(VGS) curve shown in Fig. V.3. QCV,sim incorporates however 
spurious contributions that are not related to Qch.  These come from the charge (per unit area) 
supplied by source/drain contacts to barrier (Qbar) and buffer (Qbuf) layers, as well as to traps at the 
Al2O3/InP interface (Qtr). The latter may not respond to the high-frequency AC stimulus applied 
during CV simulations (and measurements), but they do accumulate electrons in response to the 
quasi-static VGS sweep [78]. QCV,sim is plotted as a function of VGT in Fig. V.6(a) and compared to 
quantities Qch, and Qbar, as obtained from simulation outcomes by integrating the electron density 
over the channel and barrier thickness respectively. The difference (QCV,sim-Qch-Qbar), also reported 
in Fig. V.6(a), must be ascribed to extra charge contributions associated with interface traps and, for 
VGT<-0.4 V, with the buffer layer. 

 

 
Fig. V.6: (a) Integral of the simulated CV curve (QCV,sim) as a function of VGT=VGS-VT, compared to 
charge-per-unit-area contributions of channel (Qch), barrier (Qbar), Al2O3/InP interface plus buffer 
(Qtr+Qbuf). (b) Mobility imposed as input to simulations (μIN,sim), compared to mobility extracted by 
applying the split-CV method to simulated IV and CV curves (μEXT,sim) and to mobility corrected for 

the spurious charge contributions (μEXT,sim). 

 
As can be noted from Fig. V.6(a), Qch<QCV,sim over the entire VGT range. QCV,sim is a rough 

approximation for Qch for 0.1 V<VGT<0.75 V, where, in fact, the discrepancy between EXT,sim and 
IN,sim remains <50% (see Fig. V.5). QCV,sim is instead dominated by (Qtr+Qbuf) for VGT<-0.15 V. 
Moreover, Qbar becomes comparable with Qch for VGT>0.75 V, as the barrier layer begins to be 
populated by electrons. Simultaneous correction for errors associated with all spurious charge 
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contributions can be achieved by using the channel charge Qch in place of QCV,sim in (V.3). Making 
this  yields the corrected mobility 

 

ா௑்ߤ ,௦௜௠
ᇱ =

ீܮ
ܹீ ·

஽,௦௜௠ܫ

஽ܸௌܳ௖௛
	.																																																																																																																												(ܸ. 5) 

 
The effect of this correction is shown in Fig. V.6(b), where EXT,sim is compared to IN,sim and 

EXT,sim. As can be noted, EXT,sim>EXT,sim since Qch<QCV,sim. However, the applied correction 
reduces the discrepancy from IN,sim for VGT>-0.4 V only. In particular, the steep EXT,sim roll-off 
from its peak to almost zero for decreasing VGT is almost completely removed, indicating that such 
behavior was induced by the spurious charge contributions to QCV,sim not related to the channel, and 
in particular to Qtrap and Qbuf (Qbar being negligible for VGT<0.5 V). For VGT<-0.4 V, instead, 
EXT,sim largely overestimates IN,sim.  This is due to the fact that, at these voltages, ID,sim stops 
decreasing for decreasing VGT and  saturates at the buffer leakage current floor (see Fig. V.2), while 
Qch still decreases rapidly (see Fig. V.6(a)). This discrepancy will be corrected lastly. 

It is worth pointing out that charge contributions Qbuf and Qbar are considered to produce 
“errors” in our analysis since our goal is to assess channel mobility. Parallel conducting channels 
through barrier and buffer layers can actually be important parasitic effects in buried-channel III-V 
MOSFETs. Ensemble device mobility, accounting for all possible charge conducting paths from 
source to drain, is the ultimate device transport metric. When interested in this quantity, transport 
through  barrier and buffer should not be considered an “error”; rather, an undesirable side-effect of 
the layer structure which degrades the overall device mobility. Being able to extract channel 
mobility (by purifying it from Qbuf and Qbar effects) is however crucial during the device/technology 
development phase, since it allows the effects of optimization efforts on channel charge 
confinement properties (e.g., as a result of barrier and buffer material choice, possible use of 
composite barrier, buffer doping, etc.) and on channel mobility (e.g., as a result of interface quality 
improvement, optimized surface-to-channel distance, etc.) to be separated from each other. In the 
final, optimized device, where non-channel parallel conduction has been minimized, the overall 
device mobility should be as close as possible to channel mobility. 

 

V.3.2 - Series Resistances 
A known, possible error source in mobility extraction is related to source and drain series 

resistances (RS,D), reducing the drain-source voltage actually applied to the channel [78]. Moreover, 
RS affects also the gate voltage used to calculate the total charge from the CV curve. The impact of 
RS,D can be corrected by replacing VDS with the quantity (VDS-2×RS,D×ID,sim) in (V.5). We actually 
used the contact resistance RC (RC=0.85 mm) in place of the total series resistance RS,D, since the 
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effect of the remaining part of RS,D (i.e. the access resistance between contact and intrinsic channel) 
is implicitly taken into account by the next correction step in section V.3.3. The corrected mobility 
(EXT,sim) is therefore given by 

 

ா௑்ߤ ,௦௜௠
ᇱᇱ =

ீܮ
ܹீ ·

஽,௦௜௠ܫ

൫ ஽ܸௌ − 2ܴ஼ܫ஽,௦௜௠൯ܳ௖௛
	.																																																																																																	(ܸ. 6) 

 
In (V.6), the effect of source resistance on VGS values used for charge calculation is implicitly 

corrected, since QCV,sim has already been replaced, at this stage of the correction procedure, by Qch, 
that is obtained from the actual charge in the channel provided by simulations. VDS=VDS-
2×RC×ID,sim is compared to VDS in Fig. V.7(a), while the effect of contact resistance correction is 
illustrated by Fig. V.7(b), showing  EXT,sim, EXT,sim, and IN,sim as a function of VGT. As can be 
noted, thanks to contact resistance correction, consistency between EXT,sim and IN,sim has almost 
completely been recovered for VGT>0 V. 

 

 
Fig. V.7: (a) Drain-source voltage externally applied to contacts (VDS), compared to drain-source 

voltage corrected for contact-resistance voltage drop  (VDS). (b) Mobility imposed as input to 
simulations (μIN,sim), compared to mobility corrected for the spurious charge contributions (μEXT,sim) 
and to mobility corrected for both spurious charge contributions and contact  resistances (μEXT,sim). 

 

V.3.3 - Drift-Diffusion Transport 
In Fig. V.7(b), EXT,sim still appreciably deviates from IN,sim for  VGT<0 V, indicating that 

additional errors affect mobility extraction in this voltage range. Diffusion adds up to and 
progressively replaces drift transport as VGS is decreased into sub-threshold regime [3]. All split-CV 
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mobility expressions reported up to this point (equations (V.2), (V.3), (V.5), and (V.6)) are valid 
under the assumption of pure drift transport and linear electric potential distribution over the 
channel length. The quantity  VDS/LG  approximates the channel electric field in (V.2), (V.3) and 
(V.5). The same applies to quantity (VDS-2×RC×ID,sim)/LG in (V.6). Drift-diffusion transport can be 
accounted for by formally replacing the electric field with the gradient of the electron quasi-Fermi 
potential (dn/dx) [3]. dn/dx can in fact be expressed as dn/dx=d/dx+[(kT)/(qn)]dn/dx (where k 
is the Boltzmann constant, q is the elementary charge, and all quantities are given in absolute 
value), incorporating both drift and diffusive transport contributions. Mobility expression (V.6) can 
in particular be corrected for diffusion contribution to channel transport, by replacing the quantity 
(VDS-2×RC×ID,sim)/LG with dn/dx. The mobility expression (EXT,sim) incorporating this further 
correction reads 

 

ா௑்ߤ ,௦௜௠
ᇱᇱᇱ =

1
ܹீ ·

஽,௦௜௠ܫ
ௗఝ೙
ௗ௫

ܳ௖௛
	.																																																																																																																											(ܸ. 7) 

 
The impact of this correction is shown in Fig. V.8(b), comparing EXT,sim, EXT,sim, and 

IN,sim.  dn/dx has been extracted from simulations and is compared to the following quantities in 
Fig. V.8(a): (i) the approximated electric field VDS/LG=(VDS-2×RC×ID,sim)/LG, (ii) the electric field 
d/dx obtained from simulations, and (iii) the diffusive term [(kT)/(qn)]dn/dx.  As noted in Fig. 
V.8(a), accurate drift-diffusion transport description can not be neglected  for VGT<0 V, where the 
quantity VDS/LG ceases to be a good approximation for the driving field. In this VGT range, VDS/LG 
significantly exceeds both the electric field d/dx, that rapidly decreases for decreasing VGT as a 
consequence of reduced current and associated voltage drop along the channel, and, to a lesser 
extent, the quasi-Fermi potential gradient dn/dx, that includes the diffusion contribution to channel 
current. As a result, mobility obtained by the split-CV method using  VDS/LG as driving field 
underestimates the actual channel mobility. On the other hand, as shown in Fig. V.8(b), accounting 
for drift-diffusion transport extends the VGT range, where corrected mobility EXT,sim is agreement 
with  IN,sim, down to -0.4 V.  
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Fig. V.8: (a) Approximated channel electric field (VDS/LG) compared to actual  electric field (d/dx), 

diffusion-related effective driving field [(kT)/(qn)]dn/dx, and total driving field 
dn/dx=d/dx+[(kT)/(qn)]dn/dx. (b) Mobility imposed as input to simulations (μIN,sim), compared to 

mobility corrected for the spurious charge contributions and series resistances (μEXT,sim) and to 
mobility corrected for spurious charge contributions, series resistances, and drift-diffusion transport 

(μEXT,sim). 

 

V.3.4 - Buffer Conduction 
Finally, buffer conduction strongly influences ID at VGT<-0.4 V. As a result, ID,sim does not scale 

down with decreasing VGS (see Fig. V.2) as the channel charge Qch instead does (see Fig. V.6(a)). 
Application of the split-CV method in this operating region is not of practical interest if channel 
mobility is the parameter to be extracted. The method neither yields buffer mobility, since the drain 
current is dominated by buffer conduction but the total charge contains the contributions of both 
buffer (Qbuf) and interface traps (Qtr) (see Fig. V.6(a)). As a result, mobility values extracted by 
means of either experimental (EXT,exp) or simulated method (EXT,sim) are close to zero  in this bias 
regime (see Fig. V.5). On the other hand, as already mentioned in section V.3.1, correcting for 
actual channel charge Qch the denominator of mobility expressions (V.5)-(V.7), while keeping the 
terminal current ID,sim at the numerator  leads to strong mobility overestimation in this VGT range 
(see Figs. V.6(b), 7(b), and 8(b)). This inconsistency can be eliminated, by replacing the terminal 
drain current ID,sim in (V.7) with the integral of the electron current density over the channel 
thickness (Ich). In this way, only the channel current is accounted for, while buffer leakage current, 
that is not related to Qch, is disregarded. The resulting mobility expression reads: 
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Ich is compared with ID,sim in Fig. V.9(a), while the effect of the applied correction is illustrated 

by Fig. V.9(b), showing *EXT,sim, EXT,sim, and IN,sim as a function of VGT. As can be seen in Fig. 
V.9(a), Ich continues to scale down with decreasing VGT even for VGT<-0.4 V similarly to Qch (see 
Fig. V.6(a)). As shown in Fig. V.9(b), *EXT,sim and IN,sim are virtually superimposed to each other 
over the entire VGS range considered, suggesting that no further error source appreciably affects 
mobility extraction in these devices. 

 

 
Fig. V.9: (a) Simulated terminal drain current (ID,sim) compared to integral of electron current density 

over the channel thickness (Ich). (b) Mobility imposed as input to simulations (μIN,sim), compared to 
mobility corrected for spurious charge contributions, series resistances, and drift-diffusion transport 

(μEXT,sim) and to mobility corrected for spurious charge contributions, series resistances, drift-
diffusion transport, and buffer conduction (μ*

EXT,sim). 

 
Another possible error source affecting mobility extraction is gate leakage current, leading to ID 

[78] and gate capacitance roll-off [80] at high VGS as a result of channel electron tunneling through 
the thin gate dielectric. In our devices gate current is still 3-order-of-magnitude smaller than ID at 
the maximum VGT of 1 V, but this may not be the case in different devices or technologies. 
Applying the proposed mobility accuracy analysis to these cases is however not straightforward, as 
it requires gate tunneling effects to be accounted for in simulations both for DC and small-signal 
AC calculations. 

It is finally worth highlighting that all corrections applied to the split-CV method in the above 
analysis rely on quantities obtained from device simulations, except for correction of contact 
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source/drain resistances that can be extracted from measurements. At this stage we are not able to 
propose a correction procedure based on all-measurable quantities. Corrections have nevertheless 
been applied because they serve as steps of the method consistency test, allowing the different error 
sources and their impact on extracted mobility to be pointed out. 

 

V.5 - Summary 
We have tested the consistency of the split-CV mobility measurement method in implant-free, 

buried-channel InGaAs MOSFETs with Al2O3 gate dielectric and InP barrier, through the following 
“simulated experiment” procedure: 1) the mobility has been calculated starting from the simulated 
IV and CV curves “as they were experimental data”; 2) the so-obtained mobility has been compared 
to the mobility assumed as an input to simulations; 3) the discrepancy between these two quantities 
can be attributed to the inaccuracies of the extraction method, and corrections have been looked for 
and applied to the mobility extraction formula, till  consistency between input and extracted 
mobility has been obtained. 

 Preliminarily to applying the above procedure, simulations have been calibrated against 
measured characteristics, so that the outcomes of the accuracy test can be regarded as indicative 
(also quantitatively) of mobility measurements from real devices.    

Errors that have been found to affect the split-CV mobility extraction method are associated 
with (i) spurious electron charge contributions in the barrier, at the Al2O3/InP interface, and in the 
buffer, (ii) source and drain series resistances, (iii) inaccurate channel transport description, (iv) 
buffer drain leakage current.  

As a result of these errors, it is suggested that the split-CV mobility method can appreciably 
underestimate the actual channel mobility even under above threshold conditions, where it is 
typically regarded as a reliable measurement technique. The error is in our case >20% and >50% on 
peak mobility (VGT0.15 V) and high-VGS mobility (VGT=1 V), respectively. It can be adopted 
within the device optimization loop as a fast response technique providing a conservative mobility 
estimation.  

For VGT<0.15 V, the split-CV method provides mobility values that rapidly decrease for 
decreasing VGS. According to our simulated split-CV experiment, this behavior is an artifact of the 
extraction method, mainly related to error (i) above. In actual split-CV experiments, this effect can 
mask physical mechanisms causing real mobility drop with decreasing channel carrier density, like 
Coulomb scattering mechanisms.  This poses limitations to the adoption of split-CV extracted 
mobility values as a reference for mobility model assessment in this operating regime. 
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Chapter VI: Interface Trap Characterization 
 
 

This chapter is organized in two main sections. In the first section a new generalized 
technique for interface-trap extraction is presented. The new method combines together 
theory of two well known methods, Terman and high-low frequency, and helps to 
overcome limitations of each method itself. More specifically has been developed a fitting 
procedure. that automatically extracts the interface-trap profile in the bandgap and 
determines the value of the oxide capacitance along with the fitting of the measured 
capacitance. The method has been applied to Si/SiO2 and InGaAs/Al2O3 capacitors 
showing reliable results in terms of interface traps densities, oxide capacitance and CV 
curves fitting. 

 
In the second section we studied the electrical properties of traps in the interfacial 

layer that inevitably results between the silicon substrate and the high-k material in the 
fabrication of the gate stack of high-k based Si-logic devices. Devices under study were 
grown on a wafer processed with a slant etch technique that provides a continuously 
scaled SiO2 interfacial layer. Once verified the good quality of slant etch process, trap 
have been characterized by means of charge pumping and by trap spectroscopy by 
charge injection and sensing. Moreover an independent validation of the trap parameters 
is provided by gate-leakage simulation reproducing the experimental characteristics. 

 
 

Section A: Generalized High-Low Frequency CV 
Technique for Interface-Trap Characterization 

Historically, the poor quality of the dielectric interface has been the major obstacle to the 
development of III-V MOSFETs [55]. High interface trap densities (Dit) cause Fermi-level pinning 
preventing control on the charge carriers in the channel and degrade metrics of MOSFETs such as 
mobility, threshold voltage and sub-threshold slope [35],[15],[36],[37],[38],[39],[23],[40], 
[41],[42],[43], [44],[45],[46],[20],[47],[48],[52],[53],[16],[56].  
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Table VI.1: Summary of the main CV based Dit extraction techniques. 

 
Many techniques for Dit characterization, are based on the analysis of the discrepancy between 

experimental and ideal capacitance as a function of the applied bias (CV characteristic) of the MOS 
structure [84],[85],[86]. However, several factors make the interpretation of extracted Dit 
ambiguous including: (i) low DOS in the conduction band (comparable with Dit or even lower), 
leading to difficulties in oxide capacitance (Cox) estimation; (ii) typically narrow bandgap of high 
mobility semiconductors, which results in shorter minority carrier response time; (iii) typically large 
parasitics, Recently, several Dit extraction techniques [80],[87],[88],[89],[90], based on extraction 
of the equivalent small-signal circuit parameters, have been introduced. These techniques allow 
effects of minority carriers generation recombination, border traps and tunnel conductance to be 
accounted for. The circuit elements responsible for above effects cannot however be easily 
calculated, and, therefore, are treated as fitting parameters. This introduces  uncertainties in the 
extracted Dit. 

Summarizing, the most common issues in characterization of III-V/high-k interface common to 
all admittance methods are: (i) determination of the real Cox value, and (ii) separation of true 
inversion response from Dit response [87],[88],[91],[92]. Table VI.1 shows a summary of main the 
CV based Dit extraction techniques along with strengths and limitations of each method. 

In this section we present a new generalized high-low frequency CV technique for interface trap 
extraction at III-V interfaces. Since the technique is based on reproducing and fitting the 
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experimental CV characteristics, we start showing the model used to calculate the ideal capacitance. 
Then the model for interface trap extraction is discussed together with the characterization of 
Si/SiO2/HfZrO2 and InGaAs/Al2O3 interfaces in MOS Capacitors (MOSCAPs). 

 

VI.1 - CV Calculation 
The ideal CV curve for III-V/high-k interface can not be calculated in the "classical" 

approximation based on electron distribution calculated by the Boltzmann statistics. The Boltzmann 
statistics approximation, used for example for Si, ceases its validity in III-V devices because the 
Fermi level moves into the conduction band due to the low conduction band density of states. 
Moreover, nonparabolicity approximation and population of the Γ together with higher valleys X 
and L must be considered to calculate the semiconductor capacitance [93]. 

The substrate capacitance is given by: 
 

(௦ߖ)௦ܥ = −
݀ܳ௦(ߖ௦)
௦ߖ݀

.ܫܸ)																																																																																																																																	. 1) 

 
The total charge for unit area is obtained from the electrostatic potential: 
 

(ݔ)߮ =
ிܧ) − (ூܧ

ݍ .ܫܸ)																																																																																																																																					.	 2) 

 
where EF is the extrinsic Fermi level and EI the intrinsic energy level in the semiconductor. 

The electrostatic potential is calculated from the charge density ρ(x) through the Poisson’s 
equation: 

 
݀ଶ߮(ݔ)
ଶݔ݀ = −

(ݔ)ߩ
௦ߝ

=
−[(ݔ)߮]݌}ݍ [(ݔ)߮]݊ + ܰ஽ − ஺ܰ}

௦ߝ
.ܫܸ)																																																																	, 3) 

 
ND and NA are donor and acceptor concentrations respectively. εs is the semiconductor dielectric 
constant. n[φ(x)] and p[φ(x)] that represent the electron and hole concentrations as a function of the 
electrostatic potential are given by: 
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+ ௜ቃߜ + 1
௜ߟ݀ .ܫܸ)										,	 4)

ஶ
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where αi is the nonparabolicity factor of the valley i, ηi=(E-Ei)/kBT the normalized electron kinetic 
energy, and δi=(Ei-EI)/kBT the reduced energy band offset with respect to EI. The effective DOS 
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mass in valley i is mi and Ei the correspondent energy. Electric field is calculated integrating 
equation (IV.3) and by means of Gauss's law we obtain the total charge per unit area Qs: 

 
ܳ௦(ߖ௦) = ݔ)߮]ܧ௦ߝ = 0)]

= ඨ2න(௦ߖ)݊݃݅ܵ− ௦{ܰ஽ߝݍ− − ஺ܰ + −[(ݔ)߮]݌ (ݔ)߮݀{[(ݔ)߮]݊
ఝ್ାఅೞ

ఝ್
.ܫܸ)																																							,	 5) 

 
Ψs is the total band bending into the semiconductor, calculated as the difference of surface potential 
φs and the bulk potential φb. 

Once calculated Cs(Ψs) the total capacitance of the metal-oxide-semiconductor structure is given 
by: 

 
1
௧௢௧ܥ

=
1
௢௫ܥ

+
1

(௦ߖ)௦ܥ .ܫܸ)																																																																																																																																	.	 6) 

 
The gate voltage for a certain bandbending Ψs is given by the following: 
 

ܸீ = ௦ߖ + ௠௦ߔ −
ܳ௦(ߖ௦)
௢௫ܥ

.ܫܸ)																																																																																																																									, 7) 

 
where Φms is the metal gate semiconductor-work function difference. 

Figure VI.1 and Fig.VI.2 show the calculated ideal capacitance (VI.6) and the population of 
holes and electrons (VI.4) for the Γ valley in different band approximations. 
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Fig. VI.1: Calculated ideal high and low frequency CV curves for different conduction band 
approximations. 

 

 
 

Fig. VI.2: Calculated electron and hole population for different conduction band approximations. 

 

VI.2 - Extraction Method 
The implemented method combines the theory of two classic method for Dit extraction: Terman 

[84] and high-low frequency [85],[86] methods.  
The Terman method is based on the measurement of the high frequency CV characteristic of a 

metal-oxide semiconductor capacitor. Applying a gate bias results in a change of trap occupancy at 
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the interface and consequently in a stretch-out of the CV curve. The stretch-out is obtained from 
comparison with an ideal CV curve (simulated with no Dit) and allows for quantification of Dit with 
the following: 

 

(௦ߖ)௜௧ܦ =
௢௫ܥ
ݍ
ቈ൬
௦ߖ݀
ܸ݀ீ ൰

ିଵ

− 1቉ − .ܫܸ)																																																																																														,	(௦ߖ)௦ܥ 8) 

 
Main limitations of the method are: (i) the method requires to determine the real value of Cox 

which is not known a priori, (ii) the trap density as a function of energy (Dit(ET)) is limited in a 
narrow energy range, from weak accumulation to the beginning of depletion (where the stretch-out 
is appreciable). 

On the other hand, high-low frequency method allows to determine Dit by assuming that the 
discrepancy between experimental high and low frequency CV is due to the presence of interface 
traps. Dit is given by the following: 

 

ீܸ)௜௧ܦ ) =
௢௫ܥ
ݍ ቆ

௟௙ܥ
௢௫ܥ − ௟௙ܥ

−
௛௙ܥ

௢௫ܥ − ௛௙ܥ
ቇ .ܫܸ)																																																																																													, 9) 

 
As for the Terman method the estimation of Cox is source of uncertainty in the extracted Dit. 

Moreover, Dit is obtained as a function of the applied gate bias (VG) and to obtain the correlation 
with the respective position in energy it is necessary to pass through the Berglund integral, whose 
accuracy for III-V devices is questionable. 

Our method works as follows. 
The experimental high-frequency CV curve is measured at low temperature (freezing trap 

response in comparison with the probing frequency) to obtain a “true” high frequency CV curve. 
Moreover, the low-frequency CV curve is measured at high temperature to obtain a “true” low 
frequency CV curve with full trap response. The discrepancy between experimental and ideal 
capacitances (Fig. VI.3(a)) is attributed to the presence of a certain Dit. High- and low- frequency 
CV curves are simulated with the model explained in the previous section, and the impact of 
interface traps is included as follows: in the high-frequency CV curve, the interface traps result only 
in a stretch-out of the curve, while in the low-frequency CV curve an additional capacitance due to 
traps (Cit=qDit) is also taken into account together with the stretch-out effect.  

The presence of interface traps change equations (VI.6) and (VI.7) respectively into: 
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ܸீ = ௦ߖ + ௠௦ߔ −
ܳ௦(ߖ௦)
ை௑ܥ

−
ܳ௜௧(ߖ௦)
ை௑ܥ

.ܫܸ)																																																																																																			. 11) 

 
We have demonstrated that fitting simultaneously both high- and low-frequency CV curves 

(Fig. VI.3(c)) allows the Dit to be determined as a function of energy and Cox to be estimated self-
consistently.  

Frequency dispersion observed in accumulation cannot be explained in the frame of classical 
interfacial traps’ models that foresee a cut-off frequency forCitmuch higher than the maximum 
frequency applicable during CV measurement. Frequency dispersion can be associated with  the 
presence of border traps in the high-k. Since our model does not distinguish border traps from the 
interfacial ones, the extracted Dit includes the border traps effectively projected to the interface (the 
equivalent Dit responsible for stretch-out and Cit contribution). 

 

 
 

Fig. VI.3: In0.53Ga0.47As /Al2O3 n-type sample; (a) comparison between experimental and ideal CV curves, 
(b) impact of different Dit distributions considered during the automatic fitting procedure, (c) fitting obtained 

with a proper Dit distribution. 

 
Moreover, this method has been extended by including a fitting procedure, see Fig. VI.4 , 

reproducing automatically experimental high- and low-frequency CV curves by simulation. Here 
are some details of how the procedure works. A set of i-values for the substrate doping (NDOP) and 
for the EOT is created. Also an initial set of Dit can be defined. This set allows to explore different 
starting points for the fitting problem and consequently it increases the possibilities to find the 
optimum solution. Starting from the ideal CV characteristics (Fig. VI.3(a)), simulated with the i-th 
set of NDOP, EOT and Dit, the automatic fitting procedure searches the best Dit profile matching both 
high- and low-CV curves (Fig. VI.3(b)). During the automatic fitting, the values of NDOP and EOT 
are also "adjusted" in an interval centered on the i-th value to provide the most reliable value of Cox. 
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Once all the i-th starting points are considered, the procedure provides as an outcome the best CV 
curves fit obtained (Fig. VI.3(c)) together with the corresponding Dit and Cox. 

 

 
 

Fig. VI.4: Block diagram of the automatic fitting procedure. 

 

VI.3 - Results 
The proposed technique has firstly been tested for Dit extraction in a Si/SiO2/HfZrO2 MOSCAP 

and then it has been applied to In0.53Ga0.47As/Al2O3 MOSCAPs. 
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Fig. VI.5: (a) Experimental (symbols) and simulated (lines) CV characteristics for true low and high 
frequency for Si/SiO2/HfZrO2 MOSCAPs. (b) Extracted interface traps density. 

 
A Si/SiO2/HfZrO2 sample has been chosen for testing the technique because, due to the high 

DOS of Si, the capacitance in accumulation should approach the Cox value. This allows to compare 
the value of Cox estimated from the CV curve in accumulation with the Cox value extracted from our 
generalized method. In Fig. VI.5(a) are shown the experimental CV curves along with the fitting 
obtained by extracting a proper Dit. High-low CV curves have been measured at 1 MHz (300 K) and 
1 KHz (475 K) respectively. Experimental high-frequency CV curve in accumulation suggests a Cox 
value of ≈2.45 μF/cm2, while the value extracted from the automatic fitting is 2.7 μF/cm2. Cox 
extracted from the CV curve in accumulation is a good approximation only in the case that the total 
capacitance has reached its maximum value, which it may be not the case if an high density of 
interface traps is present near the conduction band. Figure VI.5(b) showing the extracted Dit, 
confirms this assumption: a Dit≈1.5×1013 cm-2eV-1 is calculated at the edge of the conduction band. 
High interface trap density can effectively explain: (i) the difference between high and low 
frequency CV curves in accumulation, that otherwise would be superimposed, (ii) underestimation 
of Cox calculated from high frequency CV in accumulation because due Fermi level pinning the 
total capacitance has not reached its maximum value. Moreover, Dit shows its minimum of 1.5×1012 
cm-2eV-1 energy located at midgap. 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

-0.5 -0.25 0 0.25 0.5 0.75 1

Ca
pa

ci
ta

nc
e 

(µ
F/

cm
2 )

Gate Voltage (V)

Exp; HF
Exp; LF
Sim; HF
Sim; LF

(a)

0.0E+00

5.0E+12

1.0E+13

1.5E+13

2.0E+13

0 0.1 0.2 0.3 0.4 0.5 0.6

D it
(c

m
-2

eV
-1

)

ET-EG/2(eV)

EC(b)



CHAPTER VI                                                                                         Interface Trap Characterization 

 Pagina 66 
  

  
 

Fig. VI.6: (a) Experimental (symbols) and simulated (lines) CV characteristics for true Low and High 
frequency for In0.53Ga0.47As/Al2O3 MOSCAPs. (b) Extracted interface traps density. 

 

 
 

Fig. VI.7: Fermi level position and surface charge in InGaAs as a function of the applied gate 
voltage. 

 
Simulations of CV curves for In0.53Ga0.47As/Al2O3 samples have been performed considering 

non-parabolic bands and multi-valley carrier distribution, leading to CV fitting and Dit extraction. 
The relative dielectric constant for the Al2O3 has been chosen equal to 8. 

Figure VI.6(a) shows experimental and simulated CV curves for an In0.53Ga0.47 As/Al2O3 

MOSCAP samples. High-low CV curves have been measured respectively at 1 MHz (300 K) and 1 
KHz (375 K). The good agreement between experimental and simulated CV curves is obtained with 
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the Dit shown in Fig VI.6(b). Dit shows a parabolic shape with a minimum of 4×1012 cm-2eV-1 
energy located 0.15 eV above the midgap. Dit at the valence band edge was found to be ≈2×1013 cm-

2eV-1. 
In Fig. VI.7 the impact of Dit on both the position of the Fermi level and the surface charge in 

InGaAs is shown as a function of the applied gate voltage. Moving towards the conduction band the 
Dit remains lower than 1×1013. The Fermi level moves inside the conduction band allowing the 
accumulation of electrons at the surface, as suggested by the linear dependence of QS as a function 
of VG for VG>0 V. However, impact of Dit can not be neglected: for VG=2 V the surface electronic 
charge is equal 5×10-7 Q/cm2, with respect to 1×10-6 Q/cm2 of the ideal case with no Dit. On the 
other hand, near the valence band, a Dit higher than 1×1013 causes pinning of the Fermi level that 
can not move inside the valence band. For VG=-2 V the profile of the hole surface charge as a 
function of VG is still not completely linear. This suggests that the low frequency capacitance for 
VG<0 V is dominated by Cit rather than minority carrier response. 

 

  
 

Fig. VI.8: (a) CV curve fitting obtained for a In0.53Ga0.47As /Al2O3 n-type sample. (b) CV curve fitting 
obtained for a In0.53Ga0.47As /Al2O3 p-type sample. 

 
In Fig.VI.8(a) the method has been applied to an InGaAs/Al2O3 n-type MOSCAP sample. High-

low CV curves were measured at 1 MHz (150 K) and 1 KHz (375 K) respectively. Extracted Dit, 
reproducing both CV curves, shows a parabolic shape with a minimum density of 9×1012 cm-2eV-1 
located 0.25 eV above the midgap. Dit at the valence band edge was found to be ≈2.5×1013 cm-2eV-

1, see Fig. VI.9(a). 
Figure VI.8(b) illustrates the application of the method to InGaAs/Al2O3 p-type MOSCAP 

samples. High-low CV curves have been measured at 1 MHz (300 K) and 1 KHz (400 K) 
respectively. The minimum of Dit is located ≈0.20 eV above the midgap with a density of 9×1012 

(b)

0.0

0.5

1.0

1.5

2.0

-1.5 -0.5 0.5 1.5

Ca
pa

ci
ta

nc
e 

(µ
F/

cm
2 )

Gate Voltage (V)

Exp; HF
Exp; LF
Sim; HF
Sim; LF

(a)

0.0

0.5

1.0

1.5

2.0

-2.5 -2 -1.5 -1 -0.5 0 0.5 1

Ca
pa

ci
ta

nc
e 

(µ
F/

cm
2 )

Gate Voltage (V)

Exp; HF Exp; LF
Sim; HF Sim; LF

(b)



CHAPTER VI                                                                                         Interface Trap Characterization 

 Pagina 68 
  

cm-2eV-1, as for the n-type sample. For both n-type and p-type sample a severe Fermi level pinning, 
due to the large density of traps, has been observed moving toward the valence band. On the other 
hand, moving towards the conduction band, pinning does not occur and Fermi level moves inside 
the band. Experimental low frequency CV, measured at low temperature (150K) to freeze the traps 
response, have shown the response of minority carrier for the p-type sample. Therefore, the 
inversion contribution has to be included in the simulated low frequency CV curve for the p-type 
sample. Under these assumption, Dit extracted from the p-type sample agrees with the one extracted 
on n-type sample for the whole energy range considered (Fig. VI.9(a)). Neglecting minority carrier 
response would result in an overestimation of Dit at the conduction band edge for the p-type sample 
[88]. 

The method estimates the high-k thickness, and consequently Cox, self-consistently with Dit 
distribution vs. trap energy. For the n-type MOSCAP sample the Al2O3 thickness was found to be 
equal to 3.4 nm. This value is really close to the expected Al2O3 thickness of 3.2 nm, suggesting a 
reliable estimation of Cox.  

 

 
 

Fig. VI.9: (a) Comparison between Dit extracted from an n-type and a p-type sample. (b) Dit extracted 
from the n-type sample using different methods. 

 
Figure VI.9(b) shows the good agreement of Dit extracted with our method if compared with: (i) 

Terman method, (ii) high-low frequency method. Dit extracted by these two methods strongly 
depends on the value of Cox which is not known and has to be determined by the maximum value of 
the capacitance in accumulation. The agreement reached in accumulation (energies higher than 0.35 
eV in Fig. VI.9(b)) by the three techniques is a further evidence of reliable Cox estimation. 
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VI.4 - Summary 
We proposed and implemented a novel generalized method for interface-trap characterization in 

high-k/III-V capacitors. The method exploits an automatic fitting procedure of the high and low 
frequency CV curves and allows to overcome two main difficulties in the extraction of Dit: 
uncertainty in the Cox value, and separation of Dit and minority carriers response. The model 
accounts for the border traps as projected to the interface, thus, an equivalent Dit is extracted. We 
tested the Cox estimation by our method in Si/SiO2/HfZrO2 MOSCAP where high density of state 
makes the extraction of Cox from the accumulation region of CV curves more straightforward than 
in III-V semiconductor. Cox was found to be slightly higher when extracted with our method. The 
underestimation of Cox if calculated from its maximum value in high frequency CV curves in 
accumulation is due to the fact that interface-trap effects are neglected, which is not a good 
approximation. Indeed, a Dit ≈1.5×1013 cm-2eV-1 near the conduction band edge can explain the 
underestimation of Cox calculated from high frequency CV curves in accumulation because due to 
Fermi level pinning the total capacitance can not reach its maximum value. At the same time this Dit 
explains the difference between high and low frequency CV curves in accumulation, that otherwise 
would be superimposed. 

We applied the method for interface trap characterization to two different In0.53Ga0.47As/Al2O3 

MOSCAP samples. Both samples showed a U-shaped Dit with a minimum located between  midgap 
and the conduction band edge and a maximum approaching the valence band edge. The latter is 
responsible for a severe Fermi level pinning moving toward the valence band preventing the 
inversion of the surface charge in the n-type samples. On the other hand moving towards the 
conduction band Fermi level pinning does not occur and for Dit extraction in p-type samples the 
contribution of minority carrier has to be included. Under this assumption we verified that Dit 
extracted from the n-type sample and the p-type sample are in a good agreement. Neglecting 
minority carrier response in p-type would overestimate Dit approaching the conduction band. 
Moreover, we compared the Dit extracted by our method with the Terman method and high-low 
frequency method. Since Terman and high-low frequency methods need to estimate Cox we used the 
value extracted by our method. Dit agreement reached by the three techniques is a further evidence 
of reliable Cox estimation. 

 

Section B: Trap Characterization in Si/SiO2/Al2O3 Stack 
In the fabrication of the gate stack of Silicon and high-k based logic devices, an interfacial layer 

of SiO2 inevitably results between the silicon substrate and the high-k material, since the different 
layers are deposited in oxidizing conditions. The presence of this layer strongly affects the 
behaviour of the devices increasing leakage current through the stack or reducing the carrier 
mobility performances. Controllability of thickness and quality of interfacial layer are very 
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important in order to evaluate the optimum combination of dielectric stack that will provide the best 
leakage and performances characteristics. 

In the next sections we will study the electrical properties of traps at the SiO2 interfacial layer 
by means of charge pumping (CP) [94],[95] and trap spectroscopy by charge injection and sensing 
(TSCIS) [96]. Moreover an independent validation of the traps parameter will be given by means of 
gate leakage simulation (ILEAK) reproducing the experimental characteristics. 

 

VI.5 - Devices Fabrication 
Devices under investigation were grown on slant etch wafer. The slant etch is a technique 

developed to fabricate transistors, capacitors and other test devices using a continuously scaled SiO2 
interfacial layer between silicon substrate and high-k dielectric, on a single wafer. With this 
technique it is possible, for instance, to vary the thickness of SiO2 from 1-nm to 4-nm on the same 
wafer without detrimental effects on the electrical characteristics of the fabricated devices. It is 
simple to understand that this technique provides a powerful tool in examining the effects of the 
interaction between SiO2 and high-k materials on the devices performances, as a function of the 
SiO2 thickness [97],[98],[99]. 

SiO2 is selectively removed with a wet etching to result in a gradual thickness variation across a 
single 300-mm wafer. First of all, a 6-nm layer of high quality thermal SiO2 was grown at 900 °C 
on wafer with shallow trench isolation. This is then etched back with a slant profile by slowly 
submerging the wafer in a 0.34% HF solution. The desired range of SiO2 is obtained across the 
structure by adjusting the speed at which the wafer is submerged into the etch bath. The typical 
variation in thickness across the wafer, which is measured by spectroscopic ellipsometryis shown in 
Fig. VI.10, along with a schematic of the slant etched wafer. An ozonated–water rinse is performed 
after the wet etch process. The slant etched SiO2 layer provide a thickness series on which a high-k 
layer of constant thickness can be easily deposited. Then, 12 nm of Al2O3 deposed by ALD. The 
needed thickness of the high-k can now be deposited on slant etch SiO2. A post deposition 
annealing (PDA) is performed before the deposition by sputtering of a TaN gate electrode and 
finally a capping layer deposition. The electrode and dielectric stack patterning is performed by 
conventional dry etching. Junction activation is performed by spike annealing at 1030 °C, before a 
520 °C 20-min-forming gas anneal [98]. 
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Fig. VI.10: EOT derived from CV measurements along the slant-etch wafer with SiO2/Al2O3 stack. 

The schematic cross section of the wafer is shown on the right. 

 
To measure the leakage current IG(VG) and for TSCIS measure, were chosen n-mos transistors 

with area 1 um2. 
For charge pumping measure were chosen n-mos transistor with area 100 um2. In this technique 

the density of traps is sensed measuring the recombination current of electron emitted from the 
interface traps. To reduce the effect of noise component we have chose the larger device that shows 
higher recombination current. 

 

VI.6 - Slant Etch Validation 
With slant etch technique the upper surface of SiO2 has to be chemically etched before of the 

high-k dielectric deposition. This chemical attack definitively modifies the SiO2/high-k interface, 
that results different compared to the same interface built on an in situ steam generated oxide 
(ISSG). Different processes lead to a different interfaces that in turn could lead to a different energy 
distribution and density of defects at the interface. To be sure the slant etch technique preserve the 
interface characteristic, the comparison of the SiO2/high-k interface manufactured using standard 
uniform thermally growth oxide and slant-etch process is of a fundamental importance.  
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Fig. VI.11: Leakage currents measured on pure SiO2 slant-etch wafer (symbols) and thermally grown 

oxides (lines). The very good agreement proves that the slant-etch technique does not degrade the 
oxide quality. 

 
To compare the two different processes, IG(VG) measures have been considered. Differences in 

terms of defect density and distribution in energy and space would lead the device to have different 
IG(VG) curves. 

IG(VG) of n-mos transistors with thermally growth uniformSiO2 layer, respectively 1 nm and 3 
nm, have been compared with IG(VG) of a slant etch wafer. The following voltages were applied to 
the structure, VB = VS = 0V, VD = 0.05 V and a voltage sweep from 0 V to 10 V drove the gate. The 
weak bias at the drain was used to orientate the electrons flow in the channel. In Fig. VI.11 is shown 
the comparison between slant-etch and uniform oxide leakage current characteristics. The excellent 
agreement between leakage current measured across slant-etch and ISSG measure demonstrates the 
good quality of the oxide layer obtained with the slant-etch technique. In fact if this technique 
introduced a higher density of defects in the SiO2/Al2O3 interface, a higher ILEAK curve would be 
found. The perfect match between the two leakage characteristic means that not only the density of 
traps but also the energetic distribution is comparable. For the entire voltage sweep, thus for all the 
different electrical fields applied to the structure, the characteristics are equal, suggesting that the 
energetic distribution of the defect bands is the same for both slant-etch and ISSG oxides.  

 

VI.7 - Intermixing Layer Characterization 
In this section are shown the results of CP and TSCIS, made on slant-etch wafer, performed for 

different thickness of SiO2 (from 1 nm to 3 nm).  
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CP have been conduct applying the following times and voltages. The tDISCHARGE in 
accumulation was 1 ms, enough to completely discharge the charge trapped during the cycle, and to 
allow a complete sense of the charged traps. The tCHARGE was increased starting from 1 us to 1.2 ms 
with a multiplying factor of 1.2. VBASE = -2 V is low enough to reach the accumulation condition in 
the channel during the discharge and VSTOP=5.5 V. Theoretically the knee of the curves occurs in 
correspondence of the SiO2/high-k interface, thus the value of Dot before of the knee is referable at 
the SiO2. If we consider this assumption true, one interesting phenomenon appears in Fig. VI.12.  

In this figure are compared four different characteristics in function of tox the thicknesses are the 
same of the previous case. For tox=1.2 nm we found a total density of trap (Dot) ≈1.3×1012 cm-2, for 
tox=3.0 nm Dot≈0.3×1012 cm-2, passing through an intermediate thickness in which Dot≈0.6×1012 cm-
2. The trend seems to be clear: interface and near interface state density decrease as we increase the 
SiO2 thickness. This result suggests the presence of an intermixing layer between SiO2 and the 
Al2O3. In fact the interface between the two dielectrics is not well defined and abrupt, but is a real 
intermediate layer. During the deposition and the following annealing the SiO2 is contaminated by 
the Al2O3, ternary compound depending on thermal budget and oxygen availability tend to consume 
the interfacial layer of SiO2. The traps density of the intermixing layer is clearly higher than the 
SiO2 trap density. Of course this intermixing layer is easier to be pumped, during a CP measure, 
when the layer of SiO2 is thin as shown in Fig. VI.13. The above listed interfacial variable Dot, 
which depends on tox are explainable considering the following reasoning: the thinner the SiO2, the 
closer to Si/SiO2 the intermixing layer, the easier to pump this layer, the higher the interface layer 
traps density sensed. 

In Fig. VI.13, TSCIS is applied on a stack composed by high-k dielectrics deposed on a layer of 
slant-etch SiO2. with 10 nm of Al2O3 as high-k dielectrics. When the interfacial layer of SiO2 is 
varied on the same wafer we can achieve a full defects spectroscopy of both interfacial (thick SiO2) 
and bulk high-k defects (thin SiO2). The figure shows two extreme interfacial layer thickness cases 
(1 nm and 3 nm of SiO2) for both the materials. A defects density of 1×1020 cm-3 is observed in all 
the cases. Considering the Al2O3 cases, a typical defect band is observed between 2.7 eV and 2.2 eV 
below the conduction band of the SiO2. When the 3 nm interfacial layer is considered note that 
defects are much closer to the Si interface than expected from the stack parameters, strongly 
suggesting the presence of a severe intermixing layer between SiO2 and Al2O3. Note that defects in 
the SiO2 observed for tox=3 nm have similar densities compared to bulk Al2O3 defects in the tox=1 
nm case. 
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Fig. VI.12: Trap density vs. charging voltage derived using CP with tDISCHARGE=tCHARGE= 1 ms for 
different slanted SiO2 thickness (from 1 nm to 3 nm SiO2). More traps are sensed for thinner SiO2. 

 

 
 

Fig. VI.13: Spatial-energy trap map obtained from TSCIS: thicker SiO2 exhibit similar trap properties 
as thinner SiO2, suggesting a severe intermixing. 

 

VI.8 - Simulation of Leakage Current 
In order to gain more quantitative insights, we derived defect densities and energies by using 

leakage current simulations performed with the statistical physic-based model presented in 
[100],[101]. This model assumes the multi-phonon trap assisted tunneling as the conduction 
mechanism. Moreover, it includes quantization effects and random defect generation inside SiO2, 
intermixing and high-k layers, see Fig. VI.14.  
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Fig. VI.14: Schematic band diagram of the simulated SiO2/Al2O3 stack including intermixing layer. 
IML thickness was kept constant for all the slanted stacks. 

 

 
 

Table VI.2: Traps parameters used to simulate the slant-etch/10 nm Al2O3 substrate injection leakage 
currents. In the yellow cells are collected the parameters that significantly vary during the 

simulations for different SiO2 thicknesses, all the others can be kept almost constant. 

 
During the simulations the following stack parameters were chosen: ΦB=3.1 eV, ΦOFFSET=2.7 

eV (defined as difference between the bottom of high-k-CB and the Si-CB), WFGATE=4.4 eV 
(defined as the difference between the energy Fermi level and the vacuum level) and kAl2O3=10. In 
Table VI.2 we reported the main trap parameters as a function of tox. We consider three kind of 
traps: traps placed in SiO2 bulk, traps placed at SiO2/high-k interface and traps placed in Al2O3 
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bulk. For each of them the energy band (Et), the density (Nt) and the capture cross section (σt) 
considered in simulations have been reported.  

 

 
Fig. VI.15: Measured (symbols) and simulated (solid lines) IG(VG) for VG<0 (a) and VG>0 (b) across 
SiO2/Al2O3 stack. Simulation inputs are stack parameters (thicknesses and offset as defined as in Fig. 

VI.15) and the trap parameters (density, cross section, energy levels, see Table VI.2). 

 
Let us start considering the case with 10 nm of Al2O3. The simulations have been made for both 

substrate and gate injections. In Fig. VI.15(b) is shown the case of substrate injection. An excellent 
fit is obtained for the thicknesses of SiO2 considered. Since we are considering the substrate 
injection the conduction is dominated by the ΦB barrier and by both SiO2 and SiO2/Al2O3 interface 
traps. 

Traps in the high-k dielectric are not important. Further, due to the band bending, high-k bulk 
traps cannot be percept at high electrical field. High-k trap parameters have been kept constant, 
pointing out a low sensitivity of the substrate injection simulations respect these traps. Different 
considerations have to be made for traps in SiO2 and at the interface between the two dielectrics. 
The traps density at the interface has been taken constant for all the different thicknesses, changing 
only the energy band. Increasing the tox shallower traps were considered. Anyway the most 
interesting result is related to the SiO2 bulk traps: a strong density dependence on the SiO2 thickness 
has been found. Decreasing the layer thickness of the interfacial oxide, the trap density has been 
increased to fit the experimental curve, Nt,ox for tox=1.22 nm is five time higher than the tox=3.07 nm 
case. A possible explanation for this trend has to be searched in the presence of the intermixing 
layer between SiO2 and Al2O3, a transition layer composed by a mix of the two different materials 
and characterized by higher density of defects than SiO2. The simulator provide the possibility to 
define traps in between the two dielectrics, but with the interfacial traps only a 2D layer can be 
defined, not enough to simulate the intermixing that is a real 3D layer. Nt,ox has to be increased for 
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thin SiO2 in order to mimic the intermixing layer. When SiO2 becomes so thin to be comparable 
with the penetration thickness of Al2O3, the intermixing layer is extended on almost all the SiO2 
layer. Increase Nt,ox is a way to simulate this effect. 

In Fig. VI.15(a) is shown the case of the gate injection for the same wafer considered before. 
Since the electrons are injected starting from the gate, transport is function of metal gate/Al2O3 
barrier and traps density in the high-k. Al2O3 traps density was chosen Nt,Al2O3≈1019 cm-3according 
with the substrate injection case. At low electrical fields a good agreement is obtained between 
experimental results and simulations. On the contrary, the used model doesn’t describe effectively 
the leakage conduction through the stack for medium and high fields. For all the different 
thicknesses of SiO2 the simulate leakage currents are lower than the experimental curves, indicating 
that some other mechanisms of conduction occur.  

 

VI.9 - Summary 
We presented a methodology to quantify defects in SiO2/high-k structures using independent 

experimental techniques and simulations coupled with a simple fabrication technique. We validated 
the slant-etch manufacturing process by means of experimental observations made on stack 
composed by SiO2/Al2O3 with different SiO2 thicknesses. Leakage currents characteristics of and 
capacitors realized on wafer slant-etch were compared with leakage of devices realized with an 
uniform thickness of thermally growth SiO2. The perfect match obtained between leakage 
characteristics suggests that SiO2/high-k interface, realized with slant-etch technique, has the same 
quality in terms of defect density of a normal uniform layer of SiO2 thermally growth. Appling 
TSCIS on devices realized with both the above mentioned process we obtained a further 
confirmation of the slant etch technique. The presence and the impact of an  intermixing layer in the 
stack SiO2/Al2O3 has been studied by means of CP and TSCIS techniques. In the CP experiment, 
the charging time was gradually increased to explore both the near interface traps and trap deeper in 
the stack. We observed a dependence of the traps density in function of the SiO2 thickness. A higher 
density of traps was sensed decreasing the SiO2 thickness of the samples measured. This trend can 
be explained with the presence of the intermixing layer, that for thin SiO2layers results closer to the 
Si/SiO2 interface and thus easier to be pumped. TSCIS measures performed on the same 
SiO2/Al2O3confirmed this observation showing that the typical SiO2/high-k interface defects are 
much closer to the Si than expected. An independent confirmation of the defect density and 
distribution was obtained by means of simulations. Leakage currents were simulated on 
SiO2/Al2O3stack with different SiO2 thicknesses. Simulations made on SiO2/Al2O3yield to the same 
defect densities and energy distributions extracted using experimental techniques. Even the defect 
density in the SiO2, when thin interfacial layers were simulated, had to be increased to mimic the 
presence of the intermixing layer. 
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Chapter VII: Conclusions 
 
 
This dissertation illustrated the work carried out during the three years of my Ph.D. in the XXV 

cycleof the International Doctorate School in Information and Communication Technologies at the 
University of Modena and Reggio Emilia, Italy. 

My research activity focused on the study of InGaAs MOSFETs for CMOS technology 
extension beyond the 16-nm node.  

I  started studying MOSFET devices with InGaAs channel, ZrO2 gate dielectric, and implanted 
source/drain regions. The impact of interfacial traps on the electrical characteristics such as 
threshold voltage, subthreshold slope and on/off currents has been analyzed in both standard 
MOSFETs and capped MOSFETs. A detailed analysis of the effects of both acceptor and donor 
traps has been carried out, together with the explanation of the non-trivial behaviour induced by 
donor-like interface traps in capped MOSFETs. 

Another field of investigation has been the optimization of the semiconductor stack composing 
buried-channel, InGaAs quantum-well MOSFETs with Al2O3 gate dielectric. Buried channel, 
implant-free MOSFETs are an option currently being intensively developed as an alternative to 
standard MOSFET structures, minimizing the channel mobility degradation induced by surface 
scattering and avoiding high-k dielectric degradation due to thermal cycles required for doping 
activation. Since both doping concentration/type and thicknesses of the layers forming the buried 
channel device play a key role in the device performance, I evaluated the impact of different device 
concepts to provide guidelines for device design and optimization.  

Since the high mobility is the main reason why III-V semiconductor are being studied for Si 
replacement in the channel of next generation CMOS devices, it is of fundamental importance to 
assess the accuracy limits that affect the experimental techniques for mobility extraction. In 
particular my work addressed the accuracy of split-CV measurements applied to quantum-well 
MOSFETs with InGaAs channel and Al2O3 gate dielectric. Simulating the split-CV experimental 
method has made it possible to find and partially correct all possible errors (interfacial traps, contact 
resistances and extra capacitance term associated with buried channel) affecting mobility extraction. 

Finally, within the framework of interface-trap characterization and extraction at the III-V/high-
k interface and Si/SiO2/high-k interface, I developed a new generalized technique for interface trap 
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extraction in III-V devices. The technique is based on combining together two well-known 
methods: the Terman method and the high-low frequency method. The  method has been applied to 
interface-trap characterization in InGaAs MOSCAPs with Al2O3 gate dielectric. 

On the other hand, charge pumping and “Trap Spectroscopy by Charge Injection and Sensing” 
techniques have been adopted to extract trap parameters at Si/SiO2/high-k interfaces. Results have 
been compared with trap parameters derived from current leakage simulations obtaining a good 
match with experimental data. 

Table VII.1 summarizes topics of my research activity on InGaAs MOSFETs and the related 
state-of-the-art advancements. 

 

 
Table VII.1: State-of-the-art advancements obtained and discussed in this dissertation. 

 

State of the Art Advancements

Interface-Trap 
Effects

Analized the impact of different Dit concentrations for 
donor-/acceptor-like traps in capped/uncapped devices.
Highlighted the non-conventional effect of donor-like
traps in buried channel InGaAs MOSFETs.

QW-MOSFET 
Scaling

Provided guidelines for device scaling in terms of buffer 
doping optimization.

Split-CV Errors

Highlighted errors occurring in mobility extraction.
Underestimation of mobility at high-VGS due to barrier
layer capacitance.
Mobility drop for low VGS is an artifact of the method.

Dit
Characterization
and Extraction

Developed a generalized technique allowing a self 
consistent extraction of Dit(E) and Cox estimation.
Implemented an automatic fitting procedure in MatLab.
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