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ABSTRACT

In the past four decades, logic transistor scaling following Moore’s Law has resulted
in unprecedented increase in logic performance. However, the exponentially rising
transistor count has also led to increased energy consumption in modern VLSI devices.
In order to aggressively scale the supply voltage (V) for logic transistors, high mobility
channel transistors (such as 111-V based transistors) [32,33] and steep sub-threshold slope
transistors will be needed. It has already been demonstrated that ultra-high mobility
compound semiconductor-based MOSFETs and quantum well FETs (QWFETS) (e.g.
Ino7Gap3As and InSb) [32,33] operate at low V. with high performance, InGaAs
MOSHEMTSs with InP composite barrier stack has been demonstrated with 3.5 times
higher effective carrier velocity than strained Si n-MOSFETS [35].

In this thesis, we first provide a literature survey regarding the origin of interface
states at high-k dielectric/I11-V semiconductor interface and the experimental methods of
extracting interface state density (Di;) and we approximate the Dj; profile [27] and
included in the simulation. By using a drift-diffusion based numerical simulator, we
investigate the device performance in the sub-threshold region of three different types of
I11-V based transistor architectures. We analyze the impact of the D;; present at the high-
k dielectric and Ing53Gag 47As interface on the sub-threshold response of each design, and
discuss the advantages and disadvantages of each of the three architectures. The results
shows that the same exact Dj; distribution at the high-k dielectric/lll1-V semiconductor
interface can affect the sub-threshold response of different transistor architecture in

different ways and highlight the potential of each device.
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1. INTRODUCTION

1.1 Interface states

We often treat silicon dioxide as an ideal insulator, where there are no traps or states at
the interface of silicon and silicon dioxide. But in real devices, the silicon/silicon dioxide
interface and bulk silicon dioxide is far from electrically neutral. These may be caused by
positive or negative charges at the silicon/silicon dioxide interface or by mobile ionic
charges and fixed charges trapped within the oxide and itself, which are often created
during the fabrication process. The electronic properties of a device which has a
semiconductor/oxide interface are very sensitive to the interface state density and its

distribution along the semiconductor bandgap [1].

The interface states are located at or very close to the semiconductor/oxide interface
with energy distributed along the bandgap of the semiconductor. Electrons or holes get
trapped in these states and act like charges at the interface. Figure 1.1 illustrates the
localized interface states schematically. The probability that an electron or hole to
occupies a given interface state depends on the energetic location of the interface state
relative to the Fermi energy, just like the impurity energy states in the bulk of a
semiconductor. The energy level of the interface states are fixed relative to the
semiconductor band edge at the interface, so when the surface potential changes, the
occupation probability of the interface states will also change, according to the relative

position of the Fermi-level and the energy level of the interface states.
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Figure 1.1: Energy-band diagram of a MOS structure, depicting the distribution
of interface states along the bandgap of the semiconductor at the

semiconductor/oxide interface.

Similar to the impurity energy states in the bulk semiconductor, if a state is neutral and
become positively charged when donating an electron, we consider it as a donor state. On
the other hand, if a state is neutral and become negatively charged when accepting an
electron, we consider it as an acceptor state. For donor states, the probability of

occupation is

1

FSD(Ed) — Ep—Eg4 (11)
1+Zexp [T]
For acceptor states, the probability of occupation is
. 1
FSA (Ea) - Eq-Ef (1-2)
1+4exp [T]



where E4 is the energy of the donor state with respect to the valence band edge, and E, is

the energy of the acceptor state with respect to the valence band edge.

1.2 Fermi-level Pinning and Charge Neutrality Level
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Figure 1.2: General interface states system consisting of (a) donor and (b) acceptor

states. This is often expressed by an equivalent distribution with a charge-

neutrality level Ecn. above which the states are acceptor type and below which

they are donor type. When Er is above Ecni, net charge is positive and when Eg is

above Ecni, net charge is negative.

Presumably, every interface has both kind of states, donor state and acceptor state.

There is a convenient notation to express the sum of these states on an equivalent



interface states density (D) distribution with a characteristic energy level called the
charge-neutrality level Ecny. Interface states which are above the Ecy. are acceptor states,
and if the Fermi level Er is above Ecny, the states are negatively charged if the states are
occupied. Interface states which are below the Ecn. are donor states, and if the Fermi
level Ef is below Ecni, the states are positively charged if the states are occupied, as

shown in Figure 1.2.

In order to calculate the concentration of trapped charge at the interface, we assume
that at room temperature, the occupancy of a trap takes a value of 0 when above Er and 1
when below Eg. With this assumption, we can easily calculate the interface-trapped

charge by:

E
Qi=—9/ Ec‘:\u Dy dE Egabove Ecy. Clem’

= —q fIfFCNLDitdE Erbelow Ecw.  (1.3)

The charges are the effective net charges per unit area (C/cm?). The interface trap
levels are distributed across the energy bandgap at the interface and this distribution can

be expressed as:

# of traps/cm’-eV (1.4)



The change in Qj; arises from the Fermi level movement at the surface, Eg or the change
in the surface potential ¢s, and this can be used to determine the interface trap density Dj
experimentally. More details will be discussed in the next chapter. Eq. 1.4 can only
determine the magnitude of Dj; but cannot distinguish whether the interface states are

donor states or acceptor states.[2]

When a voltage is applied to the gate metal of a MOS structure, the Fermi level in the
semiconductor moves up or down with respect to the band edges, thereby changing the
occupation probability of the interface states. When the Fermi level energy, Er coincides
with the charge-neutrality level Ecni, the whole interface is charge neutral. A slight
deviation of Er from Ecn. causes the interface states to be charged: the interface states
will be negatively charged if Eg is higher than Ecy. and positively charged if Ef is below
than Ecni. The band bending within the semiconductor is determined by the charge
balance between the interface trap charge, Qi; and the space charge, Qsc in the depletion

region of the semiconductor.

For typical areal densities of atoms at the interface, the interface state density can reach
as high as 10'* cm™. Typically, the interface states are distributed over an energy range of
0.1 to 1eV within the forbidden bandgap at the interface, so the interface state density per
unit energy can be as high as 10" cm™ eV, Such a high density of interface state will
cause the Fermi level, Er to be pinned very close to the charge-neutrality level Ecny,

known as Fermi level pinning. Higher the deviation of E¢ from the charge-neutrality level,



higher is the amount of interface states that will be charged, causing the charge density at
the interface to be so high that it cannot be compensated by the space charge within the
semiconductor. The change in space charge, Qsc caused by varying the semiconductor
doping or external electric fields, only shifts the Fermi level with respect to the charge-

neutrality level by a small amount [3], this is called Fermi level pinning.

" ]

" T_j R “ "TT m—
o— o— o— o—
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Figure 1.3: (a)(b) Equivalent circuits including interface state effects, Ci; and R;:.[5]

(c) Low-frequency limit. (d) High-frequency limit

A change in the interface trap charge density, Qj; will affect the MOS capacitance and
alter the ideal MOS curve. The basic equivalent circuit [5] that incorporates the interface
state effect is shown in Figure 1.3(a). In Figure 1.3(a), Cox and Cp represent the oxide
capacitance and the depletion region capacitance in the semiconductor respectively. Ci;
and Rj; are the interface states capacitance and resistance associated with interface states,
they are also a functions of energy. CiR;; product will define the interface trap life time tj.

The trap life time tj; determines the frequency behavior of the interface states. Figure



1.3(a) can be converted into an equivalent circuit as shown in Figure 1.3(b), where C; is

the frequency-dependent capacitance and Gy, is the frequency-dependent conductance,

Cp — CD + m (15)
and

Gp _ CywTiy

®w 1+wzri2t (1'6)

Also of particular interest are the equivalent circuits in the low-frequency and high-
frequency limits, included in Figure 1.3. Rj; is set to zero in the low-frequency limit, and
Cp is parallel to Ci.. The Cj;—Rj; branch is ignored or open in the high-frequency limit.
This means that the interface trap life time 7j; is not short enough to respond to the high-
frequency signal. For the low-frequency C.¢ and the high-frequency Cur, the total

terminal capacitance will be [2]:

Cox(Cp+Cit)
Cr =, rcpren (.7)
CyxC
Cur = 722 (1.8)



The position of charge-neutrality level, Ecy. is different in different semiconductors,
table 1.1 gives the location of Ecyn. in various semiconductors. A recent review on

charge-neutrality level (CNL) relevant for I11-V materials can be found in [4].

Table 1.1 Parameters for the various semiconductors — bandgap,
electron affinity (yx) and charge-neutrality level (CNL) with

respect to the valence band edge [4]

Gap (eV) ¥ (eV) CNL (eV)

Si 1.12 4.05 0.2
Ge 0.67 4.13 0.1
SiC 3C 2.35 4.55 1.3
SiC6H 3.05 3.85 1.55
SiC4H 3.25 3.65 1.55
AlIP 2.56 2.8 1.3
GaP 2.25 3.2 0.8
InP 1.34 4.4 0.6
AlAs 2.16 3.54 0.92
GaAs 1.45 4.15 0.55
InAs 0.36 4.9 0.50
AlSb 1.7 3.6 0.4
GaShb 0.75 4.06 0.06
InSh 0.17 4.59 0.15
InN 0.76 5 1.87
GaN 32 33 23
AIN 6.2 0.6 2.8
ZnO 34 4.6 3.27




1.3 Origin of Interface States at the I111-V semiconductor/oxide interface

In a silicon system, the interface state distribution at the Si/SiO, interface depends on
two transitions associated with adding one or two electrons to the defect, i.e. the Silicon
dangling bond [6]. A similar model is used in the GaAs system. Recently a model for the
origin of GaAs gap states has been proposed based on the concept of metal-induced gap
states (MIGS) [7][8]. In this model, it is suggested that the higher on-state current and
lower sub-threshold slope of Ings3Gag47As based n-type FETs compared to GaAs based
n-type FETs might be due to larger density of metal-induced gap states below the
conduction band edge for GaAs, and the base energy of the charge neutrality level in

GaAs.

There is another model that has been introduced and adapted to the case of IlI-V
semiconductor/oxide interface [9]. It points out that interface states at the III-V
semiconductor/oxide interface cannot be due to metal-induced gap states MIGS, but
originate from the native interface defects. There is no MIGS in the semiconductor
bandgap next to a wider bandgap oxide. It shows that the Fermi level movement will be
inhibited by the native interface states in an n-type FET, similar to the doping limit to

account for the observation.

If the Fermi level pinning is not caused by the metal-induced gap states (MIGS), then
the Fermi level pinning must be due to the native defect states of the semiconductor. At

the Silicon surface, Si dangling bonds give rise to partially occupied surface states near



the mid-gap. But for I11-V semiconductor, such as GaAs, the surface Ga and As relax so
that their dangling bond states are pushed out of the bandgap. [10] The sites of Ga
become planar such that the empty dangling bonds moves into the conduction band. Also
the sites of As become more pyramidal resulting in filled dangling bonds that move into
the valance band. The Fermi level does not pin in HfO;, or Al,O3 on Si, thus, the Fermi
level pinning caused by the gap states must be due to the native I11-VV semiconductor

defects, as sub-monolayer oxygen does introduce the extrinsic gap states on GaAs.[11]
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Figure 1.4 Formation energy of intrinsic defects vs. Fermi energy for GaAs for Ga-

and As-rich chemical potentials.[13]

The concentration of the native I11-V defect states depends on their formation energies.
The Fermi level energy in a heavily irradiated bulk 111-V semiconductor will be pinned at
the Fermi level stabilization energy Egs, due to the creation of the native defects.[12]
Figure 1.4 shows the defect stabilities expressed as formation energies versus Fermi
energy. Ers is the energy at which the number of positively and negatively charged
defects are equal. Ers is relatively similar in both Ga- and As-rich stoichiometries.
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As in Figure 1.4, the charged defect’s formation energy varies with the Fermi energy.
The formation energy will become zero when the Fermi level is far enough above or
below the defect level.[14] Thus, if the Fermi level is shifted by doping to that energy, it
will spontaneously create a native defect that compensates that dopant. It turns out that
the limit to n-type doping of major semiconductor class lies at constant pinning energy
above the Fermi level stabilization energy Ers when the semiconductor bands are aligned
with equal Ers as in Figure 1.5. For GaAs, the pinning energy Enpin limiting n-type
doping lies just into the conduction band, and the pinning energy E,in limiting p-type
doping lies well below the valence band. For InAs, it has a narrower bandgap, the valence
band lies at similar energy to GaAs, but the conduction band is much lower leadind to
high n-type doping. As shown in Figure 1.5, unlike GaAs, the n-type doping limit for

InAs and InGaAs lies well above its conduction band.[14]
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Figure 1.5 Band edges of GaAs, Ings3Gap47As, InAs, GaP and GaSb aligned
according to their Fermi level stabilization energy Ers and n-type and p-type

pinning energy
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For the case of interface states at I11-V semiconductor/oxide interface, the interface
defect states are not only due to the anti-sites and vacancies, but also due to like-atom
bonds and dangling bonds. The Ga-Ga bonding states (o) lies near the valence band edge
and the As-As anti-bonding states (c*) lies near the conduction band edge[9]. Figure 1.6

is the schematic diagram of bulk bonding and the defect energy levels in GaAs.

(a) Ga-As bond initial stable
ot I occupancy occupancy

s-z—/ o 2 2

(b) Ga, As dangling bonds
p-L 3, 0
Ga 57
As p>— &) 2
s 2

(c¢) Ga—Ga bond
*
e N
Ga
5_2../ = 3/2 2
(d) As~As bond
* 1
P23, g 2 0
As
s-2 o 2 2

Figure 1.6 Schematic diagram of (a) bulk bonding and (b)(c)(d) the defect energy
levels in GaAs. For each energy level, the number in the first column indicates the
formal occupancy of an isolated level, and the number in the second column

indicates the preferred number of electrons in the level.[15]



Some native defect states are also be created during the oxidation process because
not all of the Ga-As bonds are converted in to Ga-O or As-O bonds, or because other
sorts of defect states are created [13]. Just as in the Si case, these defect states created
during the oxidation can also cause the pinning at the interface. The interface states
distribution will be widened from the basic states due to the vacancy and anti-site
defects[9]. Figure 1.7 shows a schematic of the density of interface states for GaAs and
InAs. The Ga dangling bonds produce a distribution which tails down from inside the
conduction band, and the As dangling bonds give a distribution that tails up from below

the valence band edge. The like-atom bonds as to this distribution[13].

GaAs InAs
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Figure 1.7 Schematic of the density of interface states for GaAs and InAs, compared
to the bulk band states, and their charge neutrality levels (CNL)/Fermi level
stabilization energies.[13]

Oxygen has a higher electron affinity for Ga than As, so that the interface might be

locally As-rich. As the As dangling bond defect states lie in the valence band, and the

13



problematic states are closer to the conduction band, we can say that the states are most

likely due to the As-As anti-bonding states (c*).

There is an important difference between the native defect states model and the
induced gap states, MIGS model in which the native defect states are intrinsic. The
concentration of the native defect states depends on the conditions during processing, but
the MIGS are intrinsic and cannot be changed. In other words, the native defect state can
minimized by optimizing the fabrication process, but the MIGS will always be the same

in GaAs, independent of the fabrication process.

In all semiconductors, the pinning energy Ers in the native defect model and the
pinning energy Ecne in the MIGS model are numerically similar, it is very easy to get
confused between these two models. However, the nature of the responsible states is
different[9]. For GaAs, the Ecn is ~0.55eV and the Ers is ~0.5eV. For InAs, the Ecny is
~0.5eV and the Egs is ~0.45eV[4]. It is similar for the chemical trends in both the models.
Both Ers and Ecni have a similar value because both native defect states and MIGS have

acceptor states (-/0) above and donor states (0/+) below.

In 111-V based FETS, the native defect states will limit the Fermi level Er movement. In
GaAs nFETSs, the Er movement will be limited, but will not be limited in the InAs nFETS
because of the lower conduction band. The defects in InAs are at a similar energy with
respect to the valence band in GaAs. For GaAs pFETSs, Er will not be limited because the

defects lie deeper in to the valence band and do not spill much into the energy bandgap.

14



In this section, we discussed the origin of the native defect states and its formation. We
also pointed out the difference between the Fermi level stabilization energy Egs in the
native defect model and the charge-neutrality level Ecn. in the metal-induced gap states
MIGS model. At the I11-V/oxide interface, the pinning of the Fermi level energy arise due

to native defects.

15



2. EXTRACTION OF INTERFACE STATE DENSITY

Interface trapped charge, also called as the interface states or traps, as we discussed in
the last chapter, these interface traps are attributed to dangling bonds and other native
defects at the semiconductor/insulator interface. In order to evaluate the interface trap
density Dj;, we can use either capacitance measurement or the conductance measurement
technique. In this chapter, we are going to explain these methods and the extracted Dj;

profile.

2.1 High-Low Frequency Capacitance Method

Before discussing high-low frequency capacitance method, we will first derive some
useful terms. The relationship between the interface trap associated capacitance Cj; and

interface trap density Dj; is derived as follow. Since dQ;=qD;:dE, and dE=qd¢s, we obtain

dQ;
deg

= quit (2.1)

We can also derive the surface potential ¢s versus applied voltage V curve in
relationship to the interface traps using the low-frequency equivalent circuit in Figure
1.3(c). Since V=Vt @5, We obtain

16



dos — Cox (22)

Substitution of equation (2.1) into equation (2.2) gives

Cox | (des -1 C
Dit=?[(dv) —1]—q—’2’ (2.3)

From equation (2.3), we can calculate the D;; if we can obtain the @s-V relationship from

the capacitance measurement[2].

There are basically three different capacitance methods to determine Dj;, high-

frequency method, low-frequency method and high-low frequency method.
The high-frequency method was first developed by Terman[16]. As shown in Figure
1.3(d), the advantage of high-frequency method is it does not contain the interface trap

associated capacitance Cj; in the equivalent circuit. As the capacitance Cyr IS measured,

we can determine depletion-layer capacitance Cp by[2]

(2.4)

17



¢s can be calculated by theory once we know the Cp and the ¢s-V relationship can be

obtained. The Dj; can be determined from equation (2.3).

The low-frequency method or so-called quasi-static method was first use by Berglund
[17] to obtain the @s-V relationship. The Dj; can be obtained from the @s-V relationship by
using equation (2.2), which is based on the low-frequency equivalent circuit in Figure

1.3(c),

=14 (2.5)

Integrating equation (2.5) by two applied voltage we get

0s(V2) — @5 (V1) = [, (1- %) dv + ¢, (2.6)

where the C_r represent the capacitance under low-frequency and c; is a constant. The

surface potential can be determined at any applied voltage in equation (2.6). The constant

18



in equation (2.6) can be the starting point at accumulation or strong inversion where s IS
known to have weak dependence on the apply voltage [2]. Once we know the value of @s,
we can calculate the depletion-layer capacitance Cp from equation (2.3). One of the
disadvantages associated with the low-frequency method is the measurement difficulty

due to the higher leakage current for thinner oxide layer.

Castagne and Vapaille [18] developed a method that combines both high-frequency
and low-frequency method, which so-called the high-low frequency method. For the
high-low frequency method, the theoretical calculation is no longer needed for
comparison, besides such theoretical calculation is highly complicated for a non-uniform

doping profile. For low frequency,

(2.7)

With equation (2.4), we can express

Cie = (i - i)_1 —Cp
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The difference in capacitance between high-frequency and low-frequency is defined as
AC = Cyr — Cyp, and using the relationship Di=Ci/q?, we can obtain the interface trap

density Dj; directly[2]

-1 -1
Cox 1 1
D; = -1 — 1
' q? AC/ + CHF/ CHF/
Cox Cox Cox
— E (1 _ CHF+AC)_1 (1 . CHF)_1 (2 9)
qZ Cox Cox .

for each bias point. The first order of equation (2.9) is proportional to AC. To determine
the energy spectrum of Dy, either the low-frequency integration approach or the high-

frequency method can be use to determine the surface potential @s.

2.2 Conductance Method

In 1967, Nicollian and Goetzberger proposed one of the most sensitive methods to
evaluate the interface trap density Dj;, and were known as the conductance method [19].
This method can be used to measure interface trap densities of the order of 10%cm?eVv™*
and even lower. This method is also one of the most complete methods. The conductance

method can extract Dj; in both the depletion and weak inversion portion of the bandgap,
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the cross-section of majority carriers, and also the fluctuation of the surface potential ;.
The conductance method is based on measuring the equivalent parallel conductance Gp of
an MOS capacitor as a function of bias voltage and frequency. This conductance
represents the loss mechanism caused by capture and emission of carriers from the

interface traps, and can be used to extract the interface state density.

Figure 2.1(a) is the equivalent circuit of a MOS capacitor for the conductance method.
In the equivalent circuit, Cox is the oxide capacitance, Cs is the semiconductor
capacitance, and C;; is the interface trap capacitance. Resistance Rj; represent the loss
mechanism during the capture and emission of carriers from the interface traps. Figure

2.1(a) can be replaced by circuit of Figure 2.1(b), where Cp and Gp are given by

Cit
1+(wT;p)?

Gp _ quwTitDit
w 1+(wTjp)?

(2.11)

where Ci=g°Dj;, 1i=RiCi and = 2xf (f is the measurement frequency), ti; is the interface
state time constant, given by titz[UthGpNAeXp(-q(ps/kT)]'1. In equation (2.10) and (2.11),
the interface traps have a single energy level in the energy bandgap. However, the
distribution of interface traps at the semiconductor/oxide interface is continuous in

energy within the semiconductor energy bandgap. The capture and the emission happens
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primarily at the interface traps located within a few kT/q above or below the Fermi level

Er, leading to a time constant dispersion and normalized conductance given by [19]

L L In[1 + (wt;,)?] (2.12)

w 2Tt

I -

. | -lcit . e | -:'-citht
S C G m S
w O T B=
-

() (b) (©) (d)

Figure 2.1 Equivalent circuits for conductance method; (a) MOS capacitor with

interface trap time constant t;=R;;Ci;, (b) simplified circuit of (a), (c) measured

circuit, (d) including series resistance rs and tunnel conductance G;.

It is easier to use the conductance method than using the capacitance method, because
for equation (2.11) and (2.12), there is no semiconductor capacitance Cs in the equations.
The conductance Gp is measured as a function of frequency and plotted as Gp/®w versus
®[20]. In equation (2.11), at =1/1it, Gp has a maximum and D;=2Gp/qo. For equation
(2.12), when Gp the maximum, ©=2/t;; and D;;=2.5Gp/qow. Now we can determine Dj; and
it from the maximum Gp and o at the location of the peak conductance. The Gp/w versus

® plot shown in Figure 2.2 is calculated using equation (2.11) and (2.12). An
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experimental data from a Si/SiO; interface is also shown in Figure 2.2, the experimental

peak is much broader than the two calculated curve[21].
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Figure 2.2 Gp/® versus ® for singal level [equation(2.2)], a continuum
[equation(2.3)], and experimental data. For all curves: D;=1.9x10°%cm?eV?,

1it=7%107s[20].

According the Figure 2.2, the experimental Gp/® versus ® curve is broader than the
continuum curve calculate from equation (2.12), this is because of the interface trap time
constant dispersion caused by the fluctuation of the surface potential Ags due to non-
uniformities in oxide charge and interface traps as well as the doping density[20].
Because of the surface potential fluctuations, the analysis of the experimental data
becomes more complicated. Considering surface potential fluctuation effect, equation

(2.12) becomes

S — 4 Dit 15l 4 (w1y,)?|P(U)AU,  (2.13)

w 20 wTj;
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where P(Us) is the probability distribution of the surface potential fluctuations, P(Us) is

given by

1 Us—Ug)?
P(Us) = =—=exp (— g) (2.14)

2O 202

with U, normalized mean surface potential and ¢ standard deviation.

In Figure 2.2, the curve calculated from equation (2.13) matches the experimental data,
this means that when the surface potential fluctuations is considered, there is a good
agreement between theory and experiment. An approximate expression giving the

interface trap density Dj; in terms of the maximum conductance is [19]

25 (Gp

Dy ~ q (;)max (2.15)

Capacitance meters generally assume that the device consists of a parallel Cp-Gn,
combination in Figure 2.1(c)[20]. Cr, is the measured capacitance and G, is the measured
conductance. Comparing the two circuits in Figure 2.1(b) and 2.1(c), Gp/® can be

expressed in terms of Cp,, Cox and Gy, as

Gp _ w6y, C2,
w B Grzn+w2(cox_cm)2

(2.16)
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Here, the series resistance is assumed to be negligible.
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Figure 2.2 Interface trap density Dj; versus energy for quasi-static and conductance

method on (a) (111) n-Si and (b) (100) n-Si. [20]

A wide range of frequency must be used for the conductance measurement. Figure 2.2
is a comparison of the interface trap density Dj; determined by the quaasi-static and
conductance method on (111) and (100) n-type Silicon[22][23]. As in Figure 2.2, the
quasi-static method yields Dj; over a broader energy range, whereas the conductance
method yields Dj; over a narrower energy range, but the two methods agree well with
each over. The conductance method measures the D;; from flatband to weak inversion in
the bandgap. In order to prevent the rise of spurious conductance from the harmonics of
signal frequency, the frequency has to be accurately determined and signal amplitude has
to be kept around 50mV or lower. For a given Dy, the conductance only depends on the
device area. For a capacitor with thin oxide layer, the capacitance is much higher relative

to the conductance, especially when the D;; is low, and also the capacitance meter’s
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resolution will be dominated by the out-of-phase capacitive current component. In order
to prevent this problem, we have to reduce the oxide capacitance Cox by increasing the

oxide thickness of the capacitor.

For thin oxide capacitors, the oxide leakage current will be higher, and also the series
resistance will no longer be negligible. We need a more complete circuit for the thin
oxide capacitor, in Figure 2.1(d), G; represents the tunnel conductance and rs represent

the series resistance. Equation (2.16) now becomes[24][25]

Gp _ _ @(6c=G)Cox
) G2+ w2 (Cyy—C.)?

(2.17)

Where

C,= ‘m (2.18)

 (1-756) % +(wrsCpy)?

and

2 —
G, = W°rsCpCe—Gpy (2.19)

rsGm—1

Cm is the measured capacitance and G, is the measured conductance. By biasing the
device into the accumulation mode, we can determine the series resistance rs according

to[26]
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ro = —ma (2.20)

GE L tw2C3,

where G, and Cpy, are the measured conductance and capacitance in accumulation mode.
As ®—0 in equation (2.19), we can determine the tunnel conductance. When rs=G=0,

equation (2.17) will reverts to equation (2.16)

2.3 Extracted Dj; profile from C-V, G-V measurement

The split C-V measurement of the MOSFET inversion capacitance is a common
method to extracting the effective channel mobility of MOSFETS, this method directly
estimate the mobile inversion charge density Ni,, by the gate to channel capacitance Cgyc

as a function of the gate to source voltage Vg as given by
V
— 9
Qinv — f_oo Cgc(V)dV (2-21)

For most of the silicon based MOSFETSs including Si MOSFETSs with high-k/metal-gate,
this method is highly accurate and reliable. But for 111-V based MOSFETS, this method is
not that straight forward. In 111-V based MOSFETS, the high value of interface states

density D;; at the semiconductor-dielectric interface due to the native defects of the
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semiconductor can exhibit a capacitance Cj, this capacitance contributes significantly to
the measured Cgys that results in an overestimation of the extracted Njy,. This can lead to
incorrect evaluation of the effective channel mobility [27]. Recently, many groups have
reported split C-V measurement and the resultant mobility extracted from the
measurement of 111-V MOSFETSs [28][29][30]. The frequency dispersion capacitance due
to the Dj; and the resistance effects in the inversion regime strongly affected the C-V

curves leading to incorrect mobility estimations.

Recently, a novel technique has been reported in [27], this technique can self
consistently solve the capacitance-voltage (C-V) and conductance-voltage (G-V)
measurement data as a function of gate bias and small signal AC frequency to uniquely
determine the Dj; response as well as the true inversion carrier response for a given
voltage. There is a key difference between this method and the conductance method, in
this method, the information about the peak position in the measured conductance G/
versus frequency is not needed, it solves the conductance and the capacitance
contribution of Dj; in a self consistent manner over the entire frequency and voltage range
[27]. This will allow us to extract the D;; distribution over wider range of energy than the

conductance method.

In [27], the measurement was done on Ings3Gags7AS MOSFETs with LaAlO3 gate

dielectric for measuring the capacitance and conductance as a function of frequency and

voltage for a range of temperature from 300K low to 35K. An equivalent circuit model
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for this measurement in inversion including the effects of channel resistance, gate leakage

and interface states is shown in Figure 2.3.

cinv n

Source
——0—
Rcontact Rch/(n+1) Rch/(n+1) Rch/(n+1) R:h/(n+1) Rch/(n+1) Rcontact

Figure 2.3 Equivalent circuit model of MOSFET in weak and strong inversion. [31]

In this model, Reontact IS the series resistance associated with implanted source/drain
region, contacts and metal pads at the two ends of the channel. Ry, is the gate dependent
inversion channel resistance, Gunel in the tunnel conductance of the oxide arising from
the gate leakage. Cox is the maximum oxide capacitance measured in accumulation mode
on a MOS capacitor. Ci;, Gj; and Ci, represents the interface trap capacitance, interface

trap conductance and the semiconductor inversion capacitance.

By solving the equivalent circuit in Figure 2.3, we can extract the interface state
density Dj;, interface trap response time t and the true inversion carrier density N;; as a
function of the gate voltage. The energy voltage relationship of D;; can be evaluate from

the relationship between Nj; and the gate voltage Vq. In other words, we can extract the
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interface states density and its position in the energy band diagram. Figure 2.4 shows the
extracted Dj; and t at the IllI-V/oxide on Ings3Gag47As MOSFETs with LaAlO; gate

dielectric in [27].
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Figure 2.4 Extracted interface state density versus energy and the corresponding
trap response time at the 111-V/oxide on Ings53Gag47As MOSFETS with LaAlO3; gate

dielectric. [27]

The Dy profile in Figure 2.4 is extracted independently from the C-V and G-V
measurement data measured at three different temperatures and are consistent with each
other. This Dy profile can be approximated by two Gaussian distributions with different
peak values as shown as the green dot line in Figure 2.4. The Gaussian distribution with
the higher peak value spans across the mid-gap of the Ings3Gap 47As. The other Gaussian

distribution with lower peak value extends into the conduction band of the Ing53Gag 47AS.
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The impact of such Ings3Gags7As/oxide interface D;; distribution on transport
characteristics of various I11-V based field effect transistors will be discussed in the next

chapter.
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3. EFFECT OF INTERFACE STATE ON I11-V MOSFET, MOS

HEMT AND TUNNEL FET: SIMULATION STUDY

3.1 Introduction

Over the last four decades, logic transistor scaling following Moore’s Law has
resulted in unprecedented increase in logic performance. However, the exponentially
rising transistor count has also led to increased energy consumption in modern VLSI
devices. In order to aggressively scale the supply voltage V. for logic transistors, high
mobility channel transistors (such as Il1-V based transistors) [32,33] and steep sub-
threshold slope transistors [34] will be needed. It has already been demonstrated that
ultra-high mobility compound semiconductor-based MOSFETs and quantum well FETs
QWFETs (such as Ing7GagsAs and InSb) [32,33] operate at low V. with high
performance InGaAs MOSHEMTs with InP composite barrier stack has been
demonstrated with 3.5 times higher effective carrier velocity than strained Si n-
MOSFETs [35]. In this chapter, we will discuss the device performance in the sub-
threshold region of three different types of I1I-V based transistor architectures using
Sentaurus, a drift-diffusion based numerical simulator. We use the interface state density
Di: profile mentioned in the last chapter [27] and analyze the impact of such Dj
distribution present at the high-k dielectric and Ings3Gag47As interface on the sub-
threshold response of each I11-V based transistor design, and discuss the advantages and

disadvantages of each of the three architectures. In the next few sections, we will discuss
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the physics model which is included in the simulation, the device architectures and

discuss the effect of the D;; on the performance characteristics of each device.

3.2 Simulation Physics Model

Sentaurus is a numerical simulatior which simulates the electrical behavior of
semiconductor devices numerically. A flow chart of the simulation setup for Sentaurus

simulator is shown in Figure 3.1.

Device Structure Physical Models

Poisson & Carrier
Transport Equation

Discretization

Numerical Solution

Post Processing

Figure 3.1 Flow chart of the simulation setup.
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As shown in Figure 3.1, the device structures should be first designed. In this work, the
device structures have been designed in 2 dimensions by using the Sentaurus Structure
Editor including all the information of the device structure, these information include the
boundaries and material types of the regions, the locations of any electrical contact, the
doping conditions of the device and also the grid (the locations of all the discrete nodes
and their connectivity) is included. The details of the device architectures will be

introduced in the next section.

A set of physics models also should be defined and applied in the device simulation.
The physics models included in this work are Fermi statistics, Caughey—Thomas velocity
saturation, Masetti mobility model, nonlocal tunneling model, Shockley—Read-Hall
generation-recombination and interface trap model. More details of the physics model
will be discussed later. After defining the device structure and the physics model, the
simulator will solve the Poisson and carrier transport equations by using discretization at
each grid point which is defined in the structure and get the numerical solution, these

solutions can be displayed by the post processing.

In the Physics model, the Fermi (also called Fermi—Dirac) distribution function has
been included in order to calculate the distribution of electrons and holes, Fermi statistics
is important for high values of carrier densities. When the carrier is under high electric
fields, the carrier drift velocity is no longer proportional to the electric field, instead, the
velocity saturates to a finite value, Caughey—Thomas velocity saturation mode is used for

the description of this effect [36]. In a doped semiconductor, the carrier mobility will be
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degraded due to the scattering of the carriers by charged impurity ions. The Masetti

mobility model [37] has been used to describe the behavior of such doping-dependent

mobility. Tunneling is a nonlocal process in the simulation, the nonlocal tunneling model

is used to simulate the carrier transport equation and the Poisson equation at the nonlocal

mesh point which we defined earlier. The Shockley—Read—Hall generation-recombination

model is the description of the all the generation-recombination process in the simulation.
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Figure 3.2 (a) Extracted D;; distribution from experiential measurement. (b) Dj;

distribution used in simulations

The interface trap mode is the model to describe the behavior of the interface states in

the simulation. Figure 3.2(a) shows the experimentally measured Dit profile at the

interface of an in-situ deposited LaAlO3 high-k dielectric and Ings3Gag47AS interface

after reference [27]. For our simulation purpose, we approximate the interface state

density Dj; by superposition of two Gaussian trap distributions, as shown in Figure 3.2(b).
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The left Gaussian trap distribution with a higher peak value spans across a large portion
of the bandgap, and the right distribution with a lower peak value extend into the
conduction band. In this study, the interface states are considered to be either donor states

or acceptor states.

In Figure 3.2(b), the first Gaussian trap distribution with a higher peak value is

represented by the equation

2
0.0242

D;; = (4 x1013)exp (3.1)

and the second Gaussian trap distribution with a lower peak value

2
_ (Etrap—0.75)
0.00405

D;, = 103exp (3.1)

where Ep IS the trap energy level position respect to the valence band Ey,.
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3.3 Device Structure

Three different 111-V based device architectures have been simulated and analyzed in
this study. In this section, the two-dimensional (2D) layout of each I111-V based transistor
will be introduced. These include an inversion mode surface channel Ings3Gag47AS

MOSFET, an accumulation mode buried channel

Ing.53Gap 47AS-based inter-band tunnel FET.

InAs MOS HEMT, and an

Gate
Source | | 5nm High-k Drain
n+ ' “on+
Ing 53Gag 4,AS

Figure 3.3 Cross-section of 65nm gate length inversion mode surface channel

INg53Gag47As MOSFET.

A. Inversion mode surface channel Ing53Gag 47As MOSFET

A cross section of the inversion mode surface channel Ings3Gags;As MOSFET is

illustrated in Figure 3.3. This is a traditional bulk MOSFET device design with 65nm
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gate length. The simulated device consists of an Ings3Gags7As substrate with the
background p-type doping of N, = 108ecm™3 . On the top of the channel sits a 5nm
thick high-« oxide layer with 2nm equivalent oxide thickness, which separates the surface
channel from the metal gate. The metal gate work function used is 4.55eV. The highly
doped n-type source and drain regions are simulated using a Gaussian-type distribution
with a peak doping dose of Ng = 102°cm™2 and junction depth of 20nm. The interface
state trap model is set at the interface between the high-k oxide layer and the

Ino.53Gag 47AS substrate layer.

Source Drain
n+ n+
Ing 53Gag 47AS Gate Ing 53Gag 47AS

InP 5nm High-k InP

3nm Inos3Gaoc.a7AS
|

3nm InossGaocazAs  O9oPIn8

6nm InAs

Ing 53Gag 4,AS

Figure 3.4 Cross-section of 65nm gate length accumulation mode buried channel

InAs MOS HEMT.
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B. Accumulation mode buried channel InAs MOS HEMT

A cross section of the accumulation mode buried channel InAs MOS HEMT with
Inos3Gag47As burrier layer is illustrated in Figure 3.4. Same as the MOSFET, the gate
length of this device is also 65nm. The simulated device consists of an Ings3Gag 47As
substrate, a 7nm Ings3Gag 47AS barrier layer, and a 6nm InAs channel in between. On the
top of the barrier layer sits a 5Snm thick high-k oxide layer with 2nm equivalent oxide
thickness, which separates the barrier layer from the metal gate. The metal gate work
function used is 4.55eV. The region between the source/drain Ings3Gag47AS contact and
the Ings3Gag47As barrier layer are InP cap layers. The substrate, channel and barrier
layers are undoped and remain intrinsic, the n-type source/drain region are uniformly
doped at N; = 102°cm™3. Finally, a Inm §-doping layer (Ng; =5 x 10¥%cm™3) is
used at the middle of the Ings3Gag 47As barrier layer. The interface state trap model is set

at the interface between the high-x oxide layer and the Ing53Gag 47AS barrier layer.

C. Ing.53Gag 47AS-based inter-band tunnel FET

A cross section of Ings3Gag 47As-based inter-band tunnel FET is illustrated in Figure
3.5. Same as the two device above, the gate length of this device is also 65nm. The
simulated device consists of a Ings3Gag47AS substrate, p-type substrate is uniformly
doped at N, = 10%cm™3, the p* region at the source side is uniformly doped at

N,=10"Ycm™3, and n" region at the drain side is uniformly doped at N; = 5 x
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10%¢m=3. Similar to the inversion mode surface channel IngssGags7As MOSFET,
between the metal gate and the substrate sits a 5nm thick high-k oxide layer with 2nm
equivalent oxide thickness. The metal gate work function is modeled as 4.55eV.
Tunneling happens under the high-x oxide layer between the p* region and the majority
p-type substrate. The interface state trap model is set at the interface between the high-k

oxide layer and the Ings3Gag 47As substrate layer.

Gate
Source | | 5Snm High-k Drain

p+ Ing 53Gag 47AS n+

Figure. 3.5 Cross-section of 65nm gate length Ings3Gag 47As-based inter-band tunnel

FET.
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3.4 Current-Voltage Characteristics

In this section, we analyze the effect of D;: distribution at the high-x dielectric and
Ino53Gap.47As interface present in two situations: when the interface states were donor
states and the interface states were acceptor states. We compare these two situations to
the ideal case (no Dj included) of the sub-threshold response for each of the three
different types of transistor architecture. Figure 3.6, 3.7 and 3.8 show the simulated
transfer characteristics at Vp=50mV for MOSFETs, MOS HEMTs and Tunnel FETs

along with their Fermi level movement within the band diagrams as the device turns on.

A. Inversion mode surface channel Ing53Gag 47As MOSFET

Figure 3.6(a) shows the simulated transfer characteristics of MOSFET, the sub-

threshold slope of the ideal case is 81mV/dec. When the drain current Ipg =
10711 A/um, the Fermi-level sweeps the highest part of the Dj; distribution within the

bandgap, if the interface states were donor states, a significant portion of donor states
stay positively charged as shown by the shaded region in Figure 3.6(b), resulting in
severe degradation in sub-threshold slope (250mV/dec). As the drain current increases,

the Fermi-level will sweep though much smaller magnitude of Dj;, the degradation in
sub-threshold slope becomes less (119mV/dec). As lps increases to 1075 A/Mm, the

Fermi-level enters the conduction band and the donor states stay neutralized, and there is
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almost no effect of the Dj:. If the interface states were acceptor states, the acceptor states

become negatively charged and resulting in a shift in threshold voltage V.
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Figure 3.6 (a) Ip-V¢ characteristics at low drain bias (Vp=50mV) for inversion mode

surface channel 1Ings3Gags;As MOSFET. (b) The Fermi-level position and

movement from Ipg = 10~11 A/um to Ipg = 1075 A/um-
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B. Accumulation mode buried channel InAs MOS HEMT
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Figure 3.7 (a) Ip-Vg characteristics at low drain bias (Vp=50mV) for accumulation
mode buried channel InAs MOS HEMT. (b) The Fermi-level position and

movement from I, = 1078 A/um to Ips = 107° A/um-
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The effect of the Dj; distribution in MOS HEMTS also leads to a degradation in the
sub-threshold slope but less than MOSFETSs as shown in Figure 3.7(a). The higher off-

state current for this device compared to the InGaAs MOSFET is due to the generation-
recombination of the InAs channel. For this architecture, when I, = 1078 A/ﬂm,
Fermi-level is very close to the valence band, if the interface states were donor states, all
donor states stay positively charged. As Ips increases to 10> A/ﬂm, as show in Figure

3.7(b), the Fermi-level sweeps in the lower bandgap, which is the lower Dj; portion of the
distribution, part of the donor states are neutralized. The Vr shift is due to significant

amount of positively charged donor states.

C. Ing.53Gag 47AS-based inter-band tunnel FET

Tunnel FETs turns on abruptly when the valence band edge in the p+ source region is
raised above the conduction band edge in the channel which is already weakly inverted
in the off-state, this gives rise to steep (<kT/q) sub-threshold slope. Figure 3.8(b) shows
that, when Ips increase from 6 x 10714 A/um to 10~3 A/”m, the Fermi-level sweeps
the interface by only a small amount (~0.01eV), the steep sub-threshold behavior is
retained as shown in Figure 3.8(a). Also, The V+ shift is due to the positively charged

donor states and negatively charged acceptor states.
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Figure 3.8 (a) Ip-V¢ characteristics at low drain bias (Vp=50mV) for Ings3Gag 47As-

based inter-band tunnel FET. (b) The Fermi-level position and movement from
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3.5 Conclusion
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Figure 3.9 Fermi-level movement for MOSFET, MOS HEMT and Tunnel FET

In this chapter, we have introduced the physics based models and the three device
structure which we used in the simulation, and investigated how the same exact Interface
state density Dj; distribution at non-ideal Ings3Gap47As and high-k dielectric can affect
the sub-threshold response of 111-V MOSFETs, MOS HEMTSs and Tunnel FETs though a
drift-diffusion simulations. It was demonstrated that according to the range and position
of the Fermi-level movement at the oxide/semiconductor interface of each the three
device architecture in Figure 3.9. For MOSFETSs, the Fermi-level sweeps from mid-gap
which is the highest part of the Dj; distribution into the conduction band as it moves from

off-state to on-state. For MOS HEMTS, Fermi-level sweeps in the lower half of the
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bandgap, which is the lower Dj; portion of the distribution. For Tunnel FETSs, the Fermi-
level sweeps the interface by only a small amount. According to the range and position of
the Fermi-level movement at the oxide/semiconductor interface, the same exact Dj;
distribution will affect the sub-threshold response of each transistor architecture in a

different way.
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4, FUTURE WORK
4.1  Deep Depletion in MOS HEMT

The interface trapped charge Q;i: will change with respect to the position of the Fermi
level. When in deep depletion, the quasi-Fermi level will split into Electron Fermi level
Ern and hole Fermi level Eg,. Under this quasi—equilibrium condition, the interface
occupancies are now determined by the dynamics of the carrier capture and emission and
not directly determined by either Eg, or Ern [38]. Ern governs the interface state
occupancy in the upper half of the bandgap at the interface and Eg, governs the interface

state occupancy in the lower half of the bandgap at the interface.
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Figure 4.1 Energy-band diagram of the MOS HEMT in deep depletion at

10754/ ym.
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Figure 4.1 shows the energy-band diagram of a MOS HEMT. In Figure 4.1, the Fermi
level is split into E, and Er, under quasi—equilibrium, Egp is higher than the conduction
band edge Ec and Ep, is in the lower half of the bandgap. Figure 4.2 shows the simulated

transfer characteristics of MOS HEMT under deep depletion.
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Figure 4.2 Ip-Vs characteristics at low drain bias (Vp=50mV) for accumulation

mode buried channel INAs MOS HEMT under deep depletion.

In Figure 4.2, the device shows almost no degradation of the sub-threshold slope both
when the interface states are donor type or acceptor type. The shift in threshold voltage
V1 in the case of donor state is caused by the positively charged donor states in the upper
half of the bandgap due to the position of Eg,. The shift in threshold voltage V-t in the
case of the acceptor states is caused by the negatively charged acceptor states in the lower

bandgap due to the position of Eg,.
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The interface state response in the deep depletion and how to force a MOS HEMT to
operate in quasi—equilibrium condition is still under investigation. Figure 4.3 shows the
benchmarking of the sub-threshold slope value in InGaAs based MOSFETs and MOS

HEMT with the former typically showing higher values than the latter [39].
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Figure 4.3 Benchmarking of the sub-threshold slope in I11-V MOSFET and MOS

HEMTI[44]

4.2  Trap Assisted Tunneling in Tunnel FET

Tunnel FETSs as discussed in the last chapter show a steep sub-threshold slope and is

not degraded by the effect of the interface states. This steep sub-threshold slope in tunnel
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FET result in higher lon-1ofr ratio compared to MOSFETs where the sub-threshold slope is
limited to kT/q and is degraded more due to the presence of interface states. Recently, it
was reported that the average sub-threshold slope is not sub-kT/q or sub-60 mV/dec but
much higher and has a temperature dependence [45]. This arises because besides the
direct band to band tunneling from the valence band in the p+ source region to the
conduction band in the channel at the oxide-semiconductor interface, there is also a

significant trap assisted tunneling component, especially at low gate voltages.

P+ Channel

Figure 4.4 The trap assisted tunneling process at the oxide-semiconductor interface

[45]

As shown in Figure 4.4, the trap assisted tunneling and its strong temperature
dependence [45], arises because of carriers tunneling from the valence band in the p+

Ing53Gag.47AS source region into the mid-gap traps and a subsequent thermal emission
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into the conduction band in the channel region. This thermal emission gives rise of a

strong temperature dependence and causes the degradation of the sub-threshold slope.

To further understand the impact of interface states on the sub-threshold response of
tunnel FETS, trap assisted tunneling should be considered in detail and included in the
simulation, also the effect of interface states at various temperature should be

investigated.
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APPENDIX I: MESHING THE DEVICE STRUCTURE
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Figure Al Two-dimensional inversion mode surface channel Ings3Gags7AS

MOSFET with its current meshing and doping conditions

Figure Al shows the meshing setup of the inversion mode surface channel
INg 53Gag47As MOSFET in the simulation. The mesh size in the Ings3Gag47AS substrate
region is 3nm in both X and Y direction. In the oxide region, the mesh size is 2nm in the
X direction and 0.5nm in the Y direction. A refinement window is also defined at the
channel region under the oxide, in this refinement window, the mesh size is 2nm in the X

direction and 1nm to in the Y direction.
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APPENDIX Il: CURRENT FLOW IN MOS HEMT
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Figure A2 Two-dimensional accumulation mode buried channel InAs MOS HEMT

with its current density at on-state

Figure A2 shows the current flow of the accumulation mode buried channel InAs MOS
HEMT at on-state. In Figure A2, most of the current tunneled from the InP cap layer to
the Ings3Gag47As barrier layer and flows laterally alone the barrier layer then tunnel
down to the InAs channel layer. The tunneling current is described by the barrier

tunneling model.
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